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ABSTRACT 

Humic materials were chlorinated with sodium 

hypochlorite in basic solutions. The varied production 

of chloroform obtained from these compounds led to an 

investigation on the structure of humic substances. 

High pressure hydrogenation of a humic acid 

utilizing molybdehum-sulfide as a catalyst resulted in 

only a 26% yield of non-gaseous products. Spectral analysis 

of the residue indicated it to be composed of a mixture of 

highly aliphatically substituted aromatic cils. Separation 

of the components was unsuccessful via conventional tech

niques. The apparent destruction of the molecule led to an 

investigation of intact humic substances utilizing nuclear 

magnetic resonance (NMR). 

Proton NMR analysis of underivatized humic acids was 

complicated by the presence of paramagnetic iron. Removal 

13 
of the iron resulted in poorly defined spectra. C NMR 

analysis resulted in absorptions from all the known 

functional groups of humic acids. 

The availability of ash free humic and fulvic acids 

led to the use of basic solutions as solvents in obtaining 

NMR spectra. The free radical nature of these solutions 

13 
resulted in a study of ortho-quinone precursors by C NMR. 

Broadening of lines, loss of intensity, and shifting or 

xi 



13 absence of absorptions was noted in the basic C NMR 

spectra of catechol, catechin, quercetin, rutin, tannic 

acid, and fulvic acid when compared to the corresponding 

neutral spectra. Electron spin resonance studies indicated 

the existence of a quinone-radical equilibrium in the model 

compounds. The drastic differences observed upon introduc-

13 
tion of the radical perturbs interpretation of C-NMR 

spectra on basic solutions of humic substances. 

13 Solid-state C-NMR analysis on humic substances 

appeared as an auspicious alternative. Magic-angle spinning 

alone proved useless with all but the most molecularly 

mobile solids such as polyisoprene. 

Since hydroxyl functionality plays an important 

role in the chemical properties of humic substances, 

13 derivatization with subsequent C-NMR analysis of these 

functional groups was undertaken. A dimethylation procedure 

utilizing first diazomethane followed by methyl iodide and 

sodium hydride was found to give complete methylation. 

13 This derivatization with C-enriched methyl precursors 

labels hydroxyl groups, eliminates hydrogen bonding and 

13 enhances signal assignment in the C-NMR spectra. Estima

tion of functional group types can also be inferred from 

integral absorptions. Since this method is direct and non-

13 degradative, C-NMR relaxation studies can be used to give 

information on molecular size. The long T^ values 

determined on methylated fulvic and humic acids are not 
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characteristic of high molecular weight compounds, but are 

more appropriate for an aggregate of small units. This 

procedure completely characterizes hydroxy1 functionality 

in these amorphous molecules and can therefore be used to 

characterize a whole range of oxygen containing macro-

molecules such as coal, shale oil, and lignins. 



INTRODUCTION 

Organic compounds in soils and waters arise from a 

variety of sources. Specifically, the decomposition of 

plant and animal materials results in a complex mixture of 

organic chemicals. The variety of chemical reactions this 

system can undergo in its natural environment leads to an 

even more varied assortment of amorphous products. To 

simplify this enormously complex system, soil chemists 

classify soil organic matter into two groups: (A) non-

humic substances, and (B) humic substances. 

Nonhumic substances include those compounds that 

still contain a great deal of chemical integrity. This 

class encompasses carbohydrates, proteins, peptides, amino 

acids, fats, waxes, oils, resins, and other low molecular 

weight compounds. 

The major portion of organic compounds in soils 

and waters, however, exists in the humic classification. 

These are totally amorphous, brown or black, hydrophilic, 

acidicf polydispersed substances of molecular weights 

ranging from several hundreds to several thousands (1). 

A well-accepted convention exists for the classi

fication of these materials into three main fractions 

based on their solubility in acidic and basic solutions 

(1, 2), 

1 
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1. Humic acid (HA), which is defined as that fraction 

soluble in dilute alkaline solution but precipi

tated by acidification of the alkaline extract. 

2. Fulvic acid (FA), which is that humic component 

which remains in the aqueous acidified solution 

(i.e., soluble in both acid and base). 

3. Humin, that fraction of material that is un-

extractable with either dilute acidic or basic 

solutions. 

Based on this operationally defined scheme, humic 

and fulvic acids are also found to comprise a large portion 

of various coals, as well as shales and other carbonaceous 

rocks (1, 3). 

Reviews compiled at this time (1, 2, 4) imply that 

these three different humic fractions are related in 

structure, differing, however, in chemical composition, 

degradative analysis, molecular weight and functional 

group content. The FA fraction is known to have lower 

molecular weights but higher oxygen content than the HA and 

humin fractions. It is therefore believed that HA and 

humin fractions represent the first stages of humification 

of dead materials with subsequent microbial and chemical 

oxidative degradation to FA and ultimately to carbon 

dioxide and water (5). 
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Further characteristics exhibited by these com

pounds include their resistance to microbial degradation, 

their tremendous affinity toward metal ions as well as 

other inorganic and organic compounds, and their para

magnetic properties. 

Due to these and other properties, the environ

mental importance of humic materials is pronounced. Humics 

supply nitrogen, sulfur, and phosphate to plants; stimulate 

root performance of economic plants, presumably by trans

porting chelated metals (6); strongly influence soil 

structure; strongly affect soil-water relations, by having 

a high water retention capacity and occasionally by being 

strongly hydrophobic; cause considerable concern in mining 

operations due to their retention of rare metals such as 

gold (7).; act as concentrators of toxic materials in water 

via complexation, as with phthalates (8); and foul mem

branes at water treatment plants (9) . 

Very recent studies (10, 11) have also shown that 

humic and fulvic acids are precursors of haloforms such as 

chloroform CCHCl^) in aqueous water treatment processes 

involving chlorine. 

Current coal gasification methodology is adversely 

affected, as well, by the presence of these ubiquitous 

materials C12). 

Due to the aforementioned consequences of humic 

materials, studies designed to yield structural information 
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have been undertaken on these substances since the turn of 

the century. A most complete review of previous work . 

dating back from 1977 was compiled by Schnitzer and Khan 

(13). Only a brief discussion will be attempted here. 

The isolation of humic materials varies dramatically 

from one research group to another. Isolation methods used 

in obtaining the samples studied in this research will be 

referenced when appropriate. It suffices here to say that 

an operationally well-defined humate would include source 

(soil or water origin), methods of extraction, precipita

tion, and purification. 

Elemental analysis has long been used as a guide in 

postulating various structures for these materials. Means 

of ranges in elemental analysis for various water, soil, 

and coal substances are shown in Table 1. Table 1 indi

cates that a "model" HA contains approximately 10% more 

carbon (C). but 10% less oxygen (O) than a "model" FA. 

There is relatively little difference between sulphur (S) 

and nitrogen (N) content in the "model" substances. 

The major oxygen-containing functional groups in 

humic substances, aB measured by a variety of methods, are 

carboxyl, hydroxyl, and carbonyl. Means of ranges of 

functional groups and number average molecular weight for 

a "model" HA and FA are illustrated in Table 2. Table 2 

implies that the total acidity and carboxylic acid content 

of the "model" FA are appreciably higher than the "model" 
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Table 1. Elemental analysis of "model" HA and FA (from 
means of data) — Source: Reference (13). 

Element (%) HA FA 

Carbon 56.2 45.7 

Hydrogen 4.7 5.4 

Nitrogen 3,. 2 2.1 

Sulphur 0.8 1.9 

Oxygen 35.5 44.8 

Table 2. Functional group analysis of "model" HA and FA 
(from means of data) — Source: Reference (13). 

Functional groups 
(meq/g) HA FA 

Total acidity 6.7 10.3 

-C02H 3.6 8.2 

Phenolic OH 3.9 3.0 

Alcoholic OH 2.6 6.1 

Quinonoid C=0 2.9 2.7 

Ketonic C=0 0.6 0.8 

OCH3 0.6 0.8 

M 4,000 700 
n 
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HA, while both materials contain approximately the same 

concentration of other functional groups except alcohols, 

where FA is considerably richer. Humic acids are found to 

exhibit much higher molecular weights. 

It is important to note that these functional 

groups and molecular weight analyses vary tremendously 

depending on the analytical technique employed or the iso

lation procedure followed. 

Aside from elemental and functional group analyses, 

the methods most frequently used to characterize these 

humic substances can be divided into degradative and non-

degradative ones. Nondegradative methods include spectro

photometry, spectrometry, X-ray diffraction, electron 

microscopy, electron diffraction, colligative property 

measurements, size exclusion analysis, and electrochemical 

titrations. 

