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ABSTRACT 

 

Soil organic matter (SOM) is the largest reservoir of organic carbon at the earth’s 

surface.  Its chemistry plays a crucial role in a wide range of issues including agricultural 

sustainability, pollution/contamination, and medicine.  For instance, SOM is vital to soil 

fertility by affecting physical and chemical properties of soil and in controlling soil 

microbial activity by serving as a source for mineralizable C and N.  Soil organic matter 

is also very influential in the transport and fate of organic and inorganic anthropogenic 

chemicals because of its heterogeneity and highly functionalized nature.  Therefore, an 

understanding of SOM at the molecular level is a critical and worthwhile undertaking.   

Solid-state 
13

C nuclear magnetic resonance (NMR) spectroscopy has come to be 

considered the pre-eminent analytical technique for the study of soil organic matter in its 

entirety.  Despite its widespread use, 
13

C CP-MAS NMR of soils, especially mineral 

soils, has been hindered by low carbon content, and in many cases, by the presence of 

paramagnetic species such as iron.  Chemical treatment methods, which must not 

severely compromise the chemistry of the original soil organic matter, have been 

developed to remedy these problems.  However, the effects of these treatments on soils 

have only been examined in a qualitative fashion on a limited number of soil types.  

Therefore, the effectiveness of commonly employed treatment agents in the removal of 

paramagnetics from mineral soils was examined, along with the resulting quantitative 

reliability of the NMR spectra and spin dynamics of these soils, both of which provide 

organic matter structural information. Major differences in functional group distributions 

were found in certain treatment method/soil type combinations as well as discrepancies in 

sample spin dynamics.  This work is the first time such a detailed examination on the 

implications of using chemical treatment methods to improve 
13

C CP-MAS NMR spectra 

of soils has been reported. 

 
13

C CP-MAS NMR spectroscopy also is an excellent analytical technique to probe 

the metal binding properties of soil organic matter.  This advantage is due to the tendency 



 xiii

of paramagnetic cations to enhance NMR relaxation phenomena at the molecular sites in 

which they are present.  Metal-humate interactions were investigated using paramagnetic 

doping of unmodified and chemically modified peat to follow changes in sample spin 

dynamics.  Such an approach allowed for the functionalities involved in metal binding to 

be discerned.  Carboxyl and as well as O-alkyl functionalities were found to be the 

predominant sites involved in metal binding, and to a lesser extent phenol-type sites.  

Possible evidence for structural conformational changes in soil organic matter resulting 

from the blockage of particular sites was shown.  This work is the first time 
13

C CP-MAS 

NMR spectroscopy has been used in conjunction with chemical modifications to study 

metal binding in soils.  Such an approach will give a clearer understanding of the role 

functionality plays in metal binding to SOM.      
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CHAPTER 1 

 
INTRODUCTION 

 

 
Soil Organic Matter 

 

Soil organic matter (SOM), or humus as it is often referred, consists of all organic 

compounds in soil tissue, their partial decomposition products, and soil biomass.  The 

heterogeneous nature of this material and its origin-dependant composition make 

structural elucidation of SOM a difficult task.  Many of the components of humus still 

remain unidentifiable, even after decades of research into this area, due to a lack of 

sufficient analytical methodology.  Soil organic matter is the largest reservoir of organic 

carbon at the earth’s surface, and, thus, an understanding of its chemistry is critical from 

issues ranging from agricultural practices to pollution/remediation of substances such as 

toxic heavy metals and hydrophobic organic compounds (HOCs).  This chapter will focus 

on soils and soil organic matter chemistry, which has a critical role in soil environmental 

processes
1-5

 and is crucial for a true appreciation of the work presented in this 

dissertation.   

The major amorphous components of soil organic matter, which are poly-disperse 

and poly-electrolytic in nature, are operationally defined as humic acid, fulvic acid, and 

humin.  Humic acids are dark-colored organic materials extracted from soils by dilute 

alkali but are insoluble in dilute acids (pH < 2).  Fulvic acids are the fraction of soil 

organic matter, which is soluble under both alkali and acidic conditions.  Fulvic acids 

have lower molecular weights and lower carbon contents than humic acids, but have 

higher oxygen contents.  Fulvic acids also tend to possess higher total acidity than do 

humic acids due to the incorporation of carboxyl and phenolic groups with this 

component.  Humin, on the other hand, is insoluble in alkali, due to the higher molecular 

weights of this fraction when compared to humic and fulvic acids, and therefore, has only 
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been studied on a very limited basis.  Humic substances in general tend to be resistant to 

chemical and biological degradation.   

The recognizable compounds found in soils are known as non-humic substances 

because they can be categorized into distinct chemical classes such as amino acids, 

carbohydrates, fats, waxes, resins, organic acids, etc.  However, over time, 

microorganisms, which thrive in soils, process and rearrange these compounds through a 

series of complex depolymerization and oxidation reactions into heterogeneous 

biogeopolymeric materials.  It is believed that humus consists of ordered aggregates 

where hydrophobic regions of the molecules reside in the interior and the hydrophilic 

portion of the molecules exists on the exterior surfaces
6
.  These hydrophobic and 

hydrophilic regions account for phases into which non-polar compounds partition and 

with which charged species interact, respectively.  Furthermore, it has been recently 

found that within the aliphatic component in the hydrophobic region exist both crystalline 

and amorphous polymethylene domains
7
. 

Organic matter has several very important functions in soil.  It serves as a source 

of N, P, and S for plant growth as well as promoting soil structure for the retention of 

water.  Along with clays, SOM provides for soil aggregation and also for chelation of 

polyvalent metal cations such as Cu
2+

, Mn
2+

, and Zn
2+

, which are important 

micronutrients for plants.  The wide variety of functionality present in SOM gives soils a 

high cation exchange capacity (CEC) as well as a high buffer capacity over wide pH 

ranges.  Organic matter may exist in soil as insoluble macromolecular complexes or as 

macromolecular complexes bound together by di and trivalent cations (Ca
2+

, Al
3+

, Fe
3+

).  

SOM may also be associated with clay minerals through bridging by polyvalent cations 

(clay-metal-humus) or exist as organic substances within the inter-layers of expanding 

clays. 

Soil Organic Matter – Metal Associations 

 Given its highly functionalized nature, soil organic matter is capable of interacting 

with metal ions, metal oxides, metal hydroxides, and complex minerals to form metal-

organic matter associations.  Oxygen-containing functional groups (carboxyl, phenolic, 

carbonyl) can complex and dissolve metals and transport them within soils.  Since soil 
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organic matter is very heterogeneous, a wide variety of binding sites with differing 

affinities for metals is expected to exist.  Interactions between metals and humic 

substances can come about in a variety of ways in soil systems.  Clay minerals, which 

constitute an important fraction of the total soil make-up and account for much of the 

Fe
3+

 and Al
3+

 found in soil, are most often associated with organic matter adsorbed on 

their surfaces.  Figure 1.1 depicts the idealized structures of two commonly occurring 

clay minerals found in soils 
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Figure 1.1   Structure of the clay mineral, kaolin (a) and the iron oxide,  

                    hematite (b) 

b) 

a) 
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Clays may protect SOM from biological degradation as well as catalyze reactions of 

organic compounds at their surfaces.  Soil surfaces can be charged either positively or 

negatively depending on soil solution conditions (e.g., pH) and soil type and, thus, can 

affect metal ion binding. These charged regions usually reside on the edge of lattice clay 

minerals where surface hydroxyl groups and water are coordinated to single Al
3+

 ions and 

on the surface of sesquioxides and amorphous materials such as allophane, imogolite, and 

organic matter
8
.  Positively charged sites exist on aluminum and iron oxide/hydroxides 

which organic matter containing negatively charged sites can associate by coulombic 

attraction at the typical soil pH range of 5-8.  SOM can also interact with clays through 

ligand-exchange reactions in the clay interlayer whereby the organic matter can penetrate 

an iron or aluminum atom and become incorporated into the surface hydroxyl layer by 

displacing water molecules coordinated to the metal cation.  This mechanism is most 

efficient in expandable clay minerals such as smectite at lower pH (<5).  Fulvic acids are 

postulated to be involved in this binding scheme due to their small size, which may 

enable them to be transported into the intralamellar spaces of clays.  Some clay minerals 

may exhibit a negative surface charge due to isomorphous substitution of Si
4+

 by Al
3+

 in 

tetrahedral sheets or of Al
3+

 by Mg
2+

 in octahedral sheet structures allowing for 

electrostatic interactions between metal cations and the soil surface, which are easily 

exchanged by similarly adsorbed cations
9
.  Iron and aluminum at clay surfaces readily 

form polyhydroxy complexes, through a hydroxylation reaction incorporating water, with 

which humic substances associate through anion-exchange processes.  Hydrogen bonding 

is yet another mechanism by which SOM can interact with metals contained in clay 

structures.  “Water bridges” can link organic molecules to metal cations in the clay, 

especially when the cation has a high solvation energy.  The additive nature of this effect 

can produce a relatively stable complex.  Van der Waal’s forces also contribute to clay-

SOM associations.  The extent of adsorption of humic materials on mineral surfaces 

ultimately depends on a variety of factors including water content of the system, 

properties of the organic matter, properties of the clay mineral, and pH of the system.  

 Metal-humate complexes in soils are mostly insoluble due to interactions with 

clay minerals.  These types of associations reduce the mobility and bioavailablity of 

essential trace elements.  Gu et al.
10

 showed that the steric arrangement of hydroxyl and 
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carboxyl functional groups may play a crucial role in the adsorption of SOM molecules 

by a ligand-exchange mechanism.  Humic materials that are soluble due to charge 

repulsion become less soluble with the presence of metal ions as the charge is reduced 

and the humic molecule alters its form from a stretched configuration to one which is 

collapsed thereby increasing its hydrophobicity.  Chelation seems to be the dominant 

mechanism at lower metal/humate ratios, particularly with fulvic acids which contain a 

higher portion of oxygen containing functional groups.  However, as this ratio is 

increased, electrostatic attraction takes on a more predominant role.  Figure 1.2 illustrates 

the various metal binding scenarios to soil organic matter. 

 

Figure 1.2   Proposed Diagram of Clay-Humate Complex in Soil. Taken from  

                    reference 1 

                   

Metal binding to soil organic matter is ultimately influenced by a variety of factors 

including the amount of organic matter present, the concentration of the metal ion, and 

the concentration of other metals (e.g. Al
3+

 and Ca
2+

), which may compete for the same 
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binding sites.  However, highly selective specific adsorption of metal ions to specific 

binding sites on soil surfaces can occur, especially at lower metal ion concentrations 

where competition effects are not exhibited as strongly. Alloway et al.
11

 showed a 

preferential binding order of metal ions to a soil surface as Cd > Zn > Cu > Pb.  Adsorbed 

humic substances are expected to increase metal sorption at lower pH, where humic 

substances are strongly adsorbed to the mineral surfaces and metal sorption to the mineral 

surfaces is low
12

.  Certain metal cations (Cu, Cd, Ni) may even have a higher binding 

affinity to surface adsorbed humic substances than to dissolved organic matter
13

.  Other 

studies have found that electrostatic interactions between mineral surfaces and adsorbed 

humic substances affect metal binding to both the mineral surface and adsorbed humic 

substance
14

.   

Interactions between metal cations and soil particles occur at the solid-solution 

interface.  Most metal cations form “outer sphere” complexes with typical metal binding 

to functional groups where the metal ion remains fully hydrated and there is non-direct 

coordination with the ligand (non-specific binding).  However, strongly bound metal ions 

such as Cu
2+

 and Pb
2+

 form “inner sphere” complexes where functional groups of organic 

matter displace water molecules associated with the metal cation to form very stable 

complexes
15

.  Copper (II) complexation by humates was shown to be strongest under 

alkaline conditions, and decreases in acidic conditions due to competition with protons 

for binding sites
2
.  However, at higher pH organic matter may be soluble in the soil 

solution and thus give the appearance of lower metal binding capacity of the solid phase 

or precipitates of metal hydroxides may give higher metal binding values.  Humic 

substances still complex metal ions more efficiently than clay minerals in acidic 

conditions because humates tend to form strong complexes with free aquo metal ions 

such as Cu
2+

, which exist at low pH, whereas minerals prefer hydrolyzed species that 

exist in near neutral conditions such as CuOH
+16

.  Another factor which influences metal 

binding to soil is ionic strength of the soil solution.  Naidu et al.
17

 demonstrated that 

changes in ionic strength of the soil solution influenced surface chemical properties of 

soils and altered their capacity to adsorb metal ions.  For instance, the presence of Ca
2+

 

reduced Cd
2+

 adsorption by competing for specific sorption sites.   
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Analytical Techniques for Characterizing Soil Organic Matter in Whole Soils 

 Much of the research done in the area of organic biogeochemistry has dealt with 

the soluble components of organic matter, mainly humic and fulvic acids.  However, 

environmental processes in soils are not strictly relegated to these components alone.  For 

a more complete understanding of how soil organic matter structure affects these 

processes, characterization must be done on whole, intact samples to include insoluble 

components such as humin as well.  Currently, only a limited number of techniques are 

available to probe solid samples. 

 Traditionally, degradation methods have been employed to study structural details 

of soils such as hydrolysis to release amino acids, proteins, or carbohydrates, or oxidative 

methods such as alkaline CuO or KMnO4 to examine lignin degradation.  These extracts 

are then normally analyzed by gas chromatography-mass spectrometry to obtain 

structural information.  Once again, this involves some sort of sample pre-treatment, 

which may not extract all of the desired components efficiently, prior to analysis.  

Analytical pyrolysis techniques have been developed to allow for the analysis of whole, 

solid samples.  Py-GCMS involves the application of a pulse of thermal energy to a 

sample which causes fracture of weaker linkages in the macromolecules of soil organic 

matter with the release of the pyrolysis products for analysis by GC-MS.  In this way, 

links can be made between the structure of these products and the unaltered material.    

However, several problems do exist with Py-GCMS.  Thermal secondary reactions can 

cause considerable modification of the original organic compounds present in the soil.  

For example, pyrolysis of cellulose has been shown to give carbonyl and phenolic 

compounds as well as various acids
18

.  Also, pyrolysis tends to be more selective for the 

more volatile components such as carbohydrates and N-containing compounds and is 

especially useful for detecting lipid-like components in soil organic matter
1
.  Hatcher et 

al.
19

 developed a procedure using gaseous tetramethylammonium hydroxide (TMAH), 

where pyrolysis products are methlylated to produce methyl esters of carboxylic acids 

and methyl ethers of hydroxyl groups prior to GC-MS analysis.  This technique has also 

been used extensively for lignin degradation studies.  In order to alleviate some of these 

problems, pyrolysis-field ionization mass spectrometry (Py-FIMS) was introduced to 

provide a soft ionization technique to produce mainly molecular ions of the pyrolysis 



 8

products from soil organic matter
20

.  However, secondary thermal reactions may still 

occur with this technique during the pyrolysis process.  FTIR, specifically in the DRIFT 

mode (diffuse reflectance), has also been used as a rapid and reliable technique to obtain 

structural information on soil organic matter. 

 However, despite the availability of these analytical techniques, solid-state 
13

C 

cross-polarization magic angle spinning nuclear magnetic resonance spectroscopy (CP-

MAS NMR) continues to remain the most widely used analytical instrument for the 

structural characterization of soil organic matter in whole soils and is, therefore, the focus 

for the work described in this dissertation.  This technique has been used to characterize 

organic matter contained in particle size and density fractions from different soil orders, 

and in particular, the relative proportion of different functional groups. Table 1.1 depicts 

the different chemical shift regions and specific resonance assignments for typical NMR 

spectra of soil organic matter. 

