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ABSTRACT 

The hydroxyl group functionality of a series of aquatic humic and fulvic 

acids was examined by methylating the samples with BC-enriched reagents and 

looking at the BC NMR of the resulting methyl esters and ethers. The 

methylation procedure entailed methylation with BC-diazomethane followed by 

permethylation with BC-methyl iodide/sodium hydride, DMF the solvent in both 

steps. The Be NMR of diazomethylated samples allows one to distinguish 

between carboxylic acid OH, phenolic OH, and phenolic OH adjacent to two 

substituents. The BC NMR spectra of permethylated samples shows that a 

significant amount of the hydroxyl group functionality can be methylated only 

when a strong base is used. The sources of the aquatic humic substances 

investigated included groundwater, lake, bog, and swamp waters. The BC NMR 

spectra of the permethylated humic and fulvic acids revealed that the total 

hydroxyl group pattern - carboxylic acid OH, carbohydrate OH, phenolic and 

aliphatic OH - was very similar among these aquatic samples despite the fact that 

they represented biogeochemically different sources. Practical applications of 

this BC NMR characterization technique are briefly illustrated. These include 

following the chemical changes in the Spirit Lake fulvic acid following the 

eruption of Mt. St. Helens, analyzing the chromatographic fractionation of a 

groundwater fulvic acid, and analyzing the residual products after chlorination of 

two commerciai humic acids. 

Side reactions of the methylation procedure were also studied. A 15N 

NMR investigation of the 1,3 dipolar addition of diazomethane to a soil fulvic acid 

led to the tentative conclusion that the cycloadduct was an N-methyl pyrazoline. 

xli 



xiii 

Evidence is presented that carbon methylation occurs to a large extent during the 

CH3I/NaH step. 

The derivatization of ketone and/or quinone groups with methoxylamine 

for the purpose of viewing these groups as the N-OCH3 derivatives in the BC 

NMR was also examined. 

Solid state CP/MAS BC NMR spectra of aquatic fulvic acids are 

presented and discussed. Structural features evident in liquid state BC NMR 

spectra of samples permethylated with LD1enriched reagents and examined at high 

field are also discussed. Carbonyls of aromatic acid methyl esters are distin

guishable from those of aliphatic and benzylic acid methyl esters in such spectra. 

The 29Si NMR of a silylated humic acid did not yield much information 

on the hydroxyl group functionality. 



INTRODUCTION 

Humic substances occur in soils, sediments, and water, both freshwater 

and marine, and constitute the most abundant naturally occurring organic 

compounds at the earth's surface. Humic substances are the end products from 

the decay of plant and microbial matter. The estimated amounts of carbon in 

various reservoirs at the earth's surface are listed in Table 1. From 60 to 70 

percent of the carbon in soil organic matter exists in the form of humic 

substances. In natural waters, humic substances comprise anywhere from 25 to 90 

percent of the dissolved organiC carbon (DOC), and in marine environments, Ie to 

30 percent of the DOC (Thurman, 1984). 

Humic substances have a broad range of physical, chemical, and physio

logical properties, and therefore are of interest to scientists from many 

disciplines. In soils, humic substances contribute to the cation exchange capacity, 

help maintain the physical structure, and playa role in plant growth and nutrition. 

In aquatic systems, humic substances serve to regulate the levels of inorganic 

constituents. Upon chlorination, aquatic humic substances yield trihalomethanes 

and other chlorinated organiCS. In both soils and aquatic systems, humic 

substances can adsorb organic contaminants and bind toxic metals, thereby 

Increasing the concentration of such contaminants and metals in these 

environments. References to these and other properties of humic substances are 

listed in Table 2. 

To better understand these properties of aquatic humic substances is the 

long term goal within which the organic structural investigations of this 

dissertation are undertaken. As will be developed shortly, the similarities 

1 



Table 1. Amount of C in Various Reservoirs at Earth's Surface 

-- Source: Stevenson (1982) 

Reservoir 

Atmospheric CO2 

Biomass 

Fresh Water 

Marine, above Thermocline 

Amount of C, 10 14 kg 

7 

4.8 

2.5 

30-50 

2 



Table 2. References for Various Properties and Considerations of Humic 

Substances 

Environmental and Human Health 
Significance 

Goitrogenic Effects 

Pharmacologico-Toxicological 
Properties and Effects on Trace 
Element Metabolism in Lab Animals 

Chlorination 

Physiological Effects in Plants 

Metal Binding 

Interaction with Pesticides 

Origins, Diagenesis 

Role in Carbon Cycle 

Prakash + MacGregor (1983) 

Gaitan et ale (1983) 

Kuhnert et ale (1982) 
Golbs et ale (1982) 
Fuchs et ale (1982) 

Christman et ale (1983) 
Jolley et al (1978, 1980). 

Schnitzer (1978, pp. 55-56) 
Tichy (198la, 1981b, 1982) 

Gamble et ale (1983) 
Stevenson (1982, Ch. 15) 
Saar + Weber (1982) 
Christman + Gjessing (1983, 
Chs. 11-17) 

Stevenson (1982, Ch. 17) 
Khan (1978) 

Stevenson (1982, Ch. 8) 
Thurman, (198~, Ch. 6) 

Schnitzer (1978) 
Stevenson (1982, Ch. 1) 

3 
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between soil and aquatic humic substances are numerous. The discussion then will 

freely alternate between soil and aquatic humic materials, without always making 

the distinction. Inclusion of marine humic substances is beyond the scope of this 

introduction. The reader is referred to Harvey and Boran (1984) for this topic. 

