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ABSTRACT OF DISSERTATION

QUANTITATIVE ANALYSIS OF THE UNCOMPAHGRE NATIONAL FOREST
SOIL AND ITS EXTRACTS BY "*C DP- AND CP-MAS SOLID STATE NMR

METHODS

We have carried out the first absolutely quantitative solid-state '3C NMR study on
a soil and its separated components. The Uncompahgre National Forest soil was
collected and separated into a humin fraction, humic acid, and fulvic acid using a classic
soil separation method. The soil separation was performed in a quantitative manner such
that all the organic carbon in the soil and its separated fractions was accounted for by
elemental analysis. Compared to the carbon detected by elemental analysis, 'H-to-"*C
CP-MAS and “*C DP-MAS spin-counting accounted for substantially less than 100
percent of the carbon, from a low of 48 percent of the carbon, to a high of about 86
percent of the carbon, depending on the method and particular soil fraction. The peak
areas for spin counting spectra generated by DP- and CP-MAS were corrected to account
for relaxation and cross-polarization processes to yield NMR peak integrals that are
directly proportional to the amount of carbon in a particular functional group that the
peak represents. The DP-MAS generated spectra, following the aforementioned peak

area corrections, were found to have greater relative intensity in the aromatic region
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compared to the corresponding CP-MAS spectra for the same soil components. The
quantitative *C MAS NMR analysis was accompanied by an extensive error analysis of
the regressions, calibrations, and deconvolution procedures used in this thesis.

The percent of the carbon detected by NMR compared to that detected by
elemental analysis for the whole soil increased dramatically following a de-ashing
treatment that employed the use of hydrofluoric acid. This treatment was found to
greatly reduce the iron content, as detected by elemental analysis, while preserving the
integrity of the organic content of the soil. Vibrating sample magnetometer (VSM)
measurements were taken on all the soil and soil extracts, along with the HF-treated soil,
to better understand the nature of the iron in these samples. These VSM measurements
qualitatively confirmed the iron elemental analysis results for these samples and indicated
that ferrimagnetic particles were retained in the whole soil, HF-treated whole soil, and
humin fraction. Calculations using the Curie law of paramagnetism confirmed the
susceptibility measurements on these samples and showed that paramagnetic iron was the
dominate form of iron in the soil and soil fractions.

A second method for estimating the carbon content by NMR, the empirical
relationship method, utilizes peak areas and their organic carbon functionality
assignments. This method more closely predicted some of the carbon contents, but is
based on many subjective functionality assignments and the more error prone individual
peak areas. For this reason this second method, while gaining popularity in some soil
research areas, was evaluated but not a major focus in this thesis.

Large systematic errors associated with the external reference calibration for DP-

and CP-MAS spin counting spurred investigation into B; RF-field homogeneity and its

v
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relationship to quantitative spin counting in NMR. The B, field for the spinner and coil
configuration was measured and found to be in rough agreement with B, fields simulated
by using the law of Biot-Savart. A CP-and DP-MAS peak area study for a mixture of
three different C labeled L-alanine compounds, as a function of sample position,
showed greater deviation in signal intensities for CP-MAS generated peak areas. The
methodology used to create coil shapes and predict their B, field profile was employed in
creating two types of coil designs, of which the simulations predict that the variable pitch

and radius coil produced a nearly homogeneous B, field throughout the sample volume.

Camille Keeler
Department of Chemistry
Colorado State University
Fort Collins, CO 80523
Summer 2001
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Chapter 1

INTRODUCTION TO THE ABSOLUTE QUANTITATIVE DETERMINATION OF
CARBON IN SOIL AND ITS SEPARATED SOIL COMPONENTS BY SOLID STATE

3C MAS SPIN-COUNTING NMR METHODS.

1.1 Introduction

1.1.1 Historical Perspective

The first extractions of soil organic material were performed by F. Achard in
1786. In that study, a dark brown solution was obtained when soil was allowed to react
with an alkaline solution'. This was followed by treatment with sulfuric acid, which
caused the precipitation of a dark material that would later be named humic acid. The
primary interest in soil chemistry in the 18th and 19th century was agricultural. Since
then, many new instrumental and wet chemical methods have been developed to better
understand the nature of the organic and other phases of soil. [n addition. the focus of
soil research has changed. Soil research is no longer focussed entirely on agricultural
applications; the role of soil in our environment, in all of its interactions, spurs much of

the modern research in this area.
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Soil is considered to be a complex heterogeneous mixture of organic and
inorganic components, of which some parts are relatively non-reactive chemically due to
small surface areas (rocks and undecomposed organic matter), physically distributed in a
layered structure, otherwise known as horizons®. The organic, physical and inorganic
properties of a soil are dependent on a number of factors, some of those factors being
local weather, temperature, geological origin, and local plant and animal life (including
human activity). Based on these factors, soil structure and chemistry are unique to a
particular location. A complex living assembly of bacteria, plant life, and other living
creatures overshadow the chemical and physical properties of soil, all of which play a
critical role in the cycle of life on earth.

[nitiated over two thousand years ago. soil science has a very rich history. The
focus of the present brief historical introduction is to highlight some of the more famous
scientists who would be of interest to most modern chemists. This introduction should by
no means be used as a complete guide to soil science. For a much more complete
overview of soil science history, readers are encouraged to examine the published works
of Kononova® and Orlov'.

J. G. Wallerius, in his book, Fundamentals of Agricultural Chemistrv (1761).
proposed that the primary nutrient for plants was humus. The term “humus™ describes
the fraction of soil organic matter that has no visually recognizable origin. Soil organic
matter includes non-decomposed litter, along with humus. Wallerius had first proposed.
as did Lomonosov at this time, that the formation of soil is related to the decomposition
of plant and animal matter’. Justus von Liebig (1803-1873), famous for his contributions

to the field of organic chemistry, proposed that a major nutrition component of plants was

"~
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of mineral origin and later challenged Wallerius’ theory of plant nutrition. His
contributions to soil chemistry include a more precise definition of nutritional needs for
plant life and a prepared synthetic fertilizer (albeit an ineffective fertilizer) from fused
mineral carbonates'. [t was these debates about the nutritional needs for plants that
fueled a desire to know the composition of soil, both the inorganic and organic
composition, as it was well known that soil types had an effect on crop quality and yield.
It should be noted that in the early 19" century there was no knowledge of the
relationship between soil microorganisms and soil decomposition. Organic matter
decomposition was believed to be entirely due to abiotic reactions.

Johans Jacob Berzelius (1779-1848) was well known in the field of chemistry for
his contributions to understanding metal oxide compositions, electrochemical theory.
naming conventions, the discovery of several new elements and the precise determination
of nearly 50 atomic weights. [n addition to his contributions to the field of chemistry,
including the proposed compositions of several minerals found in soils. his contributions
to soil science included the isolation of two new classes of organic compounds from
natural waters, crenic and apocrenic acids’. He examined the process of humification
through organic extractions from decomposed wood and plant matter. [n addition to the
isolation of humus acids, he had described the properties of many of these compounds
and many of the corresponding metal-acid complexes. In the 1830’s, Berzelius classified
humic substances into three major components: Humic acid, the alkaline soluble fraction:
humin, the inert and insoluble fraction; and the aforementioned crenic and apocrenic
acids. From 1912 to 1919 S. Oden would associate crenic and apocrenic acids with the

modern term “fulvic acids.” This classification scheme, in which soil can be chemically
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separated into three main fractions (humic acid, humin, and fulvic acid), has become the
foundation for much of the modern research of humus substances. It is the quantitative
determination of carbon in these soil fractions, beyond what can be provided from
elemental analysis and wet-chemical techniques, that is the focus of the research
presented in this thesis.

In the second half of the 19" century interest grew in the chemical composition of
soils; however, V. V. Dokuchaev took the approach that soil composition alone was not
enough to determine the genesis and properties of a soil'. Dokuchaev presented a more
detailed correlation between the ecology of a soil and its genesis, i.e. the humification
process. His ability to relate both the chemical composition and ecology of a soil to the
formation of soil organics represented a shift from simply pursuing organic molecular
structures to understanding soil structure and its relationship to soil composition.
Dokuchaev, from his soil genesis research, fathered the concept that humus is organically
heterogeneous and best described as a mixture of organic products of decomposition and
other reactions. Until that time, it was generally accepted that humus was composed of a
mixture of discrete organic compounds that could eventually be extracted, separated and
assigned structures. This is overshadowed by the fact that there are an enormous number
of chemically unique organic compounds that cannot be isolated individually from humic
materials and purified. Thus, the terms “humic acid” and “fulvic acid” refer to the
products of specific isolation procedures (i.e., “humic acid™ is the alkaline soluble
fraction of whole soil humus) rather than to a precise chemical structure.

It wasn’t until the second half of the 19" century, following the revolutionary

work of Pasteur, that biological organisms were believed to be involved in the
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decomposition process. [t was the later work of Von Post (1862), Darwin (1882),
Kostychev (1886, 1889), Mueller (1887) and Ramann (1888) that established the link
between soil life and decomposition'. Many biological experiments of the late 19"
ceniury focussed on the formation of humic materials from pure, isolated plant materials
through biological degradation. Many of these experiments were open to criticism
because they were performed on isolated materials, rather than whole soils. For the
studies presented in this thesis, continuing biological activity in the Uncompahgre forest
soil was minimized. A biological study of the Uncompahgre soil sample was beyond the
scope of this thesis project. Drying and heating the soil before extractions eliminated the
bulk of the biological activity in the Uncompahgre soil.

Another key aspect of a soil, the inorganic composition, is critical in evaluating
the nature and physical properties of a soil. The inorganic fraction of soil, such as clay
minerals and quartz particles, is the fraction that does not contain any organic carbon.
This fraction plays a part in the physical properties of a soil, such as soil texture and
aggregate formation, pH, soil swelling properties and cation-exchange capacity. [t was
the pioneering work of Dokuchaev that demonstrated that there was a strong correlation
between the inorganic portion of soil and the formation of soil humus'. It was discovered
that humus played a role in the dissolution and mobility of minerals in soil, which in turn
would become part of the nutritional needs for plants. Moreover, the complex
oxidation/reduction processes that occur in soil were believed to occur between the
organic and inorganic parts of soil, rather than only being confined to either the inorganic
or organic phase. It was the work of soil scientists of the first haif of the 20" century

(Tyurin and Gutkina, Kahn, Zyrin, Naidenova) that put focus on the humin, the base
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insoluble and acid insoluble fraction in soil. This soil fraction contains most of the clay
particles, which were known to be involved in soil particle formation. Some of those
investigations focussed on the separation of strongly held organics from inorganic
particles — the so-called “clay-humic” complexes*’. Modern studies have revealed that
these organomineral complexes in soil play a role in the formation of soil aggregates and
may protect small inorganic particles from further degradation, a process in competition
with the earlier mentioned process of mineral degradation from soil°.

The inorganic fraction of the Uncompahgre soil was not directly probed in the
present study for structural information beyond what is provided by elemental analysis.
Direct and quantitative NMR approaches into the inorganic fraction, albeit suggested as
further studies, are beyond the scope of this thesis. However understanding the role of
certain inorganic materials in quantitative 13C NMR measurements of soil and soil
extracts is well within the scope of this thesis and is examined in later chapters. In the
present study, the inorganic fraction of soil was left unchanged from its natural state in

the Uncompahgre forest soil beyond the effects of the chemical extractions.

1.1.2 Wet Chemical Analysis and Total Carbon Determination in Soils

Up until the late 1800’s, soil research depended entirely on empirical
observations, simple inorganic acid/base tests and extractions, and the corresponding
gravimetric analyses. This changed when the first chemical methods were developed for
determining organic carbon content. In the early 1900’s, the first wet chemical methods
for quantifying total carbon in soil were developed. These wet chemical methods were

based on the chemical oxidation of soil carbon to CO», and either quantifying the change
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in oxidation state of the reagent or directly determining CO». In order to quantify an
amount of carbon oxidized based on the change in oxidation states of the reagent, such as
dichromate, a molar relationship between the oxidation of a humic substance and product,
Cr“', must be established. Since humic materials have carbon in various oxidative states,
it is impossible to know that exact relationship; consequently, an estimate has typically
been used. In addition, any competing oxidation process, such as the oxidation of metal
ions or incomplete oxidation of the organic carbon, will also complicate this process of
relating the reduction of a reagent to the amount of oxidized carbon. Nonetheless, over
the years the general procedure has been improved and many recent comparisons
between wet chemical and the more accepted dry combustion methods have shown
results generally within 10 percent on a variety of soils®™®. Wet chemical methods
remain attractive due to their relative low-cost.

In addition to carbon elemental analysis, a number of chemical methods exist for
the determination of specific functional groups in humic materials. Standard methods
exist for phenolic hydroxyl, carboxylic acid, quinones, carbonyl groups and methoxyl
functionality’. Recent comparisons between these wet-chemical methods and

spectroscopic methods show inconsistencies'®"!

, possibly owing to the fact that
quantitative wet chemical analysis is strongly dependent on the skill of the scientist.
Nonetheless, these methods provide a qualitative measure for some types of organic

functionality in soil, and are still in use today.
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1.1.3 Instrumental Analysis of Soil and Soil Components

Instrumental approaches to soil chemistry are associated with the second half of
the 20" century. Much like the case of wet-chemical methods developed years before, a
new set of analytical techniques and measurements could be applied to soil to determine
soil composition and structure. The low detection limits and selectivity of some of the
new instrumental methods allowed scientists to probe the behavior and fate of pollutants
in soil, thus making soil chemistry an important aspect in environmental chemistry. With
these advancements, much of soil science was now spurred by a whole series of
environment-related applications. The methods presented below are accepted as being
the most successfully employed in this area. [t is beyond the scope of this thesis to
discuss every instrumental application to soil science. Rather, the most commonly
employed techniques will be presented for their significance to the historical
development of soil science and their value as quantitative analysis techniques.

Instrument based elemental analysis provided a new method to quantitatively
measure most elements in soil. These and other methods gave scientists the power to
detect trace elements that would have been nearly impossible to determine eariler. This
was yet another useful tool not only for agricultural applications, but also for detecting
trace amounts of toxic species such as lead and mercury. Elemental analysis benefits
from its quantitative nature and simple data interpretation, but it suffers in that it is
oblivious to physical and chemical structural information. Some elemental analysis
methods for soil have been found to be unreliable for some common elements in soil
(such as oxygen in a clay mineral lattice) and research continues in this area. Some

excellent reviews have been produced in this area'>". Elemental analysis data on the
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Uncompahgre National Forest soil form the foundation from which all quantitative
comparisons will be drawn in this thesis.

The total quantitative analysis of carbon in soil by classic methods will play a
most critical role in this research. The results from the total carbon determination by
oxidation/CO» quantification methods will be used to judge the quantitative capabilities
of the applied NMR methods. There are some excellent reviews on the carbon analysis
of soils that are suggested for the interested reader®™"*!3. Of the two basic approaches
that have been used in the past to determine the total carbon content of soil, modern dry
combustion methods are accepted as the most accurate for total carbon determination®’"*
13 The other methods for carbon determination were popular in the past because of their
experimental ease and low-cost.

Dry combustion methods involve burning the soil sample in an oxygen
environment and quantitatively determining the CO- that is evolved. The sample is
typically heated by a conducting graphite furnace or through induction with high power
radio-frequency energy. [ron particles or similar conducting materials are often mixed in
with the sample in the induction method to provide a means for the sample to heat up.
The CO, that is evolved is then measured either gravimetrically, coulometrically,
titrimetrically or by gas chromatography (flame ionization detection or thermal
conductivity) methods®™"*'%. The total organic carbon determination for the
Uncompahgre Forest soil and soil components was provided by Huffman Laboratories
(Golden, CO), which employs a home-built graphite-furnace/dry-combustion method and

coulometric detection of CO,.
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Optical absorption methods of soil analysis, such as UV/VIS, IR and near-IR.
have generally been limited to soil and clay mineral uses. It was found that “younger”
humic acids had a smaller optical density in UV/VIS spectroscopy compared to older
humic acids'®. This was later correlated to the greater concentration of aromatic carbon
in the older and to the predominance of side chains in the young humic acid®'"'%,
UV/VIS techniques have also been used to establish a degree of aromaticity in humic
materials. Humus materials typically show a broad, featureless absorption spectrum in
the visible region, smoothly sloping downward from 200 nm to 700 nm.

The extremely broad, overlapping absorption lines from UV/VIS spectra have
made quantitative relationships between organic species/functionality within the same
sample nearly impossible to determine by that approach. Moreover, UV/VIS absorption
behaves non-linearly with relation to different functionalities within soil; i.e. there will be
no visible absorption for certain functionalities, such as methyl groups. In addition. since
soil and soil components contain a distribution of different chemical species of unknown
structure, no universal absorption coefficients can be used to relate absorption of light to
a specific humic species, and thus be correlated to a concentration of a particular species.
This fundamental issue keeps optical absorption measurements on the organic portion of
soil from being absolutely quantitative. However, this does not rule out potentially useful
UV/VIS measurements, where one soil or soil component can be semi-quantitatively
compared to that of another soil through a reproducible method.

The absorption of light for humic substances increases with the degree of
condensation of aromatic rings, the ratio of aromatic to aliphatic carbons, the

concentration of organic matter and with increasing molecular weight’'"'. Scheffer

10
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(1954) and Welte (1955) showed that the ratio of extinction coefficients (€) at 465 nm
and 665 nm was independent of the total carbon content of the soil'™'®. This ratio is
often referred to as the E4:EG6 ratio, or the chromacity coefficient Q, and gives a relative
measure from which to compare different humus extracts from different soils.

IR absorption of soils, like UV/VIS absorption spectra of soils, may be used to
track the existence of specific pollutant molecules or, in a more general sense, track a
particular chemical feature of soil. IR absorption can be used to generate relative
quantitative comparisons between soil components, with some advantages over UV/VIS
absorption. IR absorption is inherently more selective to particular organic functional
groups and may be used to obtain information otherwise invisible by UV/VIS methods.
These relative quantitative optical methods have proven valuable in soil science,
providing another method for classifying types of soil and following changes in soil and
soil components.

[nitially, [R experiments were utilized to confirm the chemically heterogeneous
nature of humus materials and implied that humic extracts from different soils have the
same principal structure. Typical absorption bands for soil in the 1230 to 1250 cm™
range are associated with hydroxyl and =C-O- groups; a 1150 to 1050 cm™ band is due to
deformation of alcohol OH groups; 1720 to 1700 cm™ is due to carbony! groups. The
absorption frequencies of carboxyl groups are sensitive to the extent of de-protonation
and interactions with metal cations. Minor differences between the carboxylate
absorption frequency for metal-humate complexes and the non-complexed form have
constituted the basis for many studies on the ion-absorption properties of soil

components'®2'. IR analysis has also been used to identify chemically modified (i.e..

I
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methylated™, etc.) humic materials and to help characterize a wide variety of humic
materials''**>! in various stages of decomposition®>>¢.

Although dispersive [R instruments are still widely employed for soil analysis.
there have been improvements in this area through the use of Fourier Transform [R
(FTIR), Diffuse-Reflectance Infrared Spectroscopy (DRIFTS), and Attenuated Total
Reflectance (ATR) IR techniques. DRIFTS has become more popular for soil analysis,
as it does not suffer from some of the scattering that is often seen at higher wavenumbers
from pellet analysis*™*®. DRIFTS also benefits from greater absorption and fewer
baseline problems compared to pellet analysis methods. FTIR, DRIFTS, and ATR
methods have all been successfully applied to soil science research®” %, Of these three
methods, FTIR is used far more often than DRIFTS, which has been used far more often
than ATR, to gain information about soil samples. DRIFTS and ATR are often emploved
as complementary techniques, giving small improvements in spectral resolution and
intensity in regions that may suffer in conventional dispersive and FTIR methods.
Neither technique provides any additional insight into the challenge of making absolute
quantitative measurements of all organic functionality in soil and soil components by IR
methods. [t may be possible to perform quantitative IR measurements on specific organic
functionalities in soils, if care is taken with calibrating the response of the IR with respect
to specific functional groups found in the soil sample''. [t is not surprising that such a
relative or absolute quantitative study has not been initiated on all the major [R
absorption bands, owing to the difficulty of such a study. Such a study would not extend
to all the organic functionalities in soil and would, therefore, not be able to provide a total

quantitative carbon analysis.
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I.1.4 Relevant NMR theory

NMR has become well established for the structural characterization of liquids or
compounds in solution and plays a critical role in research projects of many disciplines.
Over the past 25 years, nuclear magnetic resonance spectroscopy has been successfully
employed in the characterization of solid samples of organic-geochemical origin®.
The introduction of 'H decoupling, cross-polarization (CP) and magic angle spinning
(MAS) have made it possible to obtain high-resolution *C NMR spectra on solid samples
in a relatively short time. This contrasts with a solution-state NMR analysis that would
normally be very difficult or inappropriate for such samples, as a significant part of soil
cannot be dissolved under conditions that would preserve the very chemical structures we
wish to investigate. Although long understood to be capable of quantitative
measurements, NMR has mostly been used in a qualitative manner for the analysis of
organic-geochemical samples. In this section, the basic NMR theory™* that relates to

quantitative CP- and DP-MAS experiments will be reviewed.

1.1.4.1 NMR Basics

Nuclear magnetic resonance is based on the interaction between a nucleus with a
magnetic moment and an applied external magnetic field. The potential energy for the
interaction between a spin magnetic moment 4 and an externally applied field B, is given

by the dot product between the external tield and the magnetic moment:

E=-4+B, (L.1)

13
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Expressing g in terms of the nuclear spin angular momentum and assuming that B, is the
magnitude of an external magnetic field directed along the z axis gives the energy as

E =-hmyB/27 (1.2)
wherem (m=1,1-1,I-2, ... -1) is the magnetic quantum number and ¥ is the
magnetogyric ratio, a proportionality constant between the magnetic moment and angular
momentum. The parameter y is unique to every distinct nuclide. It can be seen that,
when [ # 0 and B, > 0, more than one energy level exists and an energy transition is
possible. For the case where the nucleus involved has [ = Y%, such as with 13C, then
m == % and the transition energy can be written as:

AE =hyB,/2m (1.3)
The Larmor precession frequency f, in Hz is given by

w, = f2T=YB, (1.4)
where £, is also the frequency of radiation needed to excite the E..- transition. 'H and “*C
resonate at 100.5 and 25.25 MHz at an external field strength of 2.35 T, the field strength

employed in the solid phase soil experiments detailed in this thesis. For simplification,
equations in the following section will be for the [ = ¥ case.

There will be a net absorption of energy at frequency f, because there are unequal
populations of spins in the two levels, with slightly more being in the lower energy level
at thermal equilibrium. The ratio of the number of nuclei in the lower energy level (N;)
to that of the higher energy level (N,) is predicted by the Boltzman distribution law to be

NN, = =& (L.5)

14
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at an absolute temperature T, with Boltzman constant k. Expanding the exponential and
making the approximation /0,27 << kT (a good approximation at normal temperatures)
allows the above ratio to be expressed as:

NN, =1 - h@/2nkT (1.6)

For the 'H nucleus at 2.35 T, that ratio is approximately 0.999984, which corresponds to
roughly 0.0008 % of the 'H in the sample contributing to the NMR signal. This is the
main reason why NMR is considered a ‘low sensitivity’ experiment. Perhaps the most
important consequence of the above relationships is that a net absorption of energy is
possible for every NMR active nucleus and that the intensity of such an NMR signal is
directly proportional (in a predictable manner) to the number of nuclei involved in the
transition. [t can be concluded at this point that, although based on an inherently low-

sensitivity phenomenon, it is possible to do quantitative NMR experiments on complex

organic samples.

1.1.4.2 The Chemical Shift

The circulation of electrons around nuclei induced by the strong external field B,
creates induced magnetic fields (opposing the strong external magnetic field) that
ultimately modify (shield) the local magnetic field B, at the nearby nucleus. Nuclei in
different chemical environments will experience different By, fields and will therefore
resonate at slightly different frequencies. This shielding is different for each unique
bonding situation and forms the basis by which different chemical structures are

identified by NMR. This shielding effect of local electrons about a nucleus is described
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by a chemical shielding parameter ¢ that can be related to the external and local magnetic

field through the following equation:
B =B.(1 - G) (L.7)
The resonance frequency f of a nucleus in a particular chemical situation is related to the

resonance frequency of an unshielded nucleus (f,) through the shielding parameter such

that:
f=f{1-0) (1.8)
The chemical shift of the peak of interest can then be defined by 3, and can be referenced

relative to the resonance frequency of a standard compound f..r (such as

tetramethylsilane—a chemical shift standard for *C or 'H or **Si NMR) such that:

8 =10%f - fud fo (1.9)

[n this manner, the chemical shift is given in units of parts per million (ppm), a scale that
is independent of the external field strength under which the experiment was conducted.
For diamagnetic samples, protons typically have a chemical shift range of 0 to 12 ppm,
while 3C has a chemical shift range of roughly 0 to 220 ppm. The '*C NMR spectra of
soils and soil extracts are complex and typically fill this entire chemical shift range with
numerous peaks representing a wide range of compounds and organic functionality.

Liquid and solid-state samples demonstrate very different chemical shift behavior
in NMR. In samples where the molecules of interest are rapidly tumbling in a random
fashion, the nuclear shielding results in a single isotropic chemical shift resonance for
each nucleus in a chemically unique environment. In this particular situation, ¢ is a

scalar that characterizes the chemical shift.
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Chemical shielding is very sensitive to both the local electronic environment and
the orientation of the molecule with respect to the external magnetic field. For most solid
samples, where relatively little molecular motion exists, the orientation of the molecule
relative to the external field has to be considered when evaluating Bio. and the chemical
shift parameter is best characterized by a second rank tensor. The relationship between

the local and external field is written as
B = (1-G) * B, (1.10)
where O is the second rank chemical shift tensor. The reference frame that diagonalizes

the nine components of the chemical shift tensor is known as the principle axis system, in

which only the diagonal elements (G, Gx, G3;) are nonzero. The laboratory frame

pad]

component (G ) is the only component of the chemical shift tensor that commutes with

the Zeeman Hamiltonian and contributes to the NMR spectrum in the first order. The

resulting secular term of the chemical shielding Hamiltonian reads as follows:
He = -yAGl,B, (L.L1)
The principal axis system is related to the laboratory axis system through a series of

rotations described by the polar angles 0,;, 0., and 8;; Assuming © has principal values
G, O, and G;; along its principal axes and is related to the direction of Bg through the
three corresponding angles 6,,, 8x, and 0y, then*’

G, = G,,c05°0,, + GC0s 0 + G3;c05°0;; (1.12)

Under liquid-like rapid isotropic tumbling, each polar angle in the above equation varies

randomly such that each cos® term is equal to 1/3. Under this rapid tumbling situation,
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the above anisotropic interaction time averages to the isotropic value for the chemical

shift:

G.=1/3(C, + G+ Cy) =(13)Tro =0, (1.13)

1.1.4.3 Chemical Shift Anisotropy

For a solid, each different nuclear site will generally have unique values for 0,,,

0,., 6 and a different value for . [t should be noted that for a random powder of

crystallites, a distribution of chemical shifts would be expected, reflecting the chemical

shift and statistical probability of each crystallite orientation. The resulting “powder
pattern” would be spread over a frequency range of f,|G1 — G33) and is described as the

chemical shift anisotropy (CSA). Without a method to reduce the CSA powder pattern to
its isotropic value, it would be very difficult, if not impossible, to relate chemical
structure to peak areas of complex organic solids. Although this suggests NMR signals
from a solid sample would be spread over the entire isotropic chemical shift range and
quite possibly beyond. the direct relationship between signal area and nuclei involved in
the transition would still hold true. The only way CSA’s hinder our ability to do
quantitative NMR experiments is by reducing signal-to-noise ratios and spectral

resolution.

1.1.4.4 Magic Angle Spinning
The anisotropic chemical shift found in solid samples can be averaged to the

isotropic value by rapid mechanical rotation of the sample about an axis tilted from the
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



direction of the external field By. If the solid sample is rotated with angular frequency o,
about an axis at angle 6, with respect to Bg, we have®,
cos 8p = cos By, cos ¥, + sin Oy sin p cos(as + wp) (1.14)

with %, describing the angular relationship between one of three principal axes (p) of the
sample and the axis of rotation and y, being the initial azimuthal angle. Equation 1.14
describes the angular behavior of the principal axis when under rapid rotation at an angle
O relative to the direction of By. Substitution of relationship 1.14 into equation 1.13 and
averaging over rotation results in

o, = Y%(0), +0s +03,)8in%0, +%(3c0s°0,, -1)(0,,C08° 7, + G wCOS’ 75 +03C08° 7;) (1.15)
When 0y, is equal to 54.74 degrees, called the “magic angle”, the above relationship
reduces to equation 1.13, where the chemical shift is averaged to the isotropic value.
Rapid sample rotation about the magic angle is called magic angle spinning**® (MAS)
and is used extensively in solid state NMR to improve spectral resolution by collapsing

CSA powder patterns to the average, and typically more narrow, isotropic value of their

chemical shifts.

1.1.4.5 Chemical Shift Dispersion

The dispersion of isotropic chemical shifts over a range of the spectrum for a
given class of carbon atoms is mainly responsible for the broad, overlapping peaks in the
13C MAS spectra of soil and soil components. The isotropic chemical shifts for particular
functional groups in a molecule can vary depending on conformations and on inter- and
intra- molecular interactions and subtle variations in local chemical structure. Fora

mixture of non-crystalline and complex organic compounds, such as those found in soils,
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a class of functional group will experience a large °C chemical shift dispersion. For
example, the dispersion of chemical shifts for methyl groups in solid *C MAS spectra of
soil or soil extracts is often on the order of 10 ppm or more, as can be seen in the many

spectra presented in this thesis.

1.1.4.6 The Dipolar Interaction

Spin 1/2 nuclei produce localized magnetic fields that slightly alter the magnetic
field experienced by other nuclei that are nearby. In a solid sample in which there are
neighboring nuclei, the nuclei of interest will experience a distribution of different
magnetic fields. This effect is referred to as the dipole-dipole interaction and results in a
broadening of the resonance. The fast tumbling motion of molecules in liquids normally
average out the dipolar interaction, which results in much narrower lines in liquid
samples than is normally observed in solid samples. The dipolar interaction can exist
between heteronuclear or homonuclear spin pair(s) or a combination of both. [t is the
heteronuclear dipolar interaction that exists between 'H and "*C in soils and soil
components (and most other organic compounds) that makes certain useful experiments.
namely cross-polarization (Chapter 3) and spectral editing (Chapter 4) experiments,
possible.

The "*C-"C homonuclear dipolar interaction is of little concern for soil samples.
as the natural abundance of "*C nuclei is small enough (1.1 percent) to make the
occurrence of *C-"C dipolar spin pairs rare. The ubiquitous 'H-'H homonuclear dipolar
spin pairs, having strong dipolar couplings, make it necessary to employ additional

instrumental techniques to obtain high-resolution "H NMR spectra of soils and soil
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components. This homonuclear coupling plays a less dramatic role in our ability to
obtain high-resolution BCNMR spectra. Itis the '"H-C heteronuclear spin interaction,
being common due to the abundance of 'H in organic solids and a relatively strong
interaction, which could add additional line broadening in organic solids that is not

normally observed in solution state °C NMR spectra.

The truncated Hamiltonian representing the secular part of a heteronuclear dipolar

interaction reads as follows*”:

H, =~ hoy,(1-3cos* 8)1,S, (1.16)
where ©p = f’m](sr3 , T is the internuclear distance and 0 is the angle between the vector
joining the two nuclear spins and B,. If the solid sample is spun about an axis at an angle
[ with respect to the external field at a frequency of @, the angle 8 becomes time
dependent and follows the relationship:

cosé(t) =cos fcos f'+sin Bsin f'cos(w,t + @) (1.17)
where £’ is the angle between the time dependent internuclear vector and spinning axis
and @ is the initial azimuthal angle. Squaring the above relationship and taking the
average over time yields:

cos* @ = (1/6)(3cos* B~ 1)3cos® B'~1))+(1/3) (1.18)
Substitution of equation 1.18 into 1.16 yields the time-averaged, truncated heteronuclear
dipolar Hamiltonian. The term 3cos’41 vanishes when S is equal to 54.74 degrees, the
magic angle, and the consequence of that is that the heteronuclear dipolar interaction gets

averaged to zero. Unlike the chemical shift interaction, the energy of this interaction is

independent of the externally applied magnetic field and is often in the 10’s of kHz
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energy range. For many chemical situations, the '"H-C heteronuclear dipolar interaction
is too large to be averaged by MAS at practicable rotation frequencies. This necessitates
the addition of strong proton decoupling during the data acquisition phase of the
experiment. This is achieved by irradiating the sample at the proton resonance frequency
with ample power during acquisition®™™°. It is the combination of both MAS and strong
'"H decoupling which yields the narrowest possible peaks in 13C NMR of soils and soil

components.