 

 

Table 1.1    Peak Assignments in Solid-State 
13

C NMR Spectra 

Chemical Shift (ppm) Carbon Type Specific Resonance Assignment (ppm)

0-50 Alkyl 17 – methyl C 

25 – polymethylene (short-chain) 

30-32 – polymethylene C (long-chain) 

40-60  - protein/peptides 

 

50-100 O-alkyl 56 – methoxyl C (lignin)  

74, 62, 80-90 – polysaccharides 

105 – anomeric C of carbohydrates 

 

100-160 Aromatic 105 – tannins 

120 – protonated aromatic C 

130 – C-substituted aromatic C 

140-160 – phenolic C (lignin/tannin) 
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Table 1.1 - continued 

160-190 Carboxyl/Amide/Ester 175 – carboxyl/amide/ester C 

190-220 Ketone/Aldehyde 200 – ketone/aldehyde C 

 

 

For instance, O-alkyl carbon has been found to dominate the coarse fraction of soils 

whereas alkyl carbon has been shown to be prevalent in the fine fraction associated with 

clays
21

.  
13

C CP-MAS NMR has also been utilized to characterize structural differences in 

humic fractions (i.e., humic acid, fulvic acid, humin) of soil
22

. The investigation of the 

aromaticity of humic acids along with the alkyl carbon component has been studied using 

the dipolar dephasing experiment
23-24

.  Dipolar dephasing has also given insight into 

structural changes of soil organic matter during humification/decomposition
25

 as well as 

to studies of lignin
26

.  A thorough discussion of solid-state NMR theory may be found in 

Chapter 2 of this text.  However, the presence of paramagnetic metals found in clay-SOM 

associations is detrimental to using solid-state NMR spectroscopy in the characterization 

of soil organic matter.  Therefore, certain pre-treatment steps often must be taken to 

ensure the removal of metal containing structures such as iron and manganese oxides 

prior to analysis, especially in the case of mineral soils. 

Soil Classification 

The composition of soils is very dependent on a variety of factors including 

vegetation, climate, and mineralogy.  However, all soils are composed of four main 

components: sand, silt, clay, and organic matter from the decay of living tissue.  As such, 

soil represents a major component of carbon in the terrestrial environment.  The organic 

matter content of soils varies greatly, from 5 to 6 percent in a typical prairie grassland 

topsoil to less than 1 percent in sandy soil to greater than 10 percent in poorly drained 

soils.  C/N ratios of soil generally fall into the range of 10-12.  Given the varied nature of 

soil, an introduction to soil classification is warranted, as this designation will be 

encountered later in this text
27

.  

 Soils are classified by orders, which are differentiated by the presence or absence 

of diagnostic horizons or features that are characteristic of the degree and kind of the 
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dominant soil-forming processes.  Soils are further classified into subgroups, families, 

series, etc.; however, this subtly is beyond the scope of this text and, as such, will not be 

discussed.  Histosols are the dark organic soils, which are commonly referred to as peat 

or muck.  They occur where the production of organic matter exceeds mineralization over 

long periods of time as in water-saturated areas under anaerobic conditions.  Histosols are 

distinguished by their high organic carbon content deep within the soil profile (O 

horizon), which by definition must exceed 18 percent by weight if 60 percent or more 

clay exists in the mineral fraction or exceed 12% or more carbon if no clay is present.  

These soils have a low bulk density as well as a high water-holding capacity.  The 

nitrogen content is substantial and cation exchange capacity is very high due to the 

presence of carboxyl, phenolic, and other functional groups in comparison to mineral 

soils, which comprise the remaining orders discussed below.  Spodosols tend to form in 

regions where sands rich in quartz exist as well as humid climates with intensive 

leaching.  These soils are characterized by a subsurface reddish-brown spodic horizon, an 

illuvial horizon enriched with an active amorphous mixture of organic matter and 

aluminum with or without iron.  The spodic horizon (Bh or Bhs) exists where organic 

matter moving downward with water is precipitated by mobile sesquioxides released in 

the weathering of primary minerals creating organic matter-iron/aluminum complexes.  

Therefore, a secondary maximum of organic carbon is present in this spodic horizon, in 

addition to the surface layer, with a high CEC and surface area overlaid by a lighter 

leached mineral layer (mainly quartz) due to loss of clay components (E horizon).  

Oxisols are the soils of tropical regions where extreme weathering of minerals occurs, 

thus giving them a characteristic reddish color.  This order is featureless with no marked 

horizons and consists of quartz, free Al and Fe oxides, kaolin, and organic matter.  These 

soils are acidic in nature and possess a relatively low CEC value but are very stable.  

Vertisols are clayey soils (30 to 80 percent) with deep, wide cracks at some point during 

the year. Swelling and shrinking with wetting and drying is a common feature of these 

alkaline soils high in expandable clays and calcium carbonate.  Aridisols are found in the 

arid regions of the world and contain little organic matter or water.  These soils have a 

high pH and low clay content and little movement of free iron oxides exist due to well-

oxidized conditions.  Ultisols are characterized by the presence of an argillic horizon 
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(clay in B horizon), a low base saturation of < 35 percent (percent of total CEC held by 

the basic cations Mg
2+

, Ca
2+

, K
+
, and Na

+
), and a low pH.  Clay content increases with 

depth in these soils as they are intensively weathered.  A low CEC exists due to the low 

organic matter content of these soils and the dominant clay form being kaolinite and 

oxide clays.  Mollisols are the grassland soils in the world’s major agricultural regions.  

They possess a very dark brown to black thick mollic surface horizon (ca. 2.5 percent 

organic carbon) due to melanization where organic matter is constantly supplied to the 

topsoil (A horizon).  Base saturation of these soils is 50 percent or more and calcium is 

the dominant exchangeable cation.  Alfisols consist of a thin surface orchric epipedon, 

which is light colored and low in organic matter. This order is medium to high in base 

saturation (> 35 percent) and contains significant amounts of weatherable minerals.  

Alfisols may eventually be transformed into Ultisols over time.  Inceptisols are the soils 

of humid regions, which show little horizon differentiation and thus are very young.  

They are comprised of very weathering resistant parent material.  Entisols are also 

immature soils and tend to be sandy with little horizon development since no substantial 

clay mineral content is present.  Finally, Andisols are those soils generally associated 

with volcanic ash.   

Summary of Research Goals 

The research summarized in this dissertation focuses on the structural 

characterization of soil organic matter using 
13

C CP-MAS NMR spectroscopy.  In order 

to ensure that solid-state 
13

C NMR spectra of mineral soils, which are often chemically 

treated to improve spectral resolution and S/N, are qualitatively and quantitatively 

reliable, an in-depth examination of three commonly employed treatments was 

undertaken.  Important parameters assessed included functional group distribution and 

sample spin dynamics as well as soil properties.  Paramagnetic doping was also 

implemented along with chemical modifications and 
13

C CP-MAS to investigate copper 

binding to soil organic matter.  Changes in sample spin dynamics gave insight into 

copper “distribution” in SOM and how this “distribution” may affect soil organic matter 

structural conformation.    
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CHAPTER 2 

HIGH RESOLUTION SOLID-STATE 
13

C NUCLEAR MAGNETIC RESONANCE 

SPECTROSCOPY 

 

 

Introduction 

 

The utilization of nuclear magnetic resonance (NMR) techniques for the structural 

characterization of natural organic matter has a very long tradition
28-31

.  Much of the early 

work in this area centered on solution state 
1
H and 

13
C NMR of aquatic humic material or 

extracts derived from terrestrial sources which are soluble in appropriate NMR solvents.  

However, the advent of modern solid-state NMR spectrometers, which are capable of 

producing liquid-like spectra, ushered in a new era of organic matter characterization.  A 

major attraction of this technique is the fact that samples can be analyzed often times 

without any prior pretreatment or extraction (i.e. whole sample), thus rendering solid-

state NMR a non-destructive approach to characterization without the production of 

artifacts.   

Although solid-state NMR spectroscopy has these added advantages, several 

disadvantages do exist.  Larger quantities of material are needed to perform NMR in the 

solid-state (~ 70-200 mg). Already an insensitive technique, solid-state NMR gives very 

low and broad signals such that much more accumulation time is needed to obtain spectra 

with reasonable S/N ratios.  Despite these limitations, several techniques have been 

developed to overcome these shortcomings, principally cross-polarization with magic 

angle spinning (CP-MAS) and high power proton decoupling (HPDEC).  The theory of 

NMR has been widely reported and the following discussion will be adopted from several 

sources
32-37

. 

13
C is the most common nucleus studied in geochemical materials and the focus 

of this dissertation, although a variety of other nuclei such as 
15

N and 
31

P are available for 
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investigation.  Since NMR is considered an insensitive technique, the concentration of the 

particular element under study in the sample, as well as its natural abundance, is of 

importance.  Also, characteristics of the nuclei of interest are critical such as the 

gyromagnetic ratio, γ, where nuclei with small values are much more difficult to detect 

because they have small nuclear dipole moments.   

Cross Polarization 

Cross-polarization allows the low natural abundance of the 
13

C nucleus to be 

overcome in a way far superior to DP-MAS (Direct Polarization).  Unlike solution state 

NMR, proton NMR in the solid-state of these materials gives broad, featureless signals 

due to very strong 
1
H-

1
H dipolar interactions

38
.  The cartesian coordinate representation 

for a typical CP-MAS experiment is seen in Figure 2.1.   

 

Figure 2.1   Cross-Polarization scheme showing magnetization vectors during a  

               CP-MAS experiment: (a) proton magnetization along +z’ axis at  

                         equilibrium (b) magnetization tipped along y’ after 90
o
 pulse along x’   

                         from (a)  (c) spin-locking of proton magnetization along y’    

 

When proton nuclei are placed in a magnetic field, the magnetic dipoles of these nuclei 

align themselves with (low energy) or against (high energy) the magnetic field, Bo, 

according to the Boltzmann distribution.  However, as more nuclei align themselves in 
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the low energy configuration, a net magnetization, MoH, develops along the z axis.  A 90
o
 

proton radiofrequency (rf) pulse is then applied along x’, after which each M1H (proton 

magnetization) points along y’.  An rf proton spin lock with magnitude B1H is 

immediately applied along y’ such that the magnetization M1H is now forced to rotate 

(locked) about y’ with a frequency given by 

ν1ρH = γHB1H/2π (1) 

where γH is the gyromagnetic ratio of the protons.  Without the presence of B1H, each M1H 

would spread out in the x’y’ plane (
1
H NMR plane) because each M1H corresponds to a 

different 
1
H NMR frequency and each M1H starts to move out of the x’y’ plane because 

of spin-lattice (T1) relaxation.  If B1H is left on indefinitely, the magnitude of each M1H 

will gradually decrease because of spin-lattice relaxation in the rotating frame (T1ρ) as 

well.   

 In the cross-polarization experiment, a 
13

C spin lock with magnitude B1C is 

applied simultaneously along the x’’y’’ plane (
13

C NMR plane).  If the magnitude of B1C 

is adjusted to a matching condition known as Hartmann-Hahn
39

 given by 

γHB1H = γCB1C    (2) 

where γH  and γC are the gyromagnetic ratio of proton and carbon, respectively, and B1H 

and B1C represent the spin locking rf of protons and carbons, respectively, then a rapid 

transfer of magnetization between 
1
H and 

13
C can occur.  Since at the start of the 

1
H and 

13
C spin locks, M1H equals MoH (proton magnetization along z axis before 90

o
 pulse) and 

M1C equals zero, magnetization is transferred from 
1
H to 

13
C nuclei.  

13
C dipoles that 

initially contributed towards MoC are forced to re-orient themselves in a non-zero M1C 

component at the expense of the 
1
H diploes that contributed towards M1H.  This 

magnetization transfer is known as cross polarization
40

 and is defined by a time constant 

TCH. 

 The time duration of the matched spin locks is termed the contact time.  At the 

end of the contact time, the spin locks are turned off and the 
13

C M1 components are 

detected in the presence of high power proton decoupling.  For CP from 
1
H to 

13
C with 

the matching condition met, the signal intensity of each 
13

C spectral component, M1C, as 

a function of the contact time, t, is given by 
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M1C (t) = (MoCγH/γC)/(1-TCH/T1ρH)[exp(-t/ T1ρH)-exp(-t/TCH)]   (3) 

where MoC is the magnitude of the equilibrium magnetization of each 
13

C species in Bo 

(external magnetic field) and is directly proportional to the concentration of each 
13

C 

species in the sample and T1ρH is the proton spin lattice relaxation in the rotating frame.   

 The CP-MAS NMR experiment has many advantages over DP-MAS. With CP-

MAS, a signal enhancement of up to four is possible given the gyromagnetic ratios of 

proton and carbon (γH/γC = 4).  Furthermore, the recycle delay necessary between 

experiments (5T1H) is dictated by the longest 
1
H T1 in the sample rather than the longest 

13
C T1 as is the case for DP-MAS. Usually, T1H <<< T1C.  Thus, more CP-MAS 

experiments can be performed in a given time and the overall signal gain will be 

enhanced over DP-MAS.  However, in order for the CP process to be successful, TCH << 

tc (contact time) << T1ρH for all 
13

C species present in the sample.  Thus, cross-

polarization is a competing process of M1C growth based on TCH and M1C decay based on 

T1ρH. 

 Given the heterogeneous nature of geochemical materials, which give rise to 

broad NMR signals, a variety of TCH values are expected to exist.  TCH depends on 

various factors including the nature of lattice motions in the sample, the spinning rate of 

the sample, which is especially true for non-protonated carbon nuclei, and the exactness 

of the Hartmann-Hahn match
41

.  This cross-polarization rate is dependent not only on the 

number of bonded protons, but also has a rCH
6
 dependence (i.e. the distance between 

carbon and protons both inter- and intra-molecularly).  Hence, non-protonated carbons 

polarize at a much slower rate than protonated carbons.  Also, carbons which possess 

some mobility cross-polarize much slower due to attenuations in 
13

C-
1
H and 

1
H-

1
H 

dipolar interactions.  For these circumstances, longer tc are required to fully achieve 

cross-polarization at the expense of rigid, protonated carbon signals.  Consequently, TCH 

values go as   

non-protonated C > mobile CH3 > protonated aromatic C, CH > CH2 > static CH3 

Polymer samples have been shown to have TCH for methine and methylene carbons in the 

range of 15-50 µs, whereas methyl C and non-protonated C in the range of 80-160 µs and 

around 300 µs, respectively
41

.  TCH values are constant for all spectrometers since dipolar 
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interactions are independent of the external magnetic field provided that an exact 

Hartmann – Hahn match exists and the same MAS rates are used.  If MAS rates were 

increased, an expected increase in TCH would likely result. 

 Carbon nuclei of low or remote protonation experience a much weaker 
13

C-
1
H 

dipolar interaction, and thus, TCH may be long such that these carbon nuclei may not 

cross-polarize as efficiently as protonated carbons. This results in intensity distortions 

and quantitation problems.  Inefficient proton spin diffusion processes in proton-dilute 

samples also create difficulties in the effectiveness and linearity of the CP process by 

causing a decrease in 
13

C-
1
H Hartmann-Hahn matches if long enough recycle delays are 

not employed
42

.  Also, intermolecular interactions may be comparable or even longer 

than intramolecular interactions for carbons separated from protons by three bonds or 

more causing poor cross-polarization which requires long contact times. 

Magic Angle Spinning 

 A second problem encountered in solid-state NMR spectroscopy is that of 

chemical shift anisotropy (CSA).  It has been shown
34

 that the chemical shift observed in 

the solid state can be expressed as 

σobs = 3/2σisosin
2
θ + 1/2(3cos

2
θ -1) Σpσpcos

2
χp   (4) 

where χp are the angles of the nuclei axes of rotation to the principal axes and σp are the 

various chemical shift tensors.  Since chemical shift is a tensor, there are three chemical 

shift components (x,y,z planes), which in most cases are not identical.  Upon performing 

NMR on static samples where all possible orientations of these tensors exist, powder 

patterns are produced which are associated with broad resonances due to this anisotropy. 

 In order to remove CSA, the sample is spun at the magic angle of 54.7
0
 relative to 

the external magnetic field Bo (z axis)
43-44

.  The effect on the chemical shift can be 

understood mathematically that if θ = 54.7
o
, we recognize that 3cos

2
(54.7)-1 is equal to 

zero.  Then σobs  =  σiso.  σiso  is the isotropic chemical shift characterized by sharp 

resonances which are naturally obtained in solution-state NMR where molecular 

tumbling allows for these orientational effects on chemical shifts to be averaged.  

Therefore, MAS mimics this molecular motion and allows liquid-like spectra to be 

obtained on solid samples. 
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 Since the chemical shift of a particular 
13

C environment is dependent on the 

orientation of the parent molecule with respect to the external magnetic field, the MAS 

rate must have a greater frequency than the frequency range of the chemical shift in the 

static powder sample.  If this is not the case, several spinning sidebands will be observed 

in addition to a sharp central peak for a particular chemical shift
45

.  These sidebands are 

located on both sides of the center signal at integral multiples of the MAS rate and extend 

over the entire frequency rage of the chemical shift in the static solid state spectrum.  