Schnitzer and Khan (1972), Schnitzer (1978), Hayes and Swift (1978), and 

Stevenson (1982) have summarized what is currently known about the structure and 

chemistry of humic substances. Three books which provide a comprehensive 

overview of the most up to date research in humic substances are Christman and 

Gjessing (1983), Aiken et al. (1984), and Thurman (1984). Before continuing with a 

discussion of the chemical structure of humics, some definitions are in order. 

In soils, organic matter can be classified into humic substances and non

humic substances. Non-humic substances are those compounds which can be 

readily identified as the structural components of decaying plant or microbial 

matter, such as polysaccharides, lipids, proteins, waxes, resins, lignins, etc. Soil 

humic substances are traditionally subdivided into: 

1. Humic Acid (HA), which is defined as that fraction soluble in dilute 

alkaline solution but precipitated 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 unextractable with either dilute 

acid or basic solutions. 

The dissolved organic carbon in natural waters has been classified by 

Leenheer and Huffman (1976) into the hydrophilic acids, bases, and neutrals, and 

the hydrophobic acids, bases, and neutrals. Humic and fulvic acids corr:prlse the 

hydrophobic acid fraction. Aquatic humic and fulvic acids are also operationally 

defined. The definition of Thurman and Malcolm (1981) is used here. The humic 



5 

and fulvic acids are those substances which adsorb onto an XAD-8 resin at pH 2.0. 

(The Amberlite XAD-8 resin is a macroreticular, noruonic acrylic ester polymer.) 

The humic and fulvic acids elute from the resin with 0.1' N NaOH; upon 

acidification of the NaOH eluate to pH 1.0, the humic acids precipitate while the 

fulvic acid remains in solution. 

The isolation of humic substances from soils has been reviewed by Hayes 

(1984-) and from natural waters by Aiken (1984). The extraction scheme adopted by 

the International Humic Substances Society (I.H.S.S.) for soil humic and fulvic acids 

is presented in Figure 1. The method of Thurman and Malcolm for aquatic humics 

is outlined in Figure 2. 

The following outline of the chemical characteristics of humic substances 

has been made as concise as possible. 

Elemental Analysis 

The elemental content of soil humic arid fulvic acids as reported by 

Stevenson (1982) is presented in Table 3. The lower carbon and higher oxygen 

content of the fulvic acids compared to the humic acids indicate that the fulvic 

acids are a more highly oxidized species than the hUmic acids. The elemental 

composition of aquatic humic substances has been summarized by Thurman (1984) 

and is presented in Table 4. The differences in 0 and C content between the humic 

and fulvic acids are not as pronounced here as in the soil materials. The 

implications of elemental analyses for the structure of humic substances has been 

reviewed by Steelink (1984). Methods and analytical problems in determining 

elemental compositions in humic substances have been reviewed by Huffman and 

Stuber (1984). 



Step 1 

Step 2 

Step 4 

Step 5 

Step 6 

Step 7 

Step S 

Step 9 

Step 10 

Step 11 

Step 1.2 

OUTLINE OF EXTRACTION PROCEDURES 

Equilibrate the sample to a pH between 1-2 with 1 M HCl at room 
temperature. Adjust solU'tion volume with 0.1 M. HCl to prOvide a final 
concentration that has a ratio of 10 ml. solvent: 1 g dry sample, shake 1 hour. 

Separate supernatant from residue by decantation (or centrifugation) after 
allowing solution to settle. Save supernatant for XA0.8 isolation. 

Neutralize residue with 1 M. NaOH to pH 7.0 and add under N2 0.1 M NaOH to 
a :final extractant, sample ratio of 10:1. 

Extract suspension under N2 with intermittent shaking for a minimum of 4 
hours. Allow alkaline suspension to settle ovemight and decant or centrifuge. 

Acidi£)' supernatant With 6 M HCl with constant stirring to pH 1.0. Let stand 
for 12-16 hours. - . 

Centrifuge to separate humic and fuMc acid fractions. 

Reaisso1ve humic acid fraction by adclillg a minimum volume of 0.1 M. KOH 
under N2• Add KCl to attain 0.3 M. [K+]. Centrifuge at high speed to remove 
suspended solids. 

Reprecipitate humic acid as in step 5. Centrifuge. Discard supernatant. 

Suspend humic acid precipitate in a 0.1 M. HCL-D.3 M. HF solution in a pla.stic 
container. Shake overnight at room temperature. 

Centrifuge and repeat item 9 as necessary to lower the ash cont~t to below 1 
percent. 

Transfer to a Visking dialysis tube. Dialyze against distilled water to a 
negative Cl- test with AgN03• 

Freeze-<!ry humic acid. 