Degradative methods used in the characterization 

of humic materials include reductive degradation with zinc 

dust or sodium amal, hydrolysis with acid or base, thermal 

degradation (TG, DTG, DTA), pyrolysis-gas chromatography, 

radiochemical irradiation, and biological degradations. 

With materials of the complexity of humic substances, 

degradative analysis appears useful with the expectation 

being to produce simpler compounds with readily discernible 

structures. 
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Alkaline hydrolysis with either KMnO^ or CuO has 

historically been the most common method employed with 

these substances, probably due to their ready solubility 

in basic solutions. Representative compounds produced by 

the oxidative degradation of humic substances are phenolic 

acids, especially those with between 1 and 3 OH groups and 

between 1 and 5 CC^H groups on the aromatic ring. Benzene-

polycarboxylic acids with tri-, tetra-, penta-, and hexa-

carboxyl groups are also prevalent. Aliphatic compounds 

are produced in minor yields, the most abundant of these 

being of C-^g and C^g fatty acids. 

Based primarily on the very low yields from the 

oxidative degradative analysis just described, several in

vestigators have proposed hypothetical structures for humic 

substances. Haworth (14) proposed a diagrammatic repre

sentation of HA which implies a complex aromatic core 

responsible for the free radical character of these sub

stances, and to which are attached chemically or physically 

(a) polysaccharides, (b) proteins, (c) simple phenols, and 

(d) metals. This representation is illustrated in Figure 1. 

Christman and Ghassemi (15)' and Dragunov (16) have 

each postulated more definite structures for HA consistent 

with its properties. These structures are illustrated in 

Figures 2 and 3, respectively. 

Ogner and Schnitzer (17) and Khan and Schnitzer 

(18). have suggested that FA is composed of phenolic and 
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STRUCTURE OF HUMIC ACID 

Peptides Carbohydrates 

Metals Phenolic Acids 

Figure 1. Humic acid representation by Haworth. 
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benzenecarboxylic acids joined by hydrogen bonds to form a 

polymeric structure of considerable stability. A structure 

in harmony with this hypothesis has been proposed by 

Schnitzer and Khan (1), and is shown in Figure 4. 

Despite the prodigious research effort directed 

toward examining these humic substances in the past, little 

is actually known of the intact structure. To this end, 

and with a desire to explain some of their observed 

properties, an examination on the structure and reactions 

of humic substances was undertaken and is discussed herein. 
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RESULTS AND DISCUSSION 

Chlorination of Model Humic Compounds 

Public and scientific awareness of drinking water 

contaminants increased dramatically in 1976 with the release 

of an epidemiological study (19) that correlated the 

increased incidence of certain types of cancer in New 

Orleans to the presence of chloroform (CHClg) in the 

potable water supply. The observation by Rook (20) that 

chloroform was present in all drinking water supplies where 

chlorine was used as a disinfectant, regardless of the 

origin of that water, led to the conclusion that naturally 

occurring substances must act as precursors for this 

halocarbon. Since humic substances are the most abundant 

naturally occurring organic compounds in waters (4), they 

were targeted as likely reactants for chloroform production. 

Since the well known haloform reaction with 

hypochlorite ions might be expected to produce chloroform 

from humic materials, this type of chlorination with model 

compounds and authentic humic substances was undertaken. 

The results of this study are found in Table 3. 

During this time, a detailed investigation on the 

precursors and mechanisms of haloform formation in the 

chlorination of water supplies was presented by Morris and 

Baum (24, 25). Representative examples of all the classes 

13 
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Table 3. Chloroform production from authentic and model HA. 
materials. 

Compound Relative amount3 

1. Malic Acid 4 
2. L-Rhamnose 3 
3. 2-Desoxy-D-Glucose 3 
4. Acetylacetone 3 
5. Lactic Acid 2 
6. L-Threonine 2 
7. Hydrolyzed Humic Acid (21) 1 
8. Nalco Polyelectrolyte (22) 1 
9. L-Aspartic Acid 1 
10. Levulinic Acid 1 
11. Aldrich Humic Acid (23) 0 
12. L-Glutamic Acid 0 
13. Resorcinol 0 
14. Pyrogallol 0 
15. Acetone 0 
16. Malonic Acid 0 

Since most observations of chloroform in these 
samples were near the lower detection limit, accurate 
quantitative results were impossible. Therefore, CHCl^ 
amounts are tabulated in the following manner: 0 = non-
detectable, 1 = at lower detection limit, 2 = twice lower 
detection limit, 3 = thrice lower detection limit, etc. 
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of compounds listed in Table 3 were examined in great 

detail by these researchers, with the exception of the 

desoxy sugars. Of note in these investigations was the 

absence of desoxy sugars and the great differences in 

chloroform production found between the various authentic 

humic substances examined. 

Since rhamnose and deoxyribose are abundant in 

nature and readily form chloroform as illustrated by 

Table 3, their importance as possible precursors is 

conspicuous. Apparently, the ability for ionization of 

the desoxy compounds to form the necessary carbanions in 

this reaction is greater than for simple methyl ketones and 

approaches the ease of formation for 3-diketones as illus

trated in Table 3 for acetone and acetylacetone respec

tively. This fact was later noted by Rook who showed that 

compounds like 1,3-cyclohexanedione give yields of 

chloroform approaching one mole per mole of compound within 

a few hours (10). 

The variation of chloroform production obtained in 

this and other research prompted the characterization of 

humic substances as intact molecules, from which the 
I 

differences might be explained. 

High Pressure Hydrogenation of a Humic Acid 

As stated in the introduction, the great majority of 

degradative work done on humic substances has been under 
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oxidative conditions. Since such drastic measures would be 

expected to destroy such labile chloroform precursors as 

1,3-diketones or desoxy sugars, a reductive approach to the 

analysis appeared auspicious. 

Past attempts at the hydrogenation of humic 

substances (26, 27) had at best produced low yields of 

extractable oils from which no isolable or identifiable 

compounds were obtained. It was anticipated that the t 
selection of an appropriate catalyst and analysis of the 

13 products by C NMR might yield valuable information on 

the structure of the molecule as a whole. 

The expertise and facilities of Dr. A. Deutschman 

of the University of Arizona High Pressure Laboratory were 

employed. Molybdenum sulfide, MoS2, was chosen as the 

catalyst due to its history of resulting in few unwanted 

molecular rearrangements or condensation reactions (28), 

and its use by coal chemists in the hydrogenation of coal 

(3) . 

Hydrogenation was performed on 10 g of Fluka humic 

acid (29) at 3,000 psi hydrogen for eight hours in a 

methanol suspension. The exit gases were vented to the 

air leaving 1.5 g of a black-orange insoluble residue and 

1.6 g of a methanol soluble black product following rotary 

evaporation of the solvent. 

The insoluble product was subjected to Soxhlet 

extraction with benzene and was found to contain 0.5 g of 



17 

M0S2; thus the total fractions recovered counted for a 

dismal 26% (on a weight basis) of the original HA used. 

Apparently, the majority of products obtained from this 

hydrogenation were lost as exit gases, possibly as short 

chain hydrocarbons. 

An aliquot of the isoluble fraction was subjected to 

^"H NMR (PMR, Figure 5) and infrared (IR) analysis. Most 

interestingly, the PMR is devoid of absorptions in the 

aromatic region, save for observation of residual benzene. 

Amazingly, the spectrum does imply a great deal of aliphatic 

character to the hydrogenation product. It should be noted 

that M0S2 presumably should not have reduced aromatic rings 

(28). The IR data (Table 4) do imply aromaticity, however, 

which would indicate multiple substitution of the aromatic 

core. 

Silica gel thin layer chromatography (tic) examina

tion of this insoluble fraction resulted in a smear regard

less of the solvent system employed (30). This fraction 

was, therefore, subjected to the extraction scheme illus

trated in Figure 6. 

As indicated in Figure 6, essentially no amphoteric 

components were found in this insoluble residue. As would 

be expected from a benzene extractable product, acids and 

phenols were also low, while neutral compounds predominated. 

Surprisingly, there was also a large portion of free bases 

produced. 
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Figure 5. PMR spectrum of methanol insoluble residue from HA hydrogenation, 
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Table 4. IR analysis of hydrogenated HA fractions. 