1.1.4.7 DP-MAS

A common NMR experiment used for the analysis of organic compounds is the
direct polarization (DP) experiment, which is also known as the single pulse or Bloch
decay experiment. In this experiment, the net magnetization of nuclei to be observed is
tilted from the direction of B, with a short, powerful RF pulse. Following the short pulse
(denoted a m/2 or 90° pulse, which indicates a rotation of the magnetization 90° from the
direction of B,), the decaying magnetization in the x-y plane is detected and digitized, a
process also known as the data acquisition. [n practice, the acquisition is accompanied by
strong 'H decoupling to reduce *C/'H heteronuclear dipolar couplings and hence the
spectral linewidths. Following a delay period, the experiment is repeated and the signal
added to the previous experiment. Magic angle spinning is maintained throughout the
entire experiment. Figure 1.1(a) shows the pulse schematic for the DP-MAS NMR -

experiment.
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1.1.4.8 CP-MAS

Another very common experiment used to analyze samples of organic-
geochemical origin is the cross-polarization (CP) experiment. [n this experiment,
polarization is typically transferred from a more abundant, higher-y nucleus (such as 'H
in organic solids) to an insensitive nucleus such as B¢, '"H nuclei, being much more
abundant and having a higher y than carbon, represents a large spin angular-momentum
reservoir or “spin bath”. The less abundant, lower y *C nuclei represent a much smaller
(i.e., smaller heat capacity) spin bath. The *C and 'H spin baths are normally in contact
through their heteronuclear dipolar interaction. Thermal contact between the *C and 'H
spin reservoirs is made more efficient when the Hartmann-Hahn condition is met, a
condition in which two long RF pulses at the 'H and "*C Larmor frequencies are applied
with relative intensities given by yuBy = ycBic. When the Hartman-Hahn match is
reached, the Zeeman energies of both spin reservoirs are equal in a double rotating frame
and mutual *C/'H spin “flip-flops” become a very efficient way to transfer energy
between spin baths. In this way the spin temperature is equalized between the two spin
reservoirs. The *C spin bath lowers in temperature much more than the 'H spin bath
temperature is raised during the cross-polarization period, owing to the difference in spin
bath sizes. During cross polarization, the "*C nuclei experience a change in polarization

that is less than or equal to the ratio of the y values (yu/yc) or roughly a factor of four.
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Figure 1.1 Radio-frequency pulse schematics for the (a) "C DP-MAS NMR experiment and (b) the 'H-to-
C CP-MAS experiment.
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The “C nuclei experience cross-polarization enhancements that depend on the
duration of the contact period with protons. Figure 1.1(b) shows the pulse schematic for
a typical CP experiment. The initial proton /2 pulse brings the '"H magnetization into
the x-y plane where it is subsequently “spin-locked” along the direction of the cross-
polarization RF pulse. The proton magnetization is essentially cooled when spin-locked
in the direction of the cross-polarization pulse. The spin-lock condition is not an
equilibrium condition for the protons, so the spin-locked magnetization decays, with a
rate determined by T, the longitudinal relaxation constant for protons spin-locked in the
rotating frame. While the spin-locked proton magnetization is decaying, the ¢
magnetization is growing with a rate constant TCH", which is a reflection of the strength
of the heteronuclear *C-'H dipolar interaction. The balance between the loss of proton
magnetization and growth of 13C magnetization dictates which contact period will
generate the greatest CP signal enhancement. [n addition to the CP enhancement, the CP-
MAS experiment benefits from the fact that the cross-polarization generated B¢
magnetization is dependent on the state of the 'H spin-reservoir before contact is
established; the repetition delay between experiments is then chosen to compensate for
the longitudinal relaxation of the protons in the laboratory frame, rather than the typically

longer "°C T, relaxation times.

1.1.5 Solution State NMR Analysis of Soils and Soil Components
Solution state °C and "H NMR has been successfully applied to the study of the
solvent-soluble fractions of soil. The narrow peaks that are found in liquid state NMR

spectra of soil extracts have proved to be valuable for organic structural determinations
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and have contributed to many of the chemical-shift assignments®**'*

used in this thesis.
A typical solid-state humic acid 13C CP-MAS NMR spectrum is shown in Figure 1.2 with
tentative chemical-shift assignments in place to show which functional groups correspond
to each major NMR peak in the spectrum. These shift assignments are confirmed by
NMR spectroscopy and further elaborated in Chapter 4 of this thesis. Additional chemical
treatments, such as acid hydrolysis and methylation, on humic and fulvic acids have been
used to aid in making spectral assignments®*>®. Liquid state NMR was used to discover
the effects of acid on common structures in humic materials; acid hydrolysis with 6 M
HCI was found to reduce the concentrations of carbohydrates and proteinaceous
materials>~°. Many derivatization studies were followed with liquid-state NMR*>**°.
Derivatization by *C-labeled methylation is a chemical method used to improve spectral
assignments and signal-to-noise ratios by reaction with ~OH functionality to create
methoxy groups®’. The chemical shift of the '*C-labeled methoxy group depends on the
origin of the hydroxy functionality, be it phenolic, carboxylic, carbohydrate, enolic. or
aliphatic hydroxyls. Derivatization selectivity depends on the methylating reagent (e.g..
CH;l, diazomethane) and reaction conditions™.

An advantage of liquid-state NMR over solid state analysis of soils or soil extracts
is the ability to take advantage of scalar couplings. This makes it possible to use
experiments such as DEPT® 10 separate spectra into CHj-only, CH;-only, CH-only and
CHy only subspectra. Recently, DEPT/QUAT experiments were employed on a soil
fulvic acid, the data from which was used to propose an ““average” structure for fulvic
acid®'. The solid state analog of such an experiment, based on the dipolar interaction,

was recently employed on humic acid and is presented in Chapter 4 of this thesis.
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Figure 1.2 A typical "C CP-MAS spectrum of humic acid extracted from the Uncompahgre National
Forest soil. Tentative chemical shift assignments for this humic acid are shown with arrows pointing to the
peak corresponding to its representative major organic component and/or functional group. These shift
assignments are explained in detail in Chapter 4 of this thesis.
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The majority of the solution state NMR studies on soil extracts have focussed on
identifying key organic components from an extract of a soil of particular importance.
Few of those solution-state NMR spectra have been acquired in a relatively quantitative
manner,%*%® with none to date (to the author’s best knowledge) having been acquired in
an absolutely quantitative manner. Variations of NOE factors among the different
functional groups in such samples make it necessary to use inverse gated decoupling and
long relaxation delays between scans to achieve a uniform relationship between signal
intensity and number of *C nuclei®. Meeting these requirements further reduces
sensitivity by a significant factor due to the loss of the NOE and by using longer

repetition delays.

1.1.6 NMR as an Analytical Tool for Soil Analysis

1.1.6.1 Relative and Absolute Quantification

Soil scientists have few analytical tools with which to make absolute quantitative
measurements on soil and humic components, i.e., measurements in which a signal
response can be quantitatively related to an amount of matter. Relative quantitative
measurements are made to compare amounts of material, either within the same sample
or between samples, without necessarily knowing the absolute amount of matter involved
in the comparison. Both relative and absolute quantitative measurements require a
measuring method that consistently relates signal to an absolute amount of material; an

absolute quantitative measurement has the further requirement of quantifying that
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relationship. The direct relationship between signal response and number of nuclei
inherent in NMR allows for both absolute and relative quantitative measurements to be
made. The aforementioned problems associated with the quantitative spectroscopic
analysis of soil and soil components by IR and UV/VIS make it difficult, if not
impossible, to establish a quantitative relationship between a signal intensity and amount
of carbon in a complex organic material. Solid state NMR has been widely used in the
past in a relative quantitative manner to compare the concentrations of different

functionalities found in soils and soil extracts®*5*

or simply in a non-quantitative manner
to compare structural trends. [t is the goal of the research reported in this thesis to
determine the extent to which solid-state NMR can be used to make absolute quantitative
measurements, also known as spin-counting, on soil samples in their native state. and to
provide the methodology for achieving quantitative solid-state NMR spectra on soils and
soil extracts.

There are two general approaches that can be used in solid state NMR to obtain
absolutely quantitative (spin-counting) results, direct polarization with magic angle
spinning (DP-MAS) and cross polarization with magic angle spinning (CP-MAS). DP-
MAS spin counting has the benefit of being a relatively straight-forward method and
requires fewer experiments than the comparable spin-counting experiment by CP-MAS.
The benefit of simplicity is often overshadowed by the poorer quality spectra (i.e., worse
baseline roll and signal-to-noise ratios) obtained by DP-MAS relative to CP-MAS. For
this latter reason, CP-MAS has been the experiment of choice for examining soil and soil
extracts by solid state NMR. Both methods have their merits and drawbacks and will be

examined in detail in the forthcoming chapters of this thests.
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Relatively quantitative (99.9 percent or greater accuracy, not considering signal-
to-noise factors) DP-MAS solid-state NMR experiments are realized when the repetition
delay between experiments is at least five times greater than the longest longitudinal
relaxation time of any peak in the sample. Under these experimental conditions, the peak
area for each peak in the NMR spectrum can be directly related to the number of nuclei
being observed. The same result can be achieved with shorter repetition delays when the
T relaxation times are known for each chemically unique species and a correction factor,
based its T, relaxation time and repetition delay, can be applied to each peak area in the
spectrum.

Similar results in CP-MAS spin-counting NMR experiments are achieved when
signal intensities are corrected for both the 'H T, relaxation time(s) and for the cross-
polarization behavior (typically described by rotating frame time constants T\, and Tcy).
The cross-polarization signal enhancement. in conjunction with generally shorter
repetition delays due to short 'H T| relaxation times, contribute to the enhanced signal-to-
noise ratios and signal quality typical of CP-MAS results on these materials. The 'H T,
relaxation times are often short enough that CP-MAS experiments are simply run with a
repetition delay greater than or equal to fives times the 'H T}, so no T; correction is
necessary. The cross-polarization time constants, Tci and Typ, must be accurately
quantified, which often requires 20 to 30 data points (20 to 30 spectra) and adequate
signal-to-noise so that accurate correction factors can be applied to the spin-counting CP-
MAS spectrum. [t is the determination of these correction factors that consumes the most

time of the CP-MAS spin-counting procedure and actually makes the entire procedure of
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spin-counting by CP-MAS roughly as time consuming as the entire DP-MAS spin-
counting procedure.

Relative quantification is a prerequisite for absolute quantitative measurements by
NMR. A requirement for successful spin-counting is that a quantifiable peak area in the
DP-MAS or CP-MAS sample spectrum can accurately be related, either empirically or
directly, to an absolute number of NMR active spins. Spin counting in this manner has
been achieved in solid state NMR by acquiring a spectrum of the unknown with some
well-characterized external reference in the sample area. These reference materials are
often added to the MAS rotor sealed in a small capillary tube®®®’, or are physically mixed
throughout the sample of interest, or may actually be the MAS rotor material®®. External
references are often chosen for their robust signals, chemical inertness. chemical stability.
NMR relaxation characteristics, ease of handling and chemical shift. The overall
methodology behind spin counting in solid-state NMR has been well characterized and

successfully applied to a number of samples of geochemical origin such as coals®.

1.1.6.2 Requirements for Spin-Counting

Solid state CP-MAS and DP-MAS NMR experiments can be made absolutely
quantitative when a few sample and instrumental conditions are met. The NMR signal
must be proportional to the number of observable NMR nuclei in the sample (with the
appropriate signal intensity corrections), must be measurable (e.g., not broadened to the
point where the signal cannot be measured), and must be significantly greater than the
noise in the spectrum. DP-MAS has not been the solid-state NMR experiment of choice

for the *C analysis of soil samples for several reasons. *C DP-MAS experiments often
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do not yield acceptable signal-to-noise ratios for soil and soil extracts. This is due to the
breadth of peaks commonly found in the spectra of these types of samples and the
typically low carbon content of whole soils and their extracts. Chemical shift anisotropy,
chemical shift dispersion, insufficient proton decoupling, paramagnetism, and
ferromagnetism can all contribute to the broadening of an NMR resonance compared to
what would be found in the liquid state. CP-MAS experiments will suffer from the same
broadening mechanisms, but generally produces signals of greater intensity over a given
experimental time than those from DP-MAS experiments.

Broadening due to chemical shift anisotropy (CSA) is overcome by employing
magic angle spinning (MAS). A typical consequence of MAS is the presence of
spinning-side bands, peaks that are centered about the isotropic peak and at frequency
intervals equal to integer multiples of the spinning speed and continuing throughout the
breadth of the CSA. MAS at a speed near or greater than the chemical shift range for "*C.
which is necessary to bring the spinning side bands out of the chemical shift range, is
ideal for quantitative work. This greatly simplifies the procedure to quantify the
contribution to the total peak area from a particular functional group. The necessity for
employing a minimum MAS speed at a particular external field strength (we chose 4.5
kHz at an external field strength of 2.35 T) puts restrictions on which commercially
available MAS systems can appropriately be applied to NMR experiments on soil ata
particular field. The optimum combination of field and commercial MAS system will
provide adequate spinning speed with the largest sample volume possible, as the signal
intensity is proportional to the amount of sample. Fortunately, there are sufficient

quantities of soil and soil extracts available from the extraction procedure to fill the 2.1
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ml sample volume of the large volume spinner employed in this study (vide infra).
Because of the relationships and trade-offs among sample size, CSA, MAS speed, By,
etc., as it has been found with many organic geochemical samples that signal-to-noise
ratios are not simply optimized by moving to higher external field strengths.

Line broadening in solid state NMR does not interfere with quantitative
measurements until, for whatever reason, the peak representing the particular functional
group is so broad that it cannot be integrated or deconvoluted accurately and/or precisely.
All of the broadening mechanisms mentioned thus far do not directly conflict with a total
spin-counting measurement on a soil. However it is necessary to minimize linewidths to
allow for the best possible assignments of peak-position to chemical-functionality, which
is why MAS and decoupling powers of 50 kHz or greater are so critical in making these
measurements. Computer-assisted peak deconvolutions (determination of peak areas) are
generally more successful with smaller line widths, as narrow peaks are less likely to

overlap.

1.1.6.3 Paramagnetism and Ferrimagnetism in Soil Components
Paramagnetic and ferrimagnetic impurities in soils, primarily in the form of ionic
Fe®* and iron-containing minerals, have long been identified as potentially damaging to

making quantitative NMR measurements’""

. Iron is rarely encountered in nature in its
pure metallic form; rather it is most often encountered in an oxidized state. [ron oxides
and minerals can be ferrimagnetic, as in the mixed oxidation state material Fe;O,

(magnetite), paramagnetic (Fe*" ions), or even anti-ferromagnetic as found with FeTiO;

(ilmenite) and certain Fe-containing aluminosilicates (nontronite)’””. Working with iron
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in soils in general, and treating soils for these materials to obtain better NMR results in
particular, is complicated by the poorly understood chemical nature of iron in soils.

The presence of paramagnetic and/or ferrimagnetic materials in a sample can
broaden NMR peaks to immeasurable, and hence non-quantifiable, proportions. Soils
and soil extracts, in particular, may contain large amounts of both ferrimagnetic and
paramagnetic compounds. These are both particularly troublesome as they are often
intimately a part of soil structure and difficult, if not impossible. to remove without
disturbing either the carbon content or the organic structure of that which is being
studied.

Ferrimagnetic and paramagnetic species have classically been removed from
materials of organic-geochemical origin through the use of powerful magnets, high
gradient magnetic separators, and chemical treatments’"™. Post-treated soil samples
and mineral sand samples have shown dramatic improvements in resolution and
sensitivity by solid-state NMR analysis™"*; however, none of the published results were
analyzed in an absolute quantitative manner, with the exception of the research by
Vassallo et al.”. Each of these methods may help by selectively removing either
ferrimagnetic or paramagnetic species from soil, but rarely without affecting the organic
portion of soil, be it by chemical modification (i.e., chemical reduction or degradation) or
through altering the physical coupling between organics and ferrimagnetic or
paramagnetic species. The existence of the aforementioned “clay-humic” complex
greatly complicates the complete separation of the ferrimagnetic or paramagnetic
component from organic materials based on magnetic susceptibilities or ferrimagnetism.

Some of these classic procedures, modified to accommodate a quantitative separation,
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can be applied to soils and soil components to narrow the linewidths of otherwise
immeasurable peaks without affecting the organic fraction of soils.

The chemical treatments applied in previous NMR studies on soils and/or soil
components to remove the effect of iron on the NMR spectra were designed to either
reduce paramagnetic Fe’* to the diamagnetic Fe** ion or form a Fe** complex that can be
removed selectively. Treatments with reducing agents, such as sodium dithionite, in
conjunction with complexing agents such as citrate, have had limited success in
producing better quality NMR spectra™. While the treatments do reduce Fe** to Fe*” in
solution, paramagnetic iron resists reduction in soils”, possibly owing to its
inaccessibility. This makes this iron removal method strongly dependent on the form of
iron, whether it is in mineral or complexed ionic form, and hence varies with the soil
type. Such a chemical treatment could effectively reduce and remove free iron in ionic
form; ferrimagnetic iron would remain relatively undisturbed using this method. The
ditionite/citrate method for iron reduction and removal generally uses very large amounts
of citrate salts, which may be difficult to remove from treated soil and/or extracts.

A popular method for de-ashing soil and soil extracts uses hydrofluoric acid (HF)
as a reagent. HF treatments have been used to help concentrate the organic fraction of
soil, but have also been shown to significantly improve NMR spectra of soil and its

fractions’®7

. HF can dissolve many mineral compounds and likely has a greater
accessibility for iron in oxides and other minerals. Because of this, HF treatments
generally remove ferrimagnetic iron better than reductive treatments with sodium

dithionite followed by citrate complexation™’®. A possible drawback of using HF on

soils is the other chemistry that may occur, particularly the potential hydrolysis of
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carbohydrates. The effects of chemical treatments on the quality of NMR spectra and
spin counting of the Uncompahgre whole soil and its extracts will be reviewed in the

following chapters.

1.2 Experimental

1.2.1 Soil Collection and Separation

1.2.1.1 Site Selection

A site was chosen for soil collection based on its characteristically high organic
matter content and low iron content. In addition, this site was chosen for the type.
concentration, and variety of organic functionalities in its organic matter. A site with all
these qualitative characteristics was located in southern Colorado in the Uncompahgre
National Forest (based on the suggestions of Dr. E. F. Kelly of CSU’s Soil and Crop
Sciences Department). Soil was collected from the upper 8" horizon about the base of an
Aspen stand. Approximately 10 Ibs. of soil was collected and placed into plastic buckets.
where the soil was stored under ambient conditions. The separation of this soil is shown

diagrammatically in Figure 1.3 and explained in detail in the following sub-sections.

1.2.1.2 Removal of Leaf-Litter
The leaf-litter, stones, and partly decomposed litter were removed from the bulk
soil by physical separation. This was accomplished by first sifting the soil with a 1/4"

mesh galvanized wire screen. A second pass through a smaller mesh (24 holes/inch)
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aluminum screen further removed partly decomposed organic matter and stones. The
remaining fine-particulate soil was stored at =20 °C in sealed containers until it was to be

chemically separated.

1.2.1.3 Base Extraction Uncompahgre Forest Soil

The soil was separated using the classic procedure outlined by M. Schnitzer’”. An
amount of the physically separated Uncompahgre National Forest soil was collected in a
crystallizing dish and dried at 50 °C until a constant weight of 140.43 g was obtained. To
this was added 1.4 L of HPLC grade distilled water followed by stirring with a magnetic
stir bar/plate combination. The pH of the whole slurry was measured at 5.1, utilizing a
calibrated Aldrich pH meter. To this was added 5.69 g of fresh NaOH pellets to make a
0.1 M NaOH solution. The slurry was quantitatively transferred to a large Erlenmeyer
flask under flowing argon. This was stirred overnight with a large magnetic stir bar and
stir plate combination. The pH of the soil slurry/base mixture was measured at 11.8 the

following day.

1.2.1.4 Humin Isolation

The base treated soil was filtered through coarse filter paper using a large filter-
flask, Biichner funnel and water aspirator. The collected solids were mixed with 400 ml
of HPLC grade water and centrifuged at 6000 rpm for 20 minutes to separate out any
remaining soil solution. This procedure was repeated two more times. The consolidated
1.2 L of soil washings was added to the deep-brown soil extract from the first filtration

step. The remaining solids (now to be referred to as the humin fraction) were
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qualitatively transferred to a crystallizing dish and dried under ambient conditions. The
humin fraction was further dried at 50 °C until a constant weight of 122.77 g was

obtained. This weight includes the clay and fine particulate that remained in the filter

paper from the first filtration step.

1.2.1.5 Humic Acid

The soil extract was acidified using | M HCI until the pH measured 2.0, as
measured by the calibrated pH meter. The acidified soil extract was stirred for 10
minutes and then allowed to sit undisturbed and sealed for 30 hours. At the end of the 30
hour period, the pH was again measured and found to be 2.1. The humic acid was
separated from the fulvic acid solution by centrifugation at 8000 rpm for 30 minutes.
followed by decanting the supernatant (fulvic acid solution) into a large 20 L round
bottom flask. The humic acid fraction was quantitatively collected into a 2 L round
bottom flask and dried to a dark powder using rotary evaporation at 45 °C under reduced
pressure of 15 Torr, using a water aspirator, until a constant weight of 12.52 g was

reached.

1.2.1.6 Fulvic Acid

The remaining fulvic acid solution was rotary-evaporated at 45 °C and 15 Torr
until a volume of 710 ml was reached. This concentrated fulvic acid solution was divided
into several parts for further analysis and separation. The pH of this solution was 2.2. To
350 ml of the concentrated fulvic acid solution was added 5.0 g of 20-50 mesh Biorad

AG 50W-8X proton-form cation exchange resin beads. This was occasionally stirred
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over a 5 hour period. The pH was measured at 1.5 after the first hour of stirring and
found to be 1.5 after 5 hours of occasional stirring. The supernatant solution was
decanted from the resin beads and collected. To the supernatant was added three
washings of the resin beads with 50 ml HPLC grade water. The fulvic acid solution was
rotary evaporated to near dryness at 40 °C and 15 Torr pressure. The remaining slurry
was dried under flowing dry nitrogen at room temperature until 7.93 g of dry ion-
exchanged fulvic acid remained. The resin beads were dried and weighed 3.01 g. A
second collection of fresh resin beads (5.0 g) was dried under room conditions and
weighed 2.944 g after drying, for comparison to the weight loss of the ion-exchange resin
used in the fulvic acid treatment. The remaining fulvic acid solution was dried by rotary
evaporation at 40 °C and 15 Torr until a thick solution of about 100 ml was obtained.

This was further dried under flowing dry N> until a constant dry weight of 9.84 g of solid

fulvic acid was reached.
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Step 1. Stirred 24 hours in

Sifted Uncompahgr el 0.1 M NaOH under N,
whole soil

Step 2. Filtered, followed by
suspension in water and centrifuging v
at 6000 rpm for 20 min. Repeated 0]
. .3 . 2
Solid humin | wice more. Humin solids and
. < dissolved humic
fraction acid and fulvic acid
Step 4. Acidified
Step 3. Combine water washings. with 1.0 M HCI to
pH 2.0.

5 Step 5. Centrifuged at 8000 rpm ] ] 4
S 011 d humic for 30 minutes. Collect solids. Solid humic acid
. . < and dissolved
acid fraction fulvic acid

Step 7. Rotovaped
down to 710 ml
fulvic solution.

Step 6. Combine water washings.

7 Step 8. Treated with ion-exchange 6
[on-exchanged ' | resin. Dried under flowing N.. . .
fulvie acid < Dissolved fulvic

. acid
fraction

RaW ﬁllViC 8 <S(ep 9. Dried under flowing N,.
acid fraction

Figure 1.3 The soil separation scheme used for Uncompahgre whole soil. Products of the separation
procedure are depicted in boxes. Steps are written with the step numbers in bold text.
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1.2.2 Spin-Counting Standard and Calibration

1.2.2.1 DP-MAS

The silicone rubber used in the DP-MAS spin-counting experiments was from a
tube of Dow Corning 732 multi-purpose sealant (pure silicone rubber). The silicone
rubber sealant (Figure 1.4(b)) was spread onto a piece of glass and allowed to cure under
room conditions for more than two months. The silicone rubber was then carefully
peeled from the glass and cut into small blocks (1 to 2 mm edge). The external reference
tube was prepared by cutting 3 mm NMR (liquids) tubes to approximately 2.92 cm and
packed with a weighed amount (typically 70-90 mg) of silicone rubber pieces. The
silicon rubber was tightly packed at to the bottom of the cut 3 mm NMR tube, sealed with
a torch and placed in the center of the spinner with Kel-F mounts (as shown in Figure
1.5(e)) and a hole drilled in the rotor cap. The silicone rubber spin counting reference
was empirically calibrated against a series of organic compounds as outlined in Chapter 2

of this thesis.

1.2.2.2 CP-MAS

A previously prepared and purified [3.2.1] bicyclo-4-pyrrolidino-N-methyl-octan-8-one
triflate compound, *C labeled at the carbonyl position, was used as the external reference
for CP-MAS experiments®. The structure of the 13C labeled [3.2.1] bicyclo-4-
pyrrolidino-N-methyl-octan-8-one triflate is shown in Figure 1.4(a). This external

reference was packed into a melting point capillary tube (roughly 1.8 mm outer diameter
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and 3.0 cm in length) and placed in the center of the spinner with Kel-F mounts (as
shown in Figure 1.6(e)) and a hole drilled in the rotor cap. The capillary tube was used to
hold between 3 and 20 mg of reference material, which was calibrated against a series of

organic compounds as outlined in Chapter 3 of this thesis.

— —+
7
ISC

(a)

N—CH,
[F,CSO,]

CH,
(b) +si—o

CH,

Figure 1.4 The chemical structure of the (a) “C-labeled CP-MAS spin reference compound [3.2.1]
bicyclo-4-pyrrolidino-N-methyl-octan-8-one triffate and (b) the idealized chemical structure for the DP-
MAS spin-reference compound, silicone rubber.
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1.2.3 MAS Set-up

Magic-angle spinning (MAS) at 4.4 to 4.6 kHz was achieved with a home-built
version of a Chemagnetics-style large volume MAS stator. This design used torlon air
bearings and brass stators normally employed in the commercially available
Chemagnetics large-volume MAS system. The remainder of the stator was made from
Kel-F plastic rod to minimize CP-MAS background signals, while providing good
structural properties. Spinning speed was monitored though the use of optical detection
of opposing light/dark areas on the outside of the MAS sample rotor. An exploded
detailed view of the MAS rotor assembly is shown in Figure 1.5(a)-(d) (DP-MAS
assembly) and Figure 1.6(a)-(d) (CP-MAS assembly). This rotor assembly typically held
between 1.3 and 2.2 g of soil or soil extract.

Commercially available Chemagnetics-style thick-wall 14 mm pencil rotors were
modified to accommodate both the soil sample and the silicone rubber sealed external
reference. A thin disk of Kel-F was machined to fit in the base of the zirconia sleeve
(Figures 1.5(c), 1.6(c). At the center of this disk a hole was drilled to accommodate the
tip of the glass tube containing the reference material. A hole was drilled in the center of
the underside of the Kel-F drive tip (Figure 1.5(a), 1.6(a)) to accommodate the opposite
end of the sealed spin-reference containing tube.

Spinning speeds of 4.4 to 4.6 KHz were achieved with roughly 50 psi drive air
and 12 psi bearing air. A high capacity air line (10-15 scfm at room temperature and 70
psi) was needed to provide the necessary air flow to the drive portion of the MAS system.
In addition, two high capacity commercial air-drying systems (Wilkerson model WRA

0015) were employed to drop the dew point of the air to roughly —70 °C.
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Figure 1.5 An exploded view of a modified Chemagnetics-style large volume spinning system with sealed
insert containing silicone rubber for spin counting. Diagram of a (a) Kel-F rotor cap drilled to
accommodate 3 mm sealed insert; (b) sealed insert made from 3 mm glass NMR tube with silicone rubber
reference; (c) lower stabilizing Kel-F insert; (d) ceramic rotor body; and (e) assembled view. Diagram is to
scale.
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Figure 1.6 An exploded view of'a modified Chemagnetics-style large volume spinning system with sealed
insert containing [3.2.1] spin reference compound for spin counting by CP-MAS. Diagram of a (a) Kel-F
rotor cap drilled to accommodate capillary tube sealed insert; (b) sealed insert made from 1.8 mm OD
capillary tube with [3.2.1] spin reference compound; (c) lower stabilizing Kel-F insert; (d) ceramic rotor
body; and (e) assembled view. Diagram is to scale.
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Flexible hose and connectors with inner diameter of 1/4" to 3/8" were needed to maintain

a high airflow to the MAS system and stable spinning speeds.

1.2.4 The NMR Console and NMR Experiments

All DP- and CP-MAS experiments on soil materials were carried out on a wide-
bore superconducting magnet at a *C resonant frequency of 25.27 MHz and a 'H
resonance frequency of 100.49 MHz. The two-channel, home-built console was
upgraded with a Chemagnetics Phoenix data station, pulse-programmer and receiver.
Home-built power amplifiers routinely capable of 300 watts were employed for all
experiments. A probe with an eight-turn double-tuned coil for 'H and *C was
constructed for the large volume MAS system described earlier. In each experiment. RF-
field strengths in both channels were 50 kHz or greater. All data acquisitions, data
processing and peak deconvolutions were performed on a Sun Microsystems Sparc 3.
running Spinsight Version 3.5.2.

Background signals were obtained by simply re-running each experiment without
the corresponding sample loaded (but with the spin-counting reference in place) in the
spinner under the exact same conditions as for the spin-counting experiments.
Background signals were deconvoluted using the Spinsight software to create a noise-free
version of the background signal. The noise-free background signal was digitally
subtracted from the original soil spectrum to create a background, *C-signal-free
spectrum. Background corrections were not necessary for every experiment, because

some MAS/experimental configurations generated no significant background signal.
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1.2.5 Chemical Treatments

1.2.5.1 Dithonite Reduction

Reduction of the Fe®* in ball-milled humic acid extracted from the Uncompahgre
National Forest soil was attempted by stirring the extract in a sodium dithionite solution
at pH 5.0. A typical treatment used 250 milligrams of sodium dithionite (roughly a four-
times molar excess to the iron content of the humic acid) in 10 milliliters of distilled
water for 2.0 grams of the humic acid, stirred in an Erlenmeyer flask. Following the
overnight treatment, the excess water was removed using a lyophilizer and the sample

kept under N, gas to prevent any re-oxidation of Fe** to Fe®™.

1.2.5.2 Hydrofluoric Acid De-Ashing

Soil and soil extracts were slurried with 2 percent HF solutions and stirred.
Samples were centrifuged in sealed polyethylene containers between HF treatments. A
typical HF treatment was as follows: 4 g of soil was mixed with five aliquots (80 ml
each) of HF solution, stirred for three hours and centrifuged, mixed with two aliquots.
stirred for 24 hours and centrifuged, and finally mixed with one 80 ml aliquot and
allowed to stir for 48 hours. The supernatant solution was collected after each
centrifugation step and the final de-ashed soil was rinsed three times with distilled water

and dried at 60 °C.
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1.2.5.3 lon Exchange

A cation exchange resin with a strong affinity for Fe’* ions, supported on 1 mm
diameter glass beads, was used to selectively collect Fe** from soil and soil extracts.
Bio-rad AG 50W-X8 resin in the hydrogen form was stirred with the ball-milled soil
component for several hours and removed using a mesh screen. The post-treatment ion
exchange beads were then rinsed with water and the supernatant was combined with the
treated soil fraction. The soil fraction was then dried either with a lyophilizer or under

vacuum (1 Torr) at room temperature.

1.2.6 Elemental Analysis

Elemental analyses for total carbon and iron were provided by Huffman
Laboratories in Golden, CO. All samples submitted for analysis were finely ground to
sub-30 pum diameter particles in a ball mill. Huffman Laboratories established the total
carbon content by combustion under flowing oxygen at 1000 °C, followed by the
coulometric detection of CO, on a custom built analyzer. Total iron was determined by
digestion in a mixture of nitric, hydrochloric and perchloric acid, followed by
quantification by ICP. Ash contents were determined by the Water, Soil, and Plant
Testing Laboratory at Colorado State University by burning at 550 °C in a furnace,

followed by the gravimetric determination of ash.
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Chapter 2

SOLID STATE “C NMR STUDIES OF UNCOMPAHGRE FOREST SOIL AND ITS

SEPARATED SOIL COMPONENTS BY “C DP-MAS SPIN-COUNTING METHODS

2.1 Introduction to Spin-Counting by °C DP-MAS NMR

The characteristically long T, relaxation times (some in excess of 10 s) of 3¢
found in solid soil samples makes direct polarization experiments less appealing tor most
purposes than cross-polarization experiments due to sensitivity constraints. With the
exception of a few cases, all solid-state C NMR spectra of soil samples reported in the
literature were acquired with the significantly more sensitive 'H-to-'*C CP-MAS
technique (the pulse schematic for *C CP-MAS is shown in Figure 1.1(b)). The baseline
distortions that can plague C DP-MAS experiments on soils also make the CP-MAS
approach more attractive. Acoustic ringing and pulse breakthrough', along with other
phenomenon which distort the amplitude of the first few points of the acquired signal
(FID), can cause severe baseline distortions in the typically broad BC NMR spectra of
soil components. It is the implementation of spin-temperature alternation in the *C CP-
MAS experiment which essentially separates the phase dependence of the signal from

that of the distortion, making it possible to employ phase-cycling to significantly reduce
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the aforementioned distortions’. The *C DP-MAS experiment does not employ an
equivalent to spin-temperature alternation and hence often yields *C NMR spectra with
undesirable baseline distortions.