Figure 1. I.H.S.S. Extraction Scheme for Soil Humic and Fulvic Acids. 
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Step 13 

Step 14 

Step 15 

Step 16 

Step 17 

Step 13 

Step 19 

Step 20 

Pass supernatant from step 2 through column of XAD-8 with a k'O.SR cutoff of 
SO (0.1' mL per g of initial sample dry weight at a flow rate of IS bed voiumes 
per hour). Discard the effluent. Rinse the XAD-8 column containing sorbed 
fuMe acid with 0.6' column volumes of distilled ~O. 

Bad< elute XAD-8 column with 1 column volume of 0.1 M NaOH, followed by 
2-3 column volumes of djsilllecl ~O. -

Immediately acicli:fy with 6 M Hel to pH 1. Add HF to a fina! concentration of 
0.3 M 'HF. Solution volume should be sufficient to maintain fulvic acid 
solubility. . 

Pass supernatant from step 6 through a column of XAD-8 a.t a. k'O • .5R of 7 (l.0 
mL of resin per g of initial dry weight of sample). 

Repeat steps 14 and 1'. 

Combine the eluates from steps l' and 17, pass through XAD-~ resin in pla.stic 
column (coiumn volume should be l/S of sample volume). This yields 
k'0.SR-2). Rinse with 0.6' column volumes of djstilled water. 

Back elute with 0.1 M NaOH 1 column volume 0.1 M NaOH followed by 2 
column volumes of diitilled ~O. Pas3 eluate through H" -saturated cation 
exchange resin (Bio-Rad AG-MP-SO) (3 x the milliequivalent:s of sodium ions in 
solution). 

Freez~ I¢ saturated fulvic acid. 

Figure 1. Continued. 
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step procedure 

Silver filter water and lower pJl to 2.0 with HCI. 

2 Pass sample through column of XAD-S resin. 

3 Elute column with 0.1 N NaOl-iin rt~verse direction. 

4 Acidify eluates and recycle through smaller XI\D··!!. 

5 Chromatograph NaO}1 eluate on Enzacryl Gel with 
0.1 N NaOH mobile phase. 

6 If low-molecular weight acids are present, separate 
sample on this column, then reconcentrate on 
XAD-S column. 

7 Make hllmic/fulvlc split at pH I. Centrifuge and 
readsorb fulvic acid fraction on XAD-S. Rinse 
humic acid (HAl fraction with water until AgNO) 
test shows no CI. Dissolve I-IA In 0.1 N NaOH 
and hydrogen saturate. 

S Remove excess sodium chloride from fulvic acid (FA) 
In final XAD-S conc~ntratlon. I. Apply FA at pH 2.0. 
2. Rinse with I bed volume of water. 3. Reverse flow 
and elute column with 0.1 N NaOH. 

9 Pass FA eluate through cation-exchange resin and 
hydrogen saturate. Pass HA In 0.1 N NaOH through 
cation-exchange resin and hydrogen saturate. 

10 Lyophilize sample to a low-ash aquatic humus. 

example 

Filter 150 L of river water (aquatic humus at 
approximately 4 mg/L) and add 120 mL of t-iCI. 

Apply 150 L of water to a 120U-mL column (5 x 60 
cm) of XAD-S. 

Elute column with 3 void volumes ((SOO mU of 0.1 
N NaOH. 

Acidify the eluate to pit 2 (1soo mU and adsorb 
on ... 60-mL column of XAD-S. Desorb with lOS 
mL of 0.1 N NaOI-i. 

Chromatograph :3 mL of eluate on :300-mL (2.5 x 60 
cm) column of Enzacryl gel. 

Chromatograph remainder (105 mI.) of eluate, 3 mL 
per run, if low-molecular weight acids are pre
sent. Reconcentrate on 60-mL XAD-S column. 

Add 2 mL of concentrated HCI to lOS mL of eluate, 
settle for 24 h, and centrifuge. Wash HA with 
water until free of CI. Dissolve HA In 0.1 N NaOU 
and Immediately hydrogen saturate (step 9). 
Dilute HA with water so that DOC is at approx
mately 100 mg/L. This prevents precipitation of 
HA In ion-exchange resin. 

Concentrate the 100 mL of FA eluate on a 200-mL 
column of XAn-S. Rinse with 20 mL of deionized 
water; reverse elute with 36 mL of 0.1 N NaOIl. 

Pass the 36 mL of eluate through a 5-mL column 
of AG-MP-50 cation-exchange resin in hydrogen 
form. Rinse with I bed volume (5 mU of 
deionized water. 

Freeze-dry the 'II mL of sample In hydrogen form; 
100 percent recovery of aquatic humus yields 
600 mg. 

Figure 2. Isolation of Aquatic Humus by Adsorption Chromatography. 

