
Old Dominion University
ODU Digital Commons

Chemistry & Biochemistry Faculty Publications Chemistry & Biochemistry

2011

Characterization of Heterogeneities and Domains
in Aquatic and Sedimentary Organic Matter by 1 H
Spin Diffusion: Potential for Elucidating the
Formation Mechanisms
Jingdong Mao
Old Dominion University

Xiaoyan Cao
Old Dominion University

Follow this and additional works at: https://digitalcommons.odu.edu/chemistry_fac_pubs

Part of the Chemistry Commons, Fresh Water Studies Commons, Marine Biology Commons,
and the Oceanography Commons

This Article is brought to you for free and open access by the Chemistry & Biochemistry at ODU Digital Commons. It has been accepted for inclusion
in Chemistry & Biochemistry Faculty Publications by an authorized administrator of ODU Digital Commons. For more information, please contact
digitalcommons@odu.edu.

Repository Citation
Mao, Jingdong and Cao, Xiaoyan, "Characterization of Heterogeneities and Domains in Aquatic and Sedimentary Organic Matter by 1
H Spin Diffusion: Potential for Elucidating the Formation Mechanisms" (2011). Chemistry & Biochemistry Faculty Publications. 119.
https://digitalcommons.odu.edu/chemistry_fac_pubs/119

Original Publication Citation
Mao, J. D., & Cao, X. Y. (2011). Characterization of heterogeneities and domains in aquatic and sedimentary organic matter by 1h spin
diffusion: Potential for elucidating the formation mechanisms. Limnology and Oceanography: Methods, 9, 533-542. doi:10.4319/
lom.2011.9.533

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Old Dominion University

https://core.ac.uk/display/217291813?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://digitalcommons.odu.edu?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F119&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/chemistry_fac_pubs?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F119&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/chemistry?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F119&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/chemistry_fac_pubs?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F119&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F119&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/189?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F119&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1126?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F119&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/191?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F119&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/chemistry_fac_pubs/119?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F119&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@odu.edu


533

Natural organic matter (NOM) is ubiquitous in the environ-
ment. NOM in water controls a number of important physical,
chemical, and biological processes in aquatic environments.
For example, it impacts the global carbon cycle and plays a sig-
nificant role in carbon sequestration and global warming. It
influences metal speciation and bioavailability, and transport
and fate of organic xenobiotics. Under many circumstances,
especially in freshwater systems, aquatic NOM functions as
the major buffering system and has serious implications for
the acidification of rivers, lakes, and oceans (Hedges et al.
2000; Cook 2004). Characterization of organic matter in natural

waters and sediments is fundamental to the understanding of
its origins, compositions, functions, and cycling. Despite the
extensive efforts to investigate the structures of organic matter
using various techniques for many years, a large fraction of
this material is not well characterized (Wakeham et al. 1997;
Hedges et al. 2000; Schmidt et al. 2009; Gogou and Repeta
2010; Stephens and Minor 2010), and its formation mecha-
nisms are still unclear. Solid-state nuclear magnetic resonance
(NMR) spectroscopy is considered as one of the best tech-
niques for characterizing the structures of aquatic and sedi-
mentary organic matter (Pines et al. 1973; Mehring 1983;
Botto et al. 1987; Preston 1996; Nanny et al. 1997; Conte and
Piccolo 1999; Hatcher et al. 2001; Cook 2004; Conte et al.
2004; Abdulla et al. 2010). The most frequently used solid-
state NMR technique is 13C cross polarization/magic angle
spinning (CP/MAS). Although applications of this technique
have significantly advanced our understanding of aquatic and
sedimentary organic matter, it suffers from drawbacks such as
low cross polarization efficiency for some segments such as
mobile groups, and thus can only provide semi-quantitative
structural information. Moreover, the 13C CP/MAS spectra of
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Abstract
Although the information on domains and heterogeneities of natural organic matter (NOM) can provide