Source Freq. (cm ^")a Assignment 

MeOH insoluble residue 1700w,1600w AR 

Neutrals 1730s 
1600m,1480s 

1390m,m 
1250b 
1100b 

CarbonyIs 
AR,AR-ketone, 
carboxylate 
AR 
Esters 
Ethers 

Bases 

Acids 

1725s 
1600m,1450s 

1250s 
1220s,1100s 

1750w,1420w 

CarbonyIs 
AR,AR-ketone, 
carboxylate 
Esters 
Ethers 

AR 
1280W,1220s,1180b AR and alipathic 

ethers 

Phenols 1700m,1625m,1450m AR 
1240m AR Ether 

MeOH soluble residue 3450s & b Hydroxyl 
1700s & b Unsat. esters 
1600s & b Carboxylate ion 
1200s & b Ether, esters 

A strong absorption was noted in all spectra at 
2950 cm"-'-, correlated to aliphatic transitions, b = broad 
absorption, m = medium absorption, s = strong absorption, 
w = weak absorption, AR = aromatic. 
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Fluka Ha (10 g) 
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Residue (1.5 g) 
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I 
Residue 
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5% NaHCO-
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5% HCL 
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CONC HC1 
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10% NaOH T 
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Acids (0.1 g) 
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X 
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10% NaOH 

AQ. 
X 

AO ORG. 
Amphoterics 

X 

Figure 6. Extraction scheme for methanol insoluble 
hydrogenation residue — ORG = organic layer, 
AQ = aqueous layer. 
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All the above fractions were examined by PMR and IR. 

The PMR spectra obtained for the neutral, basic, and acidic 

residues (Figures 7, 8f and 9 respectively) were found to be 

virtually superimposable. Apparently the extraction scheme 

illustrated in Figure 6 did little to separate various 

components of this insoluble residue. Most noteworthy in 

these spectra were the major aliphatic absorptions centered 

at 1.3 ppm. Much weaker broad signals were observed between 

2.0-4.4 ppm and were attributed to various types of ethers, 

esters, or ketones. Confirmatory evidence for these assign

ments were indicated by the IR data compiled in Table 4. 

Also of note in the IR spectra was the lack of evidence for 

hydroxyl groups, especially in the "acidic" extract. 

Apparently this fraction was incorrectly classified as an 

organic acid. 

The PMR spectrum of the phenolic extract (Figure 10) 

contained the large singlet at 1.2 ppm, but the major 

absorption was a broad multiplet centered at 2.2 ppm, 

presumably from saturated aromatic substitution or various 

aliphatic and aromatic ketones. Very broad weak absorptions 

centered at 3.8 ppm (methyl-ethers) and 7.0 ppm (aromatics) 

were also noted. Surprisingly, this was the only fraction 

in which an absorption was noted downfield from 4.2 ppm. 

Confirmation of all these assignments were found in the IR 

(Table 4). 
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Figure 7. PMR spectrum of neutral fraction from extraction scheme. 
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Figure 8. PMR spectrum of basic fraction from extraction scheme. 
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Figure 9. PMR spectrum of acidic fraction from extraction scheme. 
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Figure 10. PMR spectrum of phenolic fraction from extraction scheme. 
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The neutral and basic fractions were also examined 

13 
by C NMR (CMR), Figures 11 and 12 respectively. Once 

again the spectra were almost superimposable. Signals from 

branched hydrocarbons dominated the spectra (10-40 ppm) 

with broad absorptions also noted in the aliphatically 

substituted aromatic region (125-140 ppm). Weaker evidence 

was found for various aliphatic (50-65 ppm) and aromatic 

(150-160 ppm) ethers. No support was found in these spectra 

to confirm the presence of esters with the exception of a 

peak at 52 ppm which could be attributed to saturated esters. 

Once again, tic examination of these fractions in a 

wide variety of solvent systems (30) was unproductive. 

Apparently, the methanol insoluble residue from this 

hydrogenation was composed of a complex mixture of aromatic 

oils. 

The methanol soluble reaction product was subjected 

to PMR, IR, and CMR analysis. The PMR spectra (Figure 13) 

contained the aliphatic absorptions centered at 1.3 ppm, and 

the aromatic substituted or ketone signals at 2.2 ppm. Of 

note in this spectrum, however, were the strong, sharp 

absorptions in the -OCH^ region (3.3-3.9 ppm) and a broad 

peak at 4.2 ppm which, when coupled with IR evidence (Table 

4), corresponds to alcoholic protons. A very weak, broad 

signal was evidenced in the aromatic region as well (6.6— 

8.0 ppm). The CMR spectra (Figure 14) supported these 

observations. The few, sharp absorptions in the -OCH^ 
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Figure 11. CMR spectrum of neutral fraction from extraction scheme. 
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Figure 12. CMR spectrum of basic fraction from extraction scheme. 
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Figure 13. PMR spectrum of methanol soluble residue from HA hydrogenation. 
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Figure 14. CMR spectrum of methanol soluble residue from HA hydrogenation. 
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region, when paired with the PMR data, would tend to indi

cate that methanolysis occurred during the hydrogenation. 

Persistent attempts at tic separation of this methanol 

soluble fraction also failed. 

During this time, Stuermer and Harvey (31) described 

an elaborate reduction sequence on a Maine fulvic acid, 

involving high pressure hydrogenation. Mass spectral 

analysis of their low yield "purified" product predominately 

indicated benzenes with and C-^ alkyl side chains. 

Their research compares favorably with the PMR and CMR 

results obtained in this research. Of concern, however, was 

the sparse information and low yields observed. Hydrogena

tion was therefore abandoned as a viable method for examina

tion of the humic substances as intact entities. 

NMR Analysis on Underivatized Humic Substances 

Ultimately the search for a method of analysis on^ 

humic substances which would yield the most structural 

information, without degradation of the molecule, led to 

NMR. Since untreated humic materials are not soluble in 

organic solvents, the use of NMR spectroscopy with humics 

had been confined mainly to degradation products (13). 

At that time, those attempts on crude materials (32, 33) 

resulted in both PMR and CMR spectra of extremely broad 

lines with resolution greatly restricted by very poor signal 

to noise ratios. It was decided, however, that with the 
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enormous structural information that NMR could eventually 

provide, it should be applied in this research. 

Initial PMR studies with solutions of either Aldrich 

or Fluka HA in sodium deuteroxide in deuterium oxide 

(NaOD/D20) did not produce observable absorptions. Due to 

the lack of information on the origin of these materials and 

to the well known affinity of homic acids for metals (1), 

the presence of paramagnetic metals was suspected as the 

preventing cause in obtaining spectra. Elemental analysis 

(Table 5) of these substances indicated a high ash content, 

confirming the presence of metals. 

Since iron was known to be the most prevalent metal 

to chelate with humic substances, a qualitative method to 

establish its existence in these materials was necessary. 

After two attempts to examine washings of these humic acids 

with potassium thiocyanate, KCNS (38) failed to indicate 

iron, an ashing procedure followed by the KCNS analysis 

gave positive results with both samples. Apparently iron 

was tightly bound by these HA materials. 

Neither basic (21) nor acidic hydrolysis of these 

humic acids proved successful in removing the iron. An 

unpublished report by McGregor (39) indicated, that in some 

cases, solvation of humic substances with trifluoroacetic 

acid (TFA) or dimethylsulphoxide (DMSO) would result in the 

desorption of metals from the humic acid core. With this 

in mind, the solubility of all humic substances at hand were 
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Table 5. Elemental analysis of humic substances examined. 

Substance C H N S Ash 
Source 

reference 

Aldrich HAa 36.5 4.4 0.3 10.3 27.3 23 

Fluka HAa 50.2 4.7 0.0 7.8 7.8 29 

Contech FAb 50.9 4.5 0.3 — 1.0 34 

Biscayne FA° 55.4 4.2 1.8 1.1 0.4 35 

Biscayne HAC 58.3 3.4 5.8 1.4 0.1 35 

Mollisol HAd 56.4 5.5 4.1 1.1 1.0 36 

aAnalysis on dried basis as provided by Chemalytics, * 
Inc., Tempe, Arizona. 