Procedure of Thurman and Malcolm (198 I). 
00 
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Table 3. Elemental Composition of Soil Humic and Fulvic Acids 

- Source: Stevenson (1982) a 

C H 0 N S 

Fulvic Acids 40-50 4-6 44-50 <1-3 0-2 

Humic Acids 50-60 4-6 30-35 2-6 0-2 

a Dry and Ash-Free Basis (percent) 
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Table 4. Elemental Composition of Aquatic Humic and Fulvic Acids 

- Source: Thurman (1984) a 

C H 0 N P S Ash 

Ground Water (Mean of 5 samples) 

Fulvic 59.7 5.9 31.6 0.9 0.3 0.65 1.2 

Humic 62.1 4.9 23.5 3.2 0.5 0.96 5.1 

River Water (Mean of 15 Samples) 

Fulvic 51.9 5.0 40.3 1.1 0.2 0.6 1.5 

Humic 50.5 4.7 39.6 2.0 5.0 

Lake Water (Mean of 3 Samples) 

Fulvic 52.0 5.2 39.0 1.3 0.1 1.0 5.0 

Humic 

Marsh, Bog, Swamp (Mean of 4 Samples) 

Fulvic 51.0 4.3 40.2 0.74 0.2 0.4 2.0 

Humic 51.2 4.4 40.9 0.56 0.1 0.6 2.0 

a Percent Composition 
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Molecular Weight 

Molecular weight determinations epitomize the elusive structural nature 

of humic and fulvic acids. The range of molecular weights reported in the 

literature for soil humic acids is approximately 1400 to 1,000,000. Stevenson 

(1982) reports the average range for soil humic acids to be 50,000 to 100,000 with 

few molecules having molecular weights exceeding 250,000; the "typical" soil fulvic 

acid has a molecular weight in the 500 to 2000 range. Methods which have been 

used for MW determination are listed in Table 5. The large range of MW 

determinations is partially a function of the many different methods used. The 

formation of molecular aggregates through H-bonds or mineral bridges is a major 

complicating factor in MW determinations. Aggregation is a function of the 

concentration of the humic, the presence or absence of monovalent or polyvalent 

cations, the pH, and ionic strength. Molecular weight determinations have been 

reviewed by Schnitzer (1978), Stevenson (1982), and Wershaw and Aiken (1984). 

Reported molecular weights for aquatic humic substances range from 

apprOximately 500 to more than 100,000. Thurman et ale (1982) have reported the 

MW's for a series of surface and ground water hUmic and fulvic acids as determined 

by the small angle x-ray scattering method of Wershaw and Pinckney (1973). The 

data are presented in Table 6. The aquatic fulvic acids were for the most part 

under MW 2000; the humic acids were larger and ranged up to MW 10,000. 

Functional Group Analyses 

The chemical methods for determining the functional group content of 

humic and fulvic acids have been discussed by Schnitzer (1972, 1978) and Stevenson 

(1982). As with molecular weight determinations, a wide variety of methods have 

been used and results vary with the method. The functional groups generally 

considered to exist in humics are carboxylic acids, phenolic-OH, enolic-OH, 



Table 5. Techniques Used for Molecular Weight Determination 

Ultracentrifugation 

Viscosimetric Measurements 

Freezing-Point Depression 

Vapor Pressure Osmometry 

Isothermal Distillation 

Light Scattering 

Small Angle X-Ray Scattering 

Gel Filtration 

12 



Table 6. Molecular Weights of Aquatic Humic and Fulvic Acids As Determined 

by Small Angle X-Ray Scattering - Source: Thurman (1982) 

Source of Aquatic 

Humic Substances 

Fulvic Acid 

Alpine Creek, Ward, Colorado 

Arvada, Colorado, tap water 

Colorado River, Yuma, Arizona 

Como Creek, Ward, Colorado 

Deer Creek, Montezuma, Colorado 

Ground water, Biscayne aquifer, MiaIT'i, Florida 

Ground water, Laramie-Fox Hills aquifer, 

Boulder, Colorado 

Ground water, Madison aquifer, Belle Fource, 

South Dakota 

Ground water, St. Peter aquifer, Minnesota 

Hawaii Wetland, Hawaii, Hawaii 

Suwannee River, Georgia 

Thoreau's Bog, Concord, Massachusetts 

Yampa River, Yampa, Colorado 

Humic Acid 

Arvada, Colorado, tap water 

Ground water, Biscayne aquifer, Miami, Florida 

Suwannee River, Georgia 

Trona ground water, Rock Springs, Wyoming 

Water from coal field, western South Dakota 

Molecular Weight 

1,500 5,000 

500 1,000 

500 1,000 

500 1,000 

500 1,000 

800 1,000 

5,000 - 10,000 

1,500 2,000 

500 1,000 

5,000 

1,000 i,500 

1,000 5,000 

1,000 1,500 

5,000 Colloidal 

1,500 2,000 

5,000 - 10,000 

5,000 - 10,000 

1,000 - 10,000 

13 
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alcoholic-OH, quinones, hydroxyquinones, lactones, ethers, amines, ketones, and 

esters. Gillam and Riley (I982) reported trace quantities of hydroxamic acids in 

marine humic substances. 

Table 7 lists the various methods which have been used for functional 

group analyses. Schnitzer (I977) has compiled a set of data on functional group 

analyses for soil samples from diverse climatic zones. This is shown in Table 8. It 

is evident that the total acidities of fulvic acids are unmistakenly higher than those 

of the humic acids. Carboxylic acids are the major acidic groups of both humic and 

fulvic acids. 

Functional group analyses by chemical methods have not been applied as 

extensively to aquatic materials as with soil humics. Most data on aquatic 

material appears to be limited to carboxylic acid and phenolic determinations. 