insights into its formation mechanisms, the appropriate solid-state NMR technique for measuring them is still
lacking. The traditional technique requires mobility differences in NOM whereas NOM components are prima-
rily rigid. We introduced a new 1H spin diffusion technique, 1H-13C two-dimensional heteronuclear correlation
(2D HETCOR) NMR with 1H spin diffusion, for characterization of domains and heterogeneities in aquatic and
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ples and poly(styrene-n-butyl methacrylate), indicating that they were heterogeneous. In contrast, the spin dif-
fusion of polystyrene-b-poly(methyl methacrylate) with 5-nm domain was much slower. Unlike the traditional
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investigating the domains and heterogeneities of NOM, which are mostly rigid.
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almost all aquatic and sedimentary organic matter are broad
due to many different chemical species that are present, and
therefore it is difficult to identify specific functional groups
from these overlapping spectra.

Recent advances in solid-state NMR techniques, developed
especially for characterization of NOM, have shown the prom-
ise of significantly improving our understanding of its struc-
tures (Mao et al. 2007a; Mao et al. 2007b; Mao et al. 2010).
These systematic techniques allow us to identify specific func-
tional groups, obtain quantitative structural information,
detect connectivities and proximities, and examine domains
and heterogeneities. In contrast to 13C CP/MAS technique,
which can only identify approximately 10 types of functional
groups in NOM due to broad and heavily overlapping spectra,
the systematic, advanced solid-state NMR techniques can be
employed to detect many more specific functional groups and
moieties in NOM. In particular, the recently introduced spec-
tral-editing techniques can selectively retain certain signals
and eliminate others, clearly revealing specific functional
groups (Schmidt-Rohr and Mao 2002; Mao and Schmidt-Rohr

2004; Mao and Schmidt-Rohr 2005; Mao and Schmidt-Rohr
2006). We can also use two-dimensional 1H-13C heteronuclear
correlation (2D HETCOR) NMR to detect the proximities and
connectivities of different functional groups. With the infor-
mation provided by these systematic, advanced solid-state
NMR techniques, then the next questions would be “How
homogeneous is NOM?” and “Are there domains or just het-
erogeneities in NOM?”

In NOM, both chemical and physical domains can be pres-
ent. The domains of crystalline and amorphous poly(methyl-
ene) found in humic substances belong to physical domains
(Hu et al. 2000). Chemical domains, such as lignin and poly-
saccharide domains, refer to the same kinds of chemical com-
pounds associated together with certain sizes (Fig. 1). The ter-
minology of “domain” is usually used to depict those regions
with diameters more than 5 nm; otherwise, “heterogeneity” is
employed if the diameters are less than 5 nm (Schmidt-Rohr
and Spiess 1994). Fig. 1a shows the schematics of polysaccha-
ride and lignin domains. Sugar rings or lignin units are associ-
ated together, with sizes more than 5 nm. In contrast, in Fig.
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Fig. 1. Schematics showing the concepts of domain and heterogeneity. (a) Lignin units or sugar rings associated together are large enough to become
lignin and polysaccharide domains. (b) Sugar rings and lignin units are randomly connected so that only heterogeneity is present. 



1b the monomers of sugars and lignin structural units are ran-
domly bonded together, leading to “heterogeneity.” The
nanometer-scale chemical heterogeneity or domain of NOM is
its important structural aspect and has significant implica-
tions. Especially, it can provide insights into the formation of
NOM. There are two major hypotheses for the formation of
NOM: the decomposition of biopolymers into short
oligomers, followed by random repolymerization (Stevenson
1994), and preservation of residual biopolymers such as refrac-
tory cutan, cutin, suberan, and suberin (Philp and Calvin
1976; Hatcher et al. 1983). Partial survival of biomacromole-
cules such as lignin, polysaccharides, and proteins would
result in domains or heterogeneities on a > 1-nm scale,
whereas depolymerization-repolymerization could lead to the
intimate mixing of components and therefore heterogeneities
< 1 nm. Therefore, if we can measure the domains and het-
erogeneities in NOM, then we can clarify the formation mech-
anisms of NOM to a certain extent.