High Power Proton Decoupling 

 High power proton decoupling (HPDEC)
46

, in conjunction with magic angle 

spinning, removes 
13

C-
1
H dipolar interactions.  These same interactions, which allow for 

efficient cross-polarization, also cause severe broadening in solid-state spectra due to the 

99% abundance of the 
1
H nucleus.  As the 

13
C nucleus is rare, almost all of this 

broadening arises from interaction with neighboring protons.  Proton decoupling in 

solution-state NMR is a familiar technique, but the application to solids requires much 

greater power (100W vs. 10W or less) because the 
13

C-
1
H interaction is much stronger. 

 HPDEC is achieved by applying continuous high power at frequencies 

comparable to the proton line widths, usually tens to hundreds of kHz
37

, for the whole 

duration of 
13

C data acquisition.  
13

C-
1
H dipolar interactions result from the through-

space interaction between 
13

C and 
1
H magnetic dipoles.  This interaction modifies the 

13
C 

spectrum because 
1
H dipoles change the effective Bo at the 

13
C nucleus by adding to it 

(
1
H dipoles align with Bo) or by subtracting from it (

1
H dipoles align against Bo).  The 

magnitude of the interaction is dependent on the distance between carbons and protons 

and on their orientation with respect to Bo.  The dipolar interactions spread a particular 

13
C NMR frequency over a wide range in the solid-state 

13
C NMR spectrum.  HPDEC 

effectively flips the 
1
H dipoles rapidly, aligning them with and against Bo, thus averaging 

the dipolar 
13

C-
1
H interaction.  The frequency range of carbon functional groups, which 

experience dipolar interactions, now spans a smaller range, and thus narrower resonances 

can be observed.  
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Relaxation Phenomena 

 Like other spectroscopic techniques, solid-state NMR involves transitions 

between energy states.  In NMR, a radiofrequency 90
o
 pulse is applied to perturb 

magnetization away from an equilibrium position (along z axis with Bo), and the decay 

back to this position can then be followed to give the NMR spin dynamics of the sample.  

These spin dynamics give insights into structural properties of the sample such as its 

rigidity/mobility or crystalline/amorphous nature.  These relaxation parameters can also 

give clues into environmental processes such as sorption of hydrophobic organic 

chemicals to soil and metal binding to humic materials.  Spin dynamics are also useful in 

their own right as guidelines to optimize the CP-MAS experiment. 

Transverse relaxation (T2)   

Upon excitation of 
13

C or 
1
H nuclei, these nuclei may exchange energy with 

neighboring nuclei of the same kind in order to return to equilibrium along z.  In effect, a 

mutual flipping of the spins of the interacting nuclei results which is termed spin-spin or 

transverse relaxation (T2).  This phenomenon occurs only between identical nuclei such 

that the Mx and My (magnetization in the xy plane) components of the total M 

magnetization are reduced with a time constant T2 according to 

Mt
x,y

 = Moe
-t/T2   (5) 

where Mt
x,y

 is the x and y components of the total magnetization, Mo is the equilibrium 

magnetization and t is a time unit.  The rate of spin-spin relaxation is related to the line 

width at half height, ν1/2.  However, due to imperfect magnetic field homogeneity, 

different regions of the sample experience slightly different frequencies, and thus shorter 

T2 values.  Thus, 

ν1/2  = 1/πT2 + γ∆Bo/2π   (6) 

where γ∆Bo/2π describes this magnetic field inhomogeneity.   

Longitudinal relaxation (T1)  

 In addition to energy exchange with neighboring nuclei, energy exchange may 

also occur with the surroundings, or lattice.  When a group of nuclei is placed in a 
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magnetic field, Bo, a small equilibrium magnetization develops along the direction of Bo 

(z axis) given by the Boltzmann distribution.  The rate at which Mz (magnetization in the 

z axis) approaches Mo (equilibrium magnetization) can be described as 

Mo-Mz = Ce
-t/T1   (7) 

where C represents the degree of equilibrium attained by the magnetization at time, t, and 

T1 (spin–lattice relaxation), the rate at which the nuclei can transfer energy to the lattice.  

T1 measurements depend on the medium in which the measurement is made.  Spin-lattice 

relaxation for solids is much longer (up to days) than for liquids (10
-2

 to 10
2
 s).  

Conversely, T2 values are generally much shorter than T1, in any medium. 

 A related relaxation rate is the spin-lattice relaxation rate in the rotating frame, 

T1ρ.  This time constant characterizes the decay of Mo in an applied field, B1, which is 

much smaller than Bo.  After a 90
o
 pulse and spin locking, as discussed in the cross-

polarization section of this text, B1 is turned off and the magnetization along y is allowed 

to decay.  This decay is described by 

Mt = Moe
-t/T1ρ   (8) 

and given as being in the rotating frame because the effective field is now B1 and not Bo. 

Measuring Spin-Lattice Relaxation Rates 

T1H   

The most common NMR experiment used to measure T1H of a sample is 

inversion recovery
47

.  T1H values are necessary for the recycle delay parameter in the 

optimization of a CP-MAS experiment to avoid saturation effects and also give insight 

into environmental processes.  T1H values are dependent on the strength of the magnetic 

field, with higher magnetic fields producing higher T1H values
38

.  Typical T1H values for 

soil organic matter at 4.7 T can be as high as several hundred milliseconds.  The pulse 

sequence diagram for inversion recovery can be seen in Figure 2.2. 
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Figure 2.2   Inversion Recovery pulse sequence which allows for proton T1 to be 

                        calculated by following the recovery of an inverted carbon              

                        spectrum produced by a 180
o
 pulse on the proton channel back to a   

                        fully relaxed equilibrium position (upright spectrum) over time, τ 

 

 

Here, a 180
o
 pulse inverts the magnetization along the –z axis followed by a recovery 

delay, τ, in which the magnetization is allowed to return to equilibrium along the +z axis 

until the signal is detected via the normal CP process.  Therefore, the signal intensities for 

spectra with short recovery delays are negative whereas the signal intensities for spectra 

with long recovery delays are positive.  In this experiment, a series of spectra are 

recorded with an array of recovery delays and fitted to the following 

I(t) = Iinf[1-H exp(-t/T1H)]   (9) 

where I(t) is the signal intensity for recovery delay, t, Iinf is the signal intensity of the 

fully relaxed spectrum (equilibrium reached), H is the homogeneity factor which 

describes the efficiency of the proton inversion pulse (180
o
), and T1H is the spin-lattice 

relaxation rate constant.  For a completely efficient proton inversion pulse, H equals two.   

 For pure, simple organic compounds, spin diffusion usually averages T1H to a 

single value
38

.  However, given the complexity and heterogeneity of geochemical 

substances such as natural organic matter, a two component fit is often times needed.  In 

this case, 

 I(t) = Iinf,fast[1-H exp(-t/T1Hfast)] + Iinf,slow[1-H exp(-t/T1Hslow)]  (10) 

1H 

13C 

180o 90o 

Spin-Lock 

Spin-Lock 

HPDEC 
         τ  
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where Iinf,fast and Iinf,slow are the signal intensities of the fully relaxed spectra with a rapidly 

and slowly relaxing component, respectively, and T1Hfast and T1Hslow are the associated 

spin lattice relaxation rate constants for these two components. 

 In order to distinguish whether a fit to the two-component model is statistically 

superior to a fit to the one-component model, an F-ratio test can be employed.  The F-

ratio is determined as 

F-ratio = [(RSS2-RSS1)/(df2-df1)]/(RSS1/df1)   (11) 

where RSS1 and RSS2 are the residual sum of squares of experimental versus calculated 

total signal intensities for the one-component and 2-component models, respectively, and 

df1 and df2 are the number of degrees of freedom for the one-component and two-

component models, respectively.  Comparisons of the calculated F-ratios with F-

distribution tables at the 95% confidence level determine if a two-component fit is 

necessary.   

T1ρH 

  Another commonly measured relaxation parameter is that of T1ρH, the spin-

lattice relaxation rate in the rotating frame, which also gives structural information on 

geochemical samples.  Here, variable contact time experiments
34,48

 are used to determine 

T1ρH.  This indirect approach has the advantage that T1ρH values can be obtained for 

protons that are responsible for each signal in the 
13

C CP-MAS spectrum, which in solids 

is much sharper than 
1
H resonances.  However, for the indirect T1ρH determination, T1ρH 

must be greater than TCH or no signals will be detected in the 
13

C CP-MAS spectrum   

Figure 2.3 depicts the pulse sequence diagram for determining T1ρH.   
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Figure 2.3    Single Amplitude Cross-Polarization pulse sequence showing a 90
o
         

                     pulse on the proton channel, the spin-locking condition, and high   

                     power proton decoupling during data acquisition 

 

In effect, this is the traditional CP-MAS experiment discussed in the cross-polarization 

section of this text.  Just as heterogeneous samples have multiple TCH behavior, multiple 

T1ρH behavior also exists in geochemical materials.  Also, as with TCH, protonated 

carbons decay faster (faster T1ρH) due to their proximity to protons.  Mobile methyl and 

other labile groups as well as non-protonated carbon, on the other hand, relax slower due 

to reduced 
13

C-
1
H dipolar interactions.  In order to determine T1ρH, a series of spectra are 

obtained using an array of contact times.  An initial growth in signal intensity followed 

by a decay portion describes this contact time behavior according to equation 3.  TCH 

values may be determined as the reciprocal of the slope of the build-up section of a plot 

of ln signal intensity versus contact time and T1ρH as the negative reciprocal of the slope 

of the decay section of this curve.  Smernik et al.
49

 have shown that for NMR spectra 

consisting of discrete, well-separated resonances, this approach works well.  However, 

for complex spectra such as those associated with soil organic matter, using equation 3 

may not give a good fit.  A much better fit of the decay phase results from fitting only 

this section of the curve to a single exponential, assuming contributions from TCH to 

signal intensity are negligible at longer contact times.  Thus, T1ρH can be found as a fit to 

90o 

Spin-Lock HPDEC 1H 

13C Spin-Lock 
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I = Io(exp
-tc/ T1ρH

)   (12) 

where I is the experimental signal intensity, Io is the signal intensity in the absence of any 

relaxation, tc is the contact time, and T1ρH is the spin-lattice relaxation rate constant in 

the rotating frame.  T1ρH values usually are less than 10 ms
41

.    Variable contact time 

experiments are useful in their own right to optimize the CP-MAS NMR experiment by 

determining the optimal contact time which gives the greatest signal intensity.  

Proton Spin Relaxation Editing (PSRE) 

 Proton spin relaxation editing is a very powerful technique for probing the 

heterogeneity of natural organic materials such as soil organic matter
47

.  PSRE allows for 

subspectra representing chemically distinct and spatially separated components within a 

heterogeneous sample to be generated.  The method relies on differences in proton spin-

lattice relaxation rates (T1H) between the components.  Relaxation rates for different 

protons within homogeneous materials are the same because relaxation of one proton 

induces relaxation of neighboring protons in a process termed spin diffusion.  Spin 

diffusion is not prevalent for carbon nuclei due to their low natural abundance
37

.  

However, spin diffusion is only efficient on a scale up to 30-100 nm
50

.  Samples which 

are heterogeneous at scales higher than this may have components characterized by 

different values of T1H because of a lack of complete spin diffusion between protons 

(i.e., two-component model).  PSRE can be used to exploit these differences in T1H by 

mathematically treating inversion recovery data.  

 During the recovery delay, protons relax toward equilibrium with an exponential 

rate constant 1/T1H.  Differences in the magnitude and sign of this proton magnetization 

for components characterized by different T1H values are reflected in the intensity of the 

13
C NMR resonances.  One method to obtain these subspectra is to generate spectra using 

an array of recovery delays until the null point of proton magnetization (no signal, i.e. 

magnetization between negative and positive) for one component is reached.  As seen 

from equation 9, the null point of proton magnetization occurs when t = T1H*ln H.  

However, information on T1H values for rapidly and slowly relaxing components needs 

to be known accurately in order to use appropriate recovery delays, which often times is 

not possible with geochemical materials. 
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 A much better approach was introduced by VanderHart and Perez et al.
51

 whereby 

the subspectra of components with different relaxation properties can be generated by 

taking linear combinations of a fully relaxed CP-MAS NMR spectrum and one which has 

only partly relaxed (i.e., non-equilibrium proton magnetization).  The linear co-efficients 

can be calculated as follows.  For a sample containing two components, a and b, the CP-

MAS spectrum, S, can be expressed as 

S = A + B   (13) 

where A and B are the CP-MAS spectra of a and b, respectively.  If a second spectrum, 

S’, is generated in which the proton magnetization is not at equilibrium before cross-

polarization, then 

S’ = faA + fbB   (14) 

Where fa and fb are not equal because each component has recovered a different amount 

for a given recovery delay.  The subspectrum, A, of component a and the subspectrum, B, 

of component b can then be generated by solving equations 13 and 14 for A and B,  

A = FaS + Fa’S’   (15) 

B = FbS + Fb’S’   (16) 

where Fa = fb/(fb-fa), Fa’ = -1/(fb-fa), Fb = -fa/(fb-fa), and Fb’ = 1/(fb-fa) 

When spectrum S’ is generated using the inversion recovery sequence, fa and fb are given 

by 

fi = 1-H *exp(-t/T1Hi)   (17) 

where i = a,b and 1/ T1Hi  is the proton spin-lattice relaxation rate constant for component 

i and t is the recovery delay. 

 Any recovery delay can be used to generate S’.  However if S and S’ are obtained 

with the same number of transients, the noise levels will be equal.  Noise levels in 

subspectra A and B (Na and Nb respectively) are then proportional to the root mean 

square of the co-efficients of S and S’ 

Ni ∞ {(Fi)
2
 + (Fi’)

2
}

1/2
   (18) 
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where i = a,b.  Minimum values for Na and Nb can then be determined from equation 18 

and usually occur for recovery delays near the null points of the rapidly and slowly 

relaxing components.   

 Although more common with inversion recovery experiments, PSRE can also be 

employed with T1ρH data.  Selectivity based on T1ρH can probe domains with dimensions 

on the order of 2-30 nm because values of T1ρH are typically much shorter than T1H and 

proton spins have much less time for diffusion between domains.  However, in some 

instances PSRE does not work well with T1ρH / T1H as spin diffusion averages T1ρH / 

T1H to a single value because domains are not adequately separated to prevent spin 

diffusion. 

Dipolar Dephasing 

 A variation of the conventional CP-MAS NMR experiment is that of dipolar 

dephasing, which allows for carbons that are non-protonated to be distinguished from 

protonated carbon
26,52-53

.  In the traditional CP-MAS NMR experiment, high power 

proton decoupling is used during data acquisition to eliminate 
13

C-
1
H dipolar interactions 

which lead to the broadening of resonances.   

   

Figure 2.4   Dipolar Dephasing pulse sequence showing a delay time, Tdd, inserted 

                    after cross-polarization to allow protonated carbon signal  to be  

                    removed from the carbon spectrum through dephasing 

90o 

Spin-Lock HPDEC 1H 

13C Spin-Lock 

180o

Tdd 

nT nT 
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In the dipolar dephasing experiment, the high power proton decoupler is turned off 

(dipolar dephasing delay) for a specified time period, which allows for the signal from 

protonated carbons to be eliminated (Figure 2.4).  Since the strength of the 
13

C-
1
H dipolar 

coupling depends on the proximity of protons to a carbon center as rCH
6
, as well as 

molecular motions, non-protonated carbons can be selectively observed.  Dipolar 

dephasing delays of 40-60 µs are typical, allowing for complete relaxation of protonated 

carbons.  Methyl, methoxy, and other constituents, especially those near their melting 

points, are exceptions because molecular rotational motions associated with these 

components weaken the 
13

C-
1
H coupling, and thus cause relaxation to take a longer 

period of time.  A 180
o
 pulse is inserted to refocus long-term isotropic and anisotropic 

chemical shift spin order and to remove linear phase distortions
54

.   

Alemany et al.
54

 have shown that the rapidly decaying signal of sp
3
 carbons with 

directly bonded protons may be expressed as 

Ia = Ia
o
e

-(Tdd)2/2(T2a’)
2
   (19) 

where Ia is the signal intensity at dipolar dephasing delay time Tdd, Ia
o 

is the signal 

intensity at Tdd = 0, and T2a’ is the exponential decay constant (transverse magnetization) 

for rapidly dephased carbons.  Non-protonated and rapidly rotating protonated carbons 

have a signal decay expressed as 

   Ib = Ib
o
e

-Tdd/T2b’   (20) 

Consequently, the overall signal intensity of an NMR spectrum at any dipolar dephasing 

time can then be seen as 

Itot = Ia + Ib  (21) 

This allows for the degree of protonation of various chemical shift regions, particularly 

aromatic C, in a 
13

C NMR spectrum to be observed. 