^Analysis provided with sample, Reference (34). 

cAnalysis provided by Thurman (37). 
J 
Analysis provided by Schnitzer (36). 
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examined in TFA and DMAO. Aldrich HA was found to be 

partially soluble in TFA and acid hydrolyzed Aldrich HA 

was similarly soluble in DMSO-dg. PMR spectra of these 

solutions were quite distinct. The TFA spectra (Figure 15) 

contained only sliphatic absorptions, while the DMSO-dg 

spectra (Figure 16) exhibited bands from aliphatic, 

aromatic, phenolic, and acidic protons. Encouraged by 

these PMR spectra, the CMR spectrum of the acid hydrolyzed 

Aldrich HA was obtained (Figure 17). Of note in this 

spectrum were the obvious aromatic, phenolic, aromatic-

ester and saturated carbon absorptions. Though not 

esthetically pleasing to most chemists, these spectra 

contained more information, with higher signal to noise 

ratios and greater resolution than any published on humics 

at that time. 

NMR and ESR Studies on Humic Substances 
i" Basic Solutions 

Recently, new procedures for the isolation of ash 

free humic and fulvic acids, by the use of macroporous and 

ion-exchange resins, have been described (40, 41, 42, 43). 

Without the interference of paramagnetic metals, NMR once 

again appeared as an attractive method of analysis with 

these materials. PMR and CMR spectra recorded in NaOD/D20 

began to appear in the literature, with researchers 

correlating the integral absorptions to the functional 

groups responsible (44). 
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Figure 15. PMR spectrum of Aldrich HA in trifluoroacetic acid. 
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Figure 16. PMR spectrum of acid hydrolyzed Aldrich HA in DMSO-dg. 
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Figure 17. CMR spectrum of acid hydrolyzed Aldrich HA. 
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Since humic substances had previously been shown to 

contain a significant content of stable free radicals (45, 

46, 47), especially in basic solutions (48, 49), and due to 

the pronounced effect of paramagnetism in NMR (50) , an 

investigation into the effect these radicals might play in 

the NMR of humic substances was undertaken. 

In order to determine if radical content indeed had 

a pronounced effect on the weak, broad signals observed 

with these materials, a comparative study was done on a 

soil FA. Contech FA was chosen for its commercial 

availability (34), low ash content (Table 5) and relatively 

low molecular weight (Mn = 643; M2 = 951 [51]). The CMR 

spectra obtained of Contech FA dissolved in D2O after three 

days data collection (Figure 18) exhibited four broad 

spectral regions corresponding to carboxyls and phenols 

(160-180 ppm), aromatics (110-140 ppm), ethers (60-80 ppm) 

and alipatics (20-50 ppm). Addition of NaOD to this solu

tion resulted in an instantaneous electron spin resonance 

(ESR) signal (Figure 19) which lost little intensity over 

three days of NMR data collection on the basic solution. 

Surprisingly, the signal to noise and resolution of the 

basic solution CMR spectra (Figure 20) was much worse than 

that obtained in D2O (Figure 18). Obviously, a distinct 

perturbation in the two spectra could be observed. 

From the magnitude of g-values obtained from ESR 

spectra of humic substances, Steelink (48) had suggested 
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Figure 18. CMR spectrum of Contech FA under neutral conditions, 
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Figure 19. ESR spectrum of Contech FA. 
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that radicals in basic solutions arose from substituted 

semiquinone anions. Since oxidative degradation studies 

(52) had identified 1,2-dihydroxy-substituted benzenes as 

the major dihydroxy products, ortho-quinone precursors were 

examined. 

Catechol (I), catechin (II) , quercetin (III), rutin 

(IV), and tannic acid (V) were chosen as model compounds 

(Figure 21) for the examination of this phenomenon since all 

occur abundantly in nature, and contain ortho-quinone 

precursors. 

The examination of I-IV by CMR and ESR first in 

neutral, then basic solutions, resulted in the same perturba

tions and can best be illustrated with rutin. First the 

typical, one line per carbon, broadband decoupled CMR 

spectra of rutin was obtained in DMSO-dg (Figure 22). Upon 

addition of NaOD, enormous changes were observed in the 

similarly obtained CMR spectra (Figure 23). Broadening, 

loss of intensity, and collapse of absorptions corresponding 

to the aromatic core of IV were observed (100-175 ppm) while 

the rutinose signals were sharpened with enhanced 

intensities (68-80 ppm), especially the 6-CH3 from rhamnose 

(21 ppm). The ESR spectrum (Figure 24), obtained following 

CMR analysis of the basic solution, was that expected to 

result from a quinone-radical equilivrium in the B ring of 

rutin: 
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Figure 21. Model compounds used in NMR/ESR study. 
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Figure 24. ESR spectrum of rutin. 

ON 



47 

o o o • HOH 

Similar broadening, loss of intensity, and shifting 

or absence of absorptions was also noted in the basic CMR 

spectra of I-III as can be partially seen from the spectral 

data in Table 6. ESR spectra obtained from these solutions 

indicated the existence of ortho-quinone radicals as well. 

A similar trend was observed with tannic acid (V). 

Comparison of the CMR spectrum of V in DMSO-dg (Figure 25) 

to that obtained upon addition of NaOD (Figure 26) indicated 

enhanced absorptions in the carbohydrate region (70-75 and 

109 ppm) while aromatic (140-150 ppm) and phenolic (170-180 

ppm) signals were considerably broadened and reduced in 

magnitude. No ESR signal was observed from the basic 

solution of V; however, this was explained by the loss of 

the radical during the long time (48 hours) required to 

obtain reasonable signal to noise ratios in the CMR spectra, 

or upon opening of the sample to air for ESR analysis. 

A basic solution of 2,4-dihydroxybenzoic acid, a 

compound in which semiquinone formation was impossible, 

showed only the expected deshielding of +4 ppm from the 

carboxylate ion, with no significant chemical shift changes 

or line broadening observed with any other carbons. The 



Table 6. CMR spectral data from guinone model compounds. 

C1 C2 C3 C4 C5 C6 C7 • C8 

Catechol I A. 144.8 144. 8 117. 1 122. 0 122. 0 117. 1 
B. 151 151 117 119 119 117 

Catechin II A. 81. 0 66. 3 27. 8 156. 2 95. 2 156. 6 98.1 
B. 82 67 30 158 97 160 93 

Quercetin III A. 146. 3 136. 1 176. 8 161. 2 98. 5 164. 4 93. J 
B. 143 141 177 168 100 166 94 

Rutin IV A. 156. 8 133. 4 177. 6 161. 3 98. 8 164. 1 93.' 
B. 158 132 173 161 98 161 98 

A = CMR spectra recorded in neutral solution. 
B = CMR spectra recorded in basic solution. 
All chemical shifts shown are ppm downfield from TMS. 
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II p N pit pll pit pill pill pill pltt pill pttl 
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Figure 25. CMR spectrum of tannic acid under neutral conditions. 



NS = 40,000 
LB = 1 Hz 
PW 
DB 

US 

ito 1 iio 1 so 

Figure 26. CMR spectrum of tannic acid under basic conditions. 



basic solution showed no ESR signal. Treatment of glucose 

in the same manner indicated no pronounced differences 

between the two sets of CMR spectra. The basic solution 

was followed by ESR for several days, and though the 

solution visually darkened over that time, no radical was 

detected. 

These results clearly indicate that the use of 

intensity data as a measure of the carbons responsible for 

those absorptions in basic solutions of humic substances is 

at best misleading. It appears that localization of the 

radical in the B rings results in such an efficient relaxa

tion pathway for those carbon atoms in proximity to the ring 

that normal acquisition of free induction decays (FID's) 

in obtaining nuclear magnetic resonance spectra on these 

carbons is greatly inhibited. More distant carbons with 

normal, fairly short relaxation times (e.g., carbohydrates) 

find the radical, either inter- or intramolecularly, merely 

an efficient relaxation mechanism whereby normal FID's can 

be obtained with complete relaxation between pulses. 

Clearly, an alternative method needs to be employed in 

order to obtain meaningful intensity measurements. 

Solid-State CMR on Humic Substances 

Since solution spectra on humic substances were 

quite time consuming and produced non-integratable spectra, 
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solid-state CMR analysis of these materials appeared 

promising. 

For solid materials, however, the same types of NMR 

instrumentation and techniques used for liquids are not very 

useful since problems associated with spectral resolution 

and sensitivity for solids are considerably different than 

for liquids (53). The more prominent problems are: 

1. Chemical shift anisotropy, which causes line 

broadening due to the many different orientations 

the molecules in an amorphous state can assume in a 

magnetic field. 

1 13 . 2. H- C dipole-dipole interactions which also causes 

excessive line broadening in solids. 

13 
3. Long spin-lattice relaxation times (T1) for C in 

solids (on the order of minutes). 