Nevertheless, the information on domains and hetero-
geneities of NOM is still unclear due to lack of appropriate
techniques. The frequently used solid-state NMR technique
for investigation of domains and heterogeneities in polymer
science is Goldman-Shen spin diffusion (Schmidt-Rohr and
Spiess 1994). Similar to typical exchange NMR experiments,
spin diffusion consists of three periods including selection,
mixing time tm, and detection. To perform a 1H spin diffusion
experiment, a spatially inhomogeneous distribution of z mag-
netization is usually generated first and 1H spin diffusion is
introduced during the mixing time. The magnetization of
small domains or heterogeneities equilibrates faster than that
of larger ones. However, the limitation of Goldman-Shen spin
diffusion technique is that it requires differential component
mobility in a sample (Mao et al. 2007b). Therefore, Goldman-
Shen spin diffusion technique is not widely applicable to
NOM considering that the components of most aquatic NOM
samples are rigid. To overcome this limitation, a new 1H spin
diffusion technique that does not require the presence of rigid
and mobile groups in a sample must be developed. In the pres-
ent study, we introduce a new 1H spin diffusion technique, 1H-
13C 2D HETCOR combined with 1H spin diffusion, to estimate
the domains or heterogeneities in NOM. In this technique, a
series of 2D HETCOR spectra with a variable mixing time, tm,
are collected, and the 13C slices extracted at a certain proton
site from these 2D HECOR spectra allow for monitoring the
transfer of magnetization from one component to another.
The magnetization transfer rate provides the information on
domains and heterogeneities on NOM.

Materials and procedures
Samples

Three NOM samples were employed in the present study.
The two aquatic organic matter samples were (a) International
Humic Substances Society (IHSS) Suwannee River natural
organic matter, RO isolation (Cat. #1R101N), and (b) IHSS

Suwannee River humic acid (HA), Standard II (#2S101H). Both
were kindly provided by Dr. Paul R. Bloom, University of Min-
nesota, St. Paul. The details of the two standard samples can
be found on the IHSS homepage (www. ihss.gatech.edu/).

In addition, an HA sample from the sediment of the Sague-
nay Fjord near the Saguenay River end-member was used. It
was kindly provided by Dr. Luc Trembly, Université de Monc-
ton, Canada. The Saguenay Fjord is the most important tribu-
tary of the St. Lawrence Estuary. The sediment was collected
using a 0.06 m2 Hessler-type box corer (Tremblay and Gagne
2007) and was sub-sampled from the first centimeter of the
box cores under a N2 atmosphere in a glove-box on-board
ship. The sub-sample was kept frozen in the dark until freeze-
drying. The extraction of HAs was performed using the
method adopted by IHSS (Swift 1996). The HA sample was
freeze-dried before NMR analyses. Other information on this
sedimentary HA such as elemental composition was described
elsewhere (Tremblay and Gagne 2007). For calibration, a 50:50
block copolymer polystyrene-b-poly(methyl methacrylate)
(PS-b-PMMA) with a 5-nm domain size and a synthetic ran-
dom copolymer poly(styrene-n-butyl methacrylate)
(poly(styrene-nBMA)) with only heterogeneity around 0.6 nm
were included. They were purchased from Scientific Polymer
Products. The information on their domain and heterogeneity
has been described in the literature (Clauss et al. 1993; Mao
and Schmidt-Rohr, 2006).
13C NMR spectroscopy

All the experiments were performed on a Bruker DSX400
spectrometer at 100 MHz for 13C. Seven-millimeter sample
rotors in a double-resonance probe head were used for best
sensitivity.