 The relaxation behavior, however, is complicated by a train of rotational echoes at 

integral multiples of the MAS rate, which cause modulations in signal intensity in any 

series of spectra with various dipolar dephasing times
55-56

.  The rotational modulations 

appear at the appropriate times in the sidebands as phase changes.  Dipolar modulations 

for some protonated carbons are usually observed at shorter Tdd times as damped 
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oscillations in the signal intensity before the first rotational echo.  Strong 
13

C-
1
H dipolar 

interactions cause the protonated carbon signal decay to have an exponential dependence 

on Tdd
2
 rather than Tdd

55
.  Thus, dipolar and rotational echoes are superimposed on the 

decay of the signal amplitude with increasing Tdd.  Consequently, a complex pattern 

consisting of two minima and a minor maximum are sometimes seen before the first 

rotational echo appears.  Nevertheless, at dipolar dephasing times of less than the time for 

one revolution of the rotor (n=1 for nT in Figure 2.4), signal intensity should decay with 

a time constant related to the magnitude of the dipolar interaction between carbons and 

protons
57

.  Also, Newman et al.
58

 showed that chemical-shift anisotropies can influence 

dephasing.  However, the pulse sequence used in this work
59

 avoids this problem.  Thus, 

dipolar dephasing provides a means to probe further into the chemical structure of soil 

organic matter than conventional CP-MAS NMR. 

Quantitative  Solid-State 
13

C  NMR Spectroscopy 

Quantitation of CP-MAS NMR has been studied extensively on many types of  

geochemical samples
60-62

.  Problems in obtaining true quantitation hinge on three main 

areas which influence CP-MAS NMR: spin dynamics of the sample, spinning sidebands, 

and the presence of paramagnetic ions and organic free radicals in the sample
63-64

. 

Spin dynamics 

As previously mentioned, cross-polarization is a complex process of signal 

intensity build-up characterized by TCH versus signal intensity decay characterized by 

T1ρH according to equation 3.  Quantitation is often times achievable when dealing with 

pure, homogeneous organic substances.  However, geochemical substances are 

heterogeneous in nature and, therefore, contain multiple TCH and T1ρH values as well as 

optimal contact times for various functional groups
65

.  Figure 2.5 depicts cross-

polarization curves for different functionalities present in natural organic matter (NOM). 
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Figure 2.5   Theoretical Cross-Polarization Curve for various functionalities in       

                    NOM 

 

It can be clearly seen that the aliphatic resonance reaches a maximum signal intensity at 

relatively short contact times giving faster TCH values.  This results from favorable cross-

polarization dynamics due to strong 
13

C-
1
H dipolar interactions inherent in aliphatic 

carbons with directly attached protons.  On the other hand, aromatic and carbonyl 

resonances reach a maximum signal intensity at relatively longer contact times with 

longer TCH because the remote protonation of these carbon nuclei leads to weaker 
13

C-
1
H 

dipolar interactions.  Thus, cross-polarization, which has a rCH
6
 dependence, requires a 

much longer time at the expense of protonated carbon signal intensity.  Also, mobile 

carbons, such as methoxy groups on aromatic rings, have attenuated 
13

C-
1
H dipolar 

interactions which lead to poor cross-polarization at shorter contact times.  Also, it can be 

noticed that the aliphatic resonance decays much more rapidly (faster T1ρH) than either 

the aromatic or carbonyl peaks.  However, 
1
H and 

13
C spins may relax too quickly during 

cross-polarization preventing magnetization transfer to all carbons
66

.  This phenomenon 

is manifested in fast T1ρH and T1ρC values and quantitation will no longer be viable since 

the relationship 

TCH < tc < T1ρH 

will no longer hold true.  T1ρH values must be much greater than T1ρC or carbon T1ρ’s 

will contribute to the decay of the carbon magnetization, and this decay will be different 
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for different carbons
64

.  Finally, the recycle delay for a given experiment must be 5T1H 

for the longest T1H in the sample to avoid saturation effects. 

 The degree of signal detected in a NMR experiment can be determined through a 

process known as spin counting
49,67

.  In spin counting experiments, the total signal 

intensity of a sample of known mass and carbon content, assumed to represent 100 

percent observable carbon when quantitized correctly, is compared to that of a compound 

which is known to give a quantititative signal.  Both internal and external standards such 

as glycine and Delrin have been used, each having its advantages and drawbacks.  

Internal standards allow for both the standard and material under investigation to be 

acquired simultaneously under identical spectrometer conditions.  However, the signal 

from the standard cannot in any way overlap signals from the sample, which is difficult 

for natural organic matter since this material shows resonances across the full spectral 

range for 
13

C NMR.  Standards of this type are very difficult to obtain.  Another 

disadvantage of using internal standards, which cannot react chemically with the sample 

or alter the spin dynamics of the sample, is the potential problem of sample recovery.  An 

external standard allows for these problems to be overcome, but since it is run separately, 

spectrometer conditions (tuning, etc.) invariably will be somewhat different.   

Spin counting experiments on soils have resulted in 10-100% of the carbon 

present being observed
49

.  However, often times signal intensity had to be corrected for 

T1ρH relaxation during cross-polarization.  Spin counting experiments have also been 

conducted on other materials such as coal
68

. 

Spinning sidebands 

 As stated previously, magic angle spinning (MAS) is a resolution enhancement 

technique used in solid-state NMR not only to reduce dipolar interactions, but also to 

remove chemical shift anisotropy (CSA).  In order for this to be achieved, the sample 

must be spun at a rate greater than the largest anisotropic chemical shift range in the 

sample.  Generally, these CSA’s are associated with aromatic and carboxyl 

functionalities.  If this requirement is not met, the result will be a series of sidebands in 

the NMR spectrum which occur at integral multiples of the MAS rate from an attenuated 

central resonance.  Often times these sidebands will overlap with other resonances in a 
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spectrum, which usually is the case in the very broad NMR resonances associated with 

heterogeneous materials, making quantitation of the various chemical functionalities 

difficult if not impossible.  Natural signal overlap from intrinsic 
13

C T2 relaxation, which 

gives broad resonances, may also make quatitation difficult in NMR spectra of 

geochemical samples, especially if a magnetic field inhomogeneity exists or variations in 

the local magnetic susceptibility of the sample are present
69

.  

 Several techniques have been developed to suppress sidebands in NMR spectra.  

Phase Altered Spinning Sidebands (PASS) involves a series of four 180
o
 radio-frequency 

pulses that are applied synchronously with sample rotation
70

.  However, T2 relaxation 

times for all carbon must be the same or longer than the acquisition delay.  The TOSS 

sequence
71

 (Total Supression of Spinning Sidebands) gives signal intensities which are 

distorted because the sideband intensities are not returned to the center peak 

completely
72

.  After TOSS, the signal intensity of each 
13

C spectral component becomes a 

function of T2 and, therefore, equation 3 is no longer applicable
64

.  It has been shown that 

the center peak intensities are always less with TOSS than if the sample were spun 

faster
64

. 

High-speed magic angle spinning to remove spinning sidebands that cannot be 

completely removed with slower spinning rates used in low field NMR spectrometers (3-

4 kHz) has been a topic of much research.  With the advent of high field NMR 

instruments, technology has developed which allows for high sample spinning in excess 

of 15 kHz.  However, this higher speed is necessary as CSA’s are linear in Bo; that is, 

higher magnetic fields require higher MAS rates to remove spinning sidebands
64

.   

 The efficiency of cross-polarization is a concern when higher MAS rates are 

employed
73-74

.  In samples with large dipolar couplings among abundant spins, MAS does 

not cause significant modulation of the cross-polarization efficiency.  In samples with 

weak proton dipolar interactions, however, the cross-polarization match is much more 

tenuous.  In rigid, proton-rich solids under static or low speed MAS conditions, the cross-

polarization Hartmann-Hahn matching width, where the carbon signal intensity is 

measured as a function of the carbon spin-lock radiofrequency amplitude, B1C, is several 

kilohertz and a maximum carbon signal is easy to obtain.  Figure 2.6 shows a typical 

matching profile.  



 31

 

  

0

200

400

600

800

1000

1200

20 30 40 50 60 70

B1C (kHz)

C
a
rb

o
n

 S
ig

n
a
l 
In

te
n

s
it

y

 

Figure 2.6   Theoretical Hartmann-Hahn matching profile for carbon experiencing  

                     strong 
13

C-
1
H dipolar interactions at high MAS rates 

 

However, if the MAS rate is comparable to the 
1
H-

1
H or 

13
C-

1
H dipolar interactions, the 

cross-polarization matching profile breaks down, and the matching curve changes to a 

series of sharp peaks separated by the MAS frequency
72

.  This is especially true for non-

protonated and remotely protonated carbons where 
13

C-
1
H dipolar interactions are 

expected to be weak. Figure 2.7 depicts such a matching profile. 
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Figure 2.7   Theoretical Hartmann-Hahn matching profile for carbon experiencing    

                    weak 
13

C-
1
H dipolar interactions at high MAS rates 

  

 

 

At the peak maxima, the signal intensity of carbon is comparable to static conditions, but 

at the minimum, no signal would be observed.  Therefore, it would be very difficult to 

accurately set the amplitudes of the Hartmann-Hahn matched spin-lock fields, and the 

resulting cross-polarization signal would be extremely sensitive to the MAS rate and 

other factors such as probe tuning
75

. 

 In order to circumvent this problem, the techniques of Variable Amplitude 

(VACP)
75

 and Ramped Amplitude (RAMP)
76-77

 cross-polarization were developed.  With 

VACP, a series of different Hartmann-Hahn conditions are created that eliminates 

amplitude mismatches of the carbon and proton spin-lock fields and results in a flat 

matching curve over a wide range of MAS rates with little or no loss in signal intensity.  

Thus, all 
13

C spins, which may have different Hartmann-Hahn matching conditions, can 

be evenly sampled despite their various chemical environments.  Peersen et al.
75

 showed 

how MAS rates affect cross-polarization as a function of 
13

C-
1
H dipolar interactions.  

CH3 mobile groups produced oscillations in the matching profile at a MAS rate of 6 kHz, 

followed by carboxyl groups with oscillations at 7-8 kHz.  Methylene groups were not 

affected greatly at MAS rates of 15 kHz due to strong dipolar coupling.  However, the 

distance between the maxima of the matching curve and their corresponding peak widths 

0 +1-1-2
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is a function of MAS rates, and therefore, at higher MAS rates, a wider series of 

Hartmann-Hahn conditions must be used to find the peak maxima.  This condition 

requires longer contact times, and for samples with short T1ρH, producing a flat profile 

may be difficult.  

 RAMP cross-polarization is an improvement over the VACP sequence in terms of 

carbon signal intensity.  With RAMP, maximum signal intensity is observed when the 

ramp is centered on the matching sideband and covers the full width of the sideband.  As 

with VACP, RAMP broadens the matching profile.  The RAMP pulse sequence, shown 

in Figure 2.8, can be implemented on the proton or carbon channel.   

 

 

   
        Figure 2.8   Ramped Amplitude Cross-Polarization pulse sequence showing  

                            the ramp on the proton channel to compensate for narrow      

                            Hartmann-Hahn matching profiles at high MAS rates 

 

RAMP, however, uses a constant step size of increasing field strength, whereas VACP 

uses discrete up and down step sizes.  The ramp is normally centered at the -1 sideband 

(Figure 2.7) at any given contact time and has been shown to give greater signal intensity 

than the single amplitude cross-polarization (SACP) pulse sequence (Figure 2.3) as the 

linear ramp is able to fulfill more of the Hartmann-Hahn match conditions expected to be  

found in heterogeneous samples.  However, Dria et al.
78

 found RAMP along with two 

90o 

Spin-Lock 
HPDEC 1H 

13C Spin-Lock 
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pulse phase modulated (TPPM) decoupling, which improves decoupling efficiency at 

higher magnetic field strengths and spinning frequencies, to give only better S/N in a 

study of humic acids at higher magnetic field strengths but no differences in quantitation 

were observed compared with SACP.  Despite the advancement of RAMP, many 

questions still remain as to its capability to produce quantitative NMR spectra of 

geochemical materials due to the longer contact times required of this technique in order 

to sample the multitude of match conditions for a sufficient time, especially for samples 

with components containing short T1ρH values
79

.  Thus, if true quantitation of carbon in 

soil organic matter is desired, DP-MAS is the most suitable approach despite the lower 

sensitivity and longer analysis time inherent in this technique.     

Paramagnetic centers 

Paramagnetic centers, as either inorganic cations or organic free readicals, are 

also responsible for line broadening and signal loss in NMR spectra. Therefore, the 

presence of these species may affect the quantitation of 
13

C NMR spectra of natural 

organic matter.  The problems paramagnetics create in solid-state 
13

C NMR spectroscopy, 

and how they may be resolved, is the focus of Chapter 3.  However, paramagnetics may 

be turned to advantage to probe the metal binding properties of natural organic matter by 

investigating their effects on the NMR sample spin dynamics, and this issue is the focus 

of Chapter 4.         
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CHAPTER 3 

EFFECTS OF CHEMICAL TREATMENTS ON THE QUALITY AND 

QUANTITATIVE RELIABILITY OF SOLID STATE 
13

C NMR SPECTROSCOPY 

OF MINERAL SOILS 

 

 

 

Introduction 

Solid-state 
13

C nuclear magnetic resonance (NMR) spectroscopy is one of the 

most powerful techniques available for probing the structure of geochemical materials 

such as coals
60-61,66

, sediments
80

, and soils
81-83

. Despite its widespread use, 
13

C NMR of 

mineral soils (< 17% carbon) has been hindered by low carbon content and, in many 

cases, by the presence of paramagnetic materials. These paramagnetic sites occur mainly 

as inorganic cations or organic free radicals, and their impact on the spectra of whole 

soils or soil components generated utilizing the cross polarization magic angle spinning 

technique (CP-MAS) can be manifested by broadened resonances and signal loss
84-85

.  

These effects, either selective or non-selective, are the result of several mechanisms, 

especially with regard to geochemical samples. Paramagnetic/ferromagnetic species may 

cause an increase in magnetic field inhomogeneity that is imparted across the entire 

spectrum, and, as such, affect all carbon nuclei equally
86-87

 or through anisotropic bulk 

magnetic susceptibility
88-89

.  Smernik et al.
49

 carried out a series of doping experiments 

with physical mixtures of paramagnetic salts and cellulose and attributed the observed 

signal loss to this mechanism. On a lesser, but still severe scale, paramagnetic centers 

may affect the cross polarization process by decreasing T1ρH values such that some 
13

C 

nuclei relax completely before being observed
36,85,90

.  Finally, the presence of 

paramagnetics in very close proximity to 
13

C nuclei may lead to acute broadening 

/shifting of associated resonances
91-92

, rendering inefficient proton decoupling
88-89

. 

However, the shifting of resonances has yet to be reported for paramagnetics associated 

with soil organic matter.  In a systematic study of 
13

C DP-MAS and CP-MAS NMR 
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quantitation of a complete suite of classic humic fractions from a single soil, Keeler and 

Maciel
93

 found both solid-state techniques underestimated carbon content compared to 

traditional elemental analysis, with the CP-MAS configuration being more severe.  

Through the use of spin counting experiments, paramagnetic cations, particularly iron, 

were suggested to be responsible for the missing carbon. 

 Several methods have been proposed to improve the sensitivity and resolution of 

CP-MAS spectra of soil organic matter via reduction of paramagnetics. While iron is the 

most troubling of these materials, manganese and copper, as well as organic free radicals, 

may also pose additional problems.  Physical separation has been employed on whole 

soils and particle size fractions in order to remove paramagnetics using flotation and 

magnetic fields
94

. However, the most popular means for soil and sedimentary materials 

has been the use of chemical treatments. Skjemstad et al.
95

 found a 2% HF treatment to 

be superior in iron removal to 1% HF as well as sodium dithionite/citrate, which 

additionally contaminated the 
13

C CP-MAS spectra of their surface soils with little 

change in the structure of the soil organic matter. Arshad et al.
94

 reported some success 

with dithionite and stannous chloride treatments for a C-enriched fine sand fraction and 

suggested that the C:Fe ratio needed to be >1 to obtain quality CP-MAS spectra. A 10% 

HF treatment improved spectra of whole soils and particle size fractions, but this 

treatment resulted in the loss of carbohydrates
96

. Iron was found to be removed more 

effectively from a series of Spodosol profiles using 2% HF rather than 0.05 M stannous 

chloride or 4% sodium dithionite
97

. However, both the HF and dithionite treatments 

preferentially removed O-alkyl and alkyl, respectively, in the organic horizons. HF 

treatments improve spectra not only by removing iron, but also by concentrating the soil 

organic matter through demineralization.  Gonclaves et al.
98

 found a 10% HF treatment to 

increase the carbon content (mass percent) and to improve 
13

C CP-MAS NMR spectral 

quality with an accompanying decrease in iron content in a series of Brazilian Ferralsols 

(Oxisols).  High carbon losses did occur during the treatments, but without preferential 

loss of specific functional groups based on NMR spectral integration.  Other instances of 

chemical treatment employing these agents have been reported for whole soils
99

, particle 

size fractions
100

, and humin
101

 with varying degrees of success. In many instances, the 

observability of carbon increased dramatically after treatment, or in severe cases, useful 
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spectra could only be acquired after chemical treatment. In all cases cited, the efficiency 

of these extractions was determined by monitoring iron concentrations and by assessing 

carbon functional distribution calculated from CP-MAS spectra. 