It is the inherent simplicity of *C DP-MAS experiments that make them attractive
for use in spin-counting or quantitative NMR experiments. An extensive literature search
yielded no studies on the absolute quantitative analysis of soil/soil components by DP-
MAS NMR methods, probably owing to the aforementioned difficulties. One of our
goals was to explore the possibility of using a large-volume sample spinner with '*C DP-
MAS to quantify the amount of carbon in the Uncompahgre Forest soil and its extracts.

Experimental °C DP-MAS and "C solution-state NMR experiments have been
shown to produce similar spectra®. The RF pulse sequence of the solution-state inverse-
gated decoupling "*C solution state experiment and DP-MAS experiment. shown in
Figure 1.1(a), are practically identical; the DP-MAS experiment utilizes magic angle
spinning to average CSA’s to zero and requires stronger 'H decoupling than that typically
employed in solution-state experiments. Solution-state analysis of these samples were
not utilized for quantitative analysis owing to the insolubility of soil and soil extracts in
most solvents. The results from an absolute quantitative °C DP-MAS analysis of the
Uncompahgre whole soil and its soil components are presented in this chapter. Tables

and figures for this chapter are collected at the end of the chapter for clarity.
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2.2 Results

2.2.1 Gravimetric and Elemental Analysis of the Uncompahgre National Forest Soil
Components

The elemental carbon and iron analysis for the whole soil, the hydrofluoric acid
treated whole soil (HF-treated soil) and each soil extract, along with ash contents, are
reported in Table 2.1. The data in Table 2.1 represents the same soil, soil treatments. and
extraction procedure used throughout this thesis. The HF-treatment was not part of the
extraction and should be considered separate from the gravimetric analysis of the
separation procedure. The whole soil (140.43 grams) is 16.07 percent carbon by
elemental analysis, corresponding to a total of 22.57 grams of carbon. The humin
fraction, humic acid, and both fulvic acid fractions each contain 14.56, 5.50. and 3.35
grams of carbon, respectively, for a total of 23.41 grams of carbon detected by elemental
analysis in the extracts and humin fraction. Analogous data for the iron in each sample is
given in Table 2.1. When not elaborated in the text of this thesis, the fulvic acid fraction
is the ion-exchanged fulvic acid, upon which the majority of *C DP-MAS experiments

Were runmn.

2.2.2 Calibration of the External Reference
A silicone rubber reference was empirically calibrated against a series of pure

carbon-containing compounds of known structure with favorable *C DP-MAS NMR

properties. With the results of the calibration, the T\-corrected area ( 42" ) of the silicone

corr

rubber peak at 0 ppm of the *C DP-MAS spin-counting spectrum can be assigned a
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number that corresponds to an absolute amount of natural-abundance carbon. Once the
relationship between peak area and amount of carbon is established, the peak areas from
the soil or soil component can be related to this empirically determined absolute amount
of carbon.

The calibration value associated with the silicone rubber external reference is
somewhat dependent on the particular coil and spinner configuration. The DP-MAS “*C
spectrum of the HF-treated soil was run under a different coil and spinner configuration
than the other spin-counting spectra. Calibration trials were run under both hardware
configurations; this difference is reflected in the number of milligrams of carbon
associated with the external reference in the HF-treated soil versus the other samples. as
shown in Tables 2.3-2.7.

The calibration experiments on the silicone rubber are summarized in Table 2.2.

The correction terms (C; ) for each pure organic compound are based on Egs. 2.2-2.3

and *C T, values determined on these compounds (also in Table 2.2) and are presented
along with the puise delay (t4) used for each calibration experiment in Table 2.2. The
calculated number of milligrams of carbon is reported for the 79.5 milligram silicone
rubber external reference for each calibration compound (as a function of the peak
position for the compound). The average of these calibration values was used to
determine the percent carbon and milligrams of carbon in each deconvoluted peak by *C
DP-MAS spin-counting for the HF-treated soil; the results are summarized in Table 2.4.
A second capillary, containing 85.9 mg of silicone rubber, was not directly calibrated
against each compound; rather it was assigned a value based on its weight relative to the

79.5 mg silicone rubber containing capillary. The whole soil, humin fraction, humic acid,
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and fulvic acid DP-MAS spin-counting spectra were run using a different spinner/coil
assembly than used for the HF-treated soil (a rotor crash destroyed the original
assembly). For that particular coil/spinner assembly, the 79.5 mg silicone rubber external
reference capillary showed a 10.4 percent greater value in the calibration with
hexamethylbenzene relative to the calibration trial with the original spinner/coil
assembly. This value was incorporated into the calculations for DP-MAS spin-counting

and is shown in Tables 2.3, 2.5-2.7.

2.2.3 “C T, Relaxation Times for the Uncompahgre Forest Soil Components

The "*C T| relaxation times were determined for the soil and each soil component
using a Torchia style pulse program®, as shown in Figure 2.1. The spectra from the *C
T, experiments are shown in Figure 2.2(a) (whole soil). 2.3(a) (HF-treated soil), 2.4(a)
(humin fraction), 2.5(a) (humic acid), and 2.6(a) (fulvic acid). Each B¢ spectrum of the
13C T, experiments was deconvoluted into individual peaks as shown in Figures A2-2
(whole soil), A2-3 (HF-treated soil), A2-4 (humin fraction), A2-5 (humic acid), and A2-6
(fulvic acid) of the appendix section in this thesis. Each experimental spectrum plotted in
Figures 2.2(a)-2.6(a) is again shown in Figures A2-2-A2-6 of the appendix, along with
the “synthetic” spectrum, the individual deconvoluted peaks used to generate the
“synthetic” spectrum, and the difference spectrum. The difference spectrum was
generated by subtracting the synthetic spectrum from the experimental spectrum and
gives an indication as to how successful a particular deconvolution is. The peak areas of
the deconvoluted peaks of Figures A2-2-A2-6 were then used to obtain °C T; relaxation

times, as shown in the plots of Figures 2.2(b)-2.6(b), and tabulated in Tables 2.3-2.7.
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The peak areas of each deconvoluted peak are shown plotted versus the t delay
period for the Torchia style experiment in Figures 2.2(b) (whole soil), 2.3(b) (HF-treated
soil), 2.4(b) (humin fraction), 2.5(b) (humic acid), and 2.6(b) (fulvic acid). Each plot was
created to illustrate the *C relaxation behavior for a particular peak, with the chemical
shift of that particular peak written within the plot diagram. These plots were fitted with
either single or double component exponential factors using the SigmaPlot 5.0 program.
A solid line represents the calculated fit and solid black circles represent the experimental

data points in each plot.

2.2.4 Spin Counting of the Uncompahgre Forest Soil Components by “C DP-MAS
NMR

Figure 2.7 shows each DP-MAS spin counting spectrum on a relative intensity
scale for each of the soil components. The spectra of Figure 2.7 and that of the HF-
treated soil are shown deconvoluted (with (a) the experimental, (b) “synthetic™, (c)
deconvoluted, and (d) difference spectrum) in Figures 2.8 (whole soil), 2.9 (HF-treated
soil), 2.10 (humin fraction), 2.11 (humic acid), and 2.12 (fulvic acid). The *C T,
relaxation times for all the deconvoluted peaks of each of the spin-counting spectra and
of the silicone rubber were derived from the results in Figures 2.2(b)-2.6(b) and are

summarized in table format in Tables 2.3-2.7, along with the T “corrected” peak areas
(A2 ) for each peak represented in Figures 2.8-2.12. The corresponding amount of

carbon for each peak, reported in mg of carbon out of the total sample weight and as a
percentage of the total detected carbon by DP-MAS spin counting are reported in the

columns marked “mg of carbon™ and “percent of total” respectively, in Tables 2.3-2.7.
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To the right of the cells marked “Total (not including reference at 0 ppm)” in

Tables 2.3-2.7 is the sum of the corresponding peak integrals in columns titled

Aﬁ: and A2 | not including the peak integral from the external reference. These values

represent the total integral of the corresponding *C DP-MAS spin-counting spectrum and

that of the T corrected spectrum, respectively. The cell to the right of this 4” cell

carr

gives the total number of milligrams of carbon detected in this experiment. The error
associated with each total integral was determined from the propagated error of the sum
of the corresponding individual deconvoluted peaks.

To the right of the cell labeled “total percent carbon by DP-MAS spin-counting”
is the calculated percent carbon in the sample based on the total T, corrected *C DP-
MAS spin-counting integral relative to the external reference peak area. An estimated
relative error for this value is reported in the same cell in parenthesis. This error estimate
was generated by propagating the error associated with the deconvolution of the reference
peak at 0 ppm, the error associated with the total T, corrected 13C DP-MAS spin-counting
integral, and that from the empirical calibration of the external reference (8.70 percent).

Table 2.8 summarizes the elemental, gravimetric, and DP-MAS spin counting
data for each soil and soil extract. The percent carbon detected by DP-MAS spin
counting is presented along with the percent carbon detected by elemental analysis. The
ratio of the percent carbon detected by DP-MAS to that detected by elemental analysis is
provided in the column titled “(amount of carbon detected by DP-MAS) / (amount of
carbon detected by elemental)”.

The spectra of Figure 2.13 are computer generated much iike the synthetic spectra

shown in Figures 2.8(b)-2.12(b), but have been adjusted to reflect the “C T, amplitude
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corrected peak areas ( 4> ) of Tables 2.3-2.7. Each computer generated spectrum was

corr

created by applying the appropriate T, correction term (C;, ) to each of the deconvoluted

peaks for each spectrum. The humin (Fig. 2.13(b)), humic acid (Fig. 2.13(d)), and fulvic
acid (Fig. 2.13(e)) spectra were added, in ratios to represent their weight contribution to
the whole soil and their sample weight, to generate a synthetic whole soil spectrum (Fig.
2.13(f)). The overlaid spectrum, plotted with a dotted line, in Figure 2.13(f) is the whole
soil spectrum of Figure 2.13(a). This illustrates the difference between the T,-corrected
whole soil spectrum and the synthetic whole soil spectrum generated by adding the
appropriate ratios of the humin, humic acid, and fulvic acid spectra. The largest
discrepancy between the synthetic whole soil spectrum and the T-corrected whole soil
spectrum occurs in the 160-190 ppm region, where the synthetic spectrum shows

significantly greater intensity.

2.2.5 Estimated Error Associated with Spin Counting by 3C DP-MAS NMR
Error associated with the dependent variable in the *C T, plots of Figures 2.2-
2.6(b) was propagated to the correction factor (C,, ) and presented as a relative deviation
in Tables 2.3-2.7. This error was calculated from the standard error of the estimate (SEE)
on each *C T, regression analysis, and was determined using the SigmaPlot 5.0 program.
The standard error of the estimate is an example of a root mean square error estimate, and
is a measure of the accuracy of a regression analysis.
The relative standard deviation (standard deviation as a percentage) associated

with each deconvoluted peak area of each of the *C DP-MAS spin-counting experiments

was estimated by finding the relative standard deviation for each peak of interest in 20
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non-sequential deconvolutions on each of the DP-MAS spin-counting spectra shown in
Figures 2.8-2.12. These values are reported in the column with heading “ERE”
(Estimated Relative Error) of Tables 2.3-2.7. This estimated error reflects the large
uncertainty in peak areas typically encountered when deconvoluting broad, superimposed

peaks.

The total of the peak integrals ( 42" ) before being multiplied by the correction

exp

term (C;. ) is shown at the bottom of the column. The error for this total, and for that of

the *C T corrected peaks ( 4" ) total area, is propagated from the sum of the values

printed in that particular column. The error associated with the number of milligrams of
carbon for the reference material peak at 0 ppm is that from the relative standard
deviation of the calibration trials, as presented in Table 2.2. Finally, the error associated
with the total percent carbon was determined by propagating the error of the total
corrected peak area, the error associated with calibrating the external reference, and the

error of the corrected peak area for the external reference.

2.2.6 Iron Removal and Reductive Treatments on Soil Components

Spin-counting DP-MAS spectra obtained before-and-after the iron removal
treatments on fulvic acid and whole soil are shown in Figure 2.14. The fulvic acid was
treated with ion exchange resin (Figure 2.14(a)) and the whole soil with an HF solution
(Figure 2.14(b)), as described in the Experimental sections 1.2.5.2-3 of Chapter 1. The
spectra for each treated component are scaled relative to that of the untreated soil

component using scaling factors to correct for unequal number of signal acquisitions.
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Shown to the right of each set of spectra are sets of smaller, superimposed spectra,
arbitrarily scaled to show spectral changes (or lack thereof) caused by the treatments.

Figure 2.15 shows two spectra of humic acids. The uppermost spectrum (Fig.
2.15(a)) is the *C DP-MAS spectrum of a humic acid after being treated in a water slurry
under hydrogenation conditions (80 psi H; gas) for four days. The corresponding
untreated humic acid spectrum is shown below the spectrum of the Hj-treated humic.
Spectrum (c) represents the difference between spectrum (a) and (b). Both spectra were
acquired under conditions (16 s repetition delay) so as to yield quantitative spectra that do
not require corrections based on the "*C relaxation times of the samples. There are no

significant differences between the spectra of the Hj-treated and untreated samples.

2.3 Discussion

2.3.1 “C DP-MAS Spin-counting Calculations

To provide quantitative results in which peak areas can be directly correlated
directly to a specific number of spins (relative to that of an external standard), the direct
polarization (DP) spin-counting experiments must be either a) run with a sutficiently long
repetition delay (ty) for all (99.9%) the magnetization to return to its equilibrium state (¢4
= 5T,) before the next data acquisition, or b) be “corrected” to account for the situation in

which when #4 < 5T|. To obtain the corrected peak area ( Ac’,’,',',) when 4 < 5Ty, the
experimental peak area is simply multiplied by a T, correction factor (C;, ) as shown in

equation 2.1.

Ao =(45)(C;) @.1)
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where

1

l_e"d T:

Cr,= (2.2)

Equation 2.2 is used for situations where a single exponential factor can describe the
relaxation behavior of the peak of interest. Equation 2.3 is used to correct peak areas in
situations where the relaxation behavior can be described satisfactorily only if two
exponential factors are used. [n Equation 2.3, Sis the fraction of the relaxation
component represented by Ty and (/-f) is the contribution from the second relaxation
component, represented by T).

1
Bll-¢"Tw)+(1-B)(1 - ™)

Cr, (2.3)

T, “corrected” peak areas ( A2" ) are then proportionally related to the T “corrected”

peak area of the silicone reference (in the DP-MAS spin counting spectra), which has
been calibrated against a series of *C NMR solid standards. The individual peaks of the

deconvoluted spectrum can then reported in absolute quantities of carbon.

2.3.2 BC T, Relaxation and Organic Structure in the Uncompahgre Forest Soil
Components

Many of the '*C T, plots of Figures 2.2(b)-2.6(b) show (quite dramatically) data
that are described by multiple exponential decay functions. Most of the *C T; relaxation
data of these soil components are best described by two component exponential
functions; no single soil component demonstrates this behavior more dramatically than
the whole soil peaks at 172, 150, 130, 104, 84 and 72 ppm (Figure 2.2(b)). This may

indicate a two-domain system, one giving a very short *C T, relaxation time (such as
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would be expected from a domain containing paramagnetic centers) and the other much
longer. Upon close visual inspection with the naked eye, the whole soil (before ball-mill
grinding) appears to be composed of a relatively undecomposed domain, comprised of
leaf litter with dimensions on the order of a millimeter (able to pass through the fine mesh
screen used in the soil collection process), and domain of no visually recognizable origin.
Presumably, the undecomposed organic material would have longer BC Ty’s as the
cellulose and lignin of these materials are more likely to be free of paramagnetic centers
and are likely to be more crystalline.

The *C NMR spin-lattice relaxation times of peaks in the chemical shift range of
0 to 40 ppm show the least change when being compared between the different soil
components. These peaks, typically assigned to paraffinic components and lipids,
generally show two-component "*C T, behavior, with a fairly dramatic difference
between the two relaxation times. The peaks centered at 172, 150, 130, 104, 84 and 72
ppm show much greater differences in 13C T, behavior between the different soil
fractions. The HF-treated soil and remaining soil fractions show two-component °C T,
behavior for these peaks, with the faster component being significantly slower than the
fast T\ component of the whole soil. These trends indicate that the aqueous chemical
treatments on the whole soil somehow affect the carbon that displays faster Bc T,
relaxation behavior and may re-organize the paramagnetic and/or ferrimagnetic iron
domains in these samples. The wax-like organic domain, being hydrophobic, may be
somewhat insulated from the effects of the aqueous treatments and hence, show the least

change in *C T; behavior from the extractions.
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The fulvic acid shows two-component *C T, behavior similar to that of the whole
soil, but with slow "*C T, components being significantly faster than most °C T,’s found
in the other soil fractions. The fulvic acid has the lowest concentration of iron compared
to the other soil components, but due to a low carbon content, has an atomic carbon-to-
iron ratio (C/Fe) similar to that of the humic acid. Paramagnetic centers can play a key
role in spin-lattice relaxation’ and, due to the concentration of paramagnetic iron
impurities in the fulvic acid, is likely involved in the "C relaxation behavior of the fulvic
acid. Fulvic acid samples tend to have the lowest molecular weight distribution of the
separated components®. The smaller molecular weights and, hence, smaller molecular
size(s) may be related to an increase in molecular mobility (i.c.. a shortened correlation
time of the molecular motions) and increase the spectral density at the Larmor precession
frequency for C (25 MHz). An increase in the spectral density at the Larmor precession
frequency for *C will act to lower "*C spin-lattice relaxation times®.

The “*C spin-lattice relaxation times for cellulose, having 13C NMR chemical
shifts occurring in the range of 60 to 80 ppm, and at 104 ppm, are sensitive to cellulose’s
local molecular order’™. Crystalline cellulose typically shows much longer *C T,
behavior than non-crystalline cellulose. Studies involving the use of ball-mills to alter
the crystallinity of cellulose samples have shown that dramatic changes occur in the *C
MAS NMR peak widths of such samples upon physical pulverization”'°. The '*C T, data
on the whole soil were taken following pulverization with a ball-mill grinder. This
grinding preparation likely altered the natural structure of the cellulose in these samples
and may have altered the >C T,’s from that which would have been measured on the un-

ground soil.
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Some of the *C T, data presented in Figures 2.2(b)-2.6(b) are incomplete due to
poorly resolved peaks and/or insufficient intensity from the CP-based Torchia-style *C
T, measurements. In cases where a particular peak was deconvoluted in the *C DP-
MAS spin-counting spectrum but, for the aforementioned reasons, no 13C T, value could
be determined confidently for it from the corresponding Torchia-style experiment. the *C
T, value from the same peak of another spectrum was used in its place. The peak at 197
ppm in the humin fraction was very poorly resolved from the peak at 172 ppm; the “C T,
from the peak at 197 ppm of the whole soil was used in its place. The fulvic acid peaks
at 56, 115, and 197 ppm were not adequately resolved in the Torchia-type "°C T
experiments; these values were estimated/approximated by the corresponding values

determined for humic acid.

2.3.3 Quantitative Carbon Elemental Analysis of the Uncompahgre Forest Soil
Components

The total carbon contents by elemental analysis reported in Table 2.1 are
semiquantitatively consistent, to within 4 percent of the gravimetric soil separation data
in the sense that the total number of grams of carbon in the whole soil (22.51 grams) is
3.8 percent lower than the total carbon content of the humin (14.56 grams), humic (5.50
grams) and fulvic (3.34 grams) fractions combined. The furnace/coulometric method for
total carbon content is generally accurate within two percent of the total carbon content

for whole soil/soil components''™*

. The soil and soil extracts may not hold the same
amount of moisture under the mild drying conditions used during the storage of these

materials. Both of these factors could account for the minor discrepancy (4 percent) in
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the gravimetric/percent elemental carbon data. It was found that the most consistent
elemental data were obtained when the samples were sent for analysis after being
pulverized to an extremely fine powder in a ball mill grinder. Samples ground to a coarse
powder with a regular ceramic mortar and pestle were found to give less consistent
elemental results. The total iron content of 140.43 grams of whole soil was 1.47 grams,
which is in close agreement to the total iron content of the humic, humin, and fulvic

fractions put together (1.46 grams).

2.3.4 Inconsistencies Between Carbon Elemental Analysis and Spin-Counting

The results summarized in Table 2.8 show major inconsistencies between the total
percent carbon detected by DP-MAS spin counting (versus elemental analysis) and soil
fraction. We were able to account for 68.7, 71.3, 71.7, 85.9 and 59.1 percent of the
carbon by DP-MAS spin counting compared to the carbon elemental analysis for fulvic
acid, humic acid, humin, HF-treated soil, and whole soil, respectively. [f one compares
these results with the iron contents shown in Table 2.1, there does not appear to be a
predictable relationship between iron content and the percent carbon detected by '*C DP-
MAS. However this does not necessarily exclude iron from the possible causes of our
inability to quantitatively spin-count carbon in soil and soil components by NMR. The
HF-treated soil, however, has the lowest percent iron and gave the most satisfactory
results regarding the quantitative analysis by DP-MAS spin counting. It is possible that
ferrimagnetic forms of iron are proportionally much more damaging to our ability to
quantitatively spin-count *C by NMR than paramagnetic forms of iron. The iron contents

reported in Table 2.1 provide no indication as to which form of iron is predominate in a
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particular soil fraction. Elemental analysis on these soil fractions show very low
concentrations of copper and manganese, indicating that iron is likely the dominant
element responsible for complications (in this particular NMR study of soil components)

due to paramagnetic materials.

2.3.5. Iron Removal and C DP-MAS Signal Loss

2.3.5.1 Ion-exchanged Fulvic Acid

Upon inspection, the spectra of Figure 2.14(a) would lead one to believe that the
ion-exchange treatment improves the percent carbon observed by DP-MAS spin counting
for fulvic acid, but not nearly enough to account for the 31.3 percent discrepancy. I[n fact.
while the quality of the spectrum, in terms of overall signal-to-noise and resolution, did
improve, the percent carbon observed by DP-MAS spin counting actually slightly
decreased. The total integrals of the spectra in Figure 2.14(a) (normalized and acquired
in a quantitative manner), when corrected for sample weight are 1.00 and 1.07 for
untreated and ion-exchanged fulvic acid, respectively. These total normalized integrals
are not proportional to the percent carbon determined by elemental analysis (16.41 and
21.84 percent carbon for untreated and treated fulvic acid, respectively), and in fact
suggest that less of the carbon in the ion-exchanged fulvic acid is detected by NMR. This
combination of spectral and elemental analysis data correspond to a decrease in percent
carbon observed by NMR of roughly 18 percent upon ion exchange treatment.

This reduction in the percent carbon observed upon ion-exhange treatement of the

fulvic acid could be due in part to the fact that broadened spectra are much more difficuit
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to quantify accurately in terms of their signal areas. The small, overlaid spectra above
and to the right in Figure 2.14(a) show the two spectra on an arbitrary scale in order to
demonstrate spectral differences; the pre-treated fulvic acid appears to have signal
distortions in the form of trailing peaks near higher frequency (higher ppm). The data in
Table 2.1 suggest that the ion-exchange treatment effectively removed a portion of the
iron from the fulvic acid; the spectra of Figure 2.14(a) suggest that removing iron in
fulvic acid did little more than slightly improve the resolution of the spectrum. The
fulvic acid, since it was in solution during the last stage of the separation procedure,
likely contains iron in its predominately paramagnetic (Fe (III)) form, either hydrated or
complexed with the organic fraction. The ion-exchange resin displays a greater
selectivity to Fe’” than to Na™ or H™ and successfully removed about 33 percent of the
Fe’* from the fulvic acid. Gravimetric analysis of the resin beads before and after being
used in the fulvic acid treatment suggests that the resin beads retained very little organic

material (roughly 4 percent of the raw fulvic acid).

2.3.5.2 Hydrofluoric Acid Treated Soil

The hydrofluoric acid treatments of the whole soil show a more dramatic change
in the before and after DP-MAS spectra than did those of the ion-exchanged fulvic acid.
The whole soil sample lost 46 percent of its weight from the HF treatments, which
suggests that the percent carbon in the post-treated sample would be approximately 29.9
percent carbon or less ([4.0 g of whole soil x 16.07 percent carbon in the whole soil}/2.15
g of post-treated soil), if no carbon were lost due to the treatments. Elemental analysis of

the HF -treated material showed 29.88 percent carbon. This indicates that the HF-
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treatment washed away very little of the organics, an encouraging result from the aspect
of our ability to employ treatments that do not alter the organic content. The overall
changes in the spectrum are very subtle (as shown by the overlaid spectra in Figure
2.14(b)), suggesting that the HF-treatment was responsible for very few chemical
changes, if any, to the organic portion of the soil. The most dramatic compositional
change for this sample was the change in percent iron, which was reduced to less than 25
percent of that of the untreated soil. This treatment produced a sample that responded
more favorably to spin counting by *C DP-MAS NMR, with 85.7 percent of the carbon

accounted for (see Table 2.4), compared to the results of elemental analysis.

2.3.6 Carbohydrate and Lignin Content of the Uncompahgre Forest Soil
Components

Carbohydrates in the form of cellulose, hemi-cellulose and complex sugars in
soils and soil extracts typically show strong resonances around 72 and 104 ppm, with
smaller peaks at about 62 and 82 ppm. The structural unit for cellulose is shown in
Figure 2.16(a). Carbons at position 2, 3, and 5 of sugars typically have '*C NMR
chemical shifts in the range of 65-75 ppm; the higher frequency shoulder of the major
peak at 72 ppm is primarily due to C-4 carbons. The peaks centered at 104 and 62 ppm
are most often due to anomeric (C-1) and C-6 carbons of carbohydrates. In soils, the
peak at 72 ppm is often very broad and encompasses all the peaks from 82 to 62 ppm.
The “C chemical shifts associated with cellulose and complex sugars of soil samples in
13C MAS specira are not typically resolved, making the distinction of different classes of

carbohydrates by solid state NMR difficult at best and beyond the scope of this study.
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The peak centered at 104 ppm has contributions from both the anomeric carbon of
carbohydrates and unsubstituted aromatic carbons C-2 and C-6 of syringyl lignin
structures. Based on that *C chemical shift assignment, it would be incorrect to simply
use the sum of the peak areas at 104 and 72 ppm to determine the carbohydrate
contribution to the soil component spectrum. The percent contribution of carbon from
carbohydrates is calculated by assuming that the peak at 72 ppm would contribute 83.3
percent (or 5 out of every 6 carbons in the carbohydrate structure which contribute to the
13C NMR peak at 72 ppm) of carbon in such structures. This would indicate that 38.1.
15.8,24.8, 19.8, and 24.9 percent of the carbon in fulvic acid, humic acid, humin, HF-
treated soil, and whole soil, respectively, is due to carbohydrates. The extraction
procedure used 140.43 g of whole soil, which is 16.07 percent carbon by elemental
analysis, of which 24.9 percent is carbohydrate based, which corresponds to 5.62 grams
of carbohydrates. Similar analysis on the humin (122.77 grams), humic acid (12.52
grams) and fulvic acid fractions (7.93 grams for ion-exchanged and 9.84 grams for un-
treated) show that they contain 3.61, 0.868, 1.27 grams of sugar-like materials,
respectively. More of the carbohydrate material that is extracted winds up concentrated
in the fulvic acid fraction, as indicated by the significantly higher carbohydrate content in
fulvic acid.

These carbohydrate contents are presumably subject to the same error found in
our ability to spin-count all the carbon in these samples by *C DP-MAS NMR.
Nevertheless, the sum of the estimated weights of carbohydrate carbon in the humin,
humic, and fulvic acid fractions (5.75 grams) is roughly equal to that in the 140.43 grams

of whole soil (5.61 grams). A greater percentage of the carbon in the HF-treated soil is
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NMR “visible,” which suggests that the lower percent carbon in sugar structures in the
HF-treated soil more likely represents the true content of sugar structures in the
Uncompahgre whole soil. In addition, there was no evidence, based on carbon elemental
analysis and the corresponding gravimetric analysis that any significant amount of carbon
was washed out during the treatment.

The aromatic carbon in soil fractions can be estimated from the peak intensities at
150, 130, 115, and 104 ppm, assuming lignin to be the primary source of aromatic carbon
in the soil component. The peak intensity at 104 ppm is due to both the unsubstituted
aromatic carbons of structures similar to syringyl lignin units and the anomeric carbon of
carbohydrates. The contribution to this peak area from the sugar-like structures can be
subtracted out on the basis of sugar-like structural content of the soil (as estimated
above), leaving a peak area that better represents the aromatic carbon content. The sum
of these peak areas and that of the aromatic portion of the peak area at 104 ppm then
gives 38.8, 35.7.37.0, 41.3, and 27.7 percent of the carbon in aromatic rings for the
whole soil, HF-treated soil, humin, humic, and fulvic acid, respectively. For 140.43
grams of whole soil, which is 16.07 percent carbon, this corresponds to 8.76 grams of
carbon in six-member aromatic rings. Similar calculations for the humin (122.77 grams).
humic acid (12.52 grams), and fulvic acid (7.93 grams for ion-exchanged and 9.84 grams
for untreated) yield 5.39, 2.27, and 0.925 grams of aromatic carbon. These estimates are
presumably subject to the same error found in our ability to spin-count all the carbon in
these samples by *C DP-MAS NMR; however, the sum of the weights of aromatic
carbon in the humin, humic, and fulvic acid fractions (8.59 grams) estimated in the

manner indicated above is roughly equal to that in the 140.43 grams of whole soil (8.76
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grams). These results indicate that the lignin-like material that is extracted tends to
concentrate in the humic acid fraction. There is more aromatic carbon in the whole soil,
HF-treated soil, humin, and humic acid than carbohydrate carbon. The fulvic acid
displays the opposite pattern, with more carbohydrate carbon than aromatic carbon.
Overall, the whole soil has significantly more aromatic carbon than carbohydrate carbon.
The two main types of lignin, syringyl and guaiacyl-based, can be distinguished
based on the ratios of the methoxy peak areas and that of the aromatic region. A ratio of
6:1 for aromatic carbon to methoxy carbon would suggest a guaiacyl-based lignin, and a
ratio of 6:2 would suggest a syringyl-based lignin. Estimates of the lignin composition
based on this method are made assuming that all the methoxy functionality is lignin
based, and is subject to the rather large estimated relative errors noted in Tables 2.3-2.7.
The whole soil shows a ratio of aromatic carbons to methoxy carbons of 6.00 to 1.00.
The HF-treated soil shows a ratio of 6.00 to 1.29. Similarly, the humin, humic acid, and
fulvic acid fractions show ratios of 6.00:0.910, 6.00:1.05, and 6.00:1.08. respectively.
These ratios indicate that the bulk of the lignin is guaiacyl-based. The forest from which
this soil was collected was mainly comprised of soft wood trees, such as spruce and aspen
trees. Soft wood lignin typically contains higher amounts of guaiacyl building units.

which is consistent with our findings here.

2.3.7 The Empirical Relationship Method for Organic Content Determination in

Soil Components

2.3.7.1 Introduction to the Empirical Relationship Method
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A second NMR-based method for estimating the percent carbon, oxygen, and
hydrogen in a solid organic sample is an empirical one found in the recent literature. The
empirical relationship method has been used to obtain estimates of the carbon, oxygen,
and hydrogen contents from relatively quantitative *C MAS NMR data when absolute
quantitative (spin-counting) data on the soil component are not available. Although we
question the value of this approach on fundamental scientific/philosophical grounds, this
method was included in this study for completeness. One should note that apparent
agreement between the results obtained by this method and by classical elemental
analysis does not mean that one has quantitatively accounted for all the organic carbon in
the sample; it simply implies (at best) that one has a self-consistent structural model of

the organic matter in terms of structure and elemental composition.

The empirical relationship method is based on the corrected peak areas ( A2 ) of

corr

Tables 2.3-2.7 and the chemical assignment for each peak. Each individual deconvoluted
peak illustrated in Figures 2.8-2.12 corresponds to a particular functional group or a set of
functional groups. Based on carefully chosen functional group assignments, “elemental
numbers” can be associated with each peak. These “elemental numbers™ reflect the
atomic ratios of carbon, hydrogen, and oxygen in that particular functionality assignment.
The elemental numbers are normalized to make carbon contribute one elemental number
to the numbers describing a particular organic functional group. The elemental number
assignments for each peak of each soil fraction are elaborated in the following sections.
The combination of the corrected peak areas with the elemental compositions for each
peak makes it possible to generate an elemental ratio of carbon to oxygen to hydrogen for

the entire organic content of the soil. From this elemental ratio, the percent carbon,
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oxygen, and hydrogen can be estimated for the organic soil component. Table 2.9 shows
the results of applying this method to the soil and soil components. The percent carbon,
hydrogen, and oxygen for each soil component is presented along with the percent carbon
on an ash-free basis from elemental analysis.