13C cross polarization and total suppression of sidebands
(CP/TOSS) and 13C CP/TOSS plus dipolar dephasing

Semi-quantitative compositional information was obtained
with good sensitivity using a 13C CP/MAS NMR technique
(MAS = 6.5 kHz, CP time = 1 ms, and 1H 90° pulse-length = 4
µs). Four-pulse total suppression of sidebands (TOSS) (Dixon
1982) was employed before detection, with the two-pulse
phase-modulated (TPPM) decoupling applied for optimum
resolution. Sub-spectra for nonprotonated and mobile carbon
groups were obtained by combining the 13C CP/TOSS
sequence with a 40-µs dipolar dephasing.

13C chemical-shift-anisotropy (CSA) filter
The O-C-O carbons (e.g., anomeric C in carbohydrate rings)

and aromatic carbon resonances can overlap between 120 and
90 ppm. The aromatic carbon signals were selectively sup-
pressed using a five-pulse 13C CSA filter with a CSA-filter time
of 35 µs (Mao and Schmidt-Rohr 2004).

Immobile protonated-only
Signals of immobile CH2 and CH groups can be selected

with good sensitivity in a simple spectral-editing experiment.
Two spectra are recorded. The first is a CP/TOSS spectrum with
a short CP of 50 µs; the second a CP/TOSS spectrum with a
short CP of 50 µs and 40 µs dipolar dephasing. The first spec-
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trum is predominantly composed of signals from protonated
carbons in immobile segments, with some residual signals of
quaternary carbons resulting from two-bond magnetization
transfer. The second one contains only the residual signals of
quaternary carbons (Cq) or mobile segments (including CH3

groups with > 50% efficiency). The difference of the two spec-
tra yields the spectrum of the immobile CH2 and CH carbons,
with a small CH3 contribution.

1H spin diffusion
The pulse sequence of the 1H-13C 2D HETCOR NMR with 1H

spin diffusion is shown in Fig. 2a. Like typical 2D NMR pulse
sequence, it consists of preparation, evolution, mixing, and
detection, with two frequency dimensions, 1H chemical shift
w1 and 13C chemical shift w2. In 1D Fourier transform NMR sig-
nals are recorded as a function of one time variable and the
resulting data Fourier transformed to generate a spectrum of a
function of only one frequency variable. In 2D NMR signals
are collected as a function of two time variables, t1 and t2, and
then Fourier transformed two times to produce a spectrum of
a function of two frequency variables. The general scheme for
2D NMR is preparation, evolution (t1), mixing, and detection
(t2). In the preparation period, samples are excited by pulses
(or a pulse) and the resulting magnetization evolves during
evolution time (t1), which is a variable delay time. The next
period is the mixing time. Finally, signals are detected as a
function of the second time variable, t2. A series of free induc-
tion decays (FIDs) are repeatedly acquired during t2 with the t1

interval increased by a uniform amount each time. Subjecting
each of the acquired t2 FIDs to double Fourier transformation
with respect to first t2 and then t1, produces the two frequen-
cies (w1 and w2) of a 2D NMR spectrum.

The pulse sequence of Fig. 2a starts with a 90° 1H pulse. After
the excitation, frequency-switched Lee-Goldburg (FSLG)
homonuclear decoupling during t1 (corresponding to 1H chem-
ical shift w1 after Fourier transformation) is followed. Then two
pulses (one 54.7° and another 90°) are employed to put mag-
netization to z axis, followed by the mixing time tm where 1H
spin diffusion occurs since 1H spin diffusion is the diffusion of
1H z magnetization. Afterward, a 54.7° 1H pulse puts its mag-
netization at the magic angle for Lee-Goldburg cross polariza-
tion (LG-CP). In this technique, a short 80-µs LG-CP time is
used to minimize spin diffusion during this period. To suppress
sidebands the 13C four-pulse TOSS is employed before detec-
tion, and TPPM decoupling is applied during 13C detection for
optimum resolution. A series of 1H-13C 2D HETCOR spectra
with various spin diffusion times, tm (usually about 10 mixing
times ranging from 5 µs to 10 ms), are collected. 2D HETCOR
is used to identify (1) the origin of magnetization by 1H chem-
ical shift (w1) and (2) the final location of magnetization by 13C
chemical shift (w2) (Fig. 3). Figs. 3a and 3b are the 2D HETCOR
spectra without spin diffusion (tm = 5 µs) and with a mixing
time of 200 µs, respectively. The w1 dimension (y axis) shows
the 1H chemical shift whereas the w2 dimension (x axis) is the
13C chemical shift. Usually, contour plotting is used for the dis-