  Relaxation rate measurements, particularly T1H and T1ρH, provide a very useful 

additional parameter to establish the efficiency of chemical treatments on mineral soils. 

Smernik et al.
102

 performed a series of cation doping experiments to demonstrate the 

reduction of spin lattice relaxation rate constants in a de-ashed soil by paramagnetic ions. 

Pfeffer et al.
90

 found a drastic reduction in T1H and T1ρH values, particularly for 

carbohydrate and protein material, while carrying out doping experiments of model 

sludge components with FeCl3
.
 6H2O. This suggested the close association of 

paramagnetics with the more acidic exchangeable proton sites in the hydrophilic 

components. Similar results were reported on peat and muck samples of varying copper 

content and decomposition
84

. The coordination of paramagnetic materials to the aromatic 

region of four organic soils was suggested by Preston et al.
103

  Reductions in T1H and 

T1ρH values through FeCl3 
.  
6H2O doping experiments were also used to probe lignin-

carbohydrate associations in wood pulp
104

.  

 In conjunction with spin lattice relaxation rate measurements, proton spin 

relaxation editing (PSRE) has been utilized in order to separate slowly and rapidly 

relaxing components of soil particle size fractions
47

, humin
105-106

, humic acids
107

, 

kerogen
108

, polymers
109

, wood
110-111

, and solid waste
112

. PSRE takes advantage of 

differences in proton spin relaxation rates (T1H or less commonly T1ρH) in heterogeneous 

materials that have chemically distinct and spatially separated domains so that subspectra 

of these components may be generated through linear combinations of fully and partly 

relaxed spectra
51

. The use of T1H for PSRE is restricted to domains that are separated by 

30-100 nm or more because spin diffusion will otherwise “average” T1H values
109

. 

Conversely, T1ρH can be used to probe domains of about 2-30 nm, because these values 

are typically much shorter than T1H values, and thus proton spin diffusion has much less 

time to occur
50

. Smernik et al.
47

 used PSRE to separate the charcoal fraction of several 

photo-oxidized Australian soils using T1H. PSRE was also utilized to determine the 

location of metal binding sites for a cation doped de-ashed soil based on T1H and 

T1ρH
102

. Preston et al.
106

 provided evidence for spatial heterogeneity in the organic matter 
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of de-ashed humin samples through PSRE. Proton spin relaxation editing has allowed the 

association of long T1H values with alkyl components of soil humic acids, humins, and 

HF treated whole soils to be recognized.  This editing technique was advanced by 

Newman et al.
109

 to include three component subspectra of synthetic polymers and 

sludge.     

 The chemical removal of paramagnetic materials from whole soils or soil 

components is often times the only approach available to produce useful CP-MAS spectra 

in a reasonable time frame. At the same time, these methods must not severely 

compromise the chemistry of the original soil organic matter. In this study, CP-MAS 

NMR proton spin relaxation measurements were used to probe the spin dynamics of three 

mineral soils and assess the effects of three common chemical treatment methods for the 

removal of paramagnetic materials. PSRE techniques were used to separate rapidly and 

slowly relaxing components in each soil and to identify the effects of the different 

treatments on them.  

Materials and Methods 

Soils   

Soil samples were collected from several locations in northern Florida/southern 

Georgia. Sample sites were chosen as representative of the dominant soil orders of the 

region
113-114

.  A detailed description of each soil can be found in Table 3.1. 

 

 

Table 3.1   Soil Properties 

Soil Order Depth (cm) Horizon pH %C %N 

TBP, FL Ultisol 0-5 A 5.6 1.51 0.31 

Donalsonville, GA Ultisol 0-5 A 5.8 1.21 0.27 

Green Point, FL Spodosol 30-50 Bh 4.3 1.70 0.26 

 

 The TBP soil was collected in a wooded area under grass cover, the Donalsonville soil 

from an area adjacent to an agricultural field with no grass present, and the Green Point 

soil from a sand-covered wooded area.  Soil pH was determined in a 1:1 soil:water mix. 
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Samples were sieved (< 600µm) and stored in glass jars (Nalgene, Rochester, NY) until 

subjected to chemical treatment.   

Chemical treatment   

Fifteen grams of each sieved soil were placed into a 125 mL polyethylene bottle 

(Nalgene, Rochester, NY) along with 30 mL of the appropriate treatment chemicals. 

Solutions consisting of 0.05M SnCl2 2H2O/HCl (Fisher, Fairlawn, NJ) and 4% (w/v) 

(0.23M) sodium dithionite (Fisher Scientific, Fairlawn, NJ) were prepared fresh prior to 

each treatment. A 2% HF/BF3  (Fisher Scientific, Fairlawn, NJ) solution (1.0M) was 

prepared following the method of Robl et al
115

. Briefly, treatments were stirred for one 

hour and filtered through P5 qualitative filter paper (Fisher Scientific, Fairlawn, NJ). 

Each soil was then washed five times with pure Millipore water (18MΩ) (Millipore, 

Bedford, MA) except in the case of dithionite, where a 0.05M HCl wash was 

incorporated prior to the water washes. Given the high proportion of sand involved with 

these soils, the “washed sand fraction” (> 75µm) was left behind in the initial filtering 

process after the soil organic matter associated with this fraction was removed. Each 

treatment was repeated for 4 X 1h. and 2 X 24 h. The “washed sand fraction” was 

removed from the untreated sample as well using only Millipore water. The soils were 

then homogenized and oven-dried at 60
o
C overnight and stored in glass vials until further 

analysis. 

Chemical analysis  

Elemental carbon and nitrogen (C and N) were determined by dry combustion 

utilizing a Thermoquest NC 2500 elemental analyzer (Thermoquest, Italy). Iron analysis 

was performed by flame atomic absorption spectroscopy (Varian, Palo Alto, CA) on 0.2 

M HNO3 digests based on a developed digestion procedure with NIST SRM Estuarine 

and Buffalo River sediment standards. One hundred milligrams of soil or standard were 

placed into a 15 mL Teflon vial (Savillex, Minnetonka, MN) along with 2 mL of 8M 

HNO3  (Fisher, Fairlawn, NJ) and heated at 60
o
C for 30 min. Upon cooling, 1 mL of 48% 

HF (24M) was added, heated at 60
o
C for 1 h., and the acid solution was then evaporated 

to dryness. The residue was allowed to cool and then 2 mL of 6M HCl were added and 

evaporated to dryness. Finally, 20 mL of 1M HNO3 were added in 10 mL increments, 



 40

filtered through a 0.45µm syringe filter (Whatman, U.K.), and diluted to 100 mL. Digests 

were stored at 4
o
C in polypropylene bottles (Nalgene, Rochester, NY) until analysis. 

Solid-state CP-MAS 
13

C NMR spectroscopy   

Solid-state CP-MAS 
13

C NMR spectra of TBP soils were obtained at a 
13

C 

frequency of 50.3 MHz on a Bruker 200 MHz spectrometer with an IBM solids 

accessory. Samples were packed in a 7mm diameter zirconia rotor and spun in a Doty 

Scientific (Columbia, SC) probe at the magic angle at 4 kHz. A sweep width of 25 kHz 

and a sampling of 2K data points zero filled to 8K with 50 Hz of line broadening was 

used throughout. Chemical shifts were externally referenced to the 31 ppm methyl 

resonance of p-di-t-butylbenzene. Variable contact time experiments
48

 were performed 

using a 6.5 µs 90
o
 pulse width and a recycle delay of 2s. Inverion recovery experiments 

also were run under the same conditions according to Sullivan et al.
38

  Three thousand 

transients were collected for each sample. 

 Solid-state CP-MAS 
13

C NMR spectra of Donalsonville and Green Pt. soils were 

obtained at a 
13

C frequency of 75.5 MHz on a Bruker DMX 300 MHz spectrometer. 

Samples were packed and spun at the magic angle at 5 kHz. A sweep width of 33 kHz 

and a sampling of 1K with 100 Hz of line broadening was used throughout. Chemical 

shifts were externally referenced to the 43 ppm resonance of glycine. Variable contact 

time and inversion recovery experiments were also carried out with a 6.5 µs 90
o
 pulse 

and a 2s recycle delay. Approximately 250 to 8000 transients were collected for each 

sample. All comparison spectra were accumulated with the same number of transients 

and corrected for mass of organic carbon. T1ρH values were calculated from variable 

contact time experiments according to Smernik et al.
49  

Spectra were integrated from –50 

ppm to 300 ppm to give total signal intensities. A computer fit of the total signal intensity 

as a function of contact time for the decay portion of the cross polarization curve gave 

T1ρH as seen in Figure 3.1 for the 2% HF/BF3 treated Green Point Bh horizon.  
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Figure 3.1    2% HF/BF3 Green Point Cross Polarization Curve (a) 

                                     with Decay Fit (b) 

 

 

For T1H estimations, spectra were similarly integrated and a computer fit of the total 

signal intensity as a function of recovery delay carried out according to Smernik et al.
47

 

In most cases a 2-component fit was statistically better than a 1-component, as seen in 

Figures 3.2-3.3 for the 2% HF/BF3 treated Green Point Bh horizon. 
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Figure 3.2   2% HF/BF3 Green Point One Component T1H Fit 
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Figure 3.3   2% HF/BF3 Green Point Two Component T1H Fit 

 

 

All fits gave correlation values greater than 0.99. Where applicable, proton spin 

relaxation editing (PSRE) was implemented to generate rapidly and slowly relaxing soil 

subspectra in order to assess the effectiveness of each treatment through an examination 

of spin dynamics. PSRE subspectra are displayed with the same scale to allow for direct 

comparison. Dipolar dephasing experiments
116

 were also performed using a 60 µs 

dephasing delay between cross polarization and data acquisition and a 180
o
 refocusing 

pulse in order to probe the protonation of carbon in the treated soil samples.   

Electron paramagnetic resonance (EPR) spectroscopy   

Electron paramagnetic resonance spectra were recorded at room temperature on 

the soil samples packed in quartz EPR tubes using a Bruker ELEXSYS 500 EPR 

spectrometer operating at the X-band frequency (~ 9.86 GHz) with 100 kHz magnetic 

field modulation. All spectra were mass corrected. 

Results and Discussion 

Chemical removal of iron 

Iron, in the paramagnetic state, is usually present in soils in a variety of mineral 

forms existing primarily as oxides or (oxy)hydroxides which can interfere in the 

acquisition of routine CP-MAS spectra. As discussed previously, chemical treatment 

methods employing reducing agents and mineral acids have been commonly applied to 

remedy this problem. The reduction of iron from its 3
+
 to 2

+
 oxidation state using these 

agents increases its solubility and thus its removal from geochemical materials. 
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Therefore, the removal of iron from soils can be a key indicator in the decrease of its 

paramagnetic content.  Data in Table 3.2 shows the efficiency of iron removal of each 

treatment for each NIST SRM and soil order used in this study. 

 

 

 

Table 3.2   Chemical Removal of Paramagnetics 

Soil Treatment % Fe % Fe 

removed 

%C C:Fe R 

factor
&

 

Buffalo River Digestion Method 3.97 97 ---- ---- ---- 

Estuarine Digestion Method 3.25 97 ---- ---- ---- 

       

TBP, FL Untreated 3.32* ---- 6.87 2.07 ---- 

 2% HF/BF3 1.17 65 41.01 35.05 0.82 

 4% dithionite 0.67 80 10.29 15.36 0.84 

 0.05M SnCl2 2H20 2.16 35 20.96 9.70 1.21 

Donalsonville, 

GA 

Untreated 2.33* ---- 4.16 1.79 ---- 

 2% HF/BF3 1.63 30 16.9 10.3 0.62 

 4% dithionite 0.57 76 3.43 6.02 1.08 

 0.05M SnCl2 2H20 2.02 13 7.81 3.87 1.01 

Green Point, FL Untreated 0.30* ---- 16.97 56.57 ---- 

 2% HF/BF3 0.34 # 48.97 144.0 1.12 

 4% dithionite 0.22 # 18.01 81.86 1.06 

 0.05M SnCl2 2H20 0.29 # 16.32 56.28 0.85 

 

*  Iron content after removal of  “washed sand fraction”     #  Not significant within instrumental limitations  

&  R = C/N(before treatment)                                   

                 C/N(after treatment) 
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The high recovery of iron from the NIST standards proves the efficiency of the digestion 

procedure used in this study.  In the cases of the two Ultisols, which are highly weathered 

soils and thus contain appreciable amounts of iron in the A horizon, 4% sodium dithionite 

was the most effective in removal of iron, followed by 2% HF/BF3 and 0.05M stannous 

chloride/HCl, respectively. The results for the Ultisols are in general agreement with 

other studies that used 1% and 2% HF along with 1% (w/v) dithionite and varying citrate 

concentrations to remove magnetic materials in several Australian surface soils
95

, 10% 

HF to treat bulk soils and soil particle size fractions contaminated with brown coal dust 

and ash
96

, and dithionite and stannous chloride to decrease the iron content of a C-

enriched fine sand fraction and a clay sized fraction.
94

  

On the other hand, in the spodic horizon, which often contains high amounts of 

iron complexed with soil organic matter, there is only a small amount of iron initially 

present due to the high water content of this horizon which slowly leaches iron
117

. There 

is thus essentially no difference in the three treatment methods employed in this work. It 

should be noted that Dai et al.
97

 found a 2% HF treatment to be slightly better than 0.05M 

stannous chloride and vastly superior to 4% dithionite in iron removal from several 

horizons of Spodosols.  

 Electron paramagnetic resonance (EPR) spectroscopy was also used to assess the 

efficiency of the chemical treatments for the removal of paramagnetic materials. Figures 

3.4-3.6, which depict normal EPR spectra of the soils
118-120

, suggest that for both Ultisols, 

4% (w/v) dithionite was most effective followed closely by 2% HF/BF3, in agreement 

with the AAS data, while 0.050M stannous chloride was not very efficient. In the spodic 

horizon, there is no real difference between dithionite and HF/BF3 for the removal of 

paramagnetics, but both are marginally superior to the stannous chloride treatment. 
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Figure 3.4   TBP EPR Spectra 

 

 

 

 

 

 

 

 

 

 

Figure 3.5    Donalsonville EPR Spectra 

 

 

 

 

 

 

 

 

 

 

Figure 3.6    Green Point EPR Spectra 
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Effects of chemical treatments on CP-MAS 
13

C NMR spectra of soils   

Several studies have examined the effects of chemical treatments on the remaining 

organic fraction of the soil and whether the organic carbon lost in the extracts differs 

chemically from the initial soil organic matter. This analysis is often carried out using 

CP-MAS 
13

C NMR through the quantitative observation of functional group distributions 

in untreated as well as chemically treated samples.  Carbon mass balance determination 

has also been used in conjunction with CP-MAS NMR for this purpose. Figure 3.7 

includes the spectra of the TBP A horizon after the three chemical treatments. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7    
13

C CP-MAS spectra of TBP treated soil samples: (a) 0.05M stannous                

chloride/HCl treated soil, (b) 4% (w/v) dithionite treated soil, (c) 2%   

HF/BF3 treated soil  

 

 

 

The spectrum of the untreated sample could not be obtained due to the high paramagnetic 

character of this soil. The 2% HF/BF3 treatment yielded the best quality spectrum, 

followed by dithionite and stannous chloride, respectively.  Similar trends were observed 

in the spectra of the Donalsonville and Green Point treated soils (Figures 3.8 and 3.9).  
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Figure 3.8    
13

C CP-MAS spectra of Donalsonville treated soil samples: (a) 0.05M 

stannous chloride/HCl treated soil, (b) 4% (w/v) dithionite treated soil, 

(c) 2% HF/BF3 treated soil  

 

 

 

  

    

 

 

 

 

 

 

 

 

Figure 3.9     
13

C CP-MAS spectra of Green Point treated soil samples: (a) 0.05M     

stannous chloride/HCl treated soil, (b) 4% (w/v) dithionite treated soil, 

(c) 2% HF/BF3 treated soil  
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The increased S/N of the 2% HF/BF3 spectra in all three soils is due to both the removal 

of paramagnetic species as well to an increase in the carbon content of the soil (Table 

3.2). HF has the unique ability to dissolve the inorganic matrix of the soil thereby 

concentrating the organic fraction
95

.  The carbon content of the three surface horizons 

treated in this study with 2% HF/BF3 increased by factors similar to those observed in 

other studies where as much as 79% of the mass Ap horizons was lost as a result of 

dissolution of the inorganic fraction by 10% HF
96

.   