The T^ values determine how rapidly a pulsed NMR experiment 

can be repeated. If there is sufficient mobility in the 

molecule, the collection of data might be completed in a 

convenient amount of time, otherwise, dipole-dipole inter

actions must be eliminated by high-power decoupling, while 

a technique known as cross-polarization (54) is usually 

necessary to overcome the problems of long T^'s and conse

quent limited sensitivity. Line broadening caused by 

chemical shift anisotropy, however, is easily dealt with by 

another technique known as magic-angle spinning (55). 



53 

Since high power decoupling and cross-polarization 

require expensive instrument modifications, it was decided 

that magic-angle spinning (MAS) alone be attempted with the 

hope that sufficient mobility was present, in at least the 

aliphatic portions of the humic materials, to allow 

observable spectra. 

Simply, MAS involves rapid rotation of the solid 

sample at an angle of approximately 54°44l, relative to the 

external magnetic field. Rapid rotation refers to rota

tional rates on the same order of magnitude as the 

anisotropy. Thus, for aromatic carbons that can have a 

chemical shift anisotropy of 100-200 ppm, the sample must 

be spun at rates of 2,200-4,500 revolutions per second 

(rps) for a 22.63 MHz Larmor frequency (56). 

Fyfe, Mossburger, and Yannoni (57) described the 

design and construction of a simple apparatus for MAS 

spinning, readily adaptable to the Department of Chemistry's 

Bruker Instruments WH-90 NMR spectrophotometer. With this 

apparatus (58), spinning rates up to 2,400 rps with nitrogen 

and 3,000 rps with helium were obtained; however, no 

13 absorptions were observed with either C-labeled benzoic 

acid (59) or S-benzylcysteine (60). Individual FID's were 

acquired from a solid sample of cis-1,4-polyisoprene (VI), 

Mn = 50,000. This sample was, therefore, employed to find 

and set the "magic angle." The CMR spectra (Figure 27) 

obtained from that sample, set at "magic angle," clearly 
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Figure 27. Magic-angle spinning CMR spectrum of polyisoprene. 
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approaches the resolution one would expect for such a high 

molecular weight polymer in solution. Unfortunately, the 

rubber quality of polyisoprene is also an indication of its 

molecular mobility and thus this sample represents a 

"best case" for the use of MAS alone in obtaining solid-

state CMR spectra. 

Even after lengthy accumulations of FID's (5-7 days) 

and long pulse delays (10-60 seconds), no observable CMR 

spectra were obtained with Contech FA. Since it appeared 

that the molecular mobility of humic substances was 

severely restricted, MAS alone was abandoned as a feasible 

method for examining these materials. 

In recent articles, Hatcher, Rowan, and Mattingly 

(61) and Harcher, Breger, and Mtttingly (62) reported the 

first cross polarization with magic angle spinning (CP/MAS) 

spectra on humic substances. Hatcher assumed, based on 

CP/MAS studies with coal (63) that all carbons had equivalent 

magnetic response to the CP method employed. Based on this 

assumption, integral areas were used to estimate 
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carbohydrate content of a Minnesota peat humic acid. This 

estimate was compared to a similar value obtained from 

integral absorptions determined from the NaOD/D20 CMR 

spectra of the same sample (61) . Based on the results 

presented here earlier on basic solutions of humic 

substances concern was expressed as to the validity of 

these estimates. After numerous attempts to secure CP/MAS 

spectra from the National Science Foundation Regional NMR 

Center at Fort Collins, Colorado, failed, an alternative 

NMR method of analysis was pursued. 

Methylation of Humic Substances 

Methylation has long been used as a method of 

derivatizing humic substances (2, 64, 65). Typically the 

humates were suspended in solvent and diazomethane (C^^) 

added as its etherate solution. In general, however, very 

poor exposure of the reactants to each other would be 

expected in a suspension, and the observed yields were 

correspondingly low (2, 64). Wershaw, Pinckney, and Booker 

(60) described the use of 2-pyrrolidone and N-methyl-2-

pyrrolidone as basic enough solvents for their use in 

dissolving humic acids for diazomethane methylation. The 

resulting incomplete methylation and the nuisance of 

eliminating these high boiling solvents led (66) to their 

use of methylsulfinyl carbanion (67) and methyl iodide on 

highly dilute solutions of humic acids in 



N,N-dimethylformamide (DMF). Though the yields were greatly 

improved, this method still proved inadequate in fully 

methylating these highly hydroxylated compounds (66). 

Procedures published on methylations utilizing 

sodium hydride (NaH) and methyl iodide (CH^I) in tetra-

hydrofuran and DMF mixed solvent systems (68, 69) led 

Wershaw to the use of NaH/CH^I for the methylation of humic 

acids dissolved in DMF (70) . Once again, however, methyla

tion was incomplete. Wershaw later found that the combina

tion of diazomethane followed by the use of NaH/CH^I, both 

in solutions of DMF, did lead to exhaustive methylation of 

all hydroxy1 groups in the humic substances he examined (70). 

Since complete alkylation of hydroxyl groups in 

coal had been described and exploited to full advantage with 

PMR analysis (71), a similar permethylation method for the 

analysis of humic substances via CMR appeared auspicious. 

To this end the following research was carried out. 

A modified permethylation procedure as described 

by Wershaw and Pinckney (66) and Wershaw (70) , involving 

treatment of very dilute solutions of humic substances in 

DMF with CH2N2 followed by NaH/CH^I methylation in similar 

solutions, was employed for exhaustive methylation of the 

humic substances examined here. 

Figure 28 shows the CMR spectra obtained from 

permethylated Contech FA, as well as similarly methylated 

rutin (IV, Figure 22). Both compounds were treated with 
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natural abundance C^^ followed by treatment with 90-atom% . 

13 C-enriched CH^I. Also shown is the spectrum obtained by 

a milder second (following CI^^) methylation procedure (72) 

which employs DMSO as a solvent, solid potassium hydroxide 

13 and C-enriched CH^I. This procedure has been shown to 

methylate a variety of alcohols, phenols, acids and amine 

nitrogens (72). 

Intense bands from methyoxyl groups (-OCH^) were 

observed in both fulvate spectra in the 55-60 ppm region 

(Figure 28). Weak bands were also present at about 51 ppm. 

The chemical shifts in the region between 51 and 56 

correspond with what would be expected from aromatic methyl 

esters and ethers (73, 74, 75, 76). The fulvate absorptions 

from 56-62 ppm were easily attributed to carbohydrate methyl 

ethers (77, 78), and although somewhat broad, these 

methoxyl bands of the fulvic acids were almost super-

imposable on the corresponding rutinose methoxyl bands. 

It should be noted that PMR analysis of CHjNj methylated 

rutin indicated nearly complete methylation of the phenols, 

except for a small amount from the C5-0H, as seen in the 

enriched spectra by the small singlet at 55 ppm. 

These results demonstrated the fulvic acids contain 

carbohydrate-like OH functionality, in addition to carboxylic 

and phenolic OH. The data also implied that some COOH 

groups in this fulvic acid are either hydrogen bonded or 
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sterically hindered, since they were^not completely 

methylated with CI^Nj. 

Since IR analysis indicated essentially complete 

methylation was obtained, similar enhancement for those 

groups methylated with CHjNj could be expected if a ^C-

enriched diazomethane precursor was utilized along with 

^C-enriched CH^I. 

To this end, a well characterized Biscayne fulvic 

acid (35, 37) and Contech FA were methylated first with 

13 13 
C-enriched and then with C-enriched CH^I. Each 

type of -OCH^ functionality was clearly distinguishable 

(Figure 29). Since all absorptions of interest are from 

-OCH^ groups, equal enhancement resulting from the nuclear 

Overhauser effect (NOE) in the H-broadband decoupled CMR 

spectra of these substances would be expected (79, 80). In 

effect then, the long pulse delay employed in obtaining 

these spectra (20 seconds) should result in integrable 

absorptions since sufficient time was allowed for five T^'s 

to elapse, thereby re-establishing the normal Boltzman 

distribution for each methyl carbon between pulses (81). 

Thus by utilizing computer generated areas for the relative 

areas of the overlapping peaks observed (82), estimates of 

the relative amounts of the various functional groups were 

achieved (Table 7). The estimate of 5% carbohydrates 

obtained on the aquatic Biscayne FA corresponds precisely 

to the 5% result obtained via hydrolysis and chromatography 
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Table 7. Estimated percentages of various hydroxyl groups 
in fulvic acids. 