play of 2D HETCOR spectra. The “diagonal” signals illustrate
primarily the correlations of carbons directly bonded with their
own protons (i.e., aromatic carbons with aromatic protons)
whereas “off-diagonal” signals display the correlations of car-
bons and protons, which are not directly bonded. To observe
the transfer of aromatic magnetization, the 13C slices are
extracted at 1H chemical shift of ca. 7.5 ppm. Without 1H spin
diffusion, we mostly observe diagonal signals showing the cor-
relations of carbons with their directly bonded protons. That is,
the carbon slice extracted at the aromatic 1H chemical shift of
ca. 7.5 ppm without 1H spin diffusion primarily shows aro-
matic 13C magnetization (Fig. 3c). With the introduction of
200-µs mixing time (tm) or 1H spin diffusion time, cross peaks
between different functional groups appear and the carbon
slice not only shows dominant aromatic bands but also other
signals such as those of aliphatics (Fig. 3d). The comparison of
the carbon slices of Figs. 3c and 3d clearly shows the magneti-
zation transfer from aromatics to other functional groups.
Based on this, we can observe the rate of magnetization trans-
fer, i.e., 1H spin diffusion rate and how fast the equilibration of
magnetization can be reached. For heterogeneities less than 1
nm, fast equilibration (<1 ms) is expected whereas for domains
slow equilibration occurs. For large domains (>20 nm), no
equilibration can be reached before 13C T1 relaxation dephases
the signals. Unlike the Goldman-Shen technique, this tech-
nique does not require the presence of distinct mobile and
rigid components in NOM to identify domains or hetero-
geneities. The rate of this magnetization transfer can be used to
estimate the sizes of domains and heterogeneities.
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Fig. 2. (a) Pulse sequence of the new 1H spin diffusion technique of 2D
HETCOR with 1H spin diffusion for examining domains and hetero-
geneities. (b) Revised pulse sequence showing the insertion of 1H chemi-
cal-shift filter before 90° 1H pulse in the proton channel or the insertion of
13C chemical-shift filter before TOSS in the 13C channel. These filter tech-
niques contribute to clean selection of a specific functional group and
assist the quantitative estimation of 1H spin diffusion. See text for further
details. 



To analyze the data quantitatively for the aromatic-proton
cross sections, the intensity of one functional group (i.e., OCH
of carbohydrates) is integrated and the spin-diffusion curve
showing integrals obtained at different mixing times versus
tm

1/2 is plotted. The aromatic and OCH proton resonances,
whose separation is usually sufficient for obtaining cross peaks
with < 20% contributions arising from wings of strong peaks
at other proton chemical shifts, are focused on (Fig. 3e). To
obtain approximate sizes of domains or heterogeneities,
model compounds with known sizes of domains or hetero-
geneities are included and their spin-diffusion curves are used
for calibration.

Assessment
Three NOM samples, IHSS Suwannee River NOM and HA,

and Fjord sedimentary HA, are used to demonstrate our
method for estimating domains and heterogeneities in NOM.
We primarily focus on IHSS Suwannee River HA (Figs. 4-7). But
we show the spin-diffusion curves of all the samples, includ-
ing those of two model polymers used for calibration (Fig. 7).
In the assessment, we first use spectral-editing techniques to
show that there are lignin and carbohydrate residues in IHSS

Suwannee River HA. Then we use the 1H spin diffusion tech-
nique to address whether these lignin and carbohydrate
residues form domains or exhibit just heterogeneity.
Presence of lignin and carbohydrate residues in IHSS
Suwannee River HA based on spectral-editing techniques