Thurman (1984-) has listed the average carboxylic acid and phenolic OH contents of 

aquatic humic and fulvic acids as determined by potentiometric titration. The data 

represent averages from 20 samples and are presented in Table 9. As is the case 

with soil samples, the fulvic acids have higher carboxylic acid contents than the 

humic acids. Thurman (I984-) has pointed out that the average value for carboxyl 

groups in fulvic acid, 5.5 meq/gram, corresponds to one carboxyl group for every 

7.6 carbon atoms; the average value for aquatic humic acids, 4-.0 meq/g, 

corresponds to one carboxyl group for "every 12 carbon atoms. 

Since the hydroxyl group functionality is largely responsible for the 

physical and chemical properties of humic materials, the accurate quantitative and 

qualitative determination of this functionality should be given high priority. 

However, just such a determination still remains an elL!Sive goal. Although 

measurements of total acidity and of carboxylic acid content are probably fairly 

accurate, data on alcoholiC, enolic, and phenolic OH, ketone and quinone content 
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Table 7. Methods Used for Functional Group Analysis in Humic Substances a 

Analysis 

Total Acidity 

Carboxyl Groups 

Total Hydroxyl 

Phenolic Hydroxyl 

Alcoholic Hydroxyl 

Carbonyl 

Quinone 

Ether Linkages 

Free Amino Groups 

Method(s) 

Baryta Adsorption; Methylation Procedures; Reaction 

with Diborane; Reaction with Li Al H4 

Ca-Acetate Method; Methylation Procedures; Iodimetric 

Method; Quinoline Decarboxylation 

Methylation with Dimethyl Sulfate; Acetylation 

Difference: Total Acidity-Carboxylic Acid; Ulbadini 

Method 

Difference: total OH-Phenolic OH 

Formation of Oxime, Hydrazone, or Carbazone; 

NaBH4 Reduction 

SnCl2 Reduction in acid or alkaline solution; Reduction 

by Fe2+ in alkaline triethanol amine 

Zeisel Method for -OCH3; Oxygen Accounting 

Nitrous Acid Method; Flourodinitrobenzene Method; 

Phenylisothiocyanate Method 

a See Chapter 9, Stevenson (1982). 



Table 8. Functional Group Analyses of Humic and Fulvic Adds from Soils 

of Different Climatic Zones a Un meq/ 100 gram) 

- Source: Schnitzer (! 977) 

Functional Group Range Average 

Humic Acids 

Total Addity 560 890 670 

COOH 150 570 360 

Acidic OH 210 570 390 

Weakly addic and alcoholic OH 20 490 260 

Quinone C=O 10 560 290 

Ketonic C=O 

OCH3 30 80 60 

Fulvic Acids 

Total Addity 640 1420 1030 

COOH 520 1120 820 

Acidic OH 30 570 300 

Weakly addic and alcoholic OH 260 950 610 

Quinone C=O 120 420 270 

Ketonic C=O 

OCH3 
30 120 80 

a Climatic Zones include Arctic Soils; Cool, Temperate Acid Soils; 

Cool, Temperate Neutral Soils; Subtropical Soils; Tropical Soils. 

16 
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Table 9. Carboxylic Acid and Phenolic OH Content of Aquatic Humic and Fulvic 

Acids a (in meq/gram) as Determined by Potentiometric Titration 

- Source: Thurman (1984) 

Carboxylic Acid OH Phenolic OH 

Ground Water 

Fulvic 5.1 - 5.5 1.6 

Humic 

Lake Water 

Fulvic 5.5 - 6.2 0.5 

Humic 

Streams and Rivers 

Fulvic 5.5 - 6.0 1.5 

Humic 4.0 - lj..5 2.0 

Bog, Marsh, Swamp 

Fulvic 5.0 - 5.5 2.5 

Humic 4.0 - It.5 2.5 

~ata represent averages from 20 samples. 
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are highly questionable. The reader is referred to Stevenson (! 982, Ch. 9) for a 

more detailed discussion of the shortcomings of these functional group analyses. 

Using NMR to follow more precisely chemical derivatizations of functional groups 

will be a major objective of this dissertation. 

Oxidative Degradation Followed by GC-MS 

Much work has been done in this area of structural determination. 

Results have varied depending on conditions employed. Oxidizing reagents used 

have included alkaline permanganate, peracetic acid, alkaline cupric oxide, alkaline 

nitrobenzene, nitric acid, sodium hypochlorite, hydrogen peroxide, and acidic 

persulfate. Oxidative degradation studies have been reviewed by Schnitzer (1978), 

Hayes and Swift (1978), and Stevenson (1982). 

Khan and Schnitzer (1972) described results obtained from alkaline 

permanganate oxidation of methylated soil humic and fulvic acids. (Methylation 

prior to oxidation protects phenolic groups from electrophilic attack and so allows 

these groups to be isolated; prior methylation also increases yields of oxidation 

products.) The oxidation products accounted for up to 33 percent of the original 

materials. Between 79 and 85 percent of the oxidation products were identified. 

On the average, the products obtained were 63 percent benzenecarboxylic acids, 32 

percent phenolic acids, and 5 percent aliphatic acids. The most prominent 

compounds produced from HA's were hydroxybenzenepentacarboxylic acid and 

1,2,3,5-benzenetetracarboxylic acid. The major products from FA's were 2-

hydroxy-l,3,5-benzenetricarboxylic acid and benzenepentacarboxylic acid (Figure 

3). Other compounds identified in this study are listed in Appendix A. 