Methoxyl 
bands 
(ppm) Assignments 

Per cent 
total 

Contech FAa 

Area of 
CMR spectrum 
Biscayne FAb 

63 Carbohydrate — 1 

61 Carbohydrate 20 4 

59 Aliphatic 25 15 

57 Phenolic 13 — 

56 Phenolic 14 28 

55 Phenolic — 5 

52 Acidic (Carboxyl) 17 42 

51 Acidic (Carboxyl) 8 — 

50 Acidic (Carboxyl) — 8 

49 Acidic (Carboxyl) 2 — 

45 Nitrogen0 — — 

°The soil fulvic acid (34) was methylated with 
CH2N2 and CH.,1, both of which were enriched to 90 atom per 
cent 13c. 

^The aquatic fulvic acid (35) was methylated with 
CH2N2 and CHol, both of which were enriched to 60 atom per 
cent l^c. 

c Active nitrogen not included in analysis for 
percentages of oxygen functionality. 
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on the same sample (.37). The much larger amount of carbo

hydrate observed for soil Contech FA was in good agreement 

with the classical hydrolysis and titration analysis on soil 

and water fulvic acids which resulted in appreciably higher 

concentrations from soil than water fulvates (83). 

Wershaw et al. (84), Wershaw and Pinckney (85), 

Wershaw, Pinckney, and Booker (86), and Wershaw and Pinckney 

(87) have proposed, based on small angle X-ray scattering 

data, that humic substances form both homogeneous and 

heterogeneous aggregates. Small angle X-ray scattering on 

Biscayne FA dissolved in DMF implied a maximum radius of 

gyration of 5 A corresponding to an approximate Mw = 1,000 

(70). Permethylation of this fulvate gave only the back

ground diffraction expected for the solvent CHClg. 

Apparently, the molecular size of this FA was tremendously 

reduced. This result can be interpreted as being brought 

about by the elimination of intermolecular hydrogen bonding 

of the fulvic particles upon methylation. 

13 Since C-NMR relaxation times also depend to a 

great extent on the size of the molecule (88, 89), the 

excellent signal to noise ratios, resolution, and rela

tively short times (hours) required to obtain the spectra 

13 in Figure 29 prompted an examination on the use of C-

relaxation studies with these methylated products. 

Specifically, dipolar relaxation is known to be the 

major relaxation mechanism for carbons with attached protons 
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(88, 89). For most nonviscous solutions the contribution 

made by this mechanism can be expressed as an inverse 

function of to the correlation time , where tc is a 

measure of how rapidly the molecule undergoes reorientation 

in solution and the summation is carried out over all atoms 

in the molecule (90). Roughly then, T^ can be thought of as 

being inversely proportional to the size of the molecule; 

that is to say, as the molecular size increases, 

decreases. 

With highly symmetrical groups, such as methyl 

groups, an increase in spin-rotation relaxation can occur 

and this is normally the dominant relaxation mechanism; 

thus an overall increase in the relaxation time is observed 

(90). Though this mechanism is usually only important with 

small, symmetric molecules, elaborate studies have been done 

on the effect of internal rotation on relaxation times for 

macromolecules (91, 92, 93). It is clear from these studies 

that the -OCH^ 's should be quite different for a large 

aggregate than for individual smaller molecules. 

The T^'s in this research were determined by the 

spin-inversion recovery method (93). Since very lengthy 

instrument use (5-7 days) was required, only a few (3-7) 

180° to 90° pulse delays (T values) were utilized. This 

experimental limitation, coupled with the broad lines 

observed and inherent error in the T^ measurements (ca. 10%, 

ref. 90) made the normal computer or manual plotting of the 
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data pointless. In each case an estimation of the Tq (180° 

to 90° pulse delay time at zero observed intensity) was 

used (88, 93). The was then approximated by the 

equation: 

where tq is the 180° to 90° pulse delay at zero intensity. 

The shortest and longest T^'s measured for the 

"^C-enriched dimethylated humic substances via this method 

are compiled in Table 8. Published studies on which 

comparisons can be based are rare for -OCH^'s; however, 

those available point out the differences discussed earlier. 

Allerhand, Doddrell, and Komoroski (94) have shown that in 

large molecules, T^'s for -OCH3's behave as predicted solely 

from dipolar relaxation. Correspondingly, Werhrli found the 

T^'s for the -OCH^'s in codeine (VI) and brucine (VII) were 

less than one second, further suggesting that the dipolar 

mechanism dominates due to their large size (95). 

The situation with reserpine (VIII) was quite 

similar, with T^'s for the -OCH3's lying between 0.1-1.0 

seconds (96). Conversely, Levy, Cargioli, and Anet (97) 

found the -OCH^'s of mescaline (IX) to have T^'s greater 

than one second, with the para methoxyl approaching two 

seconds. 

Clearly then, the T^ value observed from Biscayne FA 

of greater than six seconds implies very small, symmetrical 
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Table 8. inversion recovery data from permethylated 
humic substances. 

Source 
Longest (sec) 

measured 
Shortest (sec) 

measured 

Biscayne FA 

o
 • 

vo 

0.6 

Contech FA 1.0 0.4 

Biscayne HA 4.0 0.7 

Mollisol HA 6.0 1.0 



CHP 

CHP 

VII 

CH 

CH 

CH •CH 

VIII 
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contributors. Generally though, neither the soil nor 

aquatic fulvic acid results support the view of a larger 

molecule approaching 1,000 in molecular weight. These 

results fully support the model of fulvic acid as a tight 

aggregate as proposed by Schnitzer (Figure 4), and further 

substantiate the X-ray diffraction work discussed earlier 

with the same aquatic sample by Wershaw (70) in which 

methylation appeared to break the aggregate into a variety 

of much smaller contributors. 

Encouraged by these results, corresponding aquatic 

and soil humic acids were similarly examined. Elemental 

analysis results for aquatic Biscayne HA (35) and soil 

Mollisol HA (36) are given in Table 5. 

The CMR spectra obtained from the dimethylated 

humic acids are shown in Figure 30. Estimated percentages 

of the various hydroxyl groups obtained from the CMR spectra 

of these humic acids are shown in Table 9. Clearly the humic 

acids contain large portions of carbohydrate-like func

tionality. Also of note is the large N-CH^ resonances 

observed in both HA spectra at 45 ppm. 

The longer T^ * s obtained from these methylated humic 

acids (Table 7) indicate a preponderance of smaller, more 

symmetrical contributors to their structure than for the 

fulvic acids. The longer T^ are just the opposite of what 

one would expect based on the larger observed molecular 

weights of humic than fulvic acids. 
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NS 
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PW 
DB 
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LB 
PW 
DB 

B. 

50 60 
13 

Figure 30. CMR spectra of C-enriched dimethylated Biscayne HA and Mollisol HA — 
A = Mollisol HA, B = Biscayne HA. 
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Table 9. Estimated percentages of various hydroxyl groups 
in humic acids. 

Per cent 
CMR 

total area of 
spectra3 

Methoxyl 
bands (ppm) Assignments 

Biscayne Mollisol 
aquatic HA soil HA 

63 Carbohydrate 4 — 

61 Carbohydrate 11 7 

60 Carbohydrate — 38 

59 Alcoholic/ 
phenolic 25 — 

57 Phenolic 22 17 

56 Phenolic — 10 

53 Acidic — 18 

51 Acidic 38 10 

46 Nitrogen — — 

aBoth humic acids were methylated with CH2N2 and 
CHgl, both of which were enriched to 90 atom per cent 

Active nitrogen not included in analysis for 
percentages of oxygen functionality. 



IMPLICATIONS TO HUMIC STRUCTURES 

The CMR results obtained with the permethylated 

humic substances support the following long held hypotheses 

for humic and fulvic acids: 

1. Soil humic and fulvic acids contain more carbo

hydrates than aquatic samples. 

2. Humic acids are comprised largely of carbohydrates 

and phenols, while fulvic acids are primarily 

carboxylate in nature. 

These deductions both support the belief that humic acids 

comprise an earlier stage in the decomposition of organic 

materials than fulvic acids. 

Unique to these results is the T^ data which suggest 

a much smaller size for the methylated humates than observed 

for the underivatized substances. Apparently the high 

molecular weights determined for the intact substances 

arise via combination of considerably smaller units which 

are freed from the complex upon elimination of hydrogen 

bonding by permethylation. This deducation clearly implies 

an aggregated structure for humic and fulvic acids similar 

to that described by Schnitzer and Khan (13, Figure 4) 

and Wershaw et al. (84), Wershaw and Pinckney (85), 

Wershaw et al. (86), and Wershaw and Pinckney (87), while 
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refuting the idea of a bulky discrete molecule as suggested 

by others. 