The percent carbon, oxygen, and hydrogen were derived from the aforementioned
elemental numbers for each peak and their relative percentages of the “T, corrected” total
peak area for the *C DP-MAS spin-counting spectrum of each soil component.
Equations 2.4-2.6 (below) show the mathematical relationships used to generate the
percent carbon, hydrogen, and oxygen for each of the soil components from the
aforementioned rel/ative quantitative peak information.

2
%C = 1200 2.4)

16) n!p, +1200+ ) n’ p,

> nlp,

%H = .
° 163 n’p, +1200+ Y nf p,

16> n’p,

%0 = :
"T16). % p, #1200+ 3 A p,

(2.6)

In these equations, ;" represents the elemental number for element X for a peak at

position / and p; represents the percentage contribution of peak i to the total signal area.
The number 1200 occurring in each of the denominators represents the sum of carbon p;

values (100) multiplied by the atomic weight of carbon.
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2.3.7.2 C, H, O Elemental Relationships in Soil Component Organic Functionality

The assumed elemental relationship for each peak is elaborated in the following
paragraphs. Except in cases for which the spectral editing results in Chapter 4 indicate
that different C, H, O elemental relationships should be employed for particular peaks.
elemental relationships provided in the literature were used for the calculations by this
method. The elemental relationships derived by Malcolm'?, and Mao et al.'!7 were
shown in their work to yield percent carbon contents (on an ash-free basis) in good
agreement with elemental analysis results for a range of humic materials.

Peaks in the '*C NMR chemical shift range of 190 ppm to 200 ppm in soil
samples are likely due to carbonyl groups in ketones. Aldehydes will also show intensity
in this region; however, there was no C(O)-H intensity detected by spectral-editing
experiments for this peak in humic acid (see Chapter 4 of this thesis). We extend this
assignment to the remaining soil-derived samples. With this functional group
assignment, we assign an “‘elemental number” of one to carbon and oxygen. but none to
hydrogen (C,0,Hy). Peaks in the chemical shift range from 160 to 190 ppm are typically
assigned to carboxylic acid, carbonyls in ester groups, and the carboxylate anion
functionality. Because the spectral editing results for humic acid in Chapter 4 of this
thesis do not differentiate the spectral contribution from these three different functional
groups, the elemental composition values from the recent literature are used to describe
these functional groups. Assuming a 75 percent contribution from -COOH and 25
percent from R-O-C*OR’ (ester), this peak would have the elemental numbers shown in

the subscripts of the empirical formula, C;0, g7sHg 75
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The peaks in the range from 140 to 160 ppm are typically assigned to carbons in
the aromatic rings of syringyl and guaiacyl, as shown in Figure 2.16(b, c), that are
bonded to oxygen-containing functional groups such as -OH and -OCHj. Assuming that
the aromatic structures in the Uncompahgre soil are primarily guaiacyl based, typical of
the soft-wood trees found at the sampling site, and we assign C;0H, for each phenolic
functional group and C;Oq s for each methoxy-bound aromatic carbon (the oxygen is
shared in this case and therefore contributes 0.5 to the elemental number), then our
elemental numbers are C,0q 75Hg 5, using the ratios of methoxy to phenolic groups on
guaiacyl structures. Assuming the peaks in the *C chemical shift range from 120 to 140
ppm are represented by C; due to quaternary carbons (from C-1 of guaiacyl groups), the
elemental representation becomes C;OgHy. The peaks in the chemical shift range from
110 to 120 ppm are generally assigned to unsubstituted carbons of aromatic rings. such as

C-2, C-5, C-6 of guaiacyl! structures'®'?

, and are assigned elemental numbers C,OqH;.
The peak centered at 105 ppm has typically been assigned to the unsubstituted carbons of
syringyl structures and to the anomeric carbon of cellulose’®*. From the data in section
2.3.6, we estimate a 25 percent contribution from aromatic structures of syringy! units
(C1OgHjy) and the remaining due to C-1 of cellulose (C,O,H,); the elemental relationship
becomes C;Og 7sH;. The peaks in the range from 60 to 95 ppm are assigned to C-
2,3,4,5,6 carbons of cellulose-type structures. Based on the cellulose structure, shown in
Figure 2.16(a), we assign an elemental ratio of C;Og¢sH 5.

The peak centered at 56 ppm is typically associated with methoxy functional

groups and is assigned an elemental ratio of C;Og sH;. Finally, for the peaks centered at

39, 30, and 20 ppm, we assign elemental ratios of C;OgH>, C,0¢H;, and C,0qH3,
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respectively. These correspond to aliphatic carbons, with the peak at 30 ppm being from
a combination of 50 percent CH and 50 percent CH; functionality, the peak at 20 ppm
being due to CHj functionality, and the peak at 39 ppm being due to CH, functional

groups (as suggested by the spectral-editing data in Chapter 4 of this thesis).

2.3.7.3 Carbon Content of the Uncompahgre Forest Soil Components by the *C DP-
MAS Based C, H, O Empirical Relationships (CHOER) Method

The second method for determining total percent carbon did predict carbon
contents that are closer to the elemental carbon values obtained by classical (non-NMR)
methods than those determined by DP-MAS spin counting. As mentioned above, this is
not surprising, since the CHOER method is not an a priori approach, but merely confirms
a self-consistent structural model. The values reported by this CHOER method were
made under a number of assumptions, one of those being that the samples contain only C.
H, O based organic material. Thus, the values reported using this method should be
compared to the percent carbon on an ash-free basis. A criticism of this method of NMR
data analysis for soil is that the results are very dependent on a number of rather broad
assumptions regarding the ultimate structure of soil. The C, H, and O empirical
relationship is established on the basis of three assumptions: 1) the contribution from
other elements found in the organic structures of soil (e.g. N, P) is relatively small. 2)
each peak can be assigned a known elemental relationship between C, H, and O, and 3a)
all of the carbon is “NMR visible,” or 3b) at least that organic carbon which is “NMR
visible™ is consistent with the C, H, and O elemental ratios of all of the organic carbon in

the sample. From the NMR spin counting results of this project we know that assumption
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3a is certainly not valid, so the most we can hope for is that assumption 3b holds. Thus.
perhaps the most important assumption made when applying this method is that the
“NMR invisible* "°C signal (41, 14, 28, 29, and 31 percent “NMR invisible” "*C signal in
whole soil, HF-treated soil, humin, humic, and fulvic acid respectively) has the same C,
H, O empirical relationship as the “NMR visible” Be signal, i.e., what has been already
accounted for by *C DP-MAS NMR. As seen in Table 2.9, the percent carbon by
elemental analysis on an ash-free basis for the fulvic acid was 7.5 percent lower than the
value determined using the C, H, O DP-MAS empirical relationship method. For the
whole soil, HF-treated whole soil, humin and humic acid fractions, results of classical
elemental carbon analysis are within three percent of the values by the CHOER method.
While the CHOER method produced values closer to the elemental analysis values tor
percent carbon, the number of assumptions made during the calculations make the results
much more subjective (and less significant) than those from the aforementioned spin
counting method. Moreover, these values are strongly dependent on the large estimated
relati;/e errors (the total error for each peak are reported in Tables 2.3-2.7) found for each
deconvoluted peak and greatly affect the error associated with the percent carbon

determined by the method of C, H, and O empirical relationships.

2.3.8 Estimates of Ferrimagnetic and Paramagnetic Content of Soil Components by

Means of the Vibrating Sample Magnetometer Method

2.3.8.1 Ferrimagnetic and Paramagnetic Iron in Soils Components and their

Relationship to Spin Counting
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There have been a number of soil NMR studies in the past that have qualitatively
established a link between *C NMR signal loss and iron content™ 2. High-gradient
magnetic separators have been used to help separate the strongly ferrimagnetic
components from soils and dramatically improve spectral quality”. Many attempts at the
reduction or extraction of paramagnetic iron by the means of chemical treatments, such as
the sodium dithionite reduction, have also been reportedy'y. Other chemical treatments,
such as the de-ashing of soil or soil components by hydrofluoric acid, have been used to
improve the quality of *C MAS NMR spectra®™*®. All but the study by Vassallo et al.**
have failed to establish any quantitative link between iron content in soil components and
signal loss. In the research by Vassallo et al., it was found that in low-ash and low-iron
fulvic acid, nearly quantitative spin-counting results by '*C CP-MAS were obtained.
Indeed, the form of iron in soils (e.g. ferrimagnetic or paramagnetic) has not been
quantified in the aformentioned studies as there are few well-understood methods for
establishing the iron type in soils.

The vibrating sample magnetometer (VSM), in conjunction with classic iron
elemental analysis, can be used to aid in the identification of the iron type in soils by
giving an indication of the ferrimagnetic/ferromagnetic and paramagnetic contents. The
VSM can be used to measure the saturation magnetization of a sample, i.e. the
magnetization of a sample at which a field-independent behavior is shown, which is
directly related to the ferrimagnetic and/or ferromagnetic content of a material. While
paramagnetic iron does not show a saturation magnetization at the magnetic fields and
temperatures used in this study, the paramagnetic content of a material can be estimated

from the magnetic susceptibility of the material. The magnetization curve resulting from

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the vibrating sample magnetometer measurement on our soil shows a positive slope
superimposed upon a saturation or “S-shaped” curve, as is seen in Figure 2.17(a). The
ferrimagnetic/ferromagnetic impurities in the sample contribute only to the saturation or
“S-shaped” part of the magnetization curve. The positive slope of the magnetization
curve can be related to the magnetic susceptibility while in the presence of
ferromagnetic/ferrimagnetic components. This makes the VSM method more attractive
than a simple Gouy balance for investigating the form of iron in soils; the Gouy balance
cannot provide an accurate susceptibility measurement if ferrimagnetic components are
present.

Soil is known to contain magnetite as the most common form of ferrimagnetic
material in soil. Ferrimagnetic materials display a large spontaneous magnetization
resulting from the incomplete cancellation of anti-parallel magnetic moments within
magnetic domains. This is different from ferromagnetism, where the magnetic moments
act in parallel within the magnetic domains and display a cooperative magnetization.
Elemental iron displays ferromagnetic behavior, but rarely exists in soils as it is readily
oxidized. The Uncompahgre National Forest soil contains very little manganese, and
therefore very little paramagnetic Mn**, and roughly one percent iron by weight. Under
the assumption that the iron in our soil is either paramagnetic Fe’* or ferrimagnetic
magnetite, the results from the VSM were used to determine the quantities of each of
these two forms of iron in our soil components. Susceptibility measurements by VSM
cannot be used to quantify the iron type when large amounts of anti-ferromagnetic iron
(e.g., such as that in Fe;O; minerals) are present; the diamagnetic material gives a much

weaker signal response which would be occluded by the dominant
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paramagnetic/ferrimagnetic response of the other forms of iron. The lack of a
distinguishable VSM signal response from anti-ferromagnetic forms of iron is a potential

drawback of using VSM to quantify the form of iron in soil components.

2.3.8.2 Calculations for Estimating Paramagnetic and Ferrimagnetic Content

The magnetization of NV paramagnets in an externally applied field H is predicted
by Langevin theory to start at 0 magnetization at 0 field and saturate at extremely high
magnetic fields. At moderately low external fields and at room temperature, Langevin
theory predicts nearly linear behavior for the response of magnetization with changing
field®. Under the assumption that this response is linear, the volume magnetic

susceptibility (in cgs units) for N particles, each having magnetic moment M. is

_NM?
3kT

x= .7

|~

where J is the magnetization, & is the Boltzmann constant and T is the Kelvin
temperature. This relationship is also known as the Curie law of paramagnetic
susceptibility. The susceptibility measured from the plots in Figure 2.17 was taken as the
positive slope of the magnetization curve at 10 kOe, where the magnetization behaves
nearly linearly as a function of the external field. The theoretical susceptibility of each of
the soil components was also estimated using Equation 2.7 and assuming all the iron (as
N paramagnets) in each sample was in the form of Fe**, with each Fe** having a magnetic
moment (M) of 5.92 Bohr magnetons. The measured and calculated susceptibilities are
presented in Table 2.10.

Pure magnetite has a saturation magnetization of about 480 G at room

temperature’®. The saturation magnetization is directly proportional to the amount of

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ferrimagnetic/ferromagnetic material in the sample; and for magnetite particles dispersed
in a medium, the saturation magnetization can be calculated from the simple volume
proportion of magnetite in the sample. The saturation magnetization was measured for
each of our soil-component samples from the magnetization curves (Figure 2.17) by
simply determining the magnetization at 10 kOe, and subtracting out the positive-slope
contribution (J/H > 0 and constant) from paramagnetism. The limiting saturation
magnetization for the soil components was calculated assuming all the iron was in the
form of magnetite. The limiting saturation magnetization and that measured from the

plots in Figure 2.17 are presented in Table 2.10.

2.3.8.3 Magnetic Saturation and Susceptibilities from the Vibrating Sample
Magnetometer

The results from the experimental trials on the vibrating sample magnetometer
(VSM)*' in the Department of Physics (laboratory of Dr. Carl Patton) at Colorado State
University are shown in Figure 2.17. Each plot is scaled in units of magnetic moment
(emu), also known as the magnetization, per gram of material to simplify direct visual
comparisons between samples. Each plot has both a forward scan magnetization curve
from —10 kOe to 10 kOe, and a reverse scan magnetization curve from 10 kOe back to —
10 kOe. A hysteresis results when the forward and reverse magnetization curves display
different behavior in response to the changing magnetic field. The hysteresis indicates
that a material is retaining magnetization after being at a high external magnetic field,
and is indicative of the presence of a ferromagnetic or ferrimagnetic material*>. This

retained magnetization, or “magnetized” material will display a non-zero magnetization
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when the applied field is at 0 kOe. Paramagnets and diamagnets do not retain their
magnetization after being at high magnetic field and hence do not display hysteresis. The
whole soil and humin plots show a strong saturation magnetization with a hysteresis,
while the HF-treated soil shows a smaller magnetization with hysteresis, indicating that
these samples contain ferrimagnetic and/or ferromagnetic materials.

The other J-vs-H traces, for the fulvic acid and humic acid, show no hysteresis:
however the humic acid did not yield reproducible results and only the forward scan is
shown. The magnetization curves for fulvic acid and HF-treated whole soil are too weak
to accurately measure their susceptibility, indicating that they have little paramagnetic
and ferrimagnetic/ferromagnetic content. The measured saturation magnetization. along
with the measured susceptibilities for selected VSM plots, are shown in Table 2.10.
Table 2.10 also shows theoretical values for saturation and susceptibility, calculated

under a set of assumptions regarding the state of the iron in the sample.

2.3.8.4 Quantification of Iron in Soil Components by the VSM method

The vibrating sample magnetometer results show responses that are in rough
agreement with the iron contents reported in Table 2.10 for each of the samples in the
sense that larger magnetic moments are reported for samples with greater concentrations
of iron. We can also qualitatively recognize the samples that contain ferrimagnetic
particles by recognizing a hysteresis in the VSM plots for the whole soil, humin and HF-
treated soil. These results are in agreement with the qualitative observation that the
whole soil contains magnetite, a ferrimagnetic orelg, which can be lifted from the soil

with a simple bar magnet. A small amount of magnetite was removed from the whole
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soil with a bar magnet soon after it was collected and before the analyses in this thesis
study. The humin fraction of the soil is comprised of the inorganic and base insoluble
remains of the soil that remain after the base extractions; this is where magnetite would
be expected to accumulate. The VSM results on humin confirm our suspicion that the
bulk of the ferrimagnetic particles remain in the humin fraction following the extraction
procedure.

The theoretical saturation magnetization corresponding to the percent iron shown
in Table 2.10 (in the column titled *% Fe by weight”), assuming all the iron is in the form
of magnetite, is reported in the far right column. These calculated values are much
higher (by roughly two orders of magnitude) than the measured values, indicating that
very little of the iron content in these samples is in the form of magnetite. This result is
consistent with the elemental analysis of these samples, in that a soil that contained iron
only in the form of magnetite would be expected to have little or no iron extracted into
the humic and fulvic acid fractions. The ferrimagnetic content. in milligrams of
magnetite, are given in Table 2.11. These values were determined from the measured
saturation magnetization and are reported in Table 2.10.

The measured volume magnetic susceptibilities for the whole soil. humin, and
humic acid are slightly smaller than the volume magnetic susceptibilities calculated on
the basis that the only paramagnetic substance in each sample was in the form of isolated
Fe’* ions in the concentrations reported for that sample by elemental analysis. Based on
the saturation magnetization measurements, the iron in the whole soil, HF-treated whole
soil, and the humin is only 2.8, 0.67, and 3.2 percent magnetite, and the remaining iror is

either in paramagnetic or diamagnetic forms. The near agreement between the estimated
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and measured susceptibilities for the whole soil, humin, and humic acid indicate that little
of the iron in these samples is in diamagnetic form. The fulvic acid and humic acid show
no hysteresis in their VSM plots, which is an indication that very little or no magnetite
exists in these fractions. The fulvic acid and HF-treated whole soil showed such weak
responses to the magnetic field that a part of their paramagnetic response would be
masked by the diamagnetic response (which would contibute a negative component to the
slope of the VSM plot) of the soil component itself. The magnetic susceptibilities for the
fulvic acid and HF-treated soil were not measured from the plots in Figure 2.17 due to

their weak response to the magnetic field.

2.3.9 Unpaired Electrons in Humic Acid and Sodium Dithionite Treated Humic

Acid

2.3.9.1 Electron Spin Resonance Analysis of a Dithionite Treated and Untreated
Humic Acid

Humic acid from the bulk extraction of the Uncompahgre Forest soil was
examined by EPR before and after treatment with sodium dithionite. Sodium dithionite
was added to the bulk humic acid as described in section 1.2.5.1, and the post treated
humic samples were sealed in 5 mm EPR tubes under nitrogen. Equal amounts of humic
material were analyzed in each sample tube. The ESR spectra of the untreated bulk
humic acid (Fig. 2.18(a)) and the sodium dithionite treated humic acid (Fig. 2.18(b)) are
each shown with two different amplitude scaling factors to ease visual comparisons

among the spectra. The treated and untreated humic acids both have a broad, asymmetric
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resonance with g-value 4.35, and a much narrower resonance with g-value 2.00. The line
width for the narrow peak with g-value 2.00 is approximately 5 G in both the treated and
untreated humic EPR spectra, while the resonance with g-value 4.35 covers

approximately 1000 G in both the dithionite treated and untreated humic spectra.

2.3.9.2 Paramagnetic Content of a Humic Acid by ESR

Absolute measurements of paramagnetic spin concentration require a rather
involved analysis of many ESR factors®, and were not attempted as part of this research
study. While both the dithionite-treated and untreated samples contained the same
amount of humic material and great care was taken in positioning the sample within the
ESR cavity, the ESR spectra presented in Figure 2.18 are best analyzed on a qualitative
level. Factors that affect quantitation in ESR, such as the unpaired electron spin-lattice
relaxation time and microwave-power saturation> , would also need to be investigated for
more quantitative comparisons between spectra.

The double integral of the signal with g-value 4.35 is identical, within the noise
level, between the treated and untreated humic acid samples. Signals with this g-value in
humic materials are typically associated with Fe** bound to carboxylate and phenolic
functionalities in humic materials, as suggested by the many [R and Mdssbauer
spectroscopy studies found in the literature™’. In the study by Senesi et al.¥’. the
paramagnetic iron in humic acid was partially reduced to Fe** by hydrazine and was
largely removed upon hydrolysis with 6 M HCI. While these studies showed promise in
removing and/or reducing Fe** to Fe?*, they did not investigate any of the chemical

changes that may have occurred during the harsh treatment with concentrated HCL.
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Figure 2.18 shows, by the unchanged ESR signal with g-value of 4.35 that the sodium
dithionite treatment did not chemically reduce the Fe** in the humic material.

There is a marked increase in the intensity of the resonance with g-value 2.00 in
the sodium dithionite treated humic acid. This increase was not accompanied by a
change in the line width of the resonance. Sharp resonances with g-value near 2.00 in
ESR spectra of humic substances are typically associated with, but not limited to, the free
radical of semiquinone units®®, Radicals of methoxybenzene and many nitrogen-
associated radicals resonate with the same g-value in humic materials. With a few
exceptions®®*, the organic free-radical resonance in ESR spectra of humic materials
found in the literature is typically free of any hyperfine spitting. The lack of hyperfine
spitting observed in literature spectra is consistent with our findings here and
unfortunately renders impossible any further description of the local chemical
environment about the organic radical.

The increase in intensity of the organic free radical has been observed in ESR
spectra in the literature of humic and fulvic materials treated with hydrazine®’. This
effect has been attributed to an increase in free-radical concentrations by the chemical
reduction of quinone structural units to the semiquinone radical’’*®. While this
assignment is generally accepted in literature reviews as the predominant source of
organic free radicals in humic materials, there is no additional evidence to support such
an assignment here. The *C DP-MAS spectrum of the Uncompahgre humic acid does
not provide any additional information, such as distinguishable *C NMR peaks at 187

and 137 ppm for the carbonyl carbon and protonated aromatic carbon of quinone,
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respectively, to support the aforementioned assignment for the ESR peak with g-value
2.00.

The presence of Fe** in it’s oxidized state and stability of the semiquinone radical
in soil or soil components is strongly dependent on a number of environmental factors
such as pH, soil redox potential, and temperature™. The competition of numerous redox
reactions occurring in soil, in conjunction with the aforementioned environmental factors.
may hinder the effectiveness of chemical reductions in soil components. The general
resistance to chemical reduction of key species in humic acid extracts, as indicated by our
own chemical treatments and those reported in the literature, may indicate that
significantly stronger reducing agents than sodium dithionite are needed to reduce both
Fe*" and quinone structural units. It would be desirable, from the standpoint of spin
counting by NMR, to reduce the total free-electron concentration by reducing Fe** while
leaving the concentration of semiquinone radicals relatively low or unchanged.

Yet another factor which may lessen the effectiveness of chemical reductions in
humic acid is related to the simple chemical accessibility of the component we wish to
reduce. In the study by Senesi et al.*’, Fe** was found to reside in humic acid in as many
as three different binding sites, with each site responding slightly differently to chemical
reductions. [n that study, which employed ESR and Mdssbauer spectroscopy to follow
the oxidation state and binding environment of Fe** in humic acid, some of the different
responses of the bound Fe** to reduction were attributed to the physical accessibility of

that particular binding site to chemical treatments.

2.3.10 Error Analysis of Spin Counting by °C DP-MAS NMR
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Each “C DP-MAS NMR experiment on a soil or a soil component was carried
out only once, making it impossible to assign a standard deviation based on results from a
number of trials. For this reason, the error associated with spin-counting of soils by '*C
DP-MAS NMR was estimated based on repetitions of the empirical calibration of the
silicone rubber external reference and repetitions of deconvolutions of the soil component
spectra, and based on the error associated with the regression analysis of the '*C T
relaxation data. We focused on these three specific aspects of spin counting, as we
believe they play the greatest roles in the total error of spin counting by *C DP-MAS
NMR.

[n order to assess the random error associated with the deconvolution procedure, a
relative standard deviation was assigned to the integral of each individual deconvoluted
peak based on a trial of 20 deconvolutions for the spin counting DP-MAS spectrum of
each soil component. Each trial was accompanied by a re-phasing of the spectrum and
each deconvolution was made with peak widths and heights as variables. [t was found
that, while the total integral for the entire 3C DP-MAS spectrum of soil components
remained relatively consistent (£ 1.2, 1.3, 2.3, 1.2, 1.6 percent for the whole soil, HF-
treated soil, humin, humic acid, and fulvic acid, respectively), the deconvolution of each
individual peak was not nearly so reproducible. This is due to the fact that most of these

peaks are broad and partially overlapping. The estimated error of each individual peak

area by deconvolution is shown in Tables 2.3-2.7 in the column labeled * A2 (+ERE %)”.

“ERE” meaning “estimated relative error”. The error of the total integral (i.e., the sum of
each deconvoluted peak area rather than the integral taken of the entire spectrum) was +

4.4,4.5,5.8,4.9, 3.8 percent for the whole soil, HF-treated soil, humin, humic acid, and
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fulvic acid, respectively. This error, which is based on the propagated error of the sum of
each deconvoluted peak, is reported in Tables 2.3-2.7, rather than the smaller error
associated with the repetitive integration of the entire spectrum.

As seen in Tables 2.3-2.7, the deconvolution procedure for soil and soil extracts
introduced the largest random error, based on repetitions of deconvoluion/integration of a

specific spectrum. The second source of random error, originating from the regression

analysis of the *C T, data and propagated to the T, correction term (C; ) shown in

Tables 2.3-2.7, was significantly smaller than the error associated with deconvolutions.
As expected, the larger, more isolated peaks, such as the peaks at 72 and 172 ppm.
typically display a smaller relative standard deviation than those of the broad,
overlapping peaks. The smaller peaks that overlap considerably with neighboring peaks.
such as peaks at 197, 115, and 39 ppm, typically show much greater ERE. The ERE for
each individual peak will greatly affect our ability to quantitatively assign amounts of
cellulose and lignin for a particular fraction. The broad and featureless peaks centered
around 150, 130, and 115 ppm prevent us from being able to quantitatively assign
amounts of lignin-like materials in each fraction.

A relative standard deviation of + 8.7 percent was found for the *C DP-MAS
calibration trials of the silicone rubber with standard compounds. One can see from the
deviations reported in Tables 2.3-2.7 that this was found to be the single largest source of
identifiable systematic error for spin-counting the total carbon content of soil and/or soil
components in this study. The estimated relative error from deconvolutions was the
largest source of random error for spin-counting the total carbon content of soil and/or

soil components, and the single largest identifiable source of error for the individual
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deconvoluted peak areas of the soil component spectra. The error associated with the *C
T, correction term contributed much less to the error of the spin counting of the total

carbon content and to the individual deconvoluted peak errors.

2.4 Conclusions

We have demonstrated that the percent carbon observed in the Uncompahgre
Forest soil and soil extracts by *C DP-MAS NMR is significantly lower than that
reported by the more quantitative elemental analysis method. The large volume spinning
system, used at an external field strength of 2.35 T, provides adequate sensitivity and
magic-angle spinning speeds for the *C DP-MAS analysis of soil and soil components.
The sensitivity provided by the large volume spinning system keeps adequate the total
experimental time for '*C DP-MAS spin counting on soil components by providing
spectra with good signal-to-noise ratios (i.e., signal-to-noise ratios that do not
significantly contribute to the large error associated with spin-counting of soil
components) in a few hours. Treating the whole soil with a dilute HF solution removed
the bulk of the iron from the sample and resulted in *C DP-MAS spin-counting results
that nearly agreed, within the experimental uncertainty, with the more quantitative carbon
elemental data for the same sample. Moreover, the HF-treatment appears to have left the
carbon content of the soil undisturbed, in both chemical structure and physical carbon
content. [on-exchange treatments on fulvic acid were found to reduce the iron content,
but did little to improve the DP-MAS spin-counting results. The *C DP-MAS spin-
counting results were used to aid in the estimation of cellulose and lignin-like organic

contents in the soil and its extracts.
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The percent carbon obtained by the method of C, H, and O empirical relationships
is based on much more subjective judgements regarding the ultimate structure of the
organic portion of soil than the 13C DP-MAS spin-counting method outlined in this
chapter. This makes the percent carbon reported by the method of C, H, and O empirical
relationships less appealing as a quantitative analysis method. Using this empirical
relationship method, we were able to predict the total percent carbon for the soil
components to within three percent of the ash-free carbon contents determined by
elemental analysis, with the exception of the fulvic acid.

Magnetic measurements made on soil components with a vibrating sample
magnetometer aid in the identification of the iron content in soils. and can be used to
distinguish ferrimagnetic from paramagnetic iron. The whole soil. HF-treated soil, and
humin were found to contain less than four percent of their iron content as ferrimagnetic
constituents, while the bulk of the iron in these fractions was found to be primarily
paramagnetic iron. For reasons beyond the understanding of the author. the humic acid
did not yield reproducible VSM results. The ability to accurately spin-count the carbon
in soil samples by DP-MAS methods improves as the iron content is reduced; however, a
quantitative link between iron content and spin counting in soil components has not been
firmly established. Utilizing the Curie law of paramagnetism and assuming that all of the
iron detected by elemental analysis is present as isolated Fe** ions, the predicted
volumetric susceptibilities of the samples were slightly higher than the measured values.
These challenges notwithstanding, the VSM method may play a key role in establishing a

link between *C DP-MAS spin counting and iron content.
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Table 2.1 Elemental analysis and ash content summary.

Total Fe |Total
weight of :.A' Carbon % Carbon (%Fe from in fraction Earbf) n in
Soil Component  |fraction rom % Ash® [on ash- |elemental from raction
) elemen-tal free basis |analysis elemen.tal from
@ analysis ¥ analysis |elemental
(2 analysis (g)
Whole Soil 140.43 16.07 70.30 54.12 1.05 1.47 22,51
HF-treated soil 2.15' 29.88 43.60 52.88 0.25 0.0054 0.642
Humin 122.77 11.86 76.80 5112 1.07 1.31 14.56
Humic Acid 12.52 4391 15.80 5215 0.90 0.11 3.50
Fulvic Acid A® (ion .
exchange treated) 7.93 21.84 47.40 41.52 0.14 0.01t 3.34
Fulvic Acid B® 9.84 16.41 56.30 37.55 0.21 0.020
lon Exchange Resin®| 3.00 N/A 0.002 0.000
lon Exchange Resin®
(after fulvic acid 3.00 N/A 0.11 0.0033
treatment)
Total for Humic,
Humin, Fulvic Acid® 1.46 23.40
(A, B, resin)

* Fraction of fulvic acid which was treated with Biorad AG 50W-8X proton-form cation exchange resin

beads.

® Raw fulvic acid fraction. untreated with ion exchange resin beads.
¢ Biorad AG 50W-8X proton-form cation exchange resin beads, dried and ground for analysis, as received

from Biorad.

¢ Biorad AG 50W-8X cation exchange resin beads post fulvic acid treatment, dried and ground for

elemental analysis.

¢ Total Fe in fraction, equal to Humin + Humic Acid + Fulvic Acid A + Fulvic Acid B + lon Exchange
Resin (post treatment) — [on Exchange Resin (as received from Biorad).

f Remaining material from HF-treatments on 4.00 g of Uncompahgre whole soil.

% Ash contents provided by Water, Soil, and Plant Testing Laboratory at Colorado State University.
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Table 2.2. Calibration® of a capillary containing silicone rubber.

| Calibration of capillary
componnd | PR | SRS Gl gt
abundance carbon)
hexamethylbenzene 131 20.00 1.50 1.00 19.52
hexamethylbenzene 16.9 2000 | 5 ((?z%‘;//:)) 1.00 20,01
glycine 175 20.00 5.19 1.02 20.01
glycine 46 20.00 1.82 1.00 26.44
L-alanine 20.40 36.00 0.05 1.00 22.12
L-alanine 49.70 36.00 1.83 1.00 23.40
L-alanine 177.90 36.00 7.20 1.01 21.41
Syringic Acid 169.30 450.00 146 1.05 22.62
Syringic Acid 147.10 450.00 146 1.05 21.09
Syringic Acid 138.36 450.00 146 1.05 20.80
Syringic Acid 120.70 450.00 146 1.05 21.35
'Syringic Acid i 105.00 450.00 146 1.05 392
'Syringic Acid | 56.00 450.00 3.00 1.00 21.16
laverage | 21.83
'standard deviation | 1.90
relative deviation | 8.70%

* All calibrations were run with the same radio-frequency field intensities used for the spin-counting

experiments on the individual soil samples. Magic angle spinning speeds of 3.0 kHz were used for these
calibrations.

® The '*C DP-MAS delay period used in the calibration of the silicone rubber external reference.

¢ BC T,’s reported as single or multiple component values with the percentage contribution from each
relaxation component reported in parenthesis. °C T,’s were determined by the Torchia® experiment. as
shown in Figure 2.1.

¢ The PC T, correction term for the peak of the compound used to calibrate the external reference, as
described in equations 2.1-2.3.