Ogner and Gjessing (1975) performed one of the earlier studies on aquatiC 

humic materials. More recently, Liao et ale (1982) completed studies on the Black 

Lake and Lake Drummond (North Carolina) humic and fulvic acids. Alkaline 



19 

hydroxybenzenepenta-
1 ,2,3,S-benzenetetra-

carboxylic acid 
carboxylic acid 

2-hydroxy-1 ,3,S-benzene - benzenepenta -

tricarboxylic acid carboxylic acid 

Figure 3. Major Compounds from Oxidative Degradation. 
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permanganate degradation of methylated fulvic and humic acids rielded 76 

chromatographically separable products within six classes of compounds. See Table 

10. Identified products comprised approximately 25 wt percent of starting 

material. Specific compounds identified are listed in Appendix A. The authors 

concluded that aquatic humic substances contain both aromatic and aliphatic 

components, and that the aromatic rings contain mainly three to six alkyl 

substituents. The carboxyphenyl glyoxylic acids' may have been derived from 

polynuclear aromatics or fused ring structures. The authors hypothesized that the 

principal aliphatic segments of the original humic material are comprised of 

relatively short saturated chains (2 to 4 metnylene units), and that branched 

structures are present. 

Reuter et ale (1983) performed three oxidative degradations of varying 

severity on a river humic sample. In the first experiment, the aquatic humus was 

oxidized with alkaline permanganate under reflux, in the second the sample was 

first diazomethylated and then reacted with alkaline permanganate under reflux, 

and in the third the diazomethylated humus was refluxed for 3 hours in a KMn04 

crown ether solution. The product yields were approximately 12 percent, 19 

percent, and 71 percent of starting material, respectively. In the third experiment, 

performed under the mildest conditions, 59.2 percent of the recovered product was 

oxalic acid. The authors concluded from the high ratio of oxalic acid to aryl 

compounds that the aquatic humus was highly aliphatic, and from the predominance 

of oxalic acid among the aliphatic compounds that the aliphatic component is 

either highly unsaturated or highly substituted with oxygen containing functions, or 

some combination of both. 

The possible precursors,as pointed out by Hayes and Swift (1978) and Liao et 

ale (1982), for the degradation products described here are presented in Appendix B. 



Table 10. Oxidative Degradation Products of Methylated Aquatic Humic 

and Fulvic Acids - Source: Liao et ale (1982) 

Number of Percentage of 

Products Identified Initial 

Compound Class within Class Substrate 

1. Benzenecarboxylic acids 29 10.4 14.3 

2. Furancarboxylic acids 5 1.0 - 2.5 

3. Aliphatic monobasic acids 14 0.08 - 1.5 

4. Aliphatic dibasic acids 14 4.8 - 9.8 

5. Aliphatic tribasic acids 5 0.06 - 0.5 

6. Carboxy phenyl glyoxylic acids 8 0.4 0.6 

21 
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At this point, oxidative degradation followed by GC-MS is the primary 

technique allowing us to probe the substitution patterns of the aromatic 

components of humic materials. Data from these studies will also be helpful in 

interpreting solid and liquid state BC NMR spectra of humic and fulvic acids. 

Chlorination 

The discovery in the 1970's that chloroform is produced upon chlorination 

of aquatic humic and fulvic acids is the main reason for the large increase in 

research in aquatic humics over the last few years. Christman et al. (1983) 

recently identified other halogenated compounds formed upon chlorination of the 

Black Lake humic and fulvic acids. These are listed in Table 11. The amounts of 

the four most abundant products from the fulvic acid, trichloroacetic acid, 

chloroform, dichloroacetic aCid, and dichlorosuccinic acid, were 90.3, 38.2, 10.2, 

and 3.4 mg/g of fulvic acid, respectively. No chlorinated aromatic compounds 

were detected from either the humic or fulvic acid. 

Trace Constituents 

Alkanes, fatty acids, amino acids, and carbohydrates have been reported 

to exist in humic substances as part of the actual humic molecule. 

Alkanes and Fatty Acids 

Schnitzer and Neyroud (1975) examined the alkane and fatty acid consti-

tuents in a soil humic and fulvic acid. It was found that methylation or hydrolysis 

with water at 1700 C were the most effective pretreatments for the humic and 

fulvic acid for the removal of alkanes by subsequent solvent extraction (hexane and 

benzene). Up to 3.7 mg/g of alkanes were present in the humic acid and 17.0 mg/g 

in the fulvic. The alkanes varied from C 12 to C38' most being in the straight chain 



Table 11. Halogenated Products from Chlorination of Black Lake Humic 

and Fulvic Acids - Source: Christman (1983) 

chloroform 

bromodichloromethane 

chloral 

chloroacetic acid 

dichloroacetic acid 

trichloroacetic acid 

2,2-dichloropropanoic acid 

3,3-dichloropropenoic acid 

2,3,3-trichloropropenoic acid 

dichloromalonic acid 

chlorosuccinic acid 

a, a-dichlorosuccinic acid 

chloromaleic acid 

dichloromaleic acid 

dichlorofumaric acid 

23 
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C l8 to C36 range, and with an odd to even C ratio of 1.0. Needless to say, the 

alkanes could not have been covalently bonded to the humic structure but must 

have been sorbed to the structure through van der Waal's forces or hydrophobic 

interactions. Presumably, the use of an XAD-8 resin in the isolation of the humic 

sample would have removed these alkanes from the humic and fulvic acid. 