Fig. 4 shows the spectra of 13C CP/TOSS and several spec-
tral-editing techniques such as dipolar dephasing, protonated-
carbon-only, and 13C chemical shift anisotropy. The 13C
CP/TOSS spectrum (Fig. 4a) indicates that this HA, like typical
NOM samples, is chemically complex. Signals are heavily
overlapped and observed within the whole range of 0-220
ppm. Dipolar-dephased spectrum (Fig. 4b) displays signals of
CCH3 around 24 ppm, CCq (Cq, quaternary carbon) around 40
ppm, OCH3 groups at 56 ppm, OCq from 70-95 ppm, OCqO
around 100 ppm, nonprotonated aromatics around 110 and
130 ppm, aromatic C-O around 150 ppm, COO/N-C=O groups
around 172 ppm, and ketones and aldehydes around 200
ppm. The protonated-only spectrum shows residual CCH3

between 0-24 ppm, CCH2C around 30 ppm, OCH around 72
ppm, OCHO around 100 ppm, and aromatic C-H around 115
and 130 ppm. The 13C CSA-filtered spectrum clearly shows the
presence of OCO resonances around 108 ppm. This OCO sig-
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Fig. 3. Two 1H-13C 2D HETCOR spectra of IHSS Suwannee River HA used to demonstrate the basic principle of the spin diffusion technique. (a) 2D HET-
COR spectra without spin diffusion (tm = 5 µs). (b) 2D HETCOR with a mixing time of 200 µs. To observe the transfer of aromatic magnetization, the 13C
slices are extracted at 1H chemical shift of ca. 7.5 ppm. (c) 13C slice of 2D HETCOR spectrum (a) and selection of aromatic magnetization is achieved. (d)
13C slice of 2D HETCOR spectrum (b) and the transfer of magnetization from aromatics to other functional groups occur significantly. (e) Schematic show-
ing the transfer of the magnetization from aromatic protons to OCH carbons. 



nal plus OCH resonance around 72 ppm are indicative of the
presence of carbohydrates or carbohydrate residues in this HA.
The signals of aromatic C-O, aromatics, and OCH3 around
150, 130, and 56 ppm indicate that lignin or lignin residues
are present in this sample. With this structural information,
then the following question “Do these carbohydrate or lignin
residues form domains or they are just of heterogeneity?”
would arise. The answer to this question has important impli-
cations for the formation mechanisms of NOM, as above men-
tioned. This question can be addressed by the 2D HETCOR
with 1H spin diffusion technique.
Collection of a series of 2D HETCOR spectra with different
mixing times

Fig. 5 shows a series of 1H-13C 2D HETCOR spectra with
mixing times tm of 5 µs, 10 µs, 20 µs, 50 µs, 100 µs, 200 µs, 500
µs, 1 ms, 2ms, 5 ms, and 10 ms. At tm = 5 µs without 1H spin
diffusion introduced, only one-bond 1H-13C correlations, for
example, those between aromatic protons and carbons, are
observed, showing only the diagonal signals, as expected.

Actually, up to tm = 50 µs only slight cross peaks are developed.
But at tm = 100 µs obvious cross peaks start to appear. At tm =
200 µs, the 2D HETCOR spectrum has a significantly different
pattern, with cross-peak intensity representing the correla-
tions between all types of protons and carbons present. With
tm = 1 ms, almost all the magnetization is equilibrated
throughout the whole sample.