© The calibration value empirically assigned to the reference material. The values reported here are based

on peak integrals that have been corrected to account for B3C T, relaxation ( Af,‘,’, ).
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Table 2.3 °C T;, DP-MAS spin-counting results for Uncompahgre whole soil (1.705 g).

b 4DPc DP ¢ o Py
ppm Carbon-13 T (s)* Cr A Acur m%()fc % of total’.
(#SEE %) | (+ERE %) | (:Totl%Emor)| Sarbon )
1.00 184.23 184.4 <
197 10.006 (67.0%), 0.676(33.0%) @2.19%) | £27.01%) | #27.10%) 4.52 3279
! ez [oq < 1.14 925.9 1054.86 | - '
i 172 |0.055 (54.5%), 3.041(45.5%) £424%) | (+699%) (£ 8.18 %) 25.82 15.97 ]
Do < 1.30 518.92 674.82 - )
150 {0.049 (42.9%), 4.417(57.1%) 482%) | @1134%) | =1232%) 16.52 10.21
- P 1.26 117727 1486.68 ag = . <
130 10.096 (54.6%), 5.133(45.4%) (= 464%) | (£14.14%) | (= 14.88 %) 36.39 ! 22.50
[11e - 1.09 301.93 3306 .
: 115 ]0.079 (40.8%), 2.083(59.2%) (£ 8.49 %) (t-"jO..’Zl %) | (£31.38%) 8.10 5.00 wi
ay cree 1.32 263.21 348.55 - ; - :
104 10.056 (34.3%), 4.05(65.7%) | (. 4 760y | (22 Y % | 3158 % y| 853 sa
) | :
72 10498 (50.5%),6.36949.5%)| (. 331 vy | (3aoh) | cagiom | 52 1 207
Vol crcn 1.09 390.64 426.56 ! ! ’
| 56 [0.062 (47.0%), 2.175(53.0%) (= 4.06 %) (1314.83 %) | (= 1538%) | 10.44 : 6.46
. - " 1.04 91.08 94.42 | - ; -
£ 39 10.035 (42.1%), 1.431(57.9%) (£6.08%) | (£3044%) | (=31.05%) ‘ 2351 ! 143
30 10,107 (68.0%), 1.705(32.0%)| ., 10 e s . S S
' 1.04 250.51 5972 - C aoa
; 20 10.075 (52.6%), 1.542(47.4%) (=5.16%) | (= 14.86%) | (£ 15.73 %) 6.36 ; 3.93
Y h " 1.29 760.86 985.10 . 24d.11*
| 0712703 (100%) (£047%) | (£4.19%) | (2593%) | (£8.70%) |
] Total (not including 5476.6 660729 | i 0
I reference at 0 ppm) (£4.35%) | (£4.67%) 161.74 1 100%
| total percent carbon by DP- ;95
i MAS spin counting (£ 10.7 %)Y |
* °C T\’s reported as single or multiple component values with the percentage contribution from each

relaxation component reported in parenthesis.

® BC T, correction term as shown in equations 2.1-2.3, with error estimated from the standard error of the
estimate (SEE).

¢ The experimental peak areas with the estimated relative error given in parenthesis (based on 20
independent deconvolutions as described in section 2.2.5).

¢ Raw peak areas for each deconvoluted peak multiplied by the relaxation correction factor (C. r,)- The

total relative error is given as a percent error in parenthesis and is propagated from the error of the °C T,
correction term and that of the experimental peak area.

¢ Amount of carbon in milligrams per deconvoluted peak in the whole spinner sample (1.705 g).

f Percent carbon of the DP-MAS detected carbon, P = 100%(mg C for peak #)/(sum of mg C for all peaks).
¢ Result and percent relative error from calibration of capillary containing 79.5 mg of silicone rubber with
standard materials.

™ Peak due to silicone rubber external reference.

' Sum of the individual peak integrals in the same column, excluding the integral due to the reference
material at 0 ppm. The error for this total is the propagated error of the sum of the aforementioned
integrals.

! The total percent carbon with refative error given in parenthesis. Error for this total is the propagated error
of the total corrected peak integral, and the errors associated with the external reference.
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Table 2.4 '*C T\, DP-MAS spin-counting results for the HF-treated Uncompahgre whole

soil (1.630 g).
b DP ¢ DP 4 | o £
p— Carbon-13 T, (s) o A, A, mi of | %of total |
(+SEE%)| (+ERE%) |(Total%Emor)| Carbon ®)
) - 158 79.05 125.25 R
197 10327 (48.1%), 11.696G19%)| , 4 25000 | 22021%) | (2072 %) | 363 9.17
172 [0.566 (53.3%), T4T9E67%) |, (o300 | (7139 conew | 498 | s
150 [0.697 (40.4%), 13.141(59.6%)| , 333 ) whrm | gy | BB 10.00
2 9
130 [0.508 (47.3%), 9.132(52.7%) | , ,‘;23'%) ( i‘;’?"l‘;’ﬁ) (;gsgffm 81.70 18.89
3 3 1.46 28.82 211 A
115 [0412.36.2%), 5.688638%) | . 500 | w1390 | 17430 | B3 3.08
: [54 625 9623 -
104 (0487 (36.8%). 6.775632%) |, | 00| woreve) | wossom | 3046 7.04
. - 146 154.8 2542 3 )
72 (058 GI3%). 6935607%) | o510l e 110a%) | (e 1tasen | 7136 16.50
; N 1.10 95.53 104.85 -
36 (0.9 (513%), 235287%) | 253001 229765) | c25850%) | 3319 7.68
B - 0
39 (0228 @2%), 379758%) |, oy | e f};?_s%) (iﬂjs%) 18.79 8.77
5 5 . 49. 281 -
30 [0.182 (74.9%), 3.09725.1%) | , 11'(1)7%) - 29991; w | 350_03 w | 1672 372
3 .04 59.86 62.46 A
20 (0219 (69-4%), 200660.6%) | . \'sros)| (e 199%) | & 1996%) | 177 3.62
N 129 5327 68.97 3183
0" 2.703 (100%) (£047%)| (£5.04%) | (£5.06%) | (£8.70%)
Total (not including reference 937.94 1320.55
at 0 ppm) £451%) | 24240y | 41800 | 100%
total percent carbon by DP- 25.6
MAS spin counting (=109 %Y

* PC T)'s reported as single or multiple component values with the percentage contribution from each
relaxation component reported in parenthesis.

® BC T, correction term as shown in equations 2.1-2.3, with error estimated from the standard error of the
estimate (SEE).

¢ The experimental peak areas with the estimated relative error given in parenthesis (based on 20
independent deconvolutions as described in section 2.2.5).

4 Raw peak areas for each deconvoluted peak multiplied by the relaxation correction factor (C r,)- The

total relative error is given as a percent error in parenthesis and is propagated from the error of the °C T,
correction term and that of the experimental peak area.

¢ Amount of carbon in milligrams per deconvoluted peak in the whole spinner sample (1.630 g).

f Percent carbon of the DP-MAS detected carbon, P = 100*(mg C for peak /)/(sum of mg C for all peaks).
% Result and percent relative error from calibration of capillary containing 79.3 mg of silicone rubber with
standard materials.

" Peak due to silicone rubber external reference.

' Sum of the individual peak integrals in the same column, excluding the integral due to the reference
material at 0 ppm. The error for this total is the propagated error of the sum of the aforementioned
integrals.

J The total percent carbon with relative error given in parenthesis. Error for this total is the propagated error
of the total corrected peak integral, and the errors associated with the external reference.
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Table 2.5 *C T;, DP-MAS spin-counting results for humin fraction (1.907 g).

C b DP ¢ DP 4 | o £
ppm Carbon-13 T, (s)* h 4 Acarr c:ﬁ)g‘ie % of total |
| (+SEE%) | (+ERE %) | (&Total % Error) @)
| ame xn 1.00 291.49 291.75
197%(0.006 (67.0%), 0.676(33.0%) | 5’1o yarl (2322 0%) | (225506 | 690 427

3 2 3 :
172 [0.15(47.9%), 3.16952.1%) | 13:177%) (;%’_;50;) (ﬁl;?f‘i’;’) 2860 | 1770
3 - 118 473, 557.59 R
150 [0.135 (35.4%), 2761646%) |, S0l (o 1?933%) (;1?855 oy | 1319 8.16
T 1.20 1268.9 (52724 ~
130 [0.193 (53.3%), 3.93546.7%) |, 3 Ty oe) | c220.59%) | c20769%) | 3612 2235
T - 1.06 0112 44534 - -
115 /0.095 (41.2%), L68G83%) |1, 3ol 230119 | (3005 %) | 1054 6.52
' 1.00 382,29 2823 |
! 37: ) i 3
| 104/10.374 (100%) (£528%)| (£3021%) | (£3067%) | 67 4.13
| 9
7210199 (G9.7%), 2733(60.3%) |, 11:9166%) ( i‘;fgf.,;) , :“;‘328;, L 1B3T 1 2063
— — 1.05 365.38 383.55 .
56 (0.123 (55.4%), 1.783(44.6%) (376%) (;13.03 %) @’[;56 ) | 907 i 56l
N - 1.04 ) 04 !
39 (0035 G2.1%), LIS | Jhuo | w3isrm | eaisaog | M7 L2
- 1.03 408.59 419, i
30 [0.156 (71.2%), LET388%) | yocu ! ”‘_‘9; v | 1;..126%) 995 | 6.14
1.00 22135 2135 . .
20 10.203 (100° | 2% 32
20 10.203 (100%) [(£9.04%)| (= 1601%) | (=1839%) | = 3.24
I 1.29 787.60 1019.73 1 2411
' 2 L) ]
: 012,703 (100%) (£047%)] (£367%) | (£37%) | (=8.70%) :
! Total (not including reference l | 605726 | 683197 ! 1615 | 100 %
~iat0 ppm) . | (£5.78%) | (£6.04%) | - -
:[ total percent carbon by DP- | .85 |
i 'MAS spin counting | (2 112 %)

* PC T,’s reported as smg[e or multiple component values with the percentage contribution from each
relaxation component reported in parenthesis.

® BC T, correction term as shown in equations 2.1-2.3, with error estimated from the standard error of the
estimate (SEE).

¢ The experimental peak areas with the estimated relative error given in parenthesis (based on 20

independent deconvolutions as described in section 2

2.5).

! Raw peak areas for each deconvoluted peak muitiplied by the relaxation correction factor ( C. ) The

total relative error is given as a percent error in parenthesis and is propagated from the error of the ’C T,
correction term and that of the experimental peak area.

¢ Amount of carbon in milligrams per deconvoluted peak in the whole spinner sample (1.907 g).

£ Percent carbon of the DP-MAS detected carbon, b=

8 13C T, data taken from whole soil spectra.
® Result and percent relative error from calibration of capillary containing 79.5 mg of silicone rubber with
standard materials.
' Peak due to silicone rubber external reference.
! Sum of the individual peak integrals in the same column, excluding the integral due to the reference
material at 0 ppm. The error for this total is the propagated error of the sum of the aforementioned
integrals.
® The total percent carbon with relative error given in parenthesis. Error for this total is the propagated

error of the total corrected peak integral, and the errors associated with the external reference.
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Table 2.6 *C T\, DP-MAS spin-counting results for humic acid (1.637 g).

b DPc DP 4 i o £
‘ppm Carbon-13 T, (s)* (iscl;ré i (5_-:;;, % (tTof::‘;;rEmr)i c::,%::;c f % 0(;;0 tal"
172 (007 (426%), 063(57.4%) | l‘gg%) (2237,'97 }%) ( :65.35'3“36) 8715 . 17.02
150 [0.102 (52.1%), 0.T74(47.9%) | ;gg%) (*2[%?;;6%) (;919;8%) 5767 | 1126
130 [0.068 (43%), 0607G57%) |, [[fg%) (;1?7%9%) (isl‘;.‘fézz%) 0475 | 2046 |
115 [0.121 (54.7%), 0914(45.3%) | 2‘&'%) (i ‘292?37%) («: '29232'688%) 3124 0 721
104 [0.044 (37.6%), 0448(62.4%) | ;gg%) " ‘239339%) " 1239135710%) 2533 ass
| 72 10.092 (46.1%), 0.896(53.9%) ! (,zf,_'g‘%) (_23;%?‘?;6) (:65_ ‘3:,‘%) . 6157 1320
56 10056 (39.9%),045(60.1%) |, 112'(1)%) (i ‘[‘_’,30'%8%) " [1(.)2?123'9%) 7 136
| 39 10.044 (27.8%), 0.801(72.2%) (tzlfg%) (igg_gg%) (i,f‘?_'gg v 1338 | 26l
30 10.115 (60.5%), 1.012(39.5%) @2‘.'5)9‘%) (i‘[?fé‘_‘;’%) (:[%féz%) o7 L 16
20 DOBGRIMNOSHLIN | oo oo | wnsery | B9 50
| ,:‘to(;a:, érrlno)t including ret’erencei | (3358369“2)' . (3?692[8"2)' 512,03 100 %
‘; [total percent carbon by DP- 313
{ IMAS spin counting a & 111 %)

* BC T,’s reported as single or multiple component values with the percentage contribution from each
relaxation component reported in parenthesis.

® BC T, correction term as shown in equations 2.1-2.3, with error estimated from the standard error of the
estimate (SEE).

¢ The experimental peak areas with the estimated relative error given in parenthesis (based on 20
independent deconvolutions as described in section 2.2.5).

¢ Raw peak areas for each deconvoluted peak multiplied by the relaxation correction factor ( C. 7, )- The

total relative error is given as a percent error in parenthesis and is propagated from the error of the *C T,
correction term and that of the experimental peak area.

¢ Amount of carbon in milligrams per deconvoluted peak in the whole spinner sample (1.637 g).

€ Percent carbon of the DP-MAS detected carbon, p, = 100*(mg C for peak i)/(sum of mg C for all peaks).
® Result and percent relative error from calibration of capillary containing 79.5 mg of silicone rubber with
standard materials.

" Peak due to silicone rubber extemal reference.

' Sum of the individual peak integrals in the same column, excluding the integral due to the reference
material at 0 ppm. The error for this total is the propagated error of the sum of the aforementioned
integrals.

! The total percent carbon with relative error given in parenthesis. Error for this total is the propagated error
of the total corrected peak integral, and the errors associated with the external reference.
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Table 2.7 3C T\, DP-MAS spin-counting results for fulvic acid (1.381 g).

] C.° DP ¢ DP 4 0 i
ppm Carbon-13 T, (s)* h 4 Acor mgbofc % of total”.
(ASEE%) | (*ERE%) ! (Totl%Emor) | €arbon )
: 1.00 2448 24.48 .
& P
197810.207 (100%) (£348%)| (£4320%) | z4334%) | 492 210
1.00 189.74 190.09 '
- 0 - 9
172 0074 61.2%), 0.749G83%) | (. 90| (w9679 | (cogso | 3595 |16
- - 1.00 36.04 36.04 - 3
160 (0062 (67.5%). 0.506625%) | (L y'sl | (2509 %) | (235 23%) | 663 3.09
150 (0.012 (50.2%), 0.363(49.8%) ,zzl:;’g%) " ?;:793"%) “ ?;‘"99;‘%) 1751 8.13
130 [0.073 (59.1%), 0.7140.9%) |, 0"8,0%) (J, 3 8%) « v | #2106
3 £092%)| (= 13. |
- - 3 101 4529 45.55 ,
: g -0, - -~
LISF0.121(547%), 091465.3%) | . 36900 | (s 1oa0 %) | (2 19.53%) | 5 3.90
i o N 1.00 75.41 548 | Lo, ,
1040064 (53.8%), 063446.2%6) | 30000l o 1raa%) | (e lreosy | 1392 | 647
72 (0085 (57.2%),0.6782.8%) | ‘['go%) (:57.(;';;);,) ( ;57%&) 68.30 3173
T - 1.00 3837 5837 .
S6° (0056 (39.9%), 04560-1%) | (. 1 o0| 2r00% | catody | 1076 | 500
= - 101 (= 52.1 237 | o
| 39 {0,101 (66.1%), 0.956(33.9%) | |2 ,,(A) 1589 | @isgavy | 965 | 4
by - . ' 1.00 52.17 5217 |
30 0067 (73.1) 0438C69%) | (L S o0 | x 1raa%0) | (e i761%) | 052 447
—— L0 | 3594 1 3594
L 20 | 379(27.3%) | | | 663 3
20 0062(727%),037C13%) | 3o | e rr 1% | ey | 66 3.08
| - " 129 1 10503 | 13599 241
. 0' 12703 (100%) |(£047%)] (£382%) | (£385%) (£8.70%);
i Total (not including reference | i 1165.85 1674 1 I o
" lat0 ppm) | | (£382%) | (£387%) | 20698 | 100%
I total percent carbon by DP- | | 150
i MAS spin counting | (= 10.3 %)

* BC T,’s reported as single or multiple component values with the percentage contribution from each
relaxation component reported in parenthesis.

® 1BC T, correction term as shown in equations 2.1-2.3, with error estimated from the standard error of the
estimate (SEE).

¢ The experimental peak areas with the estimated relative error given in parenthesis (based on 20
mdependent deconvolutions as described in section 2.2.5).

4 Raw peak areas for each deconvoluted peak multiplied by the relaxation correction factor (C r, ). The

total relative error is given as a percent error in parenthesis and is propagated from the error of the °C T,
correction term and that of the experimental peak area.
N Amount of carbon in milligrams per deconvoluted peak in the whole spinner sample (1.381 g).

£ Percent carbon of the DP-MAS detected carbon, pi=

8 13C T, data taken from humic acid spectra.
® Result and percent relative error from calibration of capillary containing 79.5 mg of silicone rubber with
standard materials.
' Peak due to silicone rubber external reference.
! Sum of the individual peak integrals in the same column, excluding the integral due to the reference
material at 0 ppm. The error for this total is the propagated error of the sum of the aforementioned
integrals.
% The total percent carbon with relative error given in parenthesis. Error for this total is the propagated

error of the total corrected peak integral, and the errors associated with the external reference.
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Table 2.8. Summary of results from >C DP-MAS spin counting.

. (amount of carbon detected
. weight | % C by DP-| % C by by DP-MAS) / (amount of
Soil component percent | MASspin |elemental
of soil | counting | analysis carbon detected by
elemental) x 100%
Fulvic Acid’ 3.66 15.0 21.84 68.7
Humic Acid 8.92 313 4391 71.3
Humin 87.42 8.5 11.86 71.7
HF-treated soil N/A 25.6 29.88 85.7
Whole soil 100 9.5 16.07 59.1

* Elemental and DP-MAS data is that of the ion-exchange treated fulvic acid.

Table 2.9 Summary of elemental percentages by the empirical relationship method.

Empirical Relationship Method" % C by

Sample - - - elemental

0] ) Yo on an ash-

Carbon Hydrogen Oxygen free basis®
Fulvic Acid 49.0 4.30 46.7 41.5
Humic Acid 54.3 4.35 41.4 52.1
Humin 53.1 3.85 43.1 SL1
HF-treated soil 54.3 447 41.2 52.9
Whole soil 53.6 4.10 423 54.1

* Calculations based on the relationships established in section 2.3.7.
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Table 2.10 Summary of vibrating sample magnetometer data and corresponding

calculations.
calculated calculated
measured volume saturation
: measured N
sample| volume magnetic - magnetization
. % Feby| ™ . - e d saturation .
Soil component . . a| size magnetic | susceptibility . .. | assuming all
weight b o e o . magnetization® | . " .
(g)" |susceptiblity®| assuming all iron in form of
. 3 (Gauss) .
(cgs) iron as Fe pure magnetite
(cgs) (Gauss)
whole soil 1.05 | 0.178 1.6E-06 3.3E-06 4.3E-02 1.51
HF-treated soil | 025 | 0.119 N/A 5.2E-07 1.6E-03 0.24
humin 1.07 | 0.129 1.4E-06 2.4E-06 3.6E-02 1.11
humic acid 0.90 | 0.128 1.2E-06 2.0E-06 6.1E-02 N/A
fulvic acid 0.14 | 0.111 N/A 2.7E-07 8.1E-04 N/A

* Percent iron from elemental analysis provided by Huffman Laboratories.

® Actual sample size used in VSM analysis. The sample holder was constructed of Kel-F and had a sample
volume of 0.15 cm’.

¢ Volume magnetic susceptibility in cgs units (emu cm” Oe™) from the slope at 10 kOe of the experimental
data in Figure 2.17 and corrected for sample density.

¢ Calculated volume magnetic susceptibility (in cgs units) using the Curie law of paramagnetic
susceptibility (Eq. 2.7), assuming each iron atom to be in the form of Fe’" and having a magnetic moment
of 5.92 Bohr magnetons (9.27E-21 G em®).

¢ The measured saturation magnetization in gauss (emu/cm’) from the experimental data in Figure 2.17
(extrapolated to 0 Oe) and corrected for sample density.

* The calculated saturation magnetization assuming all of the iron in the sample is in the form of pure
magnetite (Fe;0;), with a density of 5.5 g/em’ and a room temperature saturation magnetization of 480 G
for pure magnetite.

Table 2.11 Magnetite content in Uncompahgre Forest soil and soil components from

saturation magnetization.
%Feby | TotalFein | 100
fraction weight | fraction fmgtion from
Soil component weight from from saturation
(g) elemental | elemental magnetization
analysis | analysis (g) (mg)
whole soil 140.43 1.05 1.47 58.4
HF-treated soil 2.15* 0.25 0.0054 0.050
humin 122.77 1.07 1.31 58.8
humic acid 12.52 0.90 0.11 N/A
fulvic acid (ion-x) 793 0.14 0.011 N/A

* Remaining material from HF-treatments on 4.00 g of Uncompahgre whole soil.
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Figure 2.1 Radio-frequency pulse schematics for the Torchia-style "C T, experiment. Pulse widths are
given in radians (72 is equal to a 90" pulse). The cross polarization period is indicated by "CP".
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Figure 2.2(a) Carbon-13 T, measurement of Uncompahgre whole soil. The t delay period is given to the
right of each spectrum.
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Figure 2.2(b) Experimental 'C T, relaxation data for Uncompahgre whole soil and corresponding curve
fits for the data of Figure 2.2. Each graph was generated by plotting the peak area of each deconvoluted
peak of Figure 2.2A (featured in detail in the appendix of this thesis) versus the t relaxation period.
Graphical data are sorted by peak region in ppm. Curve fits using either a single or double component

expouential decay are presented by a solid black line in each plot and overlay the experimental data.
presented as solid black dots.
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Figure 2.2(b) (continued).
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Figure 2.3(a) Carbon T, measurement of HF-treated Uncompahgre whole soil. The t delay period is given
to the right of each spectrum.
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Figure 2.3(b) Experimental 'C T, relaxation data for HF-treated Uncompahgre soil and corresponding
curve fits for the data of Figure 2.3. Each graph was generated by plotting the peak area of each
deconvoluted peak of Figure 2.3A (featured in detail in the appendix of this thesis) versus the t relaxation
period. Graphical data are sorted by peak region in ppm. Curve fits using either a single or double
component exponential decay are presented by a solid black line in each plot and overlay the experimental
data, presented as solid black dots.
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Figure 2.4(a) Carbon-13 T, measurement of Uncompahgre soil humin fraction. The t delay period is
given to the right of each spectrum.
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Figure 2.4(b) Experimental "C T, relaxation data for the humin fraction of the Uncompahgre soil and
corresponding curve fits for the data of Figure 2.4. Each graph was generated by plotting the peak area of
each deconvoluted peak of Figure 2.4A (featured in detail in the appendix of this thesis) versus the t
relaxation period. Graphical data are sorted by peak region in ppm. Curve fits using either a single or
double component exponential decay are presented by a solid black line in each piot and overlay the
experimental data, presented as solid black dots.
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Figure 2.4(b) (continued).
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Figure 2.5(a) Carbon-13 T, measurement of Uncompahgre soil humic acid. The t delay period is given to
the right of each spectrum.
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Figure 2.5(b) Experimental "C T, relaxation data for the humic acid fraction of the Uncompahgre soil and
corresponding curve fits for the data of Figure 2.5. Each graph was generated by plotting the peak area of
each deconvoluted peak of Figure 2.5A (featured in detail in the appendix of this thesis) versus the t
relaxation period. Graphical data are sorted by peak region in ppm. Curve fits using either a single or
double component exponential decay are presented by a solid black line in each plot and overlay the
experimental data, presented as solid black dots.
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Figure 2.5(b) (continued).
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Figure 2.6(a) Carbon-13 T, measurement of Uncompahgre soil fulvic acid. The t delay period is given to
the right of each spectrum.
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Figure 2.6(b) Experimental "C T, relaxation data for the fulvic acid fraction of the Uncompahgre soil and
corresponding curve fits for the data of Figure 2.6. Each graph was generated by plotting the peak area of
each deconvoluted peak of Figure 2.6A (featured in detail in the appendix of this thesis) versus the ©
relaxation period. Graphical data are sorted by peak region in ppm. Curve fits using either a single or
double component exponential decay are presented by a solid black line in each plot and overlay the
experimental data, presented as solid black dots.
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Figure 2.7 Carbon-13 DP-MAS spectra of Uncompahgre whole soil, HF-treated soil, and soil components.
Each soil fraction has 79.5 mg silicone rubber (except the humic acid spectrum which was acquired with
85.9 mg silicone rubber) as an external reference and is referenced at 0 ppm. Each spectrum is scaled to an
equal number of acquisitions.

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(b) L

(c)

O
rflf[llllTlf[lI[llillilIIIIIIIIFIIY[TTITIIIII]

300 200 100 0 -100
ppm

Figure 2.8 Carbon-13 DP-MAS spectrum of Uncompahgre whole soil (1.705 g) and 79.5 mg of silicone
rubber external reference. The uppermost spectrum (a) represents the experimental spectrum. The result
from the deconvolution of spectrum (a) is shown in (c) as individual peaks. The "synthetic” spectrum (b) is
the sum of the peaks of (c). Spectrum (d) is the difference of spectrum (a) minus spectrum (b).
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Figure 2.9 Carbon-13 DP-MAS spectrum of HF-treated Uncompahgre whole soil (1.630 g) and 79.5 mg
of silicone rubber external reference. The uppermost spectrum (a) represents the experimental spectrum.
The result from the deconvolution of spectrum (a) is shown in (c) as individual peaks. The "synthetic"
spectrum (b) is the sum of the peaks of (c). Spectrum (d) is the difference of spectrum (a) minus spectrum
(b).
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Figure 2.10 Carbon-13 DP-MAS spectrum of Uncompahgre humin (1.907 g) and 79.5 mg of silicone
rubber external reference. The uppermost spectrum (a) represents the experimental spectrum. The resuit
from the deconvolution of spectrum (a) is shown in (c) as individual peaks. The "synthetic” spectrum (b) is
the sum of the peaks of (c). Spectrum (d) is the difference of spectrum a minus spectrum (b).
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Figure 2.11 Carbon-13 DP-MAS spectrum of Uncompahgre humic acid (1.637 g) and 84.9 mg of silicone
rubber external reference. The uppermost spectrum (a) represents the experimental spectrum. The result
from the deconvolution of spectrum (a) is shown in (c) as individual peaks. The "synthetic" spectrum (b) is
the sum of the peaks of (c). Spectrum (d) is the difference of spectrum a minus spectrum (b).
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Figure 2.12 Carbon-13 DP-MAS spectrum of Uncompahgre fulvic acid (1.381 g) and 79.5 mg of silicone
rubber external reference. The uppermost spectrum (a) represents the experimental spectrum. The result
from the deconvolution of spectrum (a) is shown in (c) as individual peaks. The "synthetic” spectrum (b) is
the sum of the peaks of (c). Spectrum (d) is the difference of spectrum (a) minus spectrum (b).

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



b) HF-treated Whole
soil (1.630 g)

—

¢) Humin (1.907 g)

d) Humic acid (1.637 g)

e) Fulvic acid (1.380 g)

f) Sumofc), d),e)

[flrl[frfﬁ[rfrl]lllllllllllrlllllllllillllrfrl

300 200 100 0 -100
ppm

Figure 2.13 Computer generated "T, corrected” spectra of a) 1.705 g whole soil, b) 1.630 g HF-treated
soil, ¢) 1.907 g humin fraction, d) 1.637 g humic acid, e) 1.380 g fulvic acid. Spectra a) through e) were
created by taking the synthetic spectra of Figures 2.8 (b) through 2.12 (b) and applying the appropriate T,
correction factors (C;,) to each deconvoluted peak needed to generate the total synthetic spectrum.
Spectrum f) is a computer generated whole soil spectrum, created by summing the humin, humic, and
fulvic spectra with amplitude corrections as demonstrated in the following relationship: ((0.782 x
spectrum c) + (0.0929 x spectrum d) + (0.157 x spectrum e)). These amplitude corrections were made to
reflect the actual amount of each fraction extracted from the whole soil and to correct for the different

sample sizes. Spectrum f) also shows the spectrum of the whole soil (Fig. 2.13(a)) overlaid and plotted
with a dotted line.
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Figure 2.14 (a) Upper DP-MAS spectrum is of [.287 g untreated fulvic acid with 79.5 mg silicone rubber:
lower spectrum is of 1.381 g ion-exchange resin treated fulvic acid with 79.5 mg silicone rubber. Both
fulvic acid spectra were scaled relative to the number of signal acquisitions. (b) Upper DP-MAS spectrum
is of untreated Uncompahgre whole soil with 79.5 mg silicone rubber, 1.705 g sample size and the lower
spectrum is of 1.63 g of hydrofluoric acid treated whole soil with 79.5 mg of silicone rubber as an external
reference. Both spectra were scaled relative to the number of signal acquisitions. Floating above and to the
right of each set of spectra are the two spectra overiaid (with arbitrary scaling) to show changes in spectral
detail with the treatments.
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Figure 2.15 “C DP-MAS spectra of Humic acid (extracted in bulk from the Uncompahgre forest soil) (a)
after a 3-day, 80 psi hydrogen treatment, (b) untreated, and (c} the difference of spectrum (a) - spectrum (b).
Each experimental spectrum is of 1.142 g of dried sample with 79.3 mg of silicone rubber as an external
reference. Each spectrum was obtained in a quantitative manner with a [6 s. pulse delay and 2400

acquisitions.
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Figure 2.16 The basic structural units for (a) cellulase, (b) syringy! and (c) guaiacy! lignin building blocks.
The structures have carbon positions labeled with numbers in parenthesis for reference within the text.
Approximate "C NMR chemical shifts are given next to each corresponding carbon number.
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Figure 2.17 Experimental vibrating sample magnetometer data for the Uncompahgre whole soil and its
extracts. Plots of the magnetic moment versus the applied external field for (a) the Uncompahgre whole
soil, (b) the HF-treated whole soil, (c) the humin fraction, (d) the humic acid fraction, and (e) the fulvic
acid fraction. The humic acid did not give reproducible VSM resuits; the data shown in the humic acid plot
is believed to be the most representative.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.00
Q.75

0.50

025
-0.50
-0.75

-1.00

o S,

"~

»
~

1000 2000 3000 4000 35000 6000 7000 8000 1000 2000 3000 4000 3000 6000 7000 8000

(Gl (Gl

b) 0.00

1000 2000 3000 4000 5000 6000 7000 8000 1000 2000 3000 4000 3000 6000 7000 8000

(Gl (G]

Figure 2.18 Electron spin resonance spectra of humic acid, a) before and b) after treatment with sodium
dithionite as a reducing agent. The leftmost spectra are scaled in the amplitude dimension to show detail.
The spectra were acquired with equal quantities of humic material and with identical instrumental
parameters. Both samples were sealed under nitrogen to prevent air oxidation.
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Chapter 3

SOLID STATE NMR STUDIES OF UNCOMPAHGRE FOREST SOIL AND ITS
SEPARATED SOIL COMPONENTS BY 'H-TO-"C CP-MAS SPIN-COUNTING

METHODS

3.1 Introduction

Of the available solid state NMR methods, the cross-polarization magic angle
spinning (CP-MAS) technique is the most popular for the analysis of soils and their
extracts and samples of organic-geochemical origin. The CP-MAS experiment provides
a significant signal-to-noise enhancement over the DP-MAS experiment described in
Chapter 2 of this thesis. While technically more straightforward, '>C DP-MAS
experiments suffer from the typically long C T, relaxation times of soil and soil
components. The short 'H T; relaxation times of soil and soil components allow for a
greater number of CP-MAS signal acquisitions in a given period of time over DP-MAS.
This advantage, coupled with a maximum cross-polarization enhancement factor of four,
makes CP-MAS the typical first choice of solid state *C NMR experiments for soil and
soil extracts. Moreover, CP-MAS experiments on soil and soil components rarely suffer

from the baseline distortions commonly encountered in DP-MAS experiments.
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Spin counting by CP-MAS has been completed on a number of complex organic
samples, including coals and cellulose chars''®. CP-MAS spin counting on coals of
various ranks was able to account for a low of 50 percent of the carbon?, to as much as 97
percent5 , compared to that from elemental analysis. The missing carbon has been
correlated to the concentration of unpaired electrons'! (in the form of organic radicals),
and in some cases attributed to the nature of the protons in the organic structures in coal
and their location relative to carbons®. While some of the issues that plague quantitative
analysis of coals by NMR parallel those in soil, the clear difference in chemical make-up
forces an independent analysis for solving this problem in soil analysis.

An extensive literature search shows that there have been no spin-counting results
to date on soil and soil extracts by *C CP-MAS NMR, with the exception of a study by
Vassallo et al.,'* in which spin-counting was attempted on Swannee River fulvic acid.
While there have been few quantitative spin-counting NMR results on soil components
reported in the literature, there have been a number of studies with corrections made to
the CP intensities of CP-MAS experiments on soils and soil extracts, ostensibly yielding

relative quantitative spectral intensities'*™"

. This is the precursor to absolute quantitative
results on soil and soil extracts. The CP-MAS studies presented in this chapter will
extend beyond the relative quantitative corrections made to spectra and into the absolute
quantification of carbon in soil and soil extracts. The results reported in this chapter are

compared to the spin-counting DP-MAS results of Chapter 2. Tables and figures are

collected at the end of the text in this chapter for convenience.
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3.2 Results

3.2.1 'H Spin-Lattice Relaxation Times (T;) for the Uncompahgre Forest Soil and its
Extracts

'H T, values were determined via ">C signals by a 'H version of the Torchia-style
pulse-program,'® for which the 3C intensities are plotted versus the t delay period. The
13C spectra obtained in the 'H T| determinations for each soil component are shown in
Figures 3.1-3.5 for the whole soil, HF-treated soil, humin, humic acid and fulvic acid,
respectively. These relaxation data indicate that all the'*C signals generated by 'H-">C
cross-polarization for each soil component have decayed almost into the noise within
about 300 ms, which is much shorter than the 1 s pulse delay employed in the CP-MAS

spin counting experiments used here; hence, no 'H T based correction ( C; ) to the peak

intensities in the soil or soil components is necessary. For this reason, the spectra in

Figures 3.1-3.5 were not deconvoluted or further examined.