The authors presented strong evidence that fs-tty acids are covalently 

bonded to the actual humic structure. Significant amounts of fatty acids were 

released from the humic and fulvic acid only after base hydrolysis. Exactly one 

gram of the humic acid contai:led 98.2 mg of fatty acid of which 5 percent was 

loosely held (physically sorbed) and 95 percent tightly bound; 1.0 gram of the fulvic 

acid contained 91.7 mg of fatty acid of which 25 percent was loosely held and 75 

percent tightly bound. It was postulated that the tightly bound fatty acids 

occurred in the form of phenoliC esters: 

R1 = C02H, COCH3, or OH 

RZ = COZH, OH, or H 

R3 = COZH, COCH3, OH, or H 

R5 = OCH3, OH, or H 

R6 = COZCH3 or H 

n = mainly 14 and 16 for HA 

n = mainly 14, 15, 16, and 18 for FA 

In the oxidative degradation study discussed previously, Liao et al. (198Z) 

performed a NaOH hydrolysis on the Black Lake and Lake Drummond humic and 

fulvic acids. Butyric, hexanoic, heptanoic, and octanoic acids were found in the 

fulvic acid hydrolysates, whereas hexanoic, decanoic, and palmitiC acid were found 

in the humic. Since these humic samples were isolated on an XAD-& resin, the 
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aliphatic acids released through base hydrolysis should represent "structural" 

components. 

Carbohydrates 

Data published in the literature on the carbohydrate content of soil humic 

and fulvic acids must be interpreted with caution. Sodium hydroxide extracts free 

mono- and poly-saccharides from soil along with the humic and fulvic acids. The 

conventional processing of the humic and fulvic acid after base extraction (see for 

example the preparation of the Armadale fulvic acid in the Experimental) does not 

necessarily free entirely the humic material from associated, or "non-structural" 

carbohydrates. This point was demonstrated by Thurman and Malcolm (1983). The 

carbohydrate content of a North Carolina soil fulvic acid and a prairie soil fulvic 

acid was determined by the phenol-sulfuric acid method to be 7.5 percent and 20.0 

percent respectively. The~ carbohydrate contents dropped to 2.0 percent and 5.0 

percent, respectively, after the samples were processed on an XAD-8 resin. These 

latter values would represent structural carbohydrates, which as Stevenson (1982) 

pointed out, would exist as integral components of humic or fulvic acids, being 

bound through ester linkages or other covalent bonds. Indeed, Clark and Tan (1969) 

provided IR evidence that carbohydrates were bound in ester linkages in hymato

melanic acid. Hymatomelanic acid is the alcohol soluble portion of humic acid. 

Thurman (984) reports that for a series of aquatic and fulvic acids, all of 

which processed on XAD-8 resins, hum~c acids averaged 2-4 percent in 

carbohydrate and fulvic acids <2 percent. Again, the phenol sulfuric acid method 

was used here. It must be pointed out that the quantitative accuracy of this 

method with respect to humic substances has not. been adequately addressed. 

Individual monosaccharides identified after hydrolysis and GC-MS analysis of 
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Thoreau's Bog and Como Creek fulvic acids induded arabinose, mannose, rhamnose, 

glucose, and xylose, with arabinose greatly predominating in both samples. 

Amino Acids 

Thurman (1984), for the same series of aquatic samples discussed above, 

determined that amino acids accounted for approximately 15 percent of the N in 

fulvic acids and 20 percent of the nitrogen in humic acids. The amino acid content 

of fulvic acids ranged from 14 to 127 nanomoles/mg and of humic acid, 112 to 121 

nanomoles/mg. The four major amino acids identified were, in decreasing order, 

glycine, aspartic acid, glutamic acid, and alanine. Humic acids were 2 to 3 times 

greater in amino acid content than fulvic acid. 

The amino acid contents of soil humic and fulvic acids, as well as the 

characterization of the non-amino acid nitrogen in soil humics, are presented in 

Schnitzer's recent review on the nature of nitrogen in humic substances (Schnitzer, 

1984). 

ESR Studies 

Electron Spin Resonance (ESR) Spectrometry studies have established that 

humic substances contain free radicals which remain stable through time and 

various chemical treatments (Steelink arid Tollin, 1967). Steelink (1964) noted that 

the spin concentration increased upon converting the humic acid to its sodium salt, 

and therefore proposed that the radical species in humic acid is a semiquinone 

coexistent with a quinhydrone species. 

Spin concentrations for humic acids have been reported to range from 

1.4 x 1017 spins/g to 1.2 x 1019 spins/g, and for fulvic acids 3 x 10
17 

spins/g to 

1.3 x 1019 spins/g (MacCarthy and Rice, 1984). In the work of Steelink (1964), the 
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spin concentrations (1.4 x 1018 spins/g) translated into one free radical per 250 

molecules of humic acid, assuming a MW of 20,000. 

The application of ESR spectroscopy to humic substances has been most 

recently reviewed by MacCarthy and Rice (1984). 

IR Spectroscopy 

Infrared Spectroscopy Studies on humic materials have been described in 

detail by Stevenson (1982) and MacCarthy and Rice (1984) and so will not be 

discussed here. IR spectra of underivatized and of methylated humic andfulvic 

acids are shown in Figure 43 under RESULTS and DISCUSSION. 

Be NMR Spectroscopy 

In recent years Be NMR spectroscopy has shown the potential for 

providing structural information on humic materIals with a level of detail and 

accuracy not previously attainable. Nuclear Magnetic Resonance spectroscopy of 

humic materials has recently been reviewed by Wilson (1981) and by Wershaw 

(1984). Early investigations of humic and fulvic acids by lH NMR have been 

discussed by Schnitzer (1978). 

Three approaches have been taken in studying humic materials by l3e 

NMR spectroscopy: 1) liquid state l3C NMR of the underivatized humic in neutral 

or basic solvent, 2) liquid state Be NMR of the m"ethylated humic or fulvic acid in 

neutral solvent, and 3) solid state l3C NMR of the underivatized humic. 

Table 12 lists the Be NMR chemical shift ranges for types of carbons one 

would expect in humic substances. For a more detailed treatment of NMR theory, 

the reader is referred to Abraham and Loftus (1978) for liquid state and Gerstein 

(1983) for solid state. 



Table 12. 13C- NMR Chemical-Shift Regions for Various Types of Carbons Typically Present in liumic Substances 
--Source: Hatcher et ale (I 983). 

Region I Region II Region III Reglon:lV Region V 
(0 to .50 ppm) (50 to 110 ppm) (110 to 160 ppm) (160 to 190 ppm) (190 to 220 ppm) 

paraffinic C:C-CII-C alcohols C-OH oleflnlc-C carboxyl aldehyde 

amlnes (C-NH2, C-NliR, C-NR2) aromatlc-C ester ketone 

C,* 
C-C carbohydrates amide C ...... 

C 
ethers (C-O-C) I. 

C-C-C 
I methoxyl (OCH3) para-quinone C 

C-CHl 
acetals 

N 
00 
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Gonzalez-Vila et al. (1976) published one of the first liquid state l3C 

NMR spectra of a humic material. Spectra were obtained for soil humic and fulvic 

acids in NaOO solution. The spectra generally consisted of three broad peaks 

encompassing the following chemical shift ranges: 

200-160 ppm Carbonyl Groups, with prominent carboxylate peak centered at 

170 ppm. 

160-100 ppm Aromatic Carbons. 

100-10 ppm Aliphatic Carbons. 

There was some detail within the aliphatic region. Overall, the somewhat poor 

signal to noise and resolution of the spectra did not allow for detailed structural 

interpretation. No attempt was made to obtain quantitative data from the spectra. 

Ogner (1979) published a liquid state spectrum of a methylated humic acid 

from a Norwegian raw humus. The humic acid was methylated by the Hakamori 

procedure and the spectrum run in COCI3• A feature of the spectrum of the 

methylated sample not present in spectra of underivatized samples is the 

appearance of discrete, sharp line peaks. In Ogner's spectrum, these occurred in 

the aromatic region at 130 and 128 ppm, and in the aliphatic region 2.t 29.7 ppm. 

Peaks between 50 and 60 ppm due to the methyl ethers and esters formed during 

methylation were also evident. 

Newman et al. (1980) obtained a liquid state spectrum of a soil humic acid 

in NaOO which showed more detail than the previous two studies. The signal to 

noise, and resolution between carbonyl, aromatic, and aliphatic, and resolution 

within aliphatic, regions were substantially improved. This improvement was 

attributed to using optimized acquisition parameters: 900 pulses were spaced at 

intervals of 0.2 seconds and continuous proton decoupling was employed. In the 
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aliphatic region of the spectrum peaks due to these carbon types could be 

distinguished: 
I 

-CHOH 

Newman made the first serious attemp to derive quantitative data from the 13C 

NMR spectrum, but his results must be taken with caution since the spectrum was 

run in base. Mikita (1980) and Steelink et al. (1983), as discussed below, have 

shown that base induced free radicals can distort peak intensities in the aromatic 

region of 13C NMR spectra. 

Hatcher et al. (1980a, 1980b) published some of the first solid state 

spectra of humic substances. Generally, solid state spectra of humic and fulvic 

acids, both soil and aquatic, consist of four broad peaks, centered at approximately 

35-40 ppm, 79 ppm, 130 ppm, and 175 ppm. These represent aliphatiC carbons, 

aliphatic carbons attached to heteroatoms (e.g. carbohydrates), aromatic carbons, 

and carbonyls of carboxylic acids. Occasionally, in spectra with good signal to 

noise, a peak at approximately 205 ppm, possibly representing ketonic carbonyl, is 

present. 

One of the main contributions of 13C NMR spectroscopy, both liquid and 

solid state, to the study of humic and fulvic acids is that it has shown that the 

aromatic character of these materials varies considerably. Using solid state BC 

NMR, Hatcher et al. (1981) reported aromaticities ranging from 35 percent to 92 

percent for a series of soil humic and fulvic acids. The aromaticity was the 

percentage of all carbons, excluding carbonyl carbons