Carbon slices at aromatic-proton position, i.e., around 7.5
ppm are then extracted to (1) monitor the magnetization
transfer from aromatics to other functional groups more
clearly and (2) quantitatively estimate the rate of this magne-
tization transfer by integration. These carbon slices are shown
in Fig. 6. The equilibration slice with tm = “∞” is also shown on
the top of this series of spectra. Clearly, without 1H spin diffu-
sion, the dominant 13C signals are those of aromatics. At tm =
100 µs, magnetization equilibration is reached for almost all
the functional groups except for that of nonpolar alkyls
around 0-50 ppm. At tm = 2 ms, the magnetization is equili-
brated throughout the whole structure.
Quantitative 1H spin diffusion curves

To obtain 1H spin-diffusion curves for quantitative analysis,
we need to integrate OCH bands around 72 ppm and then
plot their intensity changes as a function of tm

1/2 (Fig. 7). In
Fig. 7, the spin diffusion curves of IHSS Suwannee River HA,
IHSS Suwannee River NOM, and the sedimentary HA are plot-
ted. For calibration, the data of two model synthetic polymers
with known domain or just heterogeneity, PS-b-PMMA and
poly(styrene-nBMA), are also included. The 50:50 block
copolymer PS-b-PMMA has a 5-nm domain size whereas for
the synthetic random copolymer poly(styrene-nBMA) only
heterogeneity around 0.6 nm is present due to the mixing on
the length scale of a few bonds. Within tm < 100 µs, half equi-
libration is reached for all three NOM samples and the ran-
dom copolymer poly(styrene-nBMA) with only heterogeneity,
but not for 50:50 block copolymer PS-b-PMMA of 5-nm
domain. The equilibration in the NOM samples occurs on the
same time scale as in the random copolymer poly(styrene-
nBMA) of only heterogeneity, proving only heterogeneities in
these samples. In contrast, the spin diffusion data of the 50:50
block copolymer (PS-b-PMMA) whose domain size is 5 nm
show much slower equilibration of 1H magnetization between
domains than the spin exchange in NOM samples. This indi-
cates that there are neither polysaccharide domains nor lignin
domains but only heterogeneities present in these NOM sam-
ples. In this assessment, through the real-world applications,
we demonstrate that the new 1H spin-diffusion technique
works well for investigating domains and heterogeneities in
NOM. It does not require the mobility differences in a NOM
sample. The setup of this technique is straightforward as long
as the potential users have some basic solid-state NMR knowl-
edge. The disadvantage of this technique is that it takes long
measurement times. For 2D HETCOR experiments, 7-mm
rotors with approximately 150 mg organic matter samples are
used. With a recycle delay of 0.5 s, 96 t1 increments, and 832
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Fig. 4. Simple spectral-editing spectra of IHSS Suwannee River HA: (a)
13C CP/TOSS showing the qualitative structural information, (b) dipolar-
depased spectrum showing nonprotonated carbons and carbons of
mobile groups such as CH3 groups, (c) protonated-carbon-only spectrum
showing only immobile protonated carbons, (d) 13C CSA-filtered spec-
trum showing only sp3-hybridized carbons. 
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Fig. 5. 1H-13C 2D HETCOR with various mixing times of IHSS Suwannee River HA: (a) tm = 5 µs, (b) tm = 10 µs, (c) tm = 20 µs, (d) tm = 50 µs, (e) tm =
100 µs, (f) tm = 200 µs, (g) tm = 500 µs, (h) tm = 1 ms, (i) tm = 2 ms, (j) tm = 5 ms, (k) tm = 10 ms. 



scans, a series of 2D HETCOR spectra with various mixing
times (around 10 2D HETCOR spectra) will take 4-5 days.

Discussion
Using the 2D HETCOR with 1H spin diffusion technique

and via calibration by the 1H spin-diffusion data of model
polymers, we found only heterogeneities in the three NOM
samples. The formation mechanisms of NOM have been in
debate for many years (Stevenson 1994). Various mechanisms
have been proposed, such as selective preservation (Philp and
Calvin 1976; Hatcher et al. 1983) and depolymerization-con-
densation (Stevenson 1994). According to the traditional view,
humic substances are refractory polymers. However, the more
recent view indicates that they are regarded as being com-
posed of diverse, relatively low molecular mass components
that form dynamic associations and are stabilized by
hydrophobic interactions and hydrogen bonds (Piccolo 2001;
Sutton and Sposito 2005).