Arshad et al.
94

 have suggested that a C:Fe ratio > 1 is necessary to obtain quality 

spectra of whole soil or soil components. However, for our untreated Ultisol soils, which 

had C:Fe of 2.07 and 1.79, no useful spectra could be obtained. A reasonable quality 

spectrum could also not be obtained for the stannous chloride treated TBP soil, which has 

a C:Fe value of 9.70, or for the stannous chloride treated Donalsonville soil which has a 

C:Fe value of 3.87, even though the organic carbon was slightly concentrated by this 

treatment. Spectra of acceptable quality (i.e. good S/N ratios and resolution) were 

obtained from all of the treated and untreated soil with C:Fe values ranging from 6.02-

144.01. This data, along with the EPR data, suggest that the C:Fe>1 does not necessarily 

produce good quality spectra in all cases, and that a much higher C:Fe may be necessary. 

Schmidt et al.
96

 also reported C:Fe increases from less than 10 to 136-654 after 10% HF 

treatment with improvements in spectral quality due to removal of paramagnetic iron.  

Despite the marginally better reduction in paramagnetic content of our samples that 

resulted from treatment with dithionite, the HF/BF3 treatment appears superior due to the 

carbon enrichment effect.   

 To be useful for analytical geochemical purposes, any chemical treatment method 

must not substantially alter the nature of the remaining organic fraction. Table 3.3 lists 

the integrated areas in percent within the spectral regions normally used to quantitate 

organic functional groups by solid state NMR for the three soils after each of the three 

treatments. 
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Table 3.3   Spectral Integration 

Soil Treatment 0-50 ppm 50-110 

ppm 

110-160 

ppm 

160-190 

ppm 

190-220 

ppm 

TBP, FL 2% HF/BF3 34.7 37.5 20.8 6.0 1.1 

 4% dithionite 28.0 43.8 17.0 9.1 2.2 

 

Donalsonville, GA 2% HF/BF3 56.8 22.9 16.1 3.7 2.1 

 4% dithionite 30.2 37.1 23.9 7.5 0.7 

 

Green Point, FL 2% HF/BF3 51.0 32.0 11.4 5.7 0.2 

 4% dithionite 43.0 35.8 13.8 7.0 0.3 

 

 

 

The spectral regions used were: 0-50 ppm (aliphatic), 50-110 ppm (O-alkyl), 110-160 

ppm (aromatic), 160-190 ppm (carboxyl/amide), and 190-220 ppm (ketone/carbonyl). In 

both the TBP and Donalsonville soils, the dithionite treated samples have a much lower 

aliphatic content, which can also be seen visually in the CP-MAS spectra in Figures 3.7-

3.8. The peak around 20 ppm in the TBP spectra is absent, and two resonances around 20 

ppm and 45 ppm, respectively, are missing in the Donalsonville sample. Aliphatics have 

been shown to be associated with the fine clay fraction of many soils where the iron is 

primarily a part of the clay matrix
21,83,85,121-122

. Given the differences in iron removal by 

the dithionite and HF/BF3 treatments in our samples and the drastic differences in the 

HF/BF3 and dithionite treated TBP spectra, we believe that the dithionite is removing 

some aliphatic material associated with this iron. However, paramagnetic iron is not 

intimately associated with the aliphatic organic material so as to bring about selective 

signal loss. Skjemstad et al.
123

 also reported that aliphatic material was removed along 

with iron in some dithionite treated spodic horizons, as did  Skjemstad et al
95

 and Oades 

et al.
85

 who found that dithionite extracted mainly aliphatic carbon and some O-alkyl and 

carboxylic carbon, but reported carbon recoveries after treatment of surface soils in the 

range of 83% -92%. 
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In the Donalsonville and Green Point samples, aliphatic components were also 

removed from the dithionite treated sample. Given the differences in iron removal by the 

two methods and the EPR data, we believe that the aliphatic material was again removed 

with the iron in these soils by the dithionite. However, O-alkyl and carboxyl carbon 

seems to have been selectively removed by the HF/BF3 treatment in all the soils, although 

this loss appears more dramatic in the Donalsonville sample. These observations are 

consistent with those of others; in the Spodosol horizons studied by Dai et al.
97

, carbon 

losses averaged 31% for a 2% HF treatment and only 12% for dithionite treated soils, and 

HF was found to extract mainly O-alkyl groups (10-13%) in the organic horizons and 

carboxylic groups in the mineral horizons. HF was found to remove carbohydrate 

material from a de-ashed humin by Preston et al.
101

 A similar result was reported after HF 

extraction of iron in soils with recoveries of 77%-92%, but with a decrease in the O-alkyl 

content of a compost, which was assumed to be a due to these labile components being 

easily solubilized and removed from the soil by water and not by hydrolysis of the 

organic matter with HF
96

.  

Dai et al.
97

 attributed carbon distribution differences in CP-MAS spectra of 

Spodosol horizons to several factors, including poor S/N, paramagnetic ions associated 

with specific carbon moieties, removal of some carbon by the treatments, and sideband 

interference. Spinning sidebands were not a significant problem in our samples due to 

their lower aromatic content and paramagnetics were virtually removed, as evidenced by 

the EPR spectra. Preston et al.
100

 suggested that poor S/N resulted in a +/- 5-10% error in 

the relative areas of the spectral regions, but the differences in carbon functional group 

distributions we have observed are generally greater than this.  We therefore attribute the 

changes we have observed after these chemical treatments to selective carbon removal.   

 Schmidt et al.
96

 introduced the R factor, the ratio of C/N before treatment to C/N 

after treatment, and suggested this factor as an indicator of the extent of alteration of the 

original organic matter after chemical extraction. Any treatment which gives a value 

between 0.8 and 1.2 is considered not to substantially alter the organic fraction of the soil. 

Table 3.2 lists the R factor values determined for each chemical treatment used in this 

study. In our samples, this criterion does not hold true as can be seen from the CP-MAS 

spectra in Figures 3.7-3.8 of the three chemical treatments for TBP and Donalsonville 
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soils. The R values of the 2% HF/BF3 and 4% (w/v) dithionite treatment were determined 

to be 0.82 and 0.84, respectively, for the TBP soil. As stated earlier, the CP-MAS spectra 

of these two samples appear quite different in the aliphatic region with a peak at 20 ppm 

not evident in the dithionite treated sample. In the dithionite treated Donalsonville soil 

with an R value of 1.08, peaks around 20 ppm and 45 ppm are absent which appear in the 

2% HF/BF3 treated sample. Therefore, at least in our dithionite treated Ultisol samples, 

the R factor does not adequately describe the degree of alteration of the soil samples. 

Although Dai et al.
97

 reported an average R value of 1.02 for chemical treatments of 

Spodosol horizons, several mineral horizons had R values greater than 1.25 after 2% HF 

treatment, and they thus concluded that the organic matter had been altered. In the 

Donalsonville HF/BF3 treated soil, an R value of 0.62 was determined which corresponds 

to the loss of O-alkyl and carboxyl groups discussed previously.  

Several reports
95-96

 have suggested that HF treatment does not alter the carbon in 

soil organic matter to a great degree, but this does not seem to be applicable in all cases. 

However, HF still appears to be the most promising chemical extractant for soils high in 

paramagnetic content due to its ability to reduce the paramagnetic content of soils as well 

as its ability to dissolve the inorganic matrix and concentrate the organic carbon fraction.   

NMR spin dynamics and proton spin relaxation editing (PSRE)  

Table 3.4 lists the NMR optimal contact times and spin lattice relaxation rates for 

the chemically treated soils used in this study. 

 

 

Table 3.4 NMR Spin Dynamics 

Soil Treatment OCT (µs)* T1ρH (ms) T1H (ms) 

TBP, FL 2% HF/BF3 300 2.13 128 (slow); 8.5 (fast) 

 4% dithionite 300 2.41 68 

 

Donalsonville, GA 2% HF/BF3 550 4.43 624 (slow);8.8 (fast) 

 4% dithionite 550 4.85 353 (slow);19.1 (fast) 
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Table 3.4-continued 

Green Point, FL 2% HF/BF3 550 4.91 403 (slow); 28.1(fast) 

 4% dithionite 550 5.58 404 (slow);33.5 (fast) 

* Optimal Contact Time 

 

Often times in soil organic matter spin diffusion averages T1pH to a single value even 

though several T1ρH values may exist for the various heterogeneous organic components. 

In this study T1ρH bulk soil values ranged from 2.13 ms to 5.58 ms. For TBP soil, the 

lower values of 2.13 ms and 2.41 ms for the dithionite treated and HF/BF3 treated 

samples, respectively, are the result of the high degree of protonation of the organic 

matter in this soils and its greater aliphatic nature (Figure 3.10-3.11).  
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Figure 3.10   4% (w/v) Dithionite Treated TBP Cross Polarization Curve (a)  

                      with Decay Fit (b) 
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Figure 3.11    2% HF/BF3 Treated TBP Cross Polarization Curve (a) 

                       with Decay Fit (b) 

 

 

 

The optimal contact time of 300 µs for both treatments of this soil bears this out. The 

contact time most often employed for geochemical samples has been 1 ms, but this 

contact time is rarely optimized
124

. Smernik et al.
102

 showed that the optimal contact time 

decreased as a result of the paramagnetic interference of the cross polarization 

mechanism with lower T1ρH values of 0.83 to 1.42 ms for a Mn
2+

 and Cu
2+

 doped de-

ashed soil, respectively. It was suggested that an intimate contact between the 

paramagnetic center and organic material must exist for this type of mechanism to 

occur
125

. Preston et al.
84

 also showed a decrease in T1ρH values in the carbohydrate 

region of organic soils of varying copper contents with an optimal contact time of 500 µs. 

Pfeffer et al.
90

 and Gerasimowicz et al.
104

 demonstrated a drastic reduction in T1ρH values 

for Fe
3+

 doped wood pulp as low as 2.2 ms. However, the EPR data in this study suggest 
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that these treated soils contain very low amounts of paramagnetic character and, thus, the 

lower T1ρH values and optimal contact times in the TBP samples are not likely to be a 

result of paramagnetics, given the good S/N of these spectra. Extensive protonation and 

aliphatic character are more likely the origin. 

The treated Donalsonville and Green Point samples possess similar T1ρH values, 

in the range of 4.43 ms to 5.58 ms and an optimal contact time of 550 µs (Figures 3.12-

3.14). 
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Figure 3.12   2% HF/BF3 Treated Donalsonville Cross Polarization Curve (a) 

                   with Decay Fit (b) 
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Figure 3.13     4% (w/v) Dithionite Treated Donalsonville Cross Polarization  

                        Curve (a) with Decay Fit (b) 
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Figure 3.14   4% (w/v) Dithionite Treated Green Point Cross Polarization Curve (a)   

                      with Decay Fit (b) 

 

 

 

These T1ρH values fall within the range reported for similar materials that must be treated 

to remove paramagnetics
67,102

. The highly aliphatic nature of these two samples allows 

the most efficient cross polarization to occur at well under 1 ms. Figure 3.15 depicts the 

normal CP-MAS spectra along with the dipolar dephased spectra of both 2% HF/BF3 

treated samples. 
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The highly protonated carbon content of these samples is very evident as most of the 

signal is removed after a dephasing delay of 60 µs, except for a residual signal from 

rapidly rotating methyl groups and carboxyl groups. Despite the higher iron content of 

the Donalsonville HF/BF3 and dithionite treated samples compared to the HF/BF3 and 

dithionite treated Green Point samples, the EPR data shows no real differences in the 

paramagnetic content. Therefore, these two samples have similar NMR relaxation 

parameters, with the remaining iron not being substantially paramagnetic. The minor 

differences in spin lattice relaxation rate constants (T1ρH) between the dithionite and HF 

treated samples of all three soils may well be due to the removal of some of the aliphatic 

component. 

 T1H values have been shown to be even more sensitive to the presence of 

paramagnetics than T1ρH in geochemical materials
90,102

. For example, Smernik et al.
102

 

reported a T1H values as short as 4.2 ms for a paramagnetically doped de-ashed soil. 

Table 3.4 shows a 2-component T1H as has been reported in many geochemical 

samples
47,106 

where domains characterized by these two components must be separated by 

Figure 3.15    Full CP-MAS (upper) and dipolar dephased (lower) spectra of 2%  

                        HF/BF3 treated Donalsonville (a) and Green Point (b) treated soils 
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at least 30-100 nm.  Table 3.5 lists the linear combinations used to generate the rapidly 

and slowly relaxing components from fully, S, and partly, S’, relaxed spectra. 

 

 

 

Table 3.5  Linear Combinations for Two Component PSRE 

Sample Treatment Rapidly Relaxing Slowly Relaxing 

TBP 2% HF/BF3 0.38S + 0.75S’ 0.62S – 0.75S’ 

 4% (w/v) dithionite ------- ------- 

Donalsonville 2% HF/BF3 0.33S + 0.68S’ 0.67S – 0.68S’ 

 4% (w/v) dithionite 0.29S + 0.81S’ 0.71S – 0.81S’ 

Green Point 2% HF/BF3 0.32S + 0.76S’ 0.68S – 0.76S’ 

 4% (w/v) dithionite 0.31S + 0.82S’ 0.69S – 0.82S’ 

  

 

 

For the TBP sample, a two component fit was possible only for the HF/BF3 treated 

sample (Figures 3.16-3.17). The removal of some of the aliphatic material limited the fit 

of the dithionite treated sample to only one component (Figure 3.18) because the rapidly 

relaxing component of the HF/BF3 treated sample consisted primarily of this aliphatic 

material, as can be seen in Figure 3.7 and Figure 3.19 of the proton spin relaxation 

subspectra.  
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Figure 3.16     2% HF/BF3 TBP One Component T1H Fit 
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Figure 3.17      2% HF/BF3 TBP Two Component T1H Fit 
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Figure 3.18     4% (w/v) Dithionite TBP One Component T1H Fit 
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Figure 3.19   2% HF/BF3 treated TBP PSRE subspectra 

 

 

 

The T1H slow value of the HF/BF3 treated sample (128 ms) was almost double the 

dithionite treated sample (68 ms), which interestingly is exactly the average of the 2-

component HF/BF3 treated sample T1H values. In the Donalsonville soil, the T1H fast 

values were somewhat similar, but the T1H slow are drastically different.  Computer fits 

of the treatments for this soil can be seen in Figures 3.20-3.23. 
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Figure 3.20     2% HF/BF3 Donalsonville One Component T1H Fit 

 

 



 61

-700

-400

-100

200

500

800

1100

0 0.5 1 1.5 2 2.5

Recovery Delay (s)

T
o

ta
l 
S

ig
n

a
l 
In

te
n

s
it

y

Figure 3.21      2% HF/BF3 Donalsonville Two Component T1H Fit 
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Figure 3.22     4% (w/v) Dithionite Donalsonville One Component T1H Fit 
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Figure 3.23      4% (w/v) Dithionite Donalsonville Two Component T1H Fit 
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The slight decrease in T1H fast of the HF/BF3 treated soil may be due to the removal of 

carbohydrate groups and carboxyl groups which comprise a great deal of the fast relaxing 

component, as illustrated in Figure 3.24. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 3.24    PSRE subspectra of 4% (w/v) dithionite (a) and 2% HF/BF3 (b)    

                       treated Donalsonville soil 

 

 

 

 

Similarly, the reduction of T1H slow of the dithionite treated sample is most likely due to 

the removal of the aliphatic material that comprises a large portion of the slowly relaxing 

subspectra. The Green Point soil shows no such substantial differences in T1H slow and 

only minor differences in T1H fast values, again due most likely to the removal of some 

aliphatic material.  Computer fits of the treatments for this soil can be seen in Figures 3.2-

3.3, 3.25-3.26.      
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Figure 3.25      4% (w/v) Dithionite Green Point One Component T1H Fit 
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Figure 3.26      4% (w/v) Dithionite Green Point Two Component T1H Fit 

 

 

 

 

However, this aliphatic material is distributed between the fast and the slowly relaxing 

components of both treatments as seen in Figure 3.27.  
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Figure 3.27    PSRE subspectra of 4% (w/v) dithionite (a) and 2% HF/BF3 (b)   

           treated Green Point soil 

 

 

Normal T1H values of paramagnetic-free soil samples have been reported to be 

around 100–200 ms
102

. Our higher T1H slow values may be the result of a more 

crystalline, ordered nature of a portion of this material. The resonances in the slowly 

relaxing subspectra of Donalsonville and Green Point soils are very sharp and well 

resolved. Conversely, the lower T1H fast values, associated with broader, less resolved 

resonances in the rapidly relaxing subspectra, are indicative of more amorphous, 

disordered soil components. Several reports
90,112 

have also suggested the presence of 

these two domains in soil based on T1H values and peak resolution. Together with the 

discrepancies in spin lattice relaxation rate constants, particularly T1H slow, and the EPR 

data, these differences are not likely to be due to paramagnetic species, but rather carbon 

removal. Therefore, at least in the Ultisol samples studied here, relaxation rate constants 

are a function of treatment rather than paramagnetic content, which has serious 

implications for studies of the spin dynamics of soils that are treated chemically to 

remove paramagnetics. 
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Reproduced with permission from Environ. Sci. Technol. 2004, 38, 5059-5063. 