3.2.2 Time Constants and Correction Terms for Spin-Counting by °C CP-MAS
Algebraic corrections are needed when seeking to make quantitative comparisons
among peak areas by cross-polarization (CP) spin-counting experiments. The corrections
(A2° yto the deconvoluted peak areas of the *C DP-MAS spin-counting spectra in
Chapter 2 are based on the relaxation times of the "*C nuclei for each corresponding peak
(Egs. 2.1, 2.2, 2.3). This kind of correction based on longitudinal relaxation also applies
to 'H-to-*C CP spin-counting experiments, but in this case using the T; for the nucleus

from which polarization is generated (in our case, 'H). The 'H T,’s for the whole soil
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and its extracts are significantly shorter than the 13C T,’s of the same samples.
Approximately 99 percent of the "H magnetization appears to be lost after delay periods
of 360 ms for the whole soil (Fig. 3.1), 200 ms for HF-treated whole soil (Fig. 3.2), 200
ms for humin (Fig. 3.3), 200 ms for humic acid (Fig. 3.4) and 50 ms for fulvic acid (Fig.
3.5). Inall of the CP spin-counting experiments on the soil and its extracts, repetition
delays of | s were used, removing the need to make 'H T, corrections to deconvoluted
peak areas of CP-MAS spin-counting experiments on soil and soil components. The 'H
T, of the external reference is significantly longer (0.78 s) than that of the soil and its

extracts and hence requires a correction to its deconvoluted peak area in CP-MAS spin-

counting experiments. [n addition to the T, correction (C;, ) for the 13C CP-MAS spin-

counting peak of the reference material, a correction is needed to compensate tor the

unique cross-polarization (Ccp) dynamics of each deconvoluted peak. The B¢C CP-MAS
spin-counting peak areas A5, ) of the various soil-component peaks and of the ’C

labeled [3.2.1] bicyclo compound were corrected on the basis of equations 3.1-3.6.

A = (AGNCr N Cep) G.1)
where

I “
Cr, = (1 oy (3.2)

Relative to a direct-polarization experiment, cross-polarization can generate a
maximum signal enhancement equal to the ratio of the gamma values for the nuclei
involved in the polarization transfer (in the case of 'H-to-">C cross polarization, this ratio
is 3.98). The rate of growth and decay of that enhancement during the cross-polarization

period is governed by two characteristic times (inverse of corresponding first order rate
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constants), Tcy and T;,. The time constant Ty describes "H-to-"C polarization transfer
process leading to the growth of the 13C magnetization along the *C RF field axis and

T,’; describes the decay of the spin-locked proton magnetization during cross-

polarization. The maximum cross-polarization enhancement factor would be obtained

with an infinitely short Tcy and infinitely long T,’; . The theoretical maximum for a

particular cross-polarization enhanced peak is referred to here as its *M infinity”
(typically shown as M™ or M) value. Every cross-polarization enhanced peak in an
experimental spectrum will have one M’ value, which is the number that is directly
proportional to the corresponding number of nuclei - i.e., the quantity we seek for
quantitative analysis. The relationship between M and the CP-generated magnetization
M{t) for a specific CP period ¢ is given in terms of the cross-polarization time constants in

equation 3.3"7

M)

M =
e I
P

(1-T./ T}

where Ty and T, are the aforementioned time constants. [n the case where two
exponential factors are needed to describe the cross-polarization process corresponding to
a specific peak, equation 3.4 applies:

My (3.4)
)B ) <t -t ( (I - ﬂ ) ) arh o [
- lady 1 - Tomn —_— Tipen 1 - Fema
[( (1-Tean! Tiym) el (I-Tenn! Thow) - 00)

where fis the fraction of component 1, and Tcugy, Tcray, Tipmy, and Ty are the relevant

M=

time constants for both components. The corresponding correction factors (Ccp) for

equations 3.3 and 3.4 are shown below in equations 3.5 and 3.6, respectively. For the
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case where a single exponential can be used to describe cross polarization for a specific
peak,

!

Cer=
( ! : ](e-f/m XI_ e-f/rm)
)

(1-Tex !/ T}

and for cases where more than one exponential time constant is needed to describe the

cross-polarization behavior,

! (3.6)

C(‘P =
[[__ﬂ—](e-l I'",..I.XI _e-t )"z-nm)J .;.[(__{i_)(e»c ”""’“XI _ e., r,."‘_’)]

(1-Tenm? Thon) (1-Teuey! Tlor)
Both equations hold true only for a particular experimental value of ¢. This is the contact
period used in the experiment from which the quantitative comparison between peak
areas is to be made - i.e., the spin counting experiment.

All of the above-mentioned time constants have to be determined experimentally
for each peak of interest in the sample, as well as for the spin-counting reference (the
reference material from which a relationship between peak area and a number of spins
will be drawn). For the experiments reported in this chapter, 'H relaxation time constants
of the soil or soil components were determined (or estimated) to be much shorter than the
experimental repetition delay and therefore a 'H T, correction factor was not needed for
these peaks in a cross-polarization experiment. The time constants (T¢cy and 7;,) and 8
were determined by measuring M(?) as a function of ¢ (Figures 3.6(a)-3.10(a)) and fitting
the data to a single or multiple exponential growth and decay curve (Figures 3.6(b)-

3.10(b)), using SigmaPlot 5.0.
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The raw data (CP-MAS spectra) from this portion of the spin-counting scheme are
shown in Figures 3.6(a)-3.10(a) and the deconvoluted peak intensities are shown plotted
versus CP contact time in Figures 3.6(b)-3.10(b) for the whole soil, HF-treated soil,
humin, humic acid, and fulvic acid, respectively. Each of the CP-MAS spectra of soil or
soil extract in Figures 3.6(a)-3.10(a) is shown with its corresponding deconvolution data
in Figures A3-6 to A3-10 of the appendix. [n each set of spectra in Figures A3-6 to A3-
10, the uppermost trace is the unadulterated spectrum, followed by the “synthetic”
spectrum (equal to the sum of the deconvoluted peaks), followed by the individual
deconvoluted peaks, and the lowermost trace is the “difference” spectrum (the difference
between the “synthetic” and raw spectrum.) The intensities of deconvoluted peaks were
analyzed in terms of Egs. 3.3-3.6. The results are summarized in Tables 3.1-3.5.

13C CP-MAS the spin-counting spectra are presented, with arbitrary scaling for
visual comparison, in stacked format in Figure 3.11 for each of the soil or soil component
samples. The *C CP-MAS spin-counting spectra for each soil component and whole soil
are shown individually in Figures 3.12-3.16. In each of these figures, the experimental
spectrum a) is shown plotted at the top; b) is the “synthetic” spectrum, equal to the sum
of the deconvoluted peaks shown in c) and d) is the “difference” spectrum, equal to the
difference between the “synthetic” and experimental spectrum. [n each experimental
spectrum the peak due to the 13C labeled external reference appears at 217 ppm. The
deconvoluted peak areas illustrated in these figures form the basis for all of the spin-
counting and related results of this chapter.

The correction factors used to normalize the cross-polarization enhancement were

calculated according to equations 3.5 and 3.6, with equation 3.5 used for single-
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component rate constants and 3.6 used for two-component rate constants. The calculated
cross-polarization correction factor (calculated according to equations 3.5 or 3.6) for each
peak is given in the column titled (Ccp) in Tables 3.1-3.5. The CP-corrected spin-

¢

counting peak integrals are given in the column titled ( 45" ), and were calculated on the

carr
basis of equation 3.1. While there was no 'H T; correction necessary for the soil
components (as mentioned in section 3.2.1), the 'H T| of the external reference is 780 ms,
much longer than that of the soil and/or soil extracts, and hence requires a correction.

The T, correction factor for the 3.2.1 external reference and a 1 s relaxation delay is 1.38.

calculated according to equation 3.2, and is included in the correction term ( A" ) for that

carr

particular peak.

3.2.3 Empirical Calibration of the {3.2.1] bicyclo-4-pyrrolidino-N-methyl-octan-8-
one triflate External Reference

The calibration experiments on the [3.2.1] bicyclo-4-pyrrolidino-N-methyl-octan-
8-one triflate'® (abbreviated here as [3.2.1] bicyclo compound) are summarized in Table
3.7. The calculated number of milligrams of carbon is reported for the 6.49 mg [3.2.1]
bicyclo compound external reference (contained in a capillary) for each calibration
compound (as a function of the peak position for the compound). The average of these
calibration values was used in Tables 3.1-3.5 to determine the percent carbon and
milligrams of carbon in each deconvoluted peak by CP-MAS spin-counting for the soil
and soil extracts.

Once the external reference was calibrated, and all peak areas of the spin-counting

spectrum were “corrected”, for each peak a calculated a number of milligrams of carbon
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was computed. The milligrams of carbon reported for each peak in Table 3.1-3.5 is for
the particular sample weight that was put in the spinner for spin counting. The sample
size for the spin-counting experiment for each soil sample is written in the title of each

table.

3.2.4 Percent Carbon by °C CP-MAS Spin Counting

The combination of the calibration data of Table 3.7 and the corrected peak areas
of Tables 3.1-3.5 was used to generate the percent carbon by CP-MAS spin counting.
The percent carbon detected by CP-MAS for each soil component is written to the right
of the cell labeled “total percent carbon by CP-MAS spin counting” in Tables 3.1-3.5.
This value was calculated from the total of the corrected CP integrals for the soil
component (also reported in Tables 3.1-3.5), multiplied by the ratio of the mass of carbon

(established from the calibrations) to the corrected peak area of the external reference.

3.2.5 RF-field Mapping and Field Simulations for the Large Volume Spinning
System

While often overlooked in routine *C MAS NMR experiments where relatively
quantitative peak integrals are not critical, the radio-frequency (RF) excitation profile
within the NMR coil plays a significant role in quantification by MAS NMR**. The
unusually large NMR coil of the large-volume spinning system employed in this study
requires significantly more RF power than the coils employed in other commercial MAS
systems to achieve what is considered the lowest acceptable decoupling and spin-lock B,
fields for organic solids (roughly 40 kHz*). This fact, in conjunction with the large

systematic error associated with the empirical calibration of the external reference and the
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rather low percent carbon of the soil components accounted for by BC MAS NMR,
prompted an investigation of the RF field profile generated in our particular MAS/coil
assembly. A procedure known as field mapping was used to determine the relationship
between the x-y directional component of the B, intensity and position within the NMR
coil (i.e., the sample area) in the MAS spinner. [n a second experiment, DP- and CP-
MAS signal intensity was measured (for the three different organic functional groups in
L-alanine) as a function of position within the sample area of the MAS spinner.

The apparatus used to map the RF-field in the large-volume spinning system
employed in this thesis is illustrated in Figure 3.17. The observation sample (83 mg of
13C-3-L-alanine) insert was contained in a disk that is moveable (in the spinner’s axial
direction) and machined from Vespel plastic. This arrangement is represented Figure
3.17(a). A 1:1 scale representation of the coil, coil area, spinner. spinner sample area,
and the home-built Kel-F stator is shown in Figure 3.17(b). The spinner sample area is
slightly offset, in the axial direction, from the center of the coil area (due to a machining
error in the home-built MAS module). Figure 3.17(b) was generated from careful
measurements on the assembled spinning system.

An RF-field strength is typically measured in solid-state '*C NMR by observing
the null-intensities (m, 27) of a standard (e.g., hexamethylbenzene), using either DP-MAS
or CP-MAS experiments. Once the pulse widths are established (typically measured in

milliseconds), the field is estimated using the below equation'.

RF-field (kHz) =[2 x 103 x 2n pulse width (ms)) - (= pulse width (ms))]" (3.8)
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The results from mapping the RF-field intensity in this manner are shown in Figure
3.18(a). This figure was generated by measuring the 'H 180° (n) and 360° (27) pulse
widths (using the methyl-group CP-MAS signal from 3CH;CHNH,CO,H), and
calculating the field strength in kHz according to equation 3.8. Field mapping was
carried out by first positioning the moveable disk in the large-volume spinner and then
noting the disk’s position relative to the center of the coil, using a digital caliper. The
disk and spinner were spun at a magic-angle spinning speed of 2.0 kHz and, as described
above, *C CP-MAS experiments were used to determine the B, field strength of the disk
at that particular position. The disk would then be axially re-positioned ina | mm
increment and the B, field determined at the new location. This was repeated until the
entire volume of the sample spinner was mapped. The results are represented by solid
points in the plots shown in Figure 3.18(a) and are normalized. with the highest point
representing a field strength of 53 kHz.

A second set of experiments was performed for the purpose of mapping *C DP-
and CP-MAS signal responses as a function of position within the sample area. These
experiments were carried out with a disk containing a mixture of three "*C labeled
compounds ( 13C-1-L-alanine, *C-2-L-alanine, 13C-3-L-alanine) in a 1:1:1 molar ratio.
The disk that was used to hold this mixture was identical to the Vespel disk used to map
the RF-field shown in Figure 3.18(a). The "*C DP- and CP-MAS signal integral of the
labeled carbon in each compound was measured as function of sample position as was
done in the aforementioned RF field mapping experiment. The signal integral for each
carbon type is plotted as a function of sample position and separated into DP-MAS (Fig.

3.18(b)) and CP-MAS (Fig. 3.18(c)) plots.
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3.2.6 Calculations for RF-field Mapping and Field Simulations

A magnetic field can be calculated for a given distribution of currents in the
surrounding space. The NMR coil is a medium that directs current flow, typically
through a wire surrounding the sample, to create a magnetic field and/or receive a low
voltage signal emanating from the sample. The law of Biot and Savart can be used to
calculate the magnitude and direction of the magnetic field (B) at a point by a given
current element,”®*! using the following expression:

| m, \idlxa
dB-(;;*) = 3.9)

where 1y is the permeability constant of vacuum, i is the current with dl being the
differential element of length pointing tangent to the current flow in the wire. and a is the
magnitude of a, which describes the vector that points from the current element to the
point P at which we wish to know the field. The relationship between the differential
field element at point P and the aforementioned current element is shown
diagrammatically in Figure 3.19(a). Expansion of Equation 3.9 by integration to find the
total magnetic field in the z direction (B,.) at an external point (in a Cartesian axis
system) and with the proper geometric substitutions to describe a standard solenoid coil

yields:

i r? —r(ysing + xcos
B,:(x,y,z)=f (sing ?) ~do (3.10)

n::[(x —rcos@)’ +(y-rsing)’ +(z -zSPC((o))Z] !
where r is the radius of the coil, ¢ is the phase of the coil turn in radians (i.e., looking

down along the coil axis, a 360° turn along the coil would be ¢ = 2x radians, two turns
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would be ¢ = 4n radians, etc..), x. y, z determines the position of the point where we wish

to know the z-component of the magnetic field. The quantity zSPC(g) is a function to

describe the current path along the z direction:
zSPC(p) =2 (3.11)
2r

where s is a pitch constant to describe the spread between the turns along the length of
the coil, as shown in Figure 3.19(b). Figure 3.19(b-g) shows, in detail, the coil shapes
and their corresponding functions to describe the pitch and radius along the coil.

The solid line in Figure 3.18(a) represents the field calculated using Equations
3.10and 3.11, based on a current path in the center of the simple wire solenoid illustrated
in position in Figure 3.17(b) and shown in a cut-away view in Figure 3.19(b). This tield
was calculated for x =3.53 mm, y =0 mm, and z varied along the length of the sample
volume. The value of 3.53 mm for the x position was used because it represents the
radial boundary at which the inner volume equals the outer volume of the sample area
(the average of the sample region, which has a maximum radius of 5.47 mm). The
sample region and average radius relative to the coil are illustrated in Figure 3.19(b). The
solid line in the plot of Figure 3.18(a) is essentially a slice taken at x = 3.53 of the field
simulation of Figure 3.19(c). The simulated RF-field calculations were not performed in
an absolutely rigorous fashion. An absolutely quantitative and rigorous simulation would
require a more extensive investigation into the electrical characteristics, e.g., the
resistance and capacitance characteristics, of the coil. The solid line representing the
simulated field was normalized to make the maximum value equal to unity for visual

comparison to the experimental data.
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The RF-field simulations for two more theoretical coil configurations are shown
in Figure 3.19(d-g). The details of each calculation are shown with the corresponding
coil configuration. Figure 3.19(d, e) represents a relatively simple coil modification and
illustrates the effect that this modification has on the field profile. Figure 3.19(f, g)
represents a more complex coil shape and the nearly flat RF-field profile it can produce
(the goal of this coil simulation).

Figures 3.18(b) and 3.18(c) show plots of signal integrals versus sample position
for the standard solenoid coil used in this thesis for *C DP-MAS and CP-MAS
experiments, respectively. In Figure 3.18(b), the C DP-MAS signal integrals for the
three different carbon sites of L-alanine are plotted as a function of sample position. As
shown and discussed earlier, the insert shown in Figure 3.17(a) was used to probe the
behavior of signal intensity (for the three functional groups of L-alanine) at different
positions within the sample area. The insert contained a 1:1:1 mixture of
'3CH;CHNH,CO-H (peak at 21.2 ppm), CH; *CHNH,CO,H (peak at 54.0, 50.4 ppm),
and CH;CHNH,"CO,H (peak at 178.5 ppm). Each peak is represented by a different
line type, as shown in the legend. Analogous 13C CP-MAS results are shown in Figure
3.18(c). The plots show slightly greater signal variations for the CP-MAS version of the

experiment.

3.3 Discussion

3.3.1 Error Analysis of C CP-MAS Spin-Counting Results
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The errors associated with many of the measurements included in this thesis are
estimated in the face of a lack of a large number of experimental trials (repetitions) from
which to derive a standard deviation. This is primarily due to the overall length of each
experiment; a complete investigation of the random and systematic errors associated with
spin-counting ot soils by solid-state NMR is beyond the realm of what is realistic or
practical at the current level of measurement technology. Rather, errors are estimated on
the basis of more practical/realistic experiments on pure solid compounds and by

analyzing and isolating the factors likely to dominate the error.

3.3.1.1 Random Error

The random error associated with the measurements made in this chapter
represent the limitations of physical measurements by solid-state NMR and in our ability
to reproducibly read the experimental output. The signal-to-noise ratio, or ratio of peak
intensity to that of the noise level, of the spin-counting spectra in this thesis is typically in
excess of 250 to one for the most intense peak in the soil spectra. and 70 to one for the
least intense peaks that are readily distinguished in the spectra. In order to assess the
random error inherent in our °C CP-MAS experiments, we carried out series of 10 CP-
MAS experiments on glycine, refilling the sample container with a new weighed amount
of sample between each experiment. The carbonyl peak of glycine was deconvoluted
each time and the resulting peak area was used to estimate the random error associated
with our measurements. The signal-to-noise ratio was roughly 1000 to | for glycine’s

carbonyl peak, yet the relative standard deviation associated with this multiple
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measurement was found to be + 1.4 percent. This indicates that the spectral noise is not
the only source of random error.
Error associated with the dependent variable in the B3C variable contact time

(VCT) plots of Figures 3.6-3.10(b) was propagated to the correction factor (C,., ) and

presented as a relative deviation in Tables 3.1-3.5. This error was calculated from the
standard error of the estimate (SEE) on each VCT regression analysis, and was
determined using the SigmaPlot 5.0 program. The standard error of the estimate is an
example of a root mean square error estimate, and is a measure of the precision of a
regression analysis.

The estimated relative error associated with the deconvoluted experimental peak

areas ( A;"; ) presented in Tables 3.1-3.5 is the error generated from 20 individual

deconvolutions for the corresponding individual spin-counting spectrum of the whole soil
or soil component. The rather large estimated errors for some peaks, namely the peaks at
198, 40, 30, and 20 ppm, indicate that these peaks are difficult to distinguish

(deconvolute) clearly and reproducibly. The total error reported for the corrected peak

areas ( 4" ) is the propagated error of the cross-polarization correction term (C,., ) and
that of the experimental peak areas ( Ag, ).

The total experimental peak area and the total corrected peak area are reported
below the corresponding columns of peak data. The errors associated with these values
are equal to the propagated error of the sum of the individual peak areas, not including
that of the external reference peak. The error associated with the total percent carbon is
the propagated error of the total corrected peak area, the corrected peak area of the

external reference, and the error associated with the external calibration procedure (= 7.0
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percent). By analogy to the discussion in Chapter 2 for spin counting by DP-MAS, the

total experimental integral ( A;ﬁ ) for the entire “C CP-MAS spectrum of soil

components remained relatively consistent (£ 0.9, 0.6, 1.0, 2.1, 1.6 percent for the whole
soil, HF-treated soil, humin, humic acid, and fulvic acid, respectively). However, spin-
counting by CP-MAS requires that individual peak intensities be corrected to account for
cross-polarization characteristics; hence, the error associated with each individual peak
area, rather than the error associated with the entire °C CP-MAS spectrum, is propagated

to the final error associated with spin-counting.

3.3.1.2 Systematic Error and B, Field Homogeneity

The dominant source of identified systematic error in this study originates trom
the empirical calibration of the external reference material. Table 3.7 shows the different
calibration trial results for a number of pure organic compounds. The average of the
results for the comparisons against various organic compounds was used to calibrate the
external reference. A percent standard deviation was reported on this average value to
illustrate the rather large spread of values associated with the calibration.

The large (= 7.00 percent) relative percent deviation of the calibration trial is
rather surprising, considering the extreme care that was taken in the calibration
experiments. There are, however, a number of assumptions made during these CP-MAS
calibration measurements that may ultimately be proven to be poor. Intense proton
decoupling and efficient spin-locking power are essential for quantitative cross-
polarization to be realized in the analysis of most organic materials. The data in Figure

3.18(a) suggests that the radio-frequency power drops dramatically near the ends of the
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rotor, to nearly half of that near the center of the sample. Due to the limitations of the
hardware, the maximum applied RF field intensity rarely exceeded 50 kHz, implying that
RF fields of 30 kHz or less were experienced through roughly 40 percent of the sample.
As was shown in a past study by VanderHart, Earl, and Garroway, protons in methylene
and methine functionality typically need greater than 40 kHz proton decoupling and
proton spin-locking power in order for quantitative *C NMR MAS peak integrals of
organic polymers to be realized”. Reduced *C CP-MAS NMR integrals for methylene
carbons are noticed in the calibration trials presented in Table 3.7, where the methylene
carbons of glycine and monoethylfumarate are seen to give high results (as a result of
smaller-than-average peak integrals). It should be noted that similar trends were noticed
(smaller-than-average peak integrals) for methylene carbons in the DP-MAS calibration
trials of Chapter 2.

Cross-polarization efficiency is very dependent on establishing the Hartmann-
Hahn match, a condition in which the rotating-frame precession frequencies for the two
nuclides involved in the polarization transfer are set equal. Magic angle spinning and
molecular motion can make some organic compounds more sensitive to this match
condition by essentially modulating the match characteristics™. An inhomogeneous B,
field can create a situation in which the match condition is not met throughout the
sample, which will introduce inaccuracies in cross-polarization generated peak intensities
for match-sensitive compounds®. For this reason, °C CP-MAS NMR signals would be
expected to show greater variation in intensity as a function of position within the sample
area compared to signals generated from °C DP-MAS. This general effect is noticed in

the plots of Figure 3.18, where one sees that *C DP-MAS signal intensities for the
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different '*C labeled carbons of a mixture of "*C labeled L-alanine compounds follow
essentially the same smooth curve as a function of sample position along the rotor axis.
The plotted intensities of *C CP-MAS NMR generated signals in Figure 3.18(c) show
much greater intensity variation for the different L-alanine sites as a function of sample
position compared to the plotted *C DP-MAS signal intensities in Figure 3.18(b).

A potential solution to this systematic error in '°C CP- and DP-MAS intensities as
a function of position in the MAS rotor and organic functional group would be to produce
a coil configuration that would yield a more homogeneous radio-frequency excitation
profile and to employ greater proton decoupling and spin-locking power. The author has
proposed two changes to the standard solenoid type coil configuration that may yield
improved RF performance and more accurate spin-counting results. Those coil
configurations are presented in Figure 3.19(b-g) and were generated using the
calculations described in section 3.2.6. The variable pitch and variable radius coil
described in Figure 3.19 (f, g) may require changes in the accompanying probe
electronics to allow for the use of greater RF power to compensate for the loss in overall
field intensity that an increased coil diameter brings. The variable radius and pitch coil of
Figure 3.19 (d, e) is estimated to have 70 percent of the field intensity at the center of the
coil compared to that of the standard solenoid coil for a given current through the
windings. It may be necessary to move to an overall smaller coil radius and smaller
spinning system to get both a flat RF-field profile and greater decoupling/spin-locking

power or to employ probe circuitry that is capable of withstanding much greater power

levels.
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3.3.2 A Comparison of Spin-Counting Results from “C CP-MAS and DP-MAS

Appropriately corrected DP-MAS and CP-MAS peak areas (45, , 42 ) fora

corr * ““corr

particular peak of a soil component spectrum should be equal, assuming the correction
factors are accurate and our models describing CP and DP in these samples are correct.
However, in comparing the normalized and corrected intensities for each of the soil
component samples analyzed in Chapters 2 and 3, the DP-MAS spin-counting results for
each soil component did not compare well to their CP-MAS counterparts. These results
are summarized in a normalized fashion for ease in comparison in Table 3.8. There are a
few trends that emerge from Table 3.8. The largest intensities are often shared between
the aromatic region (peaks at 130, 150 ppm) and the carbohydrate region (peaks at 72,
104 ppm) in the DP-MAS spectra, while in the CP-MAS spectra, the peaks in the
carbohydrate region are often largest, with the aromatic region being proportionally
smaller. While such a difference can be attributed to a number of factors (such as
improper CP correction terms), it does appear to reinforce previous observations reported
in the literature that the aromatic intensities in CP-MAS spectra of soils and soil
components tend to be smaller than expected”'®. Moreover, these apparent intensity
losses in the CP-MAS spin-counting spectra may contribute to the smaller percentages of
observed carbon reported in Table 3.8 (the carbon spin-counted by CP-MAS NMR
relative to that determined by elemental analysis).

Upon examination of the error analysis associated with the *C CP-MAS spin
counting results, one notices some similar trends with the results of Chapter 2 of this
thesis. The error associated with the total percent carbon for *C CP-MAS spin counting

is similar to that of DP-MAS spin counting, where values around +/- 10 percent were
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common. The largest source of random error in both the >C CP and DP-MAS spin
counting experiments on soil components was due to the necessary deconvolution of the
spectra into individual peaks. The largest identified source of systematic error for both
methods was associated with the calibration of the external reference with pure organic

compounds.

3.4 Conclusions

Cross-polarization was used to spin count the carbon in the Uncompahgre soil and
its extracts, accounting for 48.4, 82.0, 54.6 68.5, and 65.8 percent of the carbon detected
by elemental analysis in the whole soil, HF-treated soil, humin, humic acid and fulvic
acid, respectively. The large volume spinning system proved to be valuable for
producing 13C CP-MAS NMR spectra of soil and soil components with very high signal-
to-noise ratios. [n comparing the DP-MAS spin counting results with the corresponding
CP-MAS results, CP-MAS intensities, corrected to account for cross-polarization and 'H
T, relaxation behavior, in the aromatic region tended to be lower than that predicted by
DP-MAS for all fractions. The total percent carbon detected by 13C CP-MAS spin
counting was within the experimental error of that predicted by DP-MAS; however, both
methods suffer from low estimates for total carbon, relative to that detected by elemental
analysis.

The accuracy of both the CP-MAS and DP-MAS spin-counting results was found
to depend strongly on the quality of the empirical calibration of the external reference
material. For both methods, the calibration was highly dependent on the functionality

and compound by which the calibration was made. Ways for improving the accuracy of
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these experiments were suggested. Of these suggestions, improving the field profile and
NMR characteristics of the standard solenoid coil employed in this thesis was examined
in detail. The variable-pitch and variable-radius solenoid is predicted to generate a nearly
flat RF field profile for the large volume spinning system. Employing this coil design in
future spin-counting studies should reduce the systematic error associated with the
calibration of the external reference when used in conjunction with high power 'H

decoupling (>40 kHz).
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Table 3.1 '*C CP-MAS spin-counting results for the Uncompahgre whole soil (2.237 g).

Polarization transfer rate | ; ‘
% of -

a b | P Py “ :
; constants (ms) CL'P Agxp Acurr mg Orc . total'
ppm|__ Tey Ty g | @SEEN) | (ERE% | (Toul%emon |C3TDON| "o )

| M i Lmi@ ;
119704220528 | 2.110 | 6.356 |0.75|1.45 (=843 %) |131.1 (=16.7%) [190.7 (= 18.7 %) 5.70 284
1172103310210 3.311 1 7.451 [0.64[123@2.12%) [4152(2109%) [511.7¢=11.1%) | 15.30 762 .

160 i ,
150} 0.289 7.230 1.00{1.14 (£3.07%) [404.5(x9.1%) [462.7 (=9.6 %) 13.84 | 6.89
1130 0.060 | 0.570 | 2.147 | 7.301 |0.46{1.42 (= 1.83%) |5502(x9.0%) |779.8 (9.2%) 23.32 | 116l
F115]0.027]0.285 | 4.151 | 8.672 |0.80]1.23 (x4.20%) [339.7(x82%) [4189(x9.2%) 12.53 | 6.24

1104 0.033 | 0.434 | 2.479 1 9.737 |0.65[1.36 (x3.02%) [481.7(x3.8%) [656.7 (4.8 %) 1964 | 978 -

T

: 86 10.03310482] 1230 6.360 |0.61]1.71 (£3.89%) |354.2(x8.6%) [606.5(x94%) ; 18.14 ; 9.03
172 10.203]0.030 | 16.09 | 3.440 |0.18]1.27 (3.52%) [1010.6(=6.3%) [12812(x72%) | 3832 i 19.07 :
' 56 | 0.034 5.826 100|118 (£3.54%) [539.5(x94%) 1636.7(x100%) | 19.04 | 948 ;
39 10.025]0.025 | 4.752 | 0.968 {0.60|1.57 (594 %) [2049(£32.1%) {3208 (=327%) , 9.60 . 4.78
130 ]0.0360.035]3.113] 16.49 |0.83]1.30 (=3.15%) {3369 (x13.7%) 4383 (x140%) | I13.11 : 6.53 .
120 10.047{0.047 | 4.495 | 4.862 |0.27]1.22 (2 4.05%) [3385(=156%) [413.5(=16.1%) | 1237 = 6.16 -

: 27 93

217%(0.420 198.00 LOO|ILS3 L3 [W7220%) (M4 23 | e »!

§ . . 5107.1 67175 | : ,

; Total (not including reference at 0 ppm) =3.0%) | (£33%) | 200.91 : 100 %
total percent carbon by CP-MAS spin counting | 9.0 (= 8.1 %Y

* Cross-polarization rate constant reported as single or multiple component values. For single exponential
component growth/decay, one constant is reported for Tcy and Ty,. For muitiple component exponential
behavior, the value for each component is listed under (1) and (2), with the contribution from component
(1) reported in the column titled with the gsymbol. The contribution from component 2 will then be (/-5.)
® Calculated cross-polarization correction factors for each peak from equations 3.5 and 3.6. with error
estimated from the standard error of the estimate (SEE).

¢ Experimental peak areas for each deconvoluted peak. The estimated relative error (ERE) is given asa
percent error in parenthesis. The estimated relative error is based on 20 independent deconvolutions (see
section 3.3.2.1).

¢ Experimental peak areas multiplied by the 'H T, relaxation correction factor (C 7, ) and cross polarization

correction factor (C.,). The 'H T, correction factor will be I for all the peaks of the soil or soil extract,

and .38 for the external reference (peak at 217 ppm). The total error is given as a percent error in
parenthesis. The total error is the propagated error of the correction term and experimental peak area.

¢ Amount of carbon in miiligrams per deconvoluted peak out of the whole spinner sample (2.237 g).

! Percent carbon contribution from this peak out of the total CP-MAS detected carbon, p, = 100*(mg C for
peak §)/(sum of mg C for all peaks).

¢ Peak due to [3.2.1] bicyclo compound external reference.

" Result from the calibration of the 3.2.1 spin-reference compound.

' Sum of the individual peak integrals in the same column, excluding the integral due to the reference
material at 217 ppm. The error for this total is the propagated error of the sum of the aforementioned
integrals.