With this new 1H spin diffusion technique, we can examine
these concepts and mechanisms with a new perspective. As
stated in the “Introduction,” if some biopolymers are selectively
preserved, the partial survival of biomacromolecules would
result in heterogeneities on a >1-nm scale. In contrast, the
decomposition of biopolymers into short oligomers, followed
by random repolymerization could lead to the intimate mix-
ing of components and therefore heterogeneities < 1 nm.
Based on the new view on humic substances, we also expect to
observe heterogeneities < 1 nm in humic substances. For the
three NOM samples, we only observe heterogeneities, exclud-
ing selective preservation pathway as the dominant formation

mechanism. The results are consistent with the concept that
humic substances are inherently heterogeneous (MacCarthy
2001).

We only use three NOM samples to demonstrate the new
1H spin diffusion technique in the present study. Therefore,
although our results are consistent with the depolymerization-
repolymerization theory and the new view of humic sub-
stances, other formation mechanisms cannot be refuted con-
sidering that NOM from different environments may be
formed via different mechanisms. Therefore, a systematic
study on carefully selected NOM samples from different envi-
ronments will be needed in the future so that we can provide
a clearer picture for this puzzling, long-debating question—
the formation mechanisms of NOM. This new technique
opens a new avenue not only for exploring the mechanisms of
NOM formation but also for exploring NOM interactions with
other chemical species. For example, the structural informa-
tion on domain and heterogeneities is closely related to sorp-
tion of nonpolar organic contaminants because significant
sorption of nonpolar contaminants requires nonpolar
domains. This has significant implications for sorption mech-
anism of nonpolar organic contaminants in soil and clean-up
options (Mao and Schmidt-Rohr 2006).

Comments and recommendations
The critical aspect of this technique is to achieve the clean

suppression of one functional group so that the transfer of
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Fig. 6. 1H spin diffusion slices extracted from 1H-13C 2D HETCOR spectra
in Fig. 5, taken at the aromatic protons around 7.5 ppm. 

Fig. 7. 1H spin diffusion curves showing the plot of the peak intensities
of OCH groups in the cross-sections shown in Fig. 6 as a function of the
square root of the spin-diffusion time tm. For calibration, the spin diffusion
data of two model polymers, a synthetic random copolymer poly(styrene-
nBMA) and a 50:50 block copolymer PS-b-PMMA, are included. Squares:
IHSS NOM; circles: IHSS Suwannee River HA; filled triangles: sedimentary
HA; open hexagons: poly(styrene-nBMA); and open left-sided triangles:
PS-b-PMMA. 



magnetization can be quantitatively and reliably estimated. If
necessary, overlap-induced artifacts can be suppressed by com-
bining HETCOR with a 1H chemical shift filter or 13C chemical
shift filter to reduce the undesirable strong peaks. The revised
pulse sequence is shown in Fig. 2b. A 1H chemical shift filter
can be inserted before the 1H 90° pulse to suppress OCH peak
to reduce peak overlap (Schmidt-Rohr and Mao 2002). The 13C
chemical shift filter (Mao and Schmidt-Rohr 2004), which
selects sp3-hybridized carbons, can be inserted before TOSS so
that sp3-hybridized anomeric OCO groups can be examined
(Mao and Schmidt-Rohr 2004). More detailed descriptions on
the 1H chemical shift filter can be found elsewhere (Clauss et
al. 1993; Schmidt-Rohr and Mao 2002).

This technique is not only applicable to aquatic and sedi-
mentary organic matter but also to other NOM samples. In the
present study, we primarily focused on the aromatic and OCH
proton resonances. However, for samples that do not contain
carbohydrates, different focuses and slices should be chosen.
For example, for old geological samples such as coal and kero-
gen that contain generally two bands of aromatics and alkyls,
carbon slices from alkyl H or aromatic H should be extracted.
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