Copyright 2004 American Chemical Society. 

 

 

CHAPTER 4 

IDENTIFICATION OF COPPER BINDING SITES IN SOIL ORGANIC 

MATTER THROUGH CHEMICAL MODIFICATION AND 
13

C CP-MAS NMR 

SPECTROSCOPY 

 

 

 

Introduction 

 

Metals in trace amounts are ubiquitous in natural systems and function as an 

important source of mineral nutrients for higher plants.  However, at elevated levels, 

these metals can become toxic and pose serious health risks.  Humic substances, naturally 

occurring organic matter found in terrestrial and aquatic environments, play a key role in 

the transport and bioavailability of these metal ions in the environment.  The affinity of 

humics for metals can be attributed to their highly functionalized nature which comprises 

various oxygen-containing moieties, of which carboxyl and phenol are thought to be the 

most influential in metal ion binding. 

 Non-living biomass has recently received a great deal of attention as a 

remediation tool for the removal of harmful metals from the environment.  However, to 

effectively use biomass for metal extraction, an understanding of the nature of the 

chemical binding process is vital.  Many studies have reported the significance of 

biomass functionality as well as solution pH on metal ion uptake through chemical 

modification
126-129

.  For instance, Gardea-Torresday et al.
130

 showed a decrease in Cu(II) 

binding after esterification of carboxyl groups on peat moss and its humic fractions as 

well as on an algal species
131

.  The role of amino and hydroxyl groups collectively as 

well as carboxyl groups in the metal binding of Cr (IV) was investigated through 

chemical modifications using Rhizopus nigricans
132

.  Once again, a decrease in metal 

uptake was observed after the blockage of these functional groups.  On the other hand, 
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the addition of carboxyl and amino groups to various types of biomass was shown to 

increase metal sorption capacity
126,132

. 

 Solid state 
13

C nuclear magnetic resonance (NMR) spectroscopy using the cross 

polarization (CP) and magic angle spinning (MAS) techniques provides a means to 

follow metal binding through the various “compartments” of intact biomass, particularly 

very complex and heterogeneous materials such as natural organic matter, using 

paramagnetic cations such as Cu
2+

 or Fe
3+

.  Paramagnetic cations allow for the probing of 

metal binding sites in soil organic matter due to their effects on the spin dynamics of the 

sample.  This possibility results from differences in spin lattice relaxation rates in 

heterogeneous materials that have chemically distinct and spatially separated domains 

where metal binding occurs.  When intimate contact between a paramagnetic center and 

particular carbon nuclei exists, a reduction in the spin lattice relaxation rates (T1ρH and 

the more sensitive T1H) occurs in CP-MAS NMR.  Paramagnetic cations with relatively 

long T1e, such as Cu
2+

 and Fe
3+

, allow for more efficient nuclear relaxation and hence 

cross polarization breakdown, resulting often times in selective signal loss/peak 

broadening for those carbon species involved in metal binding
102

.   

Spin lattice relaxation in the rotating frame, T1ρH, relates to the time taken for the 

excited proton spins to lose energy and coherence to their surroundings in the presence of 

a radio-frequency field which is applied during the cross polarization process.  T1ρH 

measurements are typically less than 10 ms for geochemical materials so structural 

heterogeneity can only be probed on a scale of less than 30 nm
50

.  Spin lattice relaxation, 

T1H, relates to the time needed for excited proton spins to lose energy to their 

surroundings and return to their equilibrium state in the presence of an external magnetic 

field which is supplied by the NMR magnet.  T1H measurements, however, are usually 

greater than 50 to 75 ms so heterogeneity can be probed to scales greater than 30 to 100 

nm
109

.     

 Several reports have probed the metal binding sites of natural materials such as 

organic matter utilizing solid state 
13

C CP-MAS NMR
125,133-134

.  Peffer et al.
90

 used Fe
3+

 

to follow metal binding in model sludge components based on spin lattice relaxation rates 

and found a reduction in T1ρH and T1H values in iron doped samples compared to those 

which were unamended for the more hydrophilic components, particularly protein and 
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carbohydrate, suggesting that metal binding was associated with the more acidic 

exchangeable proton sites.  Smernik and Oades
102

 looked at the effects of added 

paramagnetic and non-paramagnetic ions on a de-ashed soil, as well as differences 

between the paramagnetic ions themselves (e.g. Mn
2+

, Fe
3+

, and Cu
2+

 were unique).  

They suggested a link between carbohydrate and carbonyl signal loss from paramagnetic 

doping as evidence for the presence of uronic-acid type structures.  Preston et al.
84

 also 

showed a possible preferential localization of copper in the carbohydrate or hydrophilic 

portions of four organic soils.  Paramagnetic cation doping was used to probe lignin-

carbohydrate associations in wood pulp as well.
104

 

 This work, therefore, was undertaken as a spectroscopic examination of the metal 

binding sites in an organic peat soil using chemical modification in conjunction with 
13

C 

CP-MAS NMR.  This approach allows for changes in metal binding to be followed 

through spin dynamics as a result of the blockage of specific sites in soil organic matter.  

Such an investigation will give a clearer understanding of the role specific functional 

groups play in metal-humate interactions. 

Materials and Methods 

Soil 

  The soil used was a commercially available peat which was sieved (< 74 µm) 

and de-ashed 5 X 1 hour according to Schilling et al.
135

 using hydrofluoric acid.  Briefly, 

fifteen grams of the sieved peat were placed into a 125 mL polyethylene bottle (Nalgene, 

Rochester, NY) and treated with 30 mL of a 2% HF/BF3 solution. Treatments were stirred 

for one hour and filtered through P5 qualitative paper (Fisher Scientific, Fairlawn, NJ). 

The peat was subsequently washed five times with pure Millipore water (18MΩ) 

(Millipore, Bedford, MA) and the treatment repeated 4 X 1 hr.  The soils were then 

homogenized and oven-dried at 60
o
C overnight and stored in glass vials until further 

analysis.     

Copper analysis was performed on 0.2M HNO3 digests by flame atomic 

absorption spectroscopy (Varian, Palo Alto, CA) based on a previously developed 

digestion procedure
135

 with detection at 324.8 nm.  Briefly, one hundred milligrams of 

peat were placed into a 15 mL Teflon vial (Savillex, Minnetonka, MN) along with 2 mL 
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of 8M HNO3 (Fisher, Fairlawn, NJ) and heated at 60
o
C for 30 min. Upon cooling, 1mL of 

48% HF was added, heated at 60
o
C for 1 hr., and the acid solution was then evaporated to 

dryness. The resulting residue was allowed to cool and then 2 mL of 6M HCL were 

added and evaporated to dryness.  Finally, 20 mL of 1M HNO3 were added in 10 mL 

increments, filtered through a 0.45 µm syringe filter (Whatman, UK), and diluted to 100 

mL. Digests were stored at 4
o
C in polypropylene bottles (Nalgene, Rochester, NY) until 

analysis.   

 Soil samples were doped using the procedure of Smernik et al.
102

  Briefly, 0.4 

grams of de-ashed unmodified /modified peat were mixed with 10 mL of 0.5 M 

CuCl2·2H2O for one hour. Samples were subsequently centrifuged and the copper 

solution decanted.  Ten mL of pure Millipore water (18 MΩ) (Millipore, Bedford, MA) 

were added and the process repeated to remove residual Cu
2+

 ions.  The washing step was 

carried out twice more, after which the sample was oven-dried at 60
o
C and stored in glass 

vials until further analysis. 

Chemical modifications 

  Esterification was carried out using 4.25 grams of de-ashed peat to which 125 

mL of methanol (Purge and Trap Grade, Fisher Scientific, Fairlawn, NJ) were added with 

1.5 mL concentrated HCl (Fisher Scientific, Fairalwn, NJ) and refluxed for 24 h.  After 

removal of the excess methanol, the peat was washed with cold Millipore water and 

allowed to dry at 60
o
C.  Acetylation was carried out using 4.0 grams of de-ashed peat to 

which 125 mL acetic anhydride (A.C.S grade, Fisher Scientific, Fairlawn, NJ) were 

added with 1.5 mL glacial acetic acid and stirred at 25
o
C for 18 h., followed by heating at 

90
o
C for 6 h.  Once again, after removal of the excess acetic anhydride, the peat was 

washed with cold Millipore water and allowed to dry at 60
o
C. 

Qualitative comparisons of soil spectra verified that these chemical modifications 

did not substantially alter the relative abundances of functional groups in the organic 

matter; in all cases, the only changes in the spectra were increases in the functional 

groups chemically bonded to the peat (Figure 4.1).  In addition, sorption experiments 

were carried out on the esterified material after the attached esters were released through 

a base hydrolysis.  Although the NaOH solution did change to a light brown color, the 
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concentration of metal in the supernatant for the sorption experiments of the hydrolyzed 

sample was not substantially different than that of the original, unmodified peat sample.  

If leaching of any metal binding groups did occur, one would expect the metal 

concentration in the supernatant to be higher than that of the unmodified sample.  Even 

though some material might have been leached in the base hydrolysis, the overall 

chemical characteristics of the organic matter were not altered.  

13
C CP-MAS NMR spectroscopy  

 Solid-state 
13

C CP-MAS NMR spectra of unamended or Cu
2+

 amended 

unmodified, esterified, and acetylated peat samples were obtained at a 
13

C frequency of 

75.5 MHz on a Bruker DMX 300 MHz spectrometer.  Samples were packed in a 4 mm 

rotor and spun at the magic angle at 10 kHz.  A sweep width of 33 kHz and a sampling of 

1 K data points with 200 Hz of line broadening was used throughout.  Chemical shifts 

were externally referenced to the 43 ppm resonance of glycine.  Variable contact time
48

 

experiments were performed using a 4.0 µs 90
o
 pulse width and a recycle delay of 2 s 

with contact times ranging from 50µs to 4.5ms.  Inversion recovery experiments also 

were run under the same conditions incorporating a 2s recycle delay and recovery delays 

ranging from 100µs to 2s along with a 1.5ms contact time according to Sullivan et al.
38

 

One to four thousand transients were collected for each sample.  T1ρH values were 

calculated from the signal intensities of the major resonances in the peat sample from 

variable contact time experiments according to Smernik et al.
49

  A computer fit of the 

signal intensities as a function of contact time for the decay portion of the cross 

polarization curve gave T1ρH.  For T1H estimations, a computer fit of signal intensities as 

a function of recovery delay was carried out
47

.  All T1H and T1ρH fits gave correlation 

values greater than 0.96 and 0.80, respectively.  Dipolar depashing experiments
116

 were 

also performed with a 1 ms contact time using a 60 µs dephasing delay between cross 

polarization and data acquisition and a 180
o
 refocusing pulse along with a 2s recycle 

delay in order to probe the protonation of carbon in the peat soil. 

Sorption isotherms   

Fifty milligrams of unmodified, esterified, or acetylated peat were mixed with 10 

mL of  CuCl2·2H2O in 15 mL Falcon tubes (Becton Dickinson, Franklin Lakes, NJ) such 
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that copper concentrations ranged from 5-50 ppm (pH = 4).  After 20 h, at which time the 

apparent equilibrium of copper uptake was reached based on initial kinetics experiments, 

samples were centrifuged, and aliquots of supernatant removed to be analyzed for copper 

content.  Copper uptake by the peat was calculated from the difference between initial 

and final copper concentrations in the supernatant.  Metal uptake from solution by the 

Falcon tubes was deemed negligible based on blanks (no peat) carried through the 

kinetics experiments.  All isotherms were fitted to the Freundlich model.  This model can 

be expressed as x/m = KF*Ce
1/n

 where x/m is the amount of copper(II) sorbed per gram of 

peat (expressed as µg/g), KF is the Freundlich sorption co-efficient, Ce is the 

concentration of copper(II) remaining in solution (µg/mL), and 1/n is a constant which 

describes sorption non-linearity.  Values of KF and 1/n were obtained through plots of log 

x/n versus log Ce for each sample. 

Results and Discussion 

13
C CP-MAS NMR spectroscopy   

13
C CP-MAS NMR allows for the characterization of the structural properties of 

whole, heterogeneous material such as soil organic matter, whose chemistry is highly 

dependent on decomposition processes.  Figure 4.1 depicts the spectral changes resulting 

from the various chemical modifications of the peat sample along with the accompanying 

spectrum of the original peat sample.  The unmodified sample (Figure 4.1a) shows a peat 

that is extremely aromatic with low lignin content, thus suggesting that this soil is highly 

mature in nature. 
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Figure 4.1  
   13

C CP-MAS NMR spectra of chemically modified peat: (a) unmodified    

(b) esterified  (c) acetylated  (d) ether washed acetylated 

 

 

The spectrum of the esterified peat shows a distinct resonance at 57 ppm, which is not 

present in the spectrum of the unmodified sample.  This peak is assigned to the methoxy 

carbon, which comes about from the conversion of carboxyl groups to ester groups in the 

soil.  The peak is not the result of methanol sorption to the sample, which would show a 

distinct resonance at 49 ppm due to non-covalent binding.  However, it can be seen that 

some aliphatic material was removed from the peat as evidenced by a reduction of the 32 

ppm resonance, probably from polymethylene material.   

The spectrum of the acetylated peat shows a marked increase in the resonances at 

17 ppm and 173 ppm compared to the unmodified sample.  These peaks result from the 

methyl and carbonyl resonances, respectively, due to the conversion of mainly hydroxyl 

groups to esters.  However, acetylation can convert both aliphatic and aromatic hydroxyl 

groups to esters. In order to determine the extent to which aromatic hydroxyls (i.e. 

phenolic groups) were derivatized, dipolar dephasing NMR experiments were carried out. 

In the dipolar dephasing experiment, the proton channel is turned off for a fixed period of 

 

  

       (a)          (b) 

 

   (c) 
 

         (d) 

 

 



 72

time (60 µs in our experiments) before data acquisition. This disrupts cross polarization 

and allows 
13

C nuclei to relax at a rate that depends on the number of protons both 

directly bonded to the carbon nuclei and on adjacent carbon atoms. Since aromatic carbon 

nuclei bonded to hydroxyl groups have no directly attached protons, they relax at a 

relatively slow rate and are thus still observed after an appropriate dipolar dephasing 

delay period.   

    Figure 4.2 shows the dipolar dephased spectrum of the unmodified peat. 

 

 

 

Figure 4.2   Unmodified Peat CP-MAS (a) and dipolar dephased (b) spectra 

 

 

 

The phenol signal around 150 ppm is relatively small in the dephased spectrum compared 

to the resonances in the 50-100 ppm region in the normal CP-MAS spectrum.  These 

peaks are most likely associated with hydroxyl groups of cellulose material, although 

some ether and amine functionality may be represented as well.  Given the small phenol 

signal and low nitrogen content of this soil, most of the acetylation probably takes place 

at hydroxyl sites.    