J The total percent carbon with relative error given in parenthesis. Error for this total is the propagated error
of the total corrected peak integral, and the errors associated with the external reference.
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Table 3.2 CP-MAS spin-counting results for the HF-treated Uncompahgre whole soil

(1.178 g).
Polarization transfer rate \ : % of ;
* b (& CP g o
constants (ms) Cep Amc AL } mg of total’ |
ppm ) Tey Tip gl & SEE %) (tERE%) | (xTotal %error) | , carbon® ) |
(1 4
19710.678 5.117 146 (£ 4.08%) [143.0(:11.6%) |208.9 (=123 %) 3.54 1.92
{1721 0.390 4.183 1.28 (£ 1.57%) |660.9(£52%) |833.7(£55%) 22.36 7.76
f
. 160 j :
i 150 | 0.658 5.841 142(£ 191 %) [656.2(=8.8%) [933.2(£9.0%) 24.73 8.58 .
1130 0.038 | 0.547 | 0.408 | 5.031 |0.26]1.75 (£ 1.49%) [978.7(x69%) [I7T1LI(=7.1%) | 4535 | 15.74
i 115]0.024 | 0.947 | 7.326 | 2.437 |0.53]142(=276%) [4578 = 11.1%) |6488(x11.5%) | 17.19 | 3597 :
11047 0.031 [0.37215.37712.020 |0.53]1.32(x2.11 %) |5683 (=83 %) |752.5(=8.5%) 1994 | 692
i 86 |0.046 4.305 1.00/125(=5.18%) [292524.2%) |3650(24.7%) | 9.67 | 3.36 |
172 10.02710.321 | 1.726 | 4.867 10.61]1.50 (276 %) [1614.6(:8.2%) |2417.2(:8.6%) i 64.06 | 22.23 !
t 56 |0.42310.029 | 1.974 | 5.069 |0.30|1.29(=2.14 %) [801.1(x50%) {10373(x55%) | 2749 | 9.54 '
i 39 10.026 3.569 131 4.66%) [471.4(£6.5%) [619.3(+8.0%) 1641 | 3.69 °
130 | 0.029|0.381 |2.629 | 8.101 |0.74]1.36(x2.07%) |488.6 (x22.5%) |666.7(2226%) | 17.67 @ 6.13 |,
1 20 10.084 4.839 121 (2446 %) [555.0(=169%) [6706=175%) | 17.77 | 6.17
f 193
1217%] 0.420 198.00 L3 LI3%) |5498(x22%) (8389 (=24%) | T 0’,3):.%
! . . 76883 10874.2 5 ;
11 Total (not including reference at 0 ppm) (£32%) =33%) | 288.19 : 100.00
total percent carbon by CP-MAS spin counting 24.5 (= 8.1 %Y

* Cross-polarization rate constant reported as single or multiple component values. For single exponential
component growth/decay, one constant is reported for Tcy and T),. For multiple component exponential
behavior, the value for each component is listed under (1) and (2), with the contribution from component
(l) reported in the column titled with the Fsymbol. The contribution from component 2 will then be (/-£.)
® Calculated cross-polarization correction factors for each peak from equations 3.5 and 3.6, with error
estimated from the standard error of the estimate (SEE).
¢ Experimental peak areas for each deconvoluted peak. The estimated relative error (ERE) is given as a

percent error in parenthesis. The estimated relative error is based on 20 independent deconvolutions (see
section 3.3.2.1).

d Experimental peak areas multiplied by the 'H T, relaxation correction factor (C. . ) and cross polarization

correction factor (C,» ). The 'H T, correction factor will be 1 for all the peaks of the soil or soil extract,

and 1.38 for the external reference (peak at 217 ppm). The total error is given as a percent error in
parenthesis. The total error is the propagated error of the correction term and experimental peak area.

¢ Amount of carbon in milligrams per deconvoluted peak out of the whole spinner sample (1.178 g).
© Percent carbon contribution from this peak out of the total CP-MAS detected carbon, D=

peak /)/(sum of mg C for all peaks).

¥ Peak dueto [3.2

.1] bicyclo compound external reference.

® Result from the calibration of the 3.2.1 spin-reference compound.
' Sum of the individual peak integrals in the same column, excluding the integral due to the reference
material at 217 ppm. The error for this total is the propagated error of the sum of the aforementioned

integrals.

100*(mg C for

! The total percent carbon with relative error given in parenthesis. Error for this total is the propagated error
of the total corrected peak integral, and the errors associated with the external reference.
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Table 3.3 CP-MAS spin-counting results for the humin fraction (2.198 g).

; ' Polarization transfer rate % of Z
a P op ‘ ool .
constants (ms) Cep® Am,‘ A ¢ mgof total’ |
ppm (l)T('r" Ty g | eSE® (ERE%) | (Total % error) | €arbon® ®) |
{ )
19710.274 | 0.567 | 2.397 1 2.833 |0.30{1.47(£767%) [97.7322%) [1439@33.1%) | 4.67 3.17
1721 0.269 3.899 124 (£ 1.93%) [267.1 (£6.1%) [331.8(x6.4%) 10.77 | 7.30
160
150} 0.820 | 0.139 | 3.504 | 7.394 |10.60{1.40(x1.75%) [216.8(x10.6%) |304.0(=108%) | 9.86 6.69
1301 0.378 | 0.045 | 2.901 | 7.105 |0.51{1.25 (= 1.67%) [392.4(x7.7%) [489.3 (x7.8%) 15.88 | 10.76 :
115§ 0.030 4.430 124 (£5.01%) [2076(=180%) [2584(x187%) | 839 | 568 :
104 ] 0.301 | 0.031 | 8.328 | 2.461 |0.28[136(x298%) {263.0(x16.6%) |3584(x168%) | 11.63 | 7.88
| 86 | 0.034 3.576 131(=392%) |1938(=162%) |2539(=167%) | 824 '@ 5.58 |
172 10.03110.260]2.358] 8.490 [0.77]1.40(=3.09%) |7363(:9.3%) [10279(x98%) | 33.36 | 22.61 ;
i 56 {0.035 4.353 125(£3.78%) 3906 (£17.0%) 4876(=175%) | 15.82 ' 10.73 |
139 10.021]0.258 | 1.13319.754 [0.81]1.94 (=4.86%) |117.1(+280%) [227.5(x284%) | 738 | 5.00 .
' 30 10.041 4.148 1.26(22.98%) [230.6(x209%) 1290.5 (x21.1 %) 943 | 6.39
20 ] 0.034 102151 1.710 | 4.877 [0.51[142(x340%) [262.0(x21.3%) [3729(=21.6%) | 12.10 | 8.20
i 1233
2178 0.420 198.00 1.53 (£ 1.13%) [449.0(£3.7%) [685.1(x3.8%) :7"(')‘; P
; . . 33749 4546.1 , ;
! Total (not including reference at 0 ppm) (4.5 %) =4.7%) | 147.54 [ 100.00 :
i total percent carbon by CP-MAS spin counting 6.7 (29.2%)

* Cross-polarization rate constant reported as single or multiple component values. For single exponential
component growth/decay, one constant is reported for Tcy and T),. For multiple component exponential
behavior, the value for each component is listed under (1) and (2), with the contribution from component
(l) reported in the column titled with the #symbel. The contribution from component 2 will then be (/-4.)
® Calculated cross-polarization correction factors for each peak from equations 3.5 and 3.6, with error
estimated from the standard error of the estimate (SEE).
¢ Experimental peak areas for each deconvoluted peak. The estimated relative error (ERE) is given as a
percent error in parenthesis. The estimated relative error is based on 20 independent deconvolutions (see
section 3.3.2.1).

¢ Experimental peak areas multiplied by the 'H T, relaxation correction factor ( C r, ) and cross polarization

correction factor (C cp)- The 'H T, correction factor will be 1 for all the peaks of the soil or soil extract,

and 1.38 for the external reference (peak at 217 ppm). The total error is given as a percent error in
parenthesis. The total error is the propagated error of the correction term and experimental peak area.
€ Amount of carbon in milligrams per deconvoluted peak out of the whole spinner sample (2.198 g).

f Percent carbon contribution from this peak out of the total CP-MAS detected carbon, p, =

peak i)/(sum of mg C for all peaks).

¢ Peak due to [3.2

.1] bicyclo compound external reference.

" Result from the calibration of the 3.2.1 spin-reference compound.
' Sum of the individual peak integrals in the same column, excluding the integral due to the reference
material at 217 ppm. The error for this total is the propagated error of the sum of the aforementioned

integrals.

100*(mg C for

) The total percent carbon with relative error given in parenthesis. Error for this total is the propagated error
of the total corrected peak integral, and the errors associated with the external reference.
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Table 3.4 CP-MAS spin-counting results for humic acid (1.842 g).

Polarization transfer rate ; ;
% of |

i P g

: constants (ms)’ Ce" A:xp ) A mgof | totall |
ppm Ten Tip g | @SEE%) ERE%) | (= Total %error) | €arbon @) |
N0 .
i 1971 0.498 3.944 136 (£4.71%) |1347 (= 124%) |1834.1(=133%)| 11.75 | 2.06 |
11721 0.299 3.586 127 (& L.71 %) |8086.9 (x4.8%) |102759(=5.1%)| 65.83 | 11.53

1150 1.284 1 0.193 | 2.474 | 5.539 [0.70{1.78 (£2.05%) |5574.4(=9.0%) [9909.3(x93%) | 6348 | 11.12
1130 0.025] 0411|0410 | 4.010 |0.261.68 (x2.17%) |9463.4(£7.5%) |15921.4(78%)| 102.00 | 17.86 i
11151 0.018 | 1.154 | 5.403 | 1.934 [0.52]1.56 (3.80%) [3965.6 (+27.7%)|6168.1 (+27.9%)| 39.5i 6.92 ;
104 | 0.047 3.907 128(£6.75%) |2146.7 (:23.4%) [2739.7 243 %) | 17.55 | 3.07

£ 72 10.020 | 0.350 | 3.340 | 0.795 |0.63]1.61 (£3.49%) |10807.0 (5.5%)|17407.0(x6.5%)| 111.51 | 19.53
1 56 [0.022]0.271 [ 3.941 | 1.161 |0.67(144(£348%) |5311.8(x89%) (76644 (x9.5%) | 49.10 | 8.60 .
39 10.020 3.110 1.37(£5.72%) ]4097.8 (2 159%)|5615.6 (=169%)| 3597 | 6.30 °
30 {0.022]0.239]2.795] 6.912 ]0.74[4.33 (x3.28%) [3489.8 (£26.2%) |4654.4 (:264%) ! 2982 | 5.22
'20 10.029 | 0.184 | 2.336 | 5.332 }0.58{1.35(x2.52%) |5155.3 (= 13.8 %) 6960.9 (= 14.0%)l 44.59  7.81

' -, 5
i217% 0.420 198.00 153 (2 1.13%) |2274.6(£1.9%) |3470.6 (£2.2%) | 2.23 .
L=T70%)
. . 59445.7 89150.6 | .4, |5 ;
:Total (not including reference at 0 ppm) “37%) | (£38%) | 37112 : 100.00
itotal percent carbon by CP-MAS spin counting 31.0 (= 8.3 %)

* Cross-polarization rate constant reported as single or multiple component values. For single exponential
component growth/decay, one constant is reported for Ty and T),. For multiple component exponential
behavior, the value for each component is listed under (1) and (2), with the contribution from component
(l) reported in the column titled with the S symbol. The contribution from component 2 will then be (/-4.)
® Calculated cross-polarization correction factors for each peak from equations 3.5 and 3.6, with error
estimated from the standard error of the estimate (SEE).
¢ Experimental peak areas for each deconvoluted peak. The estimated relative error (ERE) is given as a
percent error in parenthesis. The estimated relative error is based on 20 independent deconvolutions (see
section 3.3.2.1).

¢ Experimental peak areas multiplied by the 'H T, relaxation correction factor ( C I ) and cross polarization

correction factor (C cp)- The 'H T, correction factor will be | for all the peaks of the soil or soil extract,

and 1.38 for the external reference (peak at 217 ppm). The total error is given as a percent error in
parenthesis. The total error is the propagated error of the correction term and experimental peak area.
¢ Amount of carbon in milligrams per deconvoluted peak out of the whole spinner sample (1.842 g).

f Percent carbon contribution from this peak out of the total CP-MAS detected carbon. p, = 100*(mg C for
peak §)/(sum of mg C for all peaks).
¢ Peak due to [3.2.1] bicyclo compound external reference.
" Result from the calibration of the 3.2.1 spin-reference compound.
' Sum of the individual peak integrals in the same column, excluding the integral due to the reference
material at 217 ppm. The error for this total is the propagated etror of the sum of the aforementioned
integrals.
! The total percent carbon with relative error given in parenthesis. Error for this total is the propagated error
of the total corrected peak integral, and the errors associated with the external reference.

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.5 CP-MAS spin-counting results for the Fulvic Acid (1.483 g).

Polarization transfer rate : % of
H ol b P cP o 01
; consfants (ms) C.p Ag‘pc Am”d mg orc ol |
ppm Tew &+ Ty g | @SEE% (SERE%) | (& Total %emor) | €8TBOR™| ) o
(1) ; |
11971 1.453 3.024 241 (£7.77%) |1449(24.7%) |3484(£259%) | 9.60 | 4.52 !
11721 0.261 2.368 140 121%) |671.1(267%) (942.1 (+6.8%) 2596 | 1222 |
160 [ 0.375 3.005 1.35(£236%) |1629(x125%) [2202(x127%) | 6.07 285 |
1501 0.400 3.467 133 (£349%) [267.3(2104%) [3542(=11.0%) | 976 | 459 |
1301 0.036 { 0.529 | 3.286 | 2.080 |0.43|1.47(£227%) [4274(£82%) [630.1 (x8.5%) 17.36 | 8.17 |
115 0.034 | 0.834 | 3.837[2.286 [0.30[1.63(+2.51%) [1018=193%) |166.2(x195%) | 4.58 i 2.16 !
1104 | 0.033 ] 0.308 | 2.375 | 1.600 |0.70|1.54 (£2.70%) |5423(x7.5%) [834.1(£8.0%) 2208 | 10.82 |
i ‘
: 86 : ‘
| 72 10.034 1.826 1.70(£4.23%) [1575.7(£9.6%) [2673.7(x105%)| 73.67 | 34.67 i
56 | 0.023 2.378 1.51(£508%) |386.8(£37.1%) [5833(£374%) | 16.07 | 7.56 ;
39 10.026 | 0.516 | 1.483 | 3.974 [0.76]1.76 (+3.92%) [223.7(x13.0%) |393.8(=13.6%) | 10.85 ;. 3.1l
30 {0.021 1.880 1.68 (£3.89%) [177.4(210.4%) {2986 (= 11.1 %) 823 | 3.87 |
i 20 | 0.070 2.466 146 (4.12%) |183.5(£62%) |2674(75%) 737 ¢ 347
| 22.23 :
i217%1 0.420 198.00 153 (2 L13%) [5288(24.2%) 8069 (x4.3%)
! HE7.0%)" ]
! . . . 4864.9 17122 0 555 ;
: Total (not including reterence at 0 ppm) (£ 4.7 %) (5.1%) | 212.50 | 100.00 .
| total percent carbon by CP-MAS spin counting 14.3 (9.7 %)‘

* Cross-polarization rate constant reported as single or muitiple component values. For single exponential
component growth/decay, one constant is reported for Tcy and Ty, For multiple component exponential
behavior, the value for each component is listed under (1) and (2), with the contribution from component
(l) reported in the column titled with the #symbol. The contribution from component 2 2 will then be (/-8)

® Calculated cross-polarization correction factors for each peak from equations 3.5 and 3.6, with error
estimated from the standard error of the estimate (SEE).
¢ Experimental peak areas for each deconvoluted peak. The estimated relative error (ERE) is given as a

percent error in parenthesis. The estimated relative error is based on 20 independent deconvolutions (see
section 3.3.2.1).

¢ Experimental peak areas multiplied by the 'H T, relaxation correction factor (C. 7, ) and cross polarization

correction factor (C, cp)- The 'H T, correction factor will be | for ail the peaks of the soil or soil extract,

and 1.38 for the external reference (peak at 217 ppm). The total error is given as a percent error in
parenthesis. The total error is the propagated error of the correction term and experimental peak area.

¢ Amount of carbon in milligrams per deconvoluted peak out of the whole spinner sample (1.483 g).

f Percent carbon contribution from this peak out of the total CP-MAS detected carbon. p, = 100*(mg C for
peak §)/(sum of mg C for all peaks).

¢ Peak due to [3.2.1] bicyclo compound external reference.

" Result from the calibration of the 3.2.1 spin-reference compound.

' Sum of the individual peak integrals in the same column, excluding the integral due to the reference
material at 217 ppm. The error for this total is the propagated error of the sum of the aforementioned
integrals.

! The total percent carbon with relative error given in parenthesis. Error for this total is the propagated error
of the total corrected peak integral, and the errors associated with the external reference.
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Table 3.6 Summary of elemental and CP-MAS derived spin-counting data for the
Uncompahgre Forest soil and its extracts.

weight % C by % of C % C by
Soil component percent %C by CP-N_[AS detected b): elemental on
of soil elemental spin CP-MA? spin| an ash:t;ree
counting | counting’ basis
whole soil 100 16.07 9.0 484 54.12
HF-treated soil N/A | 29.88 24.5 82.0 52.88
humin 8742 | 11.86 6.7 54.6 5112
humic acid 892 | 4391 31.0 68.5 52.15
fulvic acid 3.66 | 21.84 14.3 65.8 41.52

* Calculated by (%C by CP-MAS)/(%C by elemental)*100.
® Ash and carbon elemental analysis provided by Water, Soil, and Plant Testing Laboratory of CSU and
Huffman Laboratories, respectively.
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Table 3.7 Summary of CP-MAS calibration® data for "*C labeled [3.2.1] bicyclo external

reference.
: | - ¢ i  calibration of 6.49 mg |
5compound P en:( position | L4 cr Cee®! Cr, 8 of {3.2.1] bicyclo g
ppm) (s) |(ms) cpmd (mg C)*
Hexamethylbenzene 131 3 5 |1.147]1.000 18.54
Hexamethylbenzene 16.9 3 5 j1.116{1.000 18.84
50/50 mixture of hexamethylbenzene
iin glycine, hexamethylbenzene 131 5 5 1.107/1.000 22.28
ipeaks’
%50/50 mixture of hexamethylbenzene
/in glycine, hexamethylbenzene 16.9 5 5 j1.125/1.000 PAN A
_peaks® i ‘;
‘1,4 dimethoxybenzene 36 5 5 11.003/1.006 20.89
1,4 dimethoxybenzene ; 156 3 5 {1.004]1.007 20.69
1,4 dimethoxybenzene LT, 7 S 1 5 [1.002:1.005 21.10
!Monoethylfumarate® ; 15.3 9 5 11.01411.007 2248
iMonoethylfumarate® ! 62.1 9 5 11.01411.007| 24.58
{Monoethylfumarate’ 1 136.3,133.8 | 9 5 11.022]1.008| 21.95
Monoethylfumarate’® P1718,1657 1 9 | 5 [1.024]1.008 21.67
glycine | 175 5 ' 5 [1.162{1.000 N.73
glycine ‘ 46 515 | l 172/1.000 24.87
'50/50 mixture of glycine in 1 o -
ihexame(hylbenzeig’, glycine peaks® [ 175 508 . 162!1 000' 21.83
'50/50 mixture of glycine in , - ; o
fhexamethylbenzegnz, glycine peaks® | 46 % 3 ; L17T ['OOOF 2433
.2,6-dimethoxyphenol 3 147 P15 1 5 11.006}1.005] 2045
:2,6-dimethoxyphenol | 134 (15 1 5 [1.00611.005! 20.55
2,6-dimethoxyphenol | 120 15 | 5 {1.012}1.005] 21.08
12,6-dimethoxyphenol | 104 15 i 5 11.006{1.005] 2112
'2,6-dimethoxyphenol 55 P15 | 5 11.001iL.005! 21.64
v | ! » i i
‘average | ; , ! 2223
'standard deviation 1 | | 2 ‘ 1.56
'relative deviation | ] | i f : 7.00

* A 50/50 mixture (by weight) of hexamethylbenzene and glycine.

® All calibrations were run with the same radio-frequency field intensities used for the spin-counting
experiments on the individual soil samples, matched on the first spinning side-band. Magic angle spinning
speeds of 2.0 kHz were used.

© MAS speed of 3.5 kHz was used for the monoethylfumarate calibration.

¢ The calibration value empirically assigned to the reference material. The values reported here are based
on peak integrals that have been corrected to account for 'H T, relaxation times and cross-polarization

dynamics ( Am,,) The external reference hasa 'H T; 0f 0.51 s and a Ccp of 1.069 for a contact time of 5.0

ms at 2.0 kHz MAS. At 3.5 kHz MAS, the external reference has 'H T, 0£0.59 s and a C.» of 1.036 fora
contact time of 5.0 ms.
¢ Repemxon delay in seconds between acquisitions during calibration experiments.

£ Cross-polarization contact period in milliseconds.
¢ Correction factors for the peaks of the calibration compound, calculated according to equations 3.5 and
3.6.
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Table 3.8 Summary of normalized and corrected peak areas for DP- and CP-MAS spin
counting experiments.

Normalized® and Corrected (A", A”

corr Y < Scorr

) Peak Areas

i CP-MAS DP-MAS
t . - |
peak whole HF . {humic fulvic Iwhole HF . thumic ifulvic
o y treated humin | . . . treated |humin ;| . .
position |soil soil acid |acid |soil soil acid  |acid

197 009 | 008 | 002 | 0.12 | 007 | 0.12 | 049 | 0.19 | 0.14 | 0.07 !
172 0.26 | 0.31 0.19 | 064 | 030 | 0.71 | 061 | 0.79 | 0.83 | 0.51 i
160 0.06 0.10

{150 024 | 039 | 013 | 061 | 0.17 | 045 | 053 | 037 | 0355 | 0.26 !
P 130 039 | 057 1 027 | 094 | 0.17 | 1.00 | 1.00 1.00 | 1.00 i 035 -
. 115 023 | 026 | 0.13 ; 032 | 0.06 | 022 | 0.16 | 029 | 036 | 0.12 .
L 104 030 | 027 | 029 | 0.21 | 026 | 023 | 037 | 0.18 | 0.24 | 020

1 1.00 | 1.00 1.00 1.00 100 | 092 | 0.87 | 092 i 0.65 1.00
! 56 038 ! 0.38 033 ¢+ 054 | 021 029 | 041 025 ! 035 ! 0.16 -
39 024 | 0.24 0.21 030 ! 0.14 | 0.06 | 046 , 0.05 ! 0.13 - 0.14 .
; 30 026 | 029 | 0.12 | 036 | 017 | 025 | 020 027 | 037 @ 0.14
: 20 0.16 i 0.21 029 | 048 | 0.08 | 0.17 | Q.19 0.14 + 027 0.10 .
| percent | ' ‘
. carbon
| observed :
by CP-or| 484 | 82.0 546 | 685 |
DP-MAS : | : ]
' {
l

7.3 68.7

|
| .
658 | 59.1 | 857 1 L7
: !

' spin- ;
. counting® 5 : i ‘ ; : i :

* The maximum value for the corrected peak area of a each set of data was normalized to a value of 1.00.
All other values for each soil component were made relative to the maximum value.

® In many cases, the CP-MAS spin counting experiments were able to resolve a second peak at 86 ppm.
This intensity was added to the peak at 72 ppm for comparison to the DP-MAS data where the peak was
not resolved.

¢ Percent carbon observed relative to that determined by elemental analysis. Results for DP-MAS are from
Chapter 2, Table 2.7 of this thesis.
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Figure 3.1 CP-MAS based proton T, measurement of Uncompahgre whole soil.
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Figure 3.2 CP-MAS based proton T, measurement of HF-Treated Uncompahgre whole soil.
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Figure 3.3 CP-MAS based proton T, measurement of Uncompahgre soil humin fraction.
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Figure 3.4 CP-MAS based proton T, measurement of Uncompahgre humic acid.
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Figure 3.5 CP-MAS based proton T, measurement on Uncompahgre fulvic acid.
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Figure 3.6(a) Variable contact time spectra of Uncompahgre whole soil.
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Figure 3.6(a) Variable contact time spectra of Uncompahgre whole soil (continued).
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Figure 3.6(b) Plots of variable contact time data from the Uncompahgre whole soil.
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Figure 3.6(b) Plots of variable contact time data from the Uncompahgre whole soil (continued).
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Figure 3.7(a) Variable contact time spectra of HF-Treated Uncompahgre whole soil.
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Figure 3.7(a) Variable contact time spectra of HF-Treated Uncompahgre whole soil (continued).
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Figure 3.7(b) Plots of variable contact time data from the HF-treated Uncompahgre whole soil.
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Figure 3.7(b) Plots of variable contact time data from the HF-treated Uncompahgre whole soil (continued).
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Figure 3.8(a) Variable contact time spectra of Uncompahgre humin fraction.
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Figure 3.8(a) Variable contact time spectra of Uncompahgre humin fraction (continued).
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Figure 3.8(b) Plots of variable contact time data from the humin fraction.
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Figure 3.8(b) Plots of variable contact time data from the humin fraction (continued).
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Figure 3.9(a) Variable contact time spectra of Uncompahgre humic soil fraction.
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Figure 3.9(a) Variable contact time spectra of Uncompahgre humic soil fraction (continued).
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Figure 3.9(b) Plots of variable contact time data from the humic acid fraction.
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Figure 3.9(b) Plots of variable contact time data from the humic acid fraction (Continued).
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Figure 3.10(a) Variable contact time spectra of Uncompahgre fulvic acid soil fraction.
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Figure 3.10(a) Variable contact time spectra of Uncompahgre fulvic acid soil fraction (Continued).
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Figure 3.10(b) Plots of variable contact time data from the fulvic acid fraction.
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Figure 3.10(b) Plots of variable contact time data from the fulvic acid fraction (Continued).
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Figure 3.11 'H to "C CP-MAS spin-counting spectra of the Uncompahgre whole soil and its extracts,
arbitrarily scaled for spectral comparison. In each CP-MAS experiment 6.49 mg of the “C-labeled CP-
MAS spin reference compound [3.2.1] bicyclo-4-pyrrolidino-N-methyl-octan-8-one triflate was added as
illustrated in Figure 1.4. Experimental spectrum (a) is of 1.483 g of fulvic acid, (b) 1.841 g humic acid. (c)
2.198 g of humin, (d) [.178 g of HF-treated soil, and (e) 2.237 g of Uncompahgre whole soil. Each
spectrum was acquired with a | ms contact period, and [ s pulse delay.
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Figure 3.12 “C CP-MAS spin-counting spectrum of 2.237 g of the Uncompahgre whole soil with 6.49 mg
of the "C-labeled CP-MAS spin reference compound [3.2.1] bicyclo-4-pyrrolidino-N-methyl-octan-8-one
triflate. Experimental spectrum (a) is of the Uncompahgre whole soil, (b) is the synthetic spectrum created
from the summation of the individual deconvoluted peaks in (c). Spectrum (d) is the difference between
the experimental spectrum (a) and the synthetic spectrum (b). The experimental spectrum was acquired
with 40000 acquisitions, a I ms contact period, and 1 s pulse delay.
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Figure 3.13 "C CP-MAS spin-counting spectra of 1.178 g of the HF-treated Uncompahgre whole soil with
6.49 mg of the "C-labeled CP-MAS spin reference compound [3.2.1] bicyclo-4-pyrrolidino-N-methyl-
octan-8-one triflate. Experimental spectrum (a) is of the HF-treated Uncompahgre whole soil. (b) is the
synthetic spectrum created from the summation of the individual deconvoluted peaks in (c). Spectrum (d)
is the difference between the experimental spectrum (a) and the synthetic spectrum (b). The experimental
spectrum was acquired with 80000 acquisitions, a | ms contact period, and 1 s pulse delay.

195

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(c) J

OR

SARANSARRE RRREN ERRRN AR RRARE RARRE RRRRERRRRS

300 200 100 0 -100
ppm

Figure 3.14 "C CP-MAS spin-counting spectra of 2.198 g of the Uncompahgre soil humin fraction with
6.49 mg of the "C-labeled CP-MAS spin reference compound [3.2.1] bicyclo-4-pyrrolidino-N-methyl-
octan-8-one triflate. The experimental spectrum (a) is of the Uncompahgre soil humin fraction. (b) is the
synthetic spectrum created from the summation of the individual deconvoluted peaks in (c). Spectrum (d)
is the difference between the experimental spectrum (a) and the synthetic spectrum (b). The experimental
spectrum was acquired with 40000 acquisitions, a | ms contact period, and | s pulse delay. The asterisk
above the spectrum marks the position of the spinning sideband of the "C-labeled CP-MAS spin reference
compound and is roughly 0.6 percent of the peak area at 216 ppm.
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Figure 3.15 "'C CP-MAS spin-counting spectra of 1.841 g of the Uncompahgre soil humic acid with 6.49
mg of the "C-labeled CP-MAS spin reference compound [3.2.1] bicyclo-4-pyrrolidino-N-methyl-octan-8-
one triflate. Experimental spectrum (a) is of the Uncompahgre soil humic acid, (b) is the synthetic spectrum
created from the summation of the individual deconvoluted peaks in (c). Spectrum (d) is the difference
between the experimental spectrum (a) and the synthetic spectrum (b). The experimental spectrum was
acquired with 80000 acquisitions, a | ms contact period, and [ s pulse delay.
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Figure 3.16 "C CP-MAS spin-counting spectra of 1.483 g of the Uncompahgre soil fulvic acid extract
with 6.49 mg of the "C-labeled CP-MAS spin reference compound [3.2.1] bicyclo-4-pyrrolidino-N-methyl-
octan-8-one triflate. The experimental spectrum (a) is of the Uncompahgre soil fulvic acid. (b) is the
synthetic spectrum created from the summation of the individual deconvoluted peaks in (¢). Spectrum (d)
is the difference between the experimental spectrum (a) and the synthetic spectrum (b). The experimental
spectrum was acquired with 40000 acquisitions, a 1 ms contact period, and 1 s pulse delay. The asterisk
above the spectrum marks the position of the spinning sideband of the "C-labeled CP-MAS spin reference
compound and is roughly 1.2 percent of the peak area at 216 ppm.
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Figure 3.17 (a) Diagram of a Vespel insert (not to scale) containing I:1:1 (by weight) mixture of ""'C-
labelled L-Alanine (°CH,CHNH,CO.H (21.2 ppm), CH,"CHNH.CO.H (54.0, 50.4 ppm),

CH,CHNH," CO,H (178.5 ppm)) occuping a disk-shaped volume. (b) Diagram of the large volume
spinning system (drawn to scale) used in the field-mapping experiments. The diagram shows the relative
position of the standard solenoid coil (box with dashed line) to that of the sample area with the Vespel
insert in place.
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Figure 3.18 (a) Plot of the experimental and calculated RF field for the standard solenoid coil used in the
{4 mm spinning system employed in this thesis. These measurements were made from the methyl "C CP-
MAS signal intensity using the disk-shaped container of Figure 3.17(a), and containing 83 mg of
“CH,CHNH,CO.H. The maximum RF field meausred (53 kHz 'H RF field at | mm) was normalied to a
value of 1.0 for comparison to the calculated field profile. The details of this coil configuration are shown
in Figure A3-18(a) of the appendix. The simulated field, represented by a solid line, is the field measured
atx =3.53 mm, y =0 mm and along the length of the sample volume. (b) The DP-MAS and (c) CP-MAS
signal intensities of each peak of a 1:1:1 mixture of "’C labeled [-alanines (occupying a disk-shaped volume
as shown in Figure 3.17) plotted as a function of position along the spinner axis. The legend below plots
(b) and (c) correlates the markings on the plots to the specific peak area measured. The signal intensites
were normnalized to show the overall field profile. Magic-angle spinning speeds of 4.0 kHz were used.
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ZT r.=3.53mm

r = coil radius (8.5 mm)
n = number of turns (8)
s = a pitch constant (2.625)

B.(x.y.2)= ’[m 7r' -r(ysing txcoscp) __do L
m[x-rcosqn) +(y—rsing § +(z-zSPC(o ))’] B,

Figure 3.19 (a) A pictorial representation of the law of Biot-Savart for current i through a wire (see section
3.2.7). A standard solenoid was mathematically generated by creating a function (zSPC(¢p)) that would
describe a coil with a constant pitch as a function of ¢. The parameters describing this coil shape were
chosen to reflect the actual coil shape used in the large-volume spinning system of this thesis. (b) The side
(cut-away) view of the rendered coil shape with the sample volume outlined in a grey dashed line and the
relevant coil parameters marked. The RF field for this coil was calculated using the above B, equation for
aslice on the y axis (y = 0) dimension and covering the sample volume (x =-547 to 547 mmand z=-
11.025t0 11.025 mm.) B,, is the field at the very center of the coil (B,(0, 0, 0)) and assigned a value of |
to normalize the field plots. (c) The oblique view of the field profile generated from applying the law of
Biot-Savart to this current path. The (b) renderings and (c) field profile were calculating using Mathematica
4.0.
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s ok r = coil radius (8.5 mm)
ZVPQp) = — x Tanh[—] k = variable to describe pitch (0.45)
2 n n = number of turns (8)
s = a pitch constant (2.625)

(€) B:,.