Also of note are the larger N-CH^ resonances 

obtained from the CMR spectra of the methylated humic acids 

when compared to the methylated fulvic acids. Though 

elemental analysis indicated considerably more nitrogen in 

the humic acid samples, only a small portion of the much 

larger observed differences between the two sets of spectra 

can be explained in this way. Presumably, humic acids 

contain more primary and secondary amine type nitrogen 

(possibly as amino acids) than the corresponding fulvic 

acids. This result also supports the further oxidation 

evolution theory for the formation of fulvic acids. The 

dimethylation procedure and subsequent CMR analysis 

described in this study provide a practical, direct, and 

non-destructive tool for the characterization of macro-

molecules that contain high amounts of hydroxyl functionality 

such as coals, shale oils and lignins. 



EXPERIMENTAL 

Proton nuclear magnetic resonance (PMR) spectra were 

determined on Varian Associates T-60 and EM-360 instruments. 

Carbon-13 nuclear magnetic resonance (CMR) spectra were 

recorded on Bruker Instruments WH-90 and WH-250 spectrometers 

at 22.62 and 62.50 MHz respectively. The sweep width (SW) 

used for the CMR spectra was 6,000 Hz unless otherwise 

stated. The number of FID's accumulated (NS), artificial 

line broadening (LB), pulse width (PW), and data base (DB) 

employed were varied as indicated on each spectrum in the 

text. All CMR spectra were ^"H-broadband decoupled. Both 

PMR and CMR peak positions are expressed in parts per 

million (ppm) downfield from a tetramethylsilane (TMS) 

internal standard; otherwise solvent signals or external 

TMS was used as a standard with observed resonances 

corrected to the internal TMS scale. Either internal or 

external solvent deuterium lock signals were utilized in 

obtaining the CMR spectra. All CMR spectra shown in the 

text were determined at 22.62 MHz unless otherwise stated. 

Infrared (IR) spectra were determined on Perkin-

El er models 137 and 337 double beam instruments. IR band 

a- ;ignments presented in the text are those relevant to the 

structural argument at hand and corrected to the 1601 cm 

absorption of a polystyrene film standard. 
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All electron spin resonance (ESR) measurements were 

performed on a Varian Associates E-3 spectrometer. Solution 

samples were measured in a flat quartz solution cell and 

were either exposed to air or were degassed with nitrogen. 

The instrument was operated at 9.5 GHz with a frequency 

modulation of 100 KHz. 

Deuterated solvents, employed as obtained from 

their manufacturers, were stored in dessicators prior to use 

and purged with nitrogen after each opening. 

Thin layer chromatography (tic) was carried out on 

either precoated plates of Silica Gel P-254, layer thickness 

0.25 mm, manufactured by E. Merck, Darmstadt, Germany, or on 

glass plated which were coated with a slurry of Silica Gel 

powder, 60-200 mesh, J. T. Baker Chemical Company, 

Phillipsburg, New Jersey, in 9 to 1 (by volume) solution 

of water and methanol. 

Solvents and reagents were employed as obtained from 

the manufacturer unless otherwise stated. Ether always 

refers to diethyl ether. Authentic humic substances studied 

were obtained from sources as referenced in the text, and 

were stored in dessicators prior to use. The order of 

experiments presented here follows the order of presenta

tion in the Results and Discussions chapter of this 

dissertation. 



Chlorination and Chloroform Production from 
Authentic and Model Humic Materials 

Into separate 25 mL found bottom flasks was 

transferred 10 mL of a 5.0% solution of sodium hypochlorite 

which was then saturated with sodium carbonate. To this 

solution 0.36 g of each compound listed in Table 3 was 

added, stoppered and stirred continuously for 24 hours at 

room temperature. The solutions were then filtered to 

remove the solid sodium carbonate, and stirred vigorously 

with 2 mL of spectral grade hexanes at room temperature for 

an additional 24 hours. The hexane layer was then pipeted 

off, dried over molecular sieves and chromatographed. A 

Varian Associates Aerograph 90-P gas chromatograph equipped 

with a thermal conductivity detector was utilized for this 

analysis. A 20% Carbowax 20 M on acid washed Chromosorb W, 

5 feet long, 1/4 inch o.d. copper column was used. Each 

analysis was done in at least triplicate with standard 

aqueous solutions of chloroform in water indicating a 

minimum detection limit of one part per thousand via this 

method. 

Hydrogenation and Subsequent Work-up 
of Fluka Humic Acid 

A bomb apparatus in a rocker-arm assembly was 

emploied for the hydrogenation under the direction of Dr. 

A. Deutschman of the University of Arizona High Pressure 

Laboratory. A suspension of 10 g Fluka HA in 100 ml 



methanol was reacted under 3000 psi of hydrogen and 0.5 g 

molybdenum sulfide (MoS2) for 8 hours. The assembly was 

allowed to cool overnight, after which time the assembly 

was vented and 500 mL of vile smelling exit gases were 

trapped in liquid nitrogen. These gases were subsequently 

released into the atmosphere. A dark black methanol solu

tion (approximately 50 mL), and a blackish-orange isoluble 

residue (1.5 g) were collected from the assembly body. The 

isoluble residue was subjected to benzene Soxhlet extraction 

for 8 hours. Examination of the 0.5 g fine black residue 

in the thimble indicated it to be the MoS2 catalyst. 

Rotary evaporation of the benzene soluble residue resulted 

in 1.0 g of a dark black oil. A small amount of this 

residue was redissolved in CDCl^ for IR and PMR analysis. 

Analysis of this solution by tic in solvent systems of 

petroleum ether/benzene (8:2), petroleum ether/benzene 

(1:1), benzene, n-heptane, benzene/ethanol (99:2), and 

benzene/ethanol (95:5) resulted in a smear in each case. 

The remainder of this residue was extracted according to 

the scheme illustrated in Figure 6, utilizing ether as the 

organic phase and drying each layer over anhydrous sodium 

sulfate. 

Examinations of these extraction fractions were 

performed by PMR, IR, tic and in some cases CMR analysis. 

The original methanol solution from the hydrogenation was 

rotary evaporated to yield 1.6 g of a dark black oil. IR, 
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PMR, and CMR analysis of the oil was performed in CDCl^. A 

similar tic study on this sample was also unsuccessful. No 

further analysis was performed with any of these fractions. 

Attempted PMR Analysis with Aldrich 
and Fluka Humic Acids 

A solution of tenth normal sodium deuteroxide in 

deuterium oxide was prepared by the addition of sodium 

metal (0.01 g, 4.4 mmol) to 8 mL deterium oxide (44 mmol) 

under a nitrogen atmosphere in an ice bath. Into two 

separate 1 mL aliquots of this solution was added 100 mg 

Aldrich HA and Fluka HA. The resulting heterogeneous 

solutions were allowed to stir overnight under a nitrogen 

atmosphere, then filtered into 5 mm NMR tubes. To the 

opaque, black/reddish brown solutions was added a sealed 

capillary of TMS. No absorptions were observed in either 

case, other than the normal TMS signal. 

Qualitative Tests for Iron and Hydrolysis of 
Aldrich and Fluka Humic Acids 

The method employed was patterned after that 

described by Feigl (38). Individual heterogeneous solutions 

of 500 mg each Aldrich and Fluka HA's in 50% sodium 

hydroxide and concentrated hydrochloric acid were refluxed 

overnight under a nitrogen atmosphere. Following filtration 

of the hydrolyzed solids, each filtrate was tested with a 

small crystal of potassium thiocynate. None of the samples 

exhibited the characteristic color change indicative of 
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iron. Subsequently, 100 mg of each HA was first wrapped in 

ashless filter paper (Whatman #50), placed in a crucible 

and torched 10 minutes with a Fisher burner. The residue 

was then washed with a few drops of 5% sodium hydroxide to 

oxidize any iron (II) to iron (III), and to wash out any 

interfering acids. The filtrate was discarded, and the 

residue was then washed in a sintered glass funnel with a 

few drops of concentrated sulfuric acid followed by 

water. This filtrate was then tested with a small crystal 

of potassium thiocyanate. Both Aldrich and Fluka HA's 

treated in this manner gave the requisite deep red iron-

thiocyanate complex. A blank analysis utilizing salicylic 

acid as the substrate gave no observable color via this 

method. Similar ashing analysis on the residues from the 

base and acid hydrolyzed Aldrich and Fluka HA's gave posi

tive results for iron as well. 