(a) 

(b) 
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In order to determine if the increased peaks resulted from acetic anhydride 

contamination, the acetylated peat sample was stirred for 24 h in diethylether, in which 

acetic anhydride is soluble, washed, and then allowed to dry.  As is evident in Figure 4.1, 

the peaks in the aliphatic and O-alkyl region increase in intensity whereas the peak at 173 

ppm remains at constant intensity.  This increase in the aliphatic/O-alkyl region directly 

results from ether contamination.  However, if acetic anhydride were sorbed by the peat, 

the peak at 173 ppm would be expected to decrease in intensity after an ether wash.  

Therefore, the increased intensities at 17 and 173 ppm in the acetylated peat spectrum are 

indeed due to acetylation of aliphatic hydroxyl groups and not residual acetic anhydride.  

Spin dynamics and metal binding   

Spin dynamics of the unmodified and modified peat can be utilized to follow the 

effect on metal binding sites resulting from chemical modification.  Table 4.1 shows the 

T1H and T1ρH values for each type of peat sample.  The unmodified soil shows spin 

dynamics in close agreement with other studies using naturally occurring material
104

.  

Given the changes imparted on the sample spin dynamics resulting from chemical 

modification, the percent change in T1H and T1ρH before and after chemical modification 

due to Cu
2+

 doping was determined in order to assess metal binding to the major 

functional groups of the sample.  An enhancement of paramagnetically induced T1H 

relaxation in the unmodified peat is evident in the carboxyl (173 ppm) and O-alkyl (74 

ppm), and to a lesser extent in the aromatic region (127 ppm), perhaps due to minor 

copper binding to phenol groups, where paramagnetic-induced relaxation may be 

partially felt by nearby aromatic carbon moieties, or presence of aromatic structures, in 

the vicinity of carboxyl/carbohydrate copper binding.  T1ρH values also indicate a similar 

trend in the carboxyl and O-alkyl peaks.  A T1ρH value could not be determined for the 

aromatic peak due to a lack of signal decay at longer contact times, most likely the result 

of a slow cross polarization of these condensed aromatic structures because of their 

remoteness to proton-rich moieties.    
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Tables 4.1   Spin Lattice Relaxation Rates 

 

Table 4.1(a).  Spin Lattice Relaxation Rates (ms); T1H 

Sample 173 ppm 127 ppm 74 ppm 32 ppm 

Unmodified/Unamended Peat 38.5 31.7 75 52.6 

Unmodified Cu
2+ 

Amended Peat 0.42 19.1 15.8 56 

% Change -99 -40 -79 +6 

     

Esterified Unamended Peat 32.1 42.8 81.8 53.1 

Esterified Cu
2+

 Amended Peat 17.2 15.1 19.4 22.7 

% Change -46 -65 -76 -57 

     

Acetylated Unamended Peat (ms) 46.7 34.5 55.9 65.7 

Acetylated Cu
2+

 Amended Peat (ms) 15.8 18.5 30.5 55.6 

% Change -66 -46 -45 -15 

 

 

 

Table 4.1(b).  Spin Lattice Relaxation Rates (ms); T1ρH  

Sample 173 ppm 127 ppm 74 ppm 32 ppm 

Unmodified/Unamended Peat 10.4 --- 11.1 5.7 

Unmodified Cu
2+ 

Amended Peat 3.4 --- 9.2 4.1 

% Change -67 --- -17 -28 

     

Esterified Unamended Peat 10.9 --- 8.1 6.9 

Esterified Cu
2+

 Amended Peat 11.4 --- 7.3 4.2 

% Change +5 --- -10 -39 

     

Acetylated Unamended Peat 24.5 --- 22.6 5.7 

Acetylated Cu
2+

 Amended Peat 10.6 --- 10.4 4 

% Change -57 --- -54 -30 
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Upon esterification, a marked decrease can be seen in metal binding to carboxyl 

groups as shown by a lessening of T1H and T1ρH relaxation.  Ester and amide groups, 

known to coordinate metal ions with a much weaker interaction than carboxyl groups, at 

173 ppm are not involved to a great extent in metal binding, or it would be expected that 

the relaxation behavior of the esterified sample be similar to that of the unesterified peat 

in this region.  However, an increase in T1H relaxation can be seen at the 127 ppm 

resonance, perhaps once again due to metal binding with phenol groups, where 

paramagnetic-induced relaxation may be partially felt by nearby aromatic carbon 

moieties, since carboxyl groups are no longer available sites, and also unexpectedly in the 

aliphatic region.  This is also reflected in the T1ρH values of this modification as well for 

the 173 ppm and 32 ppm peaks.  The O-alkyl resonance, on the other hand, does not 

change drastically, such that copper binding still occurs at the same level despite 

esterification of carboxyl groups.  Some reports have suggested that the dual reduction in 

carboxyl and O-alkyl T1H and T1ρH values are the result of uronic acid type 

structures
84,102

.  This data, however, shows that this behavior in our sample may not be 

due to uronic acid structures, but may occur independently.  Cellulose has been shown to 

bind appreciable amounts of copper, even at low pH
136-138

.    

 The acetylated sample shows a diminished T1H relaxation in the O-alkyl region 

due directly to the blockage of the hydroxyl sites for copper with ester groups.  The 

changes of the spin dynamics in the carboxyl, aliphatic, and O-alkyl resonances in the 

undoped, acetylated sample from that of the undoped, unmodified peat results from the 

actual modification of the cellulose material in the soil.  As can be seen from Cu
2+

 

doping, T1H relaxation increases in the carboxyl region by 66%, but not to such a degree 

as in the unmodified sample, where relaxation increased by 99%.  However, aromatic and 

aliphatic relaxation returns to unmodified levels after acetylation.  A lack of change of 

the aliphatic and aromatic relaxation rates for the copper doped acetylated sample 

compared to the copper doped unmodified peat suggests that carboxyl and 

aliphatic/aromatic carbon moieties are spatially separated.  This result suggests that, upon 

esterification, some type of interaction occurs between carbohydrate and 

aromatic/aliphatic moieties.  Cook et al.
139

 reported similar behavior with O-alkyl and 

aliphatic resonances upon copper doping of a fulvic acid and suggested that the aliphatic 
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side chains were in the vicinity of complexation sites or metal ion complexation induced 

a change in the conformation of the organic structure, which brings the aliphatics in 

closer proximity to the metal binding sites (pseudo-chelation).  Esterifying the carboxyl 

sites and shifting the copper binding to aromatic and/or aliphatic sites makes this pseudo-

chelation effect resulting from interactions between these non-carboxyl groups even more 

plausible.  Hydrogen bonding between aliphatics and water molecules complexed to the 

metal may also explain this phenomenon.  T1ρH values drastically changed after 

acetylation for the 173 ppm and 74 ppm resonances due to the incorporation of ester 

groups on the cellulose material.   

It has often been suggested that the hydroxyl and carboxyl groups on the aromatic 

rings comprise the major metal binding sites in natural organic matter.  However, these 

results indicate that aliphatic hydroxyl and carboxyl groups are the preferential binding 

sites in this peat soil.  If these groups were incorporated on an aromatic ring, it would be 

expected that an accompanying increase in relaxation would occur at 127 ppm after 

copper doping due to paramagnetic-induced relaxation being felt by aromatic carbon 

moieties in the vicinity of copper binding.  Phenols have been shown to bind metals only 

at higher metal loading
139

.  Other studies have suggested that aliphatic hydroxyl and 

carbohydrate groups comprise the majority of weakly acidic protons and are involved in 

metal binding more so than phenolic groups
140

.  Our results coincide with these 

observations.  It must be noted that these results are specific to our particular peat sample 

and that a less decomposed sample containing more phenol groups may exhibit different 

behavior. 
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Table 4.2 includes the copper concentrations of each doped peat.  

 

Table 4.2.  Copper Content of Doped NMR Samples 

Sample Copper Content (% mass) 

Unmodified/Unamended Peat  trace 

Unmodified Cu
2+ 

Amended Peat  1.06 

Esterified Unamended Peat  trace 

Esterified Cu
2+

 Amended Peat  1.09 

Acetylated Unamended Peat  trace 

Acetylated Cu
2+

 Amended Peat  1.05 

 

 

Regardless of the chemical modification, the same amount of metal is contained in each 

sample.  Since this material certainly contains multi-dentate sites, it seems that the copper 

is being “redistributed” throughout the sample, be it either by direct binding (i.e. from 

carboxyl / O-alkyl to phenol / O-alkyl) or by some sort of pseudo-chelation, which may 

involve a cooperative effect in which the natural organic molecule self-associates to 

stabilize the bridged complex as described by Underdown et al.
141

  The observed decrease 

in the multi-dentate nature of the metal binding (i.e. carboxyl / O-alkyl to O-alkyl / 

aliphatic) upon esterification may allow more freedom for organic matter structural 

conformational changes which can bring these metal binding sites in closer proximity to 

aliphatic and aromatic carbon containing structures. The lack of change in the metal 

content of the three samples also indicates that all available metal binding sites are 

saturated.   

Sorption isotherms  

Sorption isotherms were constructed to probe metal binding as a function of 

chemical modification at lower copper concentrations.  Figure 4.3 and Table 4.3 depict 

the isotherms along with the accompanying Freundlich constants, respectively. 
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Chemically Modified Peat Sorption Isotherm

0

1000

2000

3000

4000

5000

6000

7000

8000

0 5 10 15 20 25 30

Equlibrium Concentration (ug/ml)

A
m

o
u

n
t 

C
u

(I
I)

 S
o

rb
e

d
 

(m
ic

ro
g

ra
m

s
/g

)

Unmodified

Esterified

Acetylated

Acetylated -

Ether

Washed

 

Figure 4.3   Unmodified and chemically modified peat sorption isotherms 

 

 

 

Table 4.3   Sorption Isotherm Freundlich Parameters 

Sample KF (µg/g)/(µg/mL)
1/n

 1/n 

Unmodified Peat 2701 +/-82 0.40 +/- 0.01 

Esterified Peat 1935 +/- 97 0.35 +/- 0.03 

Acetylated Peat 2469 +/- 23 0.40 +/- 0.01 

Ether Washed Acetylated Peat 2854 +/- 166 0.41 +/- 0.01 

 

 

 

As expected, blockage of carboxyl groups gives the greatest reduction in the Freundlich 

sorption co-efficient with a decrease of  ~ 28 %.  This confirms the importance of 

carboxyl groups as the main functionality involved in metal binding.  Acetylation of the 

sample gives a KF reduction of around 9 %, suggesting hydroxyl groups are still involved 

to some degree in metal binding, but not to such an extent as carboxyl groups.  At lower 

metal loading conditions only the more favorable sites (i.e. carboxyl) will be selected for 

binding, and thus a greater decrease is seen with esterification as opposed to acetylation. 

A portion of the remaining metal binding capacity of the soil after both chemical 
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modifications may be due in part, to a failure to completely block all hydroxyl / carboxyl 

groups.  This preferential behavior was not evident in the NMR doped samples (Table 

4.2) because of the much higher copper loading conditions, and thus all favorable sites 

are involved in binding.  The sorption of ether in the diethylether washed acetylated 

sample that was inferred from the 
13

C NMR spectrum is confirmed by the sorption 

isotherm of this soil.  An increase in metal uptake over the unmodified sample is evident 

due to the additional oxygen functionality imparted on the sample.  If the esterified 

sample were contaminated with methanol or the acetylated sample with acetic anhydride, 

it would be expected that similar behavior would result in the sorption isotherms for these 

two samples.  The lack of this behavior confirms that true chemical modification of the 

sample has indeed occurred.  Also, in order to determine whether a decrease in copper 

binding was due to chemical or thermal degradation of the peat sample during the 

modifications, and not the result of functional group blockage, sorption experiments were 

performed after base hydrolysis with NaOH (pH=12) of the esterified peat which 

converts ester groups back to carboxyl groups.  The copper binding ability of the 

subsequent peat was completely restored (data not shown), suggesting chemical 

modification was responsible for the decrease in copper uptake. 
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CHAPTER 5 

CONCLUSION 

 

 

 
13

C CP-MAS NMR spectroscopy is currently one of a limited number of 

analytical techniques able to provide structural information on solid, intact geochemical 

materials such as soils, sediments, and coal.  The usefulness of solid-state NMR in the 

environmental and organic geochemical fields has not reached its full potential due to a 

lack of exposure to such available techniques normally reserved for the traditional 

chemical-oriented areas of study.  However, this methodology is slowly and steadily 

making the transition to more interdisciplinary topics of research and its attractiveness is 

beginning to be realized.   

As discussed previously, the presence of paramagnetic species, which are 

commonly found in geochemical samples, is a source of hindrance in utilizing solid-state 

NMR spectroscopy for such purposes.  Chemical treatment methods are often times 

employed to remove paramagnetics from geochemical materials.  Therefore, a thorough 

investigation was undertaken to assess the qualitative and quantitative effects of three 

commonly employed chemical treatments on 
13

C spectral quality of select mineral soils: 

tin (II) chloride, sodium dithionite, and hydrofluoric acid.  It was shown that 2% HF/BF3 

was the most effective treatment in providing high quality CP-MAS spectra by reducing 

the paramagnetic content of mineral soils and by concentrating the organic fraction of the 

soil through dissolution of the soil inorganic matrix.  Although the 4% (w/v) dithionite 

treatment reduced the total iron content of the Ultisol soils the greatest, the concentration 

of organic carbon seems to outweigh total iron content of the samples for producing 

quality NMR spectra.  In addition, even though the HF treated samples contained higher 

total iron content, their total paramagnetic character was reduced to similar degrees as the 

dithionite treated samples.  For the Spodosol sample, carbon enrichment was the key 
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factor in spectral quality as the iron/paramagnetic content of this sample was low before 

treatment.  Dithionite and tin(II) chloride were thus inferior to different extents in 

producing quality CP-MAS spectra with a high S/N. The 2% HF/BF3 treatment did 

remove some carbohydrate and carboxyl soil components, whereas the 4% dithionite was 

responsible for the selective removal of aliphatic material most likely associated with iron 

in the fine clay fraction in the Ultisol soils.  These trends were seen in the Spodosol 

sample as well, but on a less drastic scale.  The removal of this aliphatic material in the 

Ultisols was much more severe in altering the spin dynamics, particularly T1H values 

associated with slowly relaxing components, as evidenced by proton spin relaxation 

editing.  The slight decrease in T1H values for the rapidly relaxing component in the HF 

treated Donalsonville sample may be due to removal of O-alkyl and carboxyl groups.  

Such differences were less apparent in the Green Point sample where drastic differences 

in treatments are not evident.  

 On the other hand, paramagnetics can be turned to an advantage.  
13

C CP-MAS 

NMR using paramagnetic cations is a very useful technique to probe the metal binding 

properties of natural, heterogeneous materials such as soil organic matter (SOM).  The 

nature of metal binding to a peat was followed through chemical modification using 

solid-state NMR spectroscopy.  This technique allowed not only metal binding to be 

followed through changes in spin dynamics of the various functionalities present in the 

organic soil, but also gave firm evidence of true chemical modification of the sample 

through the appearance or increased signal intensity of resonances associated with carbon 

moieties introduced to the organic structure of the SOM.   

Paramagnetic doping and NMR relaxation measurements of the unmodified 

sample showed carboxyl and O-alkyl groups to be primarily involved in metal binding.  

Esterification of the original peat suggested a possible pseudo-chelation phenomenon in 

which the metal binding sites of the O-alkyl component are brought in closer vicinity to 

the aliphatic/aromatic carbon.  This may be a result of a decrease in the multi-dentate 

nature of the copper binding due to the blocking of specific groups through chemical 

modification which gives rise to more conformational freedom of the peat SOM.  A lack 

of a significant difference in the change of aliphatic and aromatic relaxation rates for the 

copper doped acetylated sample compared to the copper doped unmodified peat suggests 
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that carboxyl and aliphatic/aromatic carbon moieties are spatially separated.  Sorption 

isotherms confirm the NMR data at lower copper loading conditions and show that, 

despite the belief that carboxyl and phenol are the most important functional groups 

involved in the metal binding of SOM, it seems that carboxyl and aliphatic hydroxyl 

(carbohydrate) are actually the predominant moieties which contain metal binding sites in 

our sample, followed to a much lesser degree by phenols.  Thus, it seems, carbohydrates 

play a vital role in how metals are “distributed” in organic geochemical substances, and 

their significance to metal binding should be further evaluated.     
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