—

B.(x.y,2)= r r’ ~rlysing +xcosg)
S -n-th rcosq ) +(y—rsing ) +(z— 'VPC((P))T 10

Figure 3.19 (continued) A variable pitch solenoid was mathematically generated by creating a function
(zVPC(@)) that would vary the pitch of the coil with changing ¢@. Coil shapes with various parameters were
rendered and visually examined to ensure that the coil maintained realistic properties. (d) The oblique (left)
and side (right) views of the rendered coil shapes. The RF field for this coil was calculated using the above
B,. equation for a slice on the y axis (y = 0) dimension and covering the sample volume (x =-5.47 to 5.47
mm and z=-11.025 to 11.025 mm. (e) The oblique view of the field profile generated from applying the

law of Biot-Savart to this current path. The (d) renderings and (e) field profile were calculating using
Mathematica 4.0.
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0 r, = smallest radius of coil (8.5 mm)
=FXF, X — ' :
r(®) f; XTIy cos| " ] r,= multiplier to describe maximum radius (2)

k = variable to describe pitch (1.0)
n = number of turns (8)

ZVPC((P ) = r;—s x Tanh [_(p_/E] s = a pitch constant (2.625)
~ n

v = variable to describe radial function

(2)

B (x,y,2)= f r@) —r(p)(ysing +xcoso) 1
- K“ r@)coso) +(y—r(e)singJ +(z- zVPC((p))]J B,

Figure 3.19 (continued) A variable-pitch and -radius coil was mathematically generated using a radial
function () to describe the changes in the coil radius with ¢ and a pitch function, zZVPC(p). The radial
function, pitch function, and constants used to render this coil shape are shown above. (f) The oblique
(left) and side (right) views of the rendered coil shapes. The RF field for this coil was calculated using the
above B,, equation for a slice on the y axis (y = 0) dimension and covering the sample volume (x =-5.47 to
547 mm and z=-11.025 to 11.025 mm. (g) The oblique view ot the field profile generated from app[vmo
the law of Biot-Savart to this current path. The (f) renderings and (g) field profile were calculating using
Mathematica 4.0.
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Chapter 4

“C NMR SPECTRAL EDITING OF HUMIC MATERIAL EXTRACTED FROM

UNCOMPAHGRE NATIONAL FOREST SOIL

4.1 Introduction

During the past 20 years, “C NMR has emerged as one of the premier experimental
approaches for characterizing solid samples of organic-geochemical origin'~. including

3 and peats™ . All of this work has included

coal®"?, oil shale™™, humic materials
magic-angle spinning (MAS) for averaging (narrowing) line broadening due to chemical
shift anisotropies (CSA)*™, as well as inhomogeneities and discontinuities in local
magnetic susceptibilities throughout a sample, and high-power 'H decoupling for
averaging (narrowing) line broadening due to 'H-">C magnetic dipole-dipole
interactions®. While there may be an advantage in directness of quantitation in using
direct polarization (DP) in generating *C magnetization via *C spin-lattice relaxation
(characterized by the relaxation time, T;<)**, the overwhelming portion of previously
published work has employed 'H to ">C cross polarization (CP) for generating observable

434
[15'6

13C magnetizatio . The main advantage of CP over DP approaches lies in sensitivity,
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or signal-to-noise (S/N), because the CP approach, which depends on '"H-"3C magnetic
dipole-dipole interactions, yields a substantial "*C signal enhancement (roughly Y/,
where v is the nuclear magnetogyric ratio), and the relaxation parameter that limits the
repetition rate in multi-scan CP experiments is T, rather than the usually much larger
T, .

The main parameter/criterion used in making structural identifications (peak
assignments) in '*C MAS studies of solid organic-geochemical samples has been the "*C
chemical shift, which has a range of more than 200 ppm for diamagnetic samples and
provides a high degree of shift-vs-structure selectivity. Use of this parameter has been
aided by various time-domain strategies. Most prominent and popular of these has been
“interrupted-decoupling” or “dipolar dephasing”"s“s.

[n a dipolar-dephasing CP-MAS 13C NMR experiment, an interrupt period is
inserted between the end of the CP period and the beginning of data acquisition; during
this interrupt period both the "*C and 'H (decoupler) channels are turned off and
transverse *C magnetization is allowed to evolve under the influence of 'H-"*C dipolar
interactions prior to turning on the 'H decoupler for data acquisition. The °C
magnetization of CH and CH, groups dephases rapidly during the interrupt period (e.g..
almost completely in about 70 ps), while >C< groups dephase much more slowly.
because they have no directly attached hydrogen atoms. CHj groups typically behave
substantially like >C< groups, because rapid methyl-group rotation largely averages 'H-
13C dipolar interactions.

A more refined and sophisticated method of *C CP-MAS spectral editing, also

based on behavior grounded in 'H-B¢ dipolar interactions, was introduced by Wu, Burns.
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and Zilm*. This method is based on a detailed analysis of the behaviors of CH3, CH»,
CH and >C< moieties under conditions of cross polarization, depolarization (vide infra)
and polarization inversion. The results of four separate CP-MAS experiments, with
carefully chosen periods of cross polarization, depolarization and polarization inversion.
are combined to produce three subspectra, representing CH groups, CH; groups and CH;
+ >C< groups. Because this approach combines individual spectra, each of which has a
lower S/N than can potentially be obtained by CP-MAS, it suffers from basic sensitivity
constraints and is correspondingly very time consuming. The study reported here was
undertaken to see if this approach could profitably be applied to a humic sample. Sucha
study had not previously been reported, although a somewhat similar study has been
reported on dried pine needles®. The work presented here is part of an extensive *C
NMR study of a suite of humic samples isolated from soil in the Uncompahgre National
Forest of southwestern Colorado. Most details of that study will be reported elsewhere.
One of the main areas of emphasis in our *C NMR study of Uncompahgre
samples is the issue of quantitation. This matter, and its relation to the static magnetic
field strength of the NMR spectrometer has been discussed previously for organic-
geochemical solids®'. After considering all relevant issues, e.g., ) spinning sideband
intensity and its relationship to CSAs and MAS speed, 2) the relationship between MAS
speed and sample size and 3) the relationship between MAS speed and CP
efficiency/dynamics (certainly improved by modulated CP techniquesﬂ’ﬁ), we concluded
that for typical soil organics, when large amounts of samples are available, the optimal
spectrometer field for maximum S/N in *C MAS experiments is close to 2.35 T (100

MHz 'H, 25.1 MHz “C). At this field, a large sample volume (roughly 2 cm®) can be
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spun at about 4.6 kHz, a MAS speed for which MAS sidebands have small intensities

with little or no overlap over the spectral regions of interest.

4.2 Experimental Section

4.2.1 Extraction of Humic Substances

Topsoil collected from an Aspen tree stand in the Uncompahgre National Forest
in southern Colorado was dried at 55 °C until a constant weight was achieved. The dried
soil was passed through a 24 mesh screen to remove large pieces of un-decomposed leaf-
litter and stones. The soil (4.0 Kg) was then placed into a polyethylene carboy with a
magnetic stirrer (to remove ferromagnetic particles) and 40 L of 0.1 M NaOH. The
soil/base mixture was agitated overnight under flowing Na. The insoluble fraction was
filtered off from the mixture and rinsed several times with a total of 4 L. of HPLC grade
water. Smaller clay particles were separated from the base solution by centrifugation at
9000 rpm. The washings and filtrate were combined and placed into a polyethylene
carboy where the pH was adjusted to 2 using concentrated HCI. The solution was
allowed to sit undisturbed overnight. A dark brown precipitate (humic acid) formed
overnight which was separated from the remaining solution by centrifugation at 9000
rpm. The humic acid was dried by rotary evaporation at 15 mbar and 50 °C for a total
humic acid yield of 322 g. Elemental analysis provided by Huffman Laboratories gave
44.87 percent carbon, 39.4 percent oxygen, and 5.2 percent hydrogen. The remaining
fulvic acid and humin fractions were collected for further experiments not described in

this publication.
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4.2.2 NMR Spectroscopy

All of the solid-state NMR experiments were completed on a home-built
spectrometer with a Chemagnetics Phoenix data system upgrade and Spinsight
acquisition software. This spectrometer operates at a 'H frequency of 100.5 MHz and a
13C frequency of 25.2 MHz. Cross polarization was achieved for all experiments with 50
kHz, or greater, RF fields and repetition delays of 1 s. A home-built magic angle
spinning probe with a Chemagnetics-style 9.5 mm (0.d.) MAS rotor was employed for
spectral-editing experiments. A MAS spinning speed of 5.2 kHz and 700 mg of humic
acid were used for the humic acid spectral-editing experiments. A home-built two-
channel probe utilizing Chemagnetics-style 14 mm (0.d.) zirconia rotors was employed
for the interrupted-decoupling experiments, with a MAS spinning speed of 4.6 kHz and

1.8 g humic acid sample.

4.3 Results

4.3.1 Dipolar Dephasing

13C CP-MAS experiments with dipolar dephasing were carried out on the
Uncompahgre humic acid as a function of the dipolar-dephasing period, t49. The results
are shown in Figure 4.1. In that figure one sees that °C NMR intensity in the 150-180
ppm region, in the region around 57 ppm and in the 10-30 ppm region substantially
survives even a dephasing period of 150 ps. These regions can be identified primarily

with carbonyl groups of ketones and carboxyl moieties (~ 180-160 ppm), OH-substituted
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carbons of phenolic moieties (~165-150 ppm) and methyl carbons in OCH; (57 ppm) or

C-CHj; moieties (~35-10 ppm).

4.3.2 WBZ Spectral Editing

The spectral-editing approach introduced by Wu, Burns and Zilm (WBZ),
based on a series of studies from that group**~®%, was also applied to the Uncompahgre
humic acid. This method is based on a prescribed combination of four different CP-MAS
experiments. These four experiments. denoted by the abbreviations SCP, SCPPI, SCPD
and LCPD, are represented in the timing diagrams in Figure 4.2.

The SCP experiment shown in Fig. 4.2B is a cross polarization experiment with a
short CP contact period, 2tcp (40 ps). The phase alternation indicated in the CP contact
period is included to minimize sensitivity to CP mismatch’®*’. The spin-lock periods,

1:[5[_ and tss[_, were included by Wu, Burns and Zilm to maintain equal spin-lock times. in

each channel, among the four experiments. Aside from the use of a very short CP contact
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period with phase alternation, and inclusion of the spin-lock periods t's; and s, the
SCP experiment is very similar to a “standard” CP-MAS experiment, but with a much
shorter CP contact period. A corresponding experiment with a long CP period (LCP) is
shown in Figure 4.2A. Because the 40 ps CP contact period of the SCP experiment is so
short, it is primarily the rigid CH and CH, carbons that are polarized during the 2tcp
period, and the quasi-equilibrium polarizations that these carbons acquire during this
period are only 1/2 and 2/3, respectively, of the corresponding “normal” CP polarization
in a LCP experiment. These attenuations are due to the fact that within 40 ps there is not
sufficient time for the CH and CH, protons to be repolarized from other protons (via 'H-
'H flip-flops), following the partial transfer of polarization to *C. Thus. if one compares
the LCP and SCP spectra obtained on the Uncompahgre humic acid, in Figures 4.3A and
4.3B, respectively, one sees a substantial diminution in Fig. 4.3B (relative to 4.3A) in the
same spectral regions that survive interrupted decoupling most strongly (Fig. 4.1) - i.e..
regions corresponding to CH; and >C< groups.

Figure 4.2C shows the timing sequence of the SCPPI experiment. i.e.. a cross
polarization experiment carried out with a short CP contact period (40 ps), followed by a
period of polarization inversion brought about by a suitable alteration of the relative
phases of the 'H and "*C spin-lock (RF) fields (with 2tp; = 32.8 us in Fig. 4.2). This
experiment leads, ideally, to a nulled CH signal and a CH; signal that is -2/9 (inverted in
phase) of the optimized CP intensity. Since one expects only a minor CH; and >C<
intensity from a short-CP experiment, the SCPPI experiment ideally yields a CH;-only
spectrum (with inverted and attenuated amplitude). One sees in Figure 4.3C that the

SCPPI spectrum of the Uncompahgre humic acid is a low-S/N spectrum.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



M

(e) LCPD

(d) SCPD

(c) SCPPI

(b) SCP

Y
\/

(a) LCP
lll]’l{lllllilillllllllllillllll!lil llllllllil

300 200 100 0 -100
ppm

Figure 4.3 "C CP-MAS spectra of Uncompahgre humic acid (700 mg) obtained at a spinning speed of 5.2
kHz. (a) LCP, with 21, = 1.5 ms, T'y_= 140 ps, t° =400 ps, after 48000 acquisitions: (b) SCP. with 2z, =
40 ps, T = 1.6 ms, Ty =400 ps, after 172,000 acquisitions; (c) SCPPI, with 2t., =40 ps, t¢ = 1.6 ms,
T = 367 ps, 21, = 32.8 us, after 172,000 acquisitions; (d) SCPD, with 2t., =40 ps, t'q = 1.6 ms, Ty =
300 ps, 4t, = 120 ps, after 172,000 acquisitions; (¢) LCPD, with 21, = 1.5 ms, t'y, = 140 ps. t°g =400 ps.
41, = 120 ps, after 48,000 acquisitions.
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Figure 4.2D shows the timing sequence of the SCPD experiment, executed with a
short CP contact period that is followed by a period of proton depolarization and
associated "C depolarization of CH and CH, groups (with 4tp = 120 us in Fig, 4.2). The
net result expected of this experiment is a spectrum consisting primarily of small >C(
and CHj intensities that are generated during the short CP contact period. Figure 4.3D
shows that the SCPD spectrum of the Uncompahgre humic acid has very poor S/N.

Figure 4.2E represents the LCPD experiment, i.e., a CP experiment carried out
with a long CP contact period (in this case 1.5 ms) to permit, ideally, full polarization for
all carbons, followed by a depolarization period designed to eliminate signals due to CH
and CH, moieties. Hence, this experiment is expected to yield ideally a (CH; + )C( )-
only spectrum. One can see that the LCPD spectrum of the Uncompahgre humic acid.
shown in Figure 4.3E, resembles the dipolar dephasing spectrum of Figure 4.1. obtained
with a 75 us dephasing period.

The typical goal of a spectral editing procedure for 13C NMR is to generate a CH-
only subspectrum, a CH,-only subspectrum, a CH;-only subspectrum and a subspectrum
representing only quaternary (>C<) carbons. The WBZ method generates CH-only and
CH;-only subspectra, and a third subspectrum representing only the combination of CH;
and )C( groups; the two contributions in the last subspectrum were partitioned by Wu.
Burns and Zilm by recognizing that, in the samples of immediate interest to them, CHj;
resonances always occur at chemical shifts < 35 ppm and )C( resonances always occur
at> 35 ppm.

The WBZ recipe for generating the three basic subspectra is to take appropriate

linear combinations of the SCP, SCPPI, SCPD and LCPD spectra discussed above. The
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coefficients in these linear combinations were chosen empirically, based on model
compounds, but show a close correspondence with theoretical considerations of the type
outlined above (e.g., the =2/9 factor for CH; groups in the SCPPI experiment). Figure 4.4
shows diagrammatically the specific linear combinations of SCP, SCPPI, SCPD and
LCPD spectra that are used to generate the three basic subspectra in the WBZ method.
The combination factors shown above the arrows in that figure are those of Wu, Burns
and Zilm; the factors presented in brackets below the arrows were empirically determined
in this study based on intensities and combination properties of SCP. SCPPI, SCPD and
LCPD spectra of monoethyl fumarate. This latter set are the values used for the work
presented here.

In order to implement the WBZ procedure represented in Figure 4.4, one must be
able to distinguish between CH; and )C( contributions to the LCPD spectrum. because
these two components are not distinguished by the time-domain editing in the WBZ
process. Also, different combination factors (empirically 1.86 and 1.21) are used to
generate CH;-only and )C(-only subspectra and are used in generating the CH-only
subspectrum. Although, as indicated above, Wu, Burns and Zilm were able to use a
chemical-shift criterion for partitioning the LCPD spectrum into >C< -only and CHj;-
only contributions, we cannot use that criterion for the Uncompahgre humic acid case,
because we believe that OCHj; groups are major contributors to intensity in the 50-60
ppm region. This belief is at least partially grounded in the dipolar-dephasing behavior
shown pictorially in Figure 4.1; detailed spectral deconvolutions of those spectra (not
shown here), reveal that the peak centered at about 57 ppm behaves much more like a

methyl peak than a quaternary carbon contribution, as characterized by Hatcher and co-
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Figure 4.4 The WBZ scheme for generating the (CH, + C, )-only, CH,-only, and CH-only subspectra. and
the full spectrum, showing combination factors suggested by Wu, Burns, and Zilm (above arrows) and
those determined empirically in this study from experiments on monoethylfumarate (below arrows. in
brackets).
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workers”jg'él; this peak is attenuated much more slowly than are CH or CH; peaks (e.g.,
32 ppm or 72 ppm peaks), but much faster than is the carbonyl peak (170-180 ppm)
under dipolar-dephasing conditions. On this basis, we set 60 ppm, rather than 35 ppm. as
the border between )C(-only contributions (>60 ppm) and CHj-only contributions (<
60 ppm) in the LCPD spectrum. To the extent that this demarcation is invalid, i.e., to the
extent that there is some >C< intensity in the 0-60 ppm region, the (CH; + >C<)-only
subspectrum will have slightly too much intensity in that region, and the CH-only
subspectrum will have slightly too little intensity in that region.

Figure 4.5 shows for the Uncompahgre humic acid the full (LCP) spectrum
(4.5A), the CH-only subspectrum (4.5B), the CH;-only subspectrum (4.5C) and the (CHj;
+ >C<)-only subspectrum (4.5D) derived from the procedure represented in Figure 4.4.
Figure 4.6 shows a comparison of the full (LCP) spectrum of the Uncompahgre humic
acid (4.6A) with the synthetic spectrum (4.6B) constructed by adding the three (4.5B.
4.5C and 4.5D) subspectra together, each of which was generated according to the
scheme shown in Figure 4.4. This comparison is most easily seen in the difference

spectrum (4.6C), corresponding to: spectrum 4.6B — spectrum 4.6A.
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Figure 4.5 "C CP-MAS subspectra of Uncompahgre humic acid. (a) full (LCP) “C CP-MAS spectrum: (b)
CH-only spectrum; (¢} CH,-only spectrum; and (d) (CH, + C,)-only spectrum.
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Figure 4.6 (a) full °C CP-MAS (LCP) spectrum of Uncompahgre humic acid: (b)
synthetic "C CP-MAS spectrum generated by adding 4.5(b), 4.5(c). and 4.5(d) together;
and (c) difference spectrum: spectrum 4.6(a) - spectrum 4.6(b).
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4.4 Discussion

The “normal” CP-MAS *C NMR spectrum of the Uncompahgre humic acid (Fig.
4.1, ©=0s) has major peaks at 190, 175, 150, 130, 104, 72, 57, 32, and 22 ppm. The
broad peak at 22 ppm corresponds to a chemical shift that has typically been assigned to

62-64

terminal methyl groups of alkyl chains™™". This peak assignment is consistent with its

appearance in the (CHj + >C<)-only subspectrum (Fig. 4.35D) and with its slow dipolar-
dephasing decay, as can be seen in Figure 4.1. The fact that peak intensity at 22 ppm is
insignificant in the other subspectra supports this assignment. This chemical shift has
also been assigned to the acetyl methyl groups in hemicellulose®®, which is consistent
with its occurrence in humic acid spectra.

The peak at 32 ppm corresponds to a chemical shift that has typically been

62.63.66

assigned to methylene carbons in alkyl chains , and to CHj3 groups of acetyl groups

attached to aliphatic structures®’. These shift assignments are consistent with the peaks at
32 ppm observed in the CH;-only subspectrum and (>C< + CH;)-only subspectrum.
respectively. In the CH-only subspectrum, the intensity at this chemical shift is likely
due to methine carbons in aliphatic chains. Unlike the resonance at 22 ppm. the peak at
32 ppm has contributions to its intensity from a combination of markedly different
chemical structures. This hypothesis that the 32 ppm peak contains contributions from
CH; moieties, CHj; groups, and possibly >C< moieties, is supported by the faster dipolar
dephasing of this peak, relative to the entirely methyl peak at 22 ppm, suggesting that the
intensity at 32 ppm is not entirely due to methyl-group functionality, and by the presence

of intensity at 32 ppm in each of the three subspectra.
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61-64,68-69 and to

A major peak at about 57 ppm is often assigned to OCHj; groups
amino-acid (HOOC-RC*H-NH-) carbons®**’. The CH, subspectrum has no significant
intensity at this position, which is consistent with the proposed structure assignments.
The small peak at 57 ppm in the CH-only subspectrum suggests a minor contribution
from the amino-acid moieties. The characteristically slow dipolar-dephasing behavior for
the 57 ppm peak, shown in Figure 4.1, is consistent with a methoxy chemical shift
assignment, with a minor or no contribution to the 57 ppm peak from amino-acids.

A peak at 72 ppm is generally associated with secondary alcohol carbons,

65.70-72

including those of cellulose and hemicellulose , which is consistent with the fact the

intensity at 72 ppm was found in the CH subspectrum, but in neither the (CH; + >C<)-
only nor the CH;-only subspectra. Intensity in this region in the spectrum of Fig. 4.1 (t=
0) is spread over roughly 20 ppm, covering the chemical shifts characteristic of C,, Cs.
C., Cs and Cg (all but the anomeric carbons -- C,) of cellulose and similar polymeric
carbohydrate structures®>%7%7! | The 72 ppm peak in Figure 4.1 displays the fastest
dipolar-dephasing of all carbons in this humic acid, being completely diminished after
only 75 ps of dephasing time. This behavior is consistent with both CH and CH, groups.

For interpreting the peak centered at 104 ppm in the *C CP-MAS spectrum of the
Uncompahgre humic acid, we note that the anomeric carbon of a glucose fragment in a
carbohydrate, e.g., cellulose, is generally accepted to have a chemical shift of about 104
ppm®™°, the exact value depending on the identity of the next sugar unit to which it is
linked. Intensity at 104 ppm appears in the CH subspectrum (Fig. 4.5B). The C, carbons
of both guaiacyl and syringyl lignin structures and the C¢ carbon of syringyl units also

show ">C NMR intensity in the 105 ppm region”"*; such structural moieties would be
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expected to show intensity in a CH subspectrum. Upon close observation, there also
appears to be small intensity in the (CH; + )C()-only subspectrum (Fig. 4.5D) centered
at about 105 ppm. The )C( groups of hemi-ketal structures in sugars, if present, would

contribute intensity at this chemical shift in the (CH; + >C<)-only subspectrum, while
hemi-acetal structures®™*® would contribute intensity in this region in the CH-only
subspectrum. A relatively fast dipolar dephasing is observed (Fig. 4.1) for the peak
centered at roughly 105 ppm, which is consistent with a CH (or CH,) moiety (hemi-
acetal), not a >C< structure (hemi-ketal).

Centered at about 130 ppm is a broad peak (~30 ppm width) that manifests itself
in both the CH-only and (CHj; + >C<)-only subspectra. Chemical shifts in this region
are generally identified with a wide variety of aromatic structures, including the C;
quaternary carbons of guaiacyl and syringyl lignin units and the C¢ carbon of
guaiacyl™™. Nearly all the signal intensity at 150 ppm in the °C CP-MAS spectrum of
the Uncompahgre humic acid manifests itself in the (CH; + )C()-on[y subspectrum.
corresponding to substituted aromatic carbons. The relatively slow dipolar dephasing
observed for this peak in Figure 4.1 is consistent with this quaternary carbon assignment.
The 150 ppm chemical shift is frequently identified with O-substituted carbons in
aromatic structures, including both -OCHj3 groups (e.g.. C; and Cs of syringyl and C; of
guaiacyl).rus'76 and —OH groups (e.g., Cs of syringyl and guaiacyl)n'n'm: also consistent
with this chemical shift are -COOH substituted aromatic carbons®>®*. No intensity in
the 150 ppm region appears in the CH;-only and CH-only subspectra of the

Uncompahgre humic acid, which is consistent with these chemical shift assignments. The

C4 carbons of guaiacyl units involved in ether linkages to Cg of adjacent lignin units have
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also been assigned previously to this chemical shift%, as have C,-OH carbons of
guaiacyl; such structural assignments are consistent with our spectral editing results.

The major peak centered at 175 ppm is consistent with carbonyl carbons of a

62-64,67,69 63.71

, including those of hemicellulose 646169

variety of structures and amides
Such carbonyl assignments are consistent with our spectral editing results, in which
intensity centered at 175 ppm is found only in the (CH; + >CZ)-only subspectrum.
Similarly, ketone carbonyl intensity in the 190 ppm is also manifested only in the (CH; +
)C()-only subspectrum. Carbonyl carbons in these structures don’t experience a strong
dipolar coupling with protons, as is experimentally confirmed by the very slow dipolar-
dephasing results observed for the peak centered at 175 ppm in the humic acid spectrum
(Fig. 4.1).

In summary, the solid-sample *C NMR spectral editing procedure introduced by
Wu, Burns and Zilm* isa practicable technique for humic materials. and accordingly can
be applied successfully with a reasonable choice of hardware. Decomposition of the CP-
MAS spectrum into CH;-only, CH-only and (CH; + >C<)-only subspectra augments
one’s ability to assign specific chemical-structural features to specific regions of the
spectrum. This approach often confirms, or delineates between, structural assignments
based on just "*C chemical shifts. Dipolar-dephasing data provide supporting
information. As expected from previously published studies on other types of complex
organic samples***°, the SCPD and SCPPI spectra prescribed by WBZ have very low
S/N, even though they are commonly acquired with an enhanced number of repetitions.
Since the CHj-only subspectrum is derived directly from the latter, the resuiting CHa-

only subspectrum has a low S/N.
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Figure A2-2 Deconvolutions of the “C T, relaxation spectra of the Uncompahgre whole soil data found in
Figure 2.2(a). The delay period for each spectrum is written above and to the left of each spectrum. For
each delay period, the uppermost spectrum is the experimental spectrum, the next lower trace is the
"synthetic” spectrum, the next lower are the individual deconvoluted peaks, and the lowermost spectrum is
the "difference spectrum”. The synthetic spectrum was generated by adding the peak areas of the
deconvoluted peaks (third trace from top). The difference spectrum is generated by subtracting the
experimental spectrum from the synthetic spectrum and gives an indication of the success of the
deconvolution procedure.
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Figure A2-2 (Continued).
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Figure A2-2 (Continued).
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Figure A2-3 Deconvolutions of the 'C T, relaxation spectra of the HF-treated Uncompahgre whole soil
data found in Figure 2.3(a). The delay period for each spectrum is written above and to the left of each
spectrum. For each delay period, the uppermost spectrum is the experimental spectrum, the next lower
trace is the "synthetic” spectrum, the next lower are the individual deconvoluted peaks. and the lowermost
spectrum is the "difference spectrum”. The synthetic spectrum was generated by adding the peak areas of
the deconvoluted peaks (third trace from top). The difference spectrum is generated by subtracting the

experimental spectrum from the synthetic spectrum and gives an indication of the success of the
deconvolution procedure.
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Figure A2-3 (Continued).
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Figure A2-3 (Continued).
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Figure A2-3 (Continued).
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Figure A2-4 Deconvolutions of the "C T, relaxation spectra of the humin fraction data found in Figure
2.4(a). The delay period for each spectrum is written above and to the left of each spectrum. For each
delay period, the uppermost spectrum is the experimental spectrum, the next lower trace is the "synthetic"
spectrum, the next lower are the individual deconvoluted peaks, and the lowermost spectrum is the
"difference spectrum”. The synthetic spectrum was generated by adding the peak areas of the deconvoluted
peaks (third trace from top). The difference spectrum is generated by subtracting the experimental
spectrum from the synthetic spectrum and gives an indication of the success of the deconvolution
procedure.
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Figure A2-4 (Continued).
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Figure A2-5 Deconvolutions of the “C T, relaxation spectra of the humic acid fraction data found in
Figure 2.5(a). The delay period for each spectrum is written above and to the left of each spectrum. For
each delay period, the uppermost spectrum is the experimental spectrum, the next lower trace is the
"synthetic" spectrum, the next lower are the individual deconvoluted peaks, and the lowermost spectrum is
the "difference spectrum”. The synthetic spectrum was generated by adding the peak areas of the
deconvoluted peaks (third trace from top). The difference spectrum is generated by subtracting the
experimental spectrum from the synthetic spectrum and gives an indication of the success of the
deconvolution procedure.
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Figure A2-5 (Continued).
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Figure A2-5 (Continued).
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Figure A2-6 Deconvolutions of the "C T, relaxation spectra of the fulvic acid fraction data found in Figure
2.6(a). The delay period for each spectrum is written above and to the left of each spectrum. For each
delay period, the uppermost spectrum is the experimental spectrum, the next lower trace is the "synthetic”
spectrum, the next lower are the individual deconvoluted peaks, and the lowermost spectrum is the
"difference spectrum”. The synthetic spectrum was generated by adding the peak areas of the deconvoluted
peaks (third trace from top). The difference spectrum is generated by subtracting the experimental
spectrum from the synthetic spectrum and gives an indication of the success of the deconvolution
procedure.
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Figure A2-6 (Continued).
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Figure A3-6 Deconvolutions of the variable contact time spectra of the Uncompahgre whole soil data
found in Figure 3.6(a). The contact time for each spectrum is written above and to the left of each
spectrum. For each contact time, the uppermost spectrum is the experimental spectrum, the next lower
trace is the "synthetic" spectrum, the next lower are the individual deconvoluted peaks. and the lowermost
spectrum is the "difference spectrum"”. The synthetic spectrum was generated by adding the peak areas of
the deconvoluted peaks (third trace from top). The difference spectrum is generated by subtracting the
experimental spectrum from the synthetic spectrum and gives an indication of the success of the
deconvolution procedure.
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Figure A3-6 (Continued).
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Figure A3-6 (continued).
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Figure A3-6 (Continued).
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Figure A3-6 (Continued).
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Figure A3-6 (continued).
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Figure A3-7 Deconvolutions of the variable contact time spectra of the HF-treated Uncompahgre whole
soil data found in Figure 3.7(a). The contact time for each spectrum is written above and to the left of each
spectrum. For each contact time, the uppermost spectrum is the experimental spectrum. the next lower
trace is the "synthetic" spectrum, the next lower are the individual deconvoluted peaks, and the lowermost
spectrum is the "difference spectrum”. The synthetic spectrum was generated by adding the peak areas of
the deconvoluted peaks (third trace from top). The difference spectrum is generated by subtracting the

experimental spectrum from the synthetic spectrum and gives an indication of the success of the
deconvolution procedure.
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Figure A3-7 (Continued).
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Figure A3-7 (Continued).
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Figure A3-7 (Continued).
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Figure A3-7 (Continued).
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Figure A3-8 Deconvolutions of the variable contact time spectra of the humin fraction data found in
Figure 3.8(a). The contact time for each spectrum is written above and to the left of each spectrum. For
each contact time, the uppermost spectrum is the experimental spectrum, the next lower trace is the
"synthetic" spectrum, the next lower are the individual deconvoluted peaks, and the lowermost spectrum is
the "difference spectrum”. The synthetic spectrum was generated by adding the peak areas of the
deconvoluted peaks (third trace from top). The difference spectrum is generated by subtracting the
experimental spectrum from the synthetic spectrum and gives an indication of the success of the
deconvolution procedure.
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Figure A3-8 (Continued).
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Figure A3-8 (Continued).
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Figure A3-8 (Continued).
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Figure A3-8 (Continued).
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Figure A3-8 (Continued).
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Figure A3-9 Deconvolutions of the variable contact time spectra of the humic acid data found in Figure
3.9(a). The contact time for each spectrum is written above and to the left of each spectrum. For each
contact time, the uppermost spectrum is the experimental spectrum, the next lower trace is the "synthetic”
spectrum, the next lower are the individual deconvoluted peaks, and the lowermost spectrum is the
"difference spectrum”. The synthetic spectrum was generated by adding the peak areas of the deconvoluted
peaks (third trace from top). The difference spectrum is generated by subtracting the experimental
spectrum from the synthetic spectrum and gives an indication of the success of the deconvoiution
procedure.
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Figure A3-9 (Continued).
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Figure A3-9 (Continued).
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Figure A3-9 (Continued).
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Figure A3-10 Deconvolutions of the variable contact time spectra of the fulvic acid data found in Figure
3.10(a). The contact time for each spectrum is written above and to the left of each spectrum. For each
contact time, the uppermost spectrum is the experimental spectrum, the next lower trace is the "synthetic”
spectrum, the next lower are the individual deconvoluted peaks, and the lowermost spectrum is the
"difference spectrum”. The synthetic spectrum was generated by adding the peak areas of the deconvoluted
peaks (third trace from top). The difference spectrum is generated by subtracting the experimental
spectrum from the synthetic spectrum and gives an indication of the success of the deconvolution
procedure.
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Figure A3-10 (Continued).
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Figure A3-10 (Continued).
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Figure A3-10 (Continued).
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Figure A3-10 (Continued).
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