Preparation of Underivatized Humic Acids 
for NMR Analysis 

Solutions of 100 mg Aldrich HA and acid hydrolyzed 

Aldrich HA were obtained by stirring the humates overnight 

under an atmosphere of nitrogen in 2 mL TFA and DMSO-dg 

respectively. The solutions were filtered prior to NMR 

analysis. 



79 

Preparation of Contech Fulvic Acid and Humic Substances 
Model Compounds for CMR and ESR Analysis 

The quantity of compound examined and solvent 

employed varied as follows: (a) Contech FA (200 mg) 

dissolved in 2.6 mL D2O, (b) catechol (50 mg, 0.5 mmol) 

dissolved in 2.5 mL D20' catechin (150 mg, 0.5 mmol) 

dissolved in 2.5 mL DMSO-dg (d) quercetin (150 mg, 0.5 mmol) 

dissolved in 2.5 mL DMSO-dg, (e) rutin (200 mg, 0.3 mmol) 

dissolved in 2.5 mL DMSO-dg, and (f) tannic acid (100 mg, 

0.06 mmol) in 2.5 mL DMSO-dg. All analyses were performed 

as follows: solutions were prepared by stirring the compounds 

in solvent under an atmosphere of nitrogen for 30 minutes. 

The solutions were transferred via syringe into an air 

sensitive ground-glass stoppered 10 mm NMR tubes. The tubes 

were purged during this time, and sealed under nitrogen. 

Upon completion of the normal CMR spectra, the sample tube 

was removed and 0.2 mL 40% sodium deuteroxide (3 mmol) was 

added to the tube under nitrogen. Following this CMR 

analysis, the sample tube was opened to the atmosphere and 

an aliquot was transferred to the ESR sample tube for 

analysis via that method. CMR chemical shift references 

were made from solvent signals in the DMSO-dg samples, and 

by external co-axial sources of either methyl iodide or 

acetone in the D2O samples. 
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Magic Angle Spinning on the WH-90 
NMR Spectrometer 

Removal of the normal 10 mm spectrometer probe 

insert was necessary for placement of the MAS apparatus. 

Deuterium lock was achieved via introduction of a small 

glass sphere of D^O into the bottom of the MAS apparatus. 

Spinning rates were measured with a photodiode by focusing 

light on a partially blackened spinner. Samples were placed 

in the cavity of the spinner and enclosed with a screw cap. 

Tuning and location of the "magic angle" was achieved by 

trial and error. The sample of natural (Hevea) cis-1,4-

polyisoprene was obtained from Goodyear Tire and Rubber 

Company, Akron, Ohio. Molecular weight analysis was 

supplied with the sample. 

Sodium Hydride Dimethylation Procedure 

Each permethylated substance discussed in the text 

was reacted according to the procedure described here. 

13 13 N-methyl- C-N-nitroso-p-toluenesulphonamide and C-

iodomethane (90 or 60 atom % ^C) were obtained from Merck, 

Sharpe and Dohme, Canada Ltd., Montreal, Canada. The 

preparation of diazomethane from N-methyl-N-nitroso-p-

toluenesulphonamide was adapted from that of Fieser and 

Fieser (98): a solution of 2 g (100 mmol) of N-methyl-N-

nitroso-p-toluenesulphonamide dissolved in 60 mL of 

anhydrous ether was intermittently added as needed to a 

solution of 0.5 g of potassium hydroxide in 0.8 mL water 



81 

and 2.5 mL of ethanol. The generation flask was heated to 

between 50-60°C and the diazomethane in the ether and 

ethanol solution was distilled into a solution of 0.1% 

compound in DMF which was stirred in an ice bath. The 

entire apparatus was devoid of ground glass, and all glass 

ends were fire-polished smooth. Additional ether was added 

until the distillate was clear. The DMF/etherate solution 

was then allowed to warm to room temperature and stirred in 

a fume hood overnight. The DMF was removed by rotary 

evaporation under vacuum. The residue was then weighed and 

stored in a dessicator prior to further treatment. In those 

13 samples xn which C-CH2N2 was used only the first 0.5 g 

13 (25 mmol) N-methyl- C-N-nitro-p-toluenesulphonamide was 

employed. Additional ether was then added until the dis

tillate was clear. The receiver vessel was then heated to 

50°C until the etherate solution was distilled out. An 

additional 1.5 g diazomethane precursor j?as then added in 

the usual manner. 

The procedure employed for the sodium hydride 

methylation was modeled after the method of Coggins and 

Benoiton (68) and Stoochnoff and Benoiton (69): the residue 

from the diazomethane methylation was redissolved in 50 mL 

dry DMF, previously distilled over molecular sieves. To 

this solution was added 0.25 g (5 mmol) NaH (0.5 g 50% 

mineral oil dispersion was washed in a sintered glass funnel 

with hexane previously dried over molecular sieves) and 
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0.1 mL (0.5 mmol) of CH^I under a nitrogen atmosphere. The 

mixture was allowed to stir at room temperature overnight. 

The excess NaH was decomposed with cold water and concen

trated hydrochloric acid was added while in an ice bath 

until the solution was neutral to litmus. The solution was 

then dried under vacuum and the methylated residue was 

dissolved in chloroform. Following rotary evaporation, the 

residue was weighed and redissolved in chloroform-d for NMR 

analysis. Complete methylation of hydroxyl functionality 

was indicated by IR analysis. 

Since anomolous absorptions were noted in the CMR 

spectrum upfield from DMF (0-30 ppm) a blank NaH methyla-

13 tion was performed in DMF with C-iodomethane without a 

substrate. Identical resonances were observed in the CMR 

spectrum of this sample. No signals were observed down-

field from 39 ppm (DMF) except for a small singlet at 

163 ppm, also corresponding to DMF. 

The amount of each substrate employed and yields 

following each methylation are compiled in Table 10. 

Alternative Potassium Hydroxide Dimethylation 
of Contech Fulvic Acid 

Contech FA (33 mg) was methylated with diazomethane 

according to the procedure described earlier. The residue 

from that reaction (52 mg) was again methylated by a method 

patterned after that of Johnstone and Rose (72): 10 mL DMSO 

was stirred with the previous product for 5 minutes at which 
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Table 10. Yields from permethylation procedure. 

Substrate 
reacted 

Starting 
amount « 

Following 
diazomethane 

Following 
methyl iodide 

Rutin 31 mg 
(0.05 mmol) 

40 mg 58 mg 

Contech FA 
(enriched CH^l 
only) 

33 mg 56 mg 78 mg 

Contech FA 
(doubly enriched) 

33 mg 58 mg 82 mg 

Biscayne FA 57 mg 60 mg 101 mg 

Biscayne HA 22 mg 33 mg 56 mg 

Mollisol HA 76 mg 83 mg 94 mg 

point 0.56 g (0.01 mol) powdered KOH was added. This 

heterogeneous oslution was stirred for an additional 2 

' 13 minutes; then 0.3 mL (0.05 mol) 90 atom % C-methyl iodide 

was added. The mixture was then allowed to stir overnight 

at 45°C while under a nitrogen atmosphere. The solution 

was extracted several times with chloroform and the 

combined extracts were washed several times with cold 

water, then dried over anhydrous magnesium sulfate. Rotary 

evaporation resulted in 50 mg of light amber oil which was 

redissolved in CDCl^ for CMR analysis. 
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Spin Lattice Relaxation Time Measurements 
Using the Inversion Recovery Sequence 

All measurements described were determined on a 

Bruker Instruments VJH-90 spectrometer utilizing the Nicolet 

software program NTCFT, Nicolet Instrument Corporation, 

Madison, Wisconsin. In each case quadrature detection and 

8K real data points were utilized. The pulse sequence 

employed was that described by Void et al. (93) [180° (30 ) 
[XS 

-T-90° (15^G)-PD(pulse delay)]n (n = number of accumula

tions). The T values, PD, and n chosen for each sample 

are given in Table 11. Each sample was purged with nitrogen 

prior to T^ analysis. 

Table 11. Parameters employed for T^ measurements. 

Sample x-values (s) PD (s) N 

Dimethylated 
Contech FA 

Dimethylated 
Biscayne FA 

Dimethylated 
Biscayne HA 

Dimethylated 
Mollisol HA 

0.1, 1.0, 10.0 

0.025, 0.05, 0.1,  
0.5,  1.0,  2.0,  4.0 

0.01, 0.1, 1.0, 10.0 

0.1, 1.0, 10.0 

40 

20 

40 

40 

5000 

500 

3100 

2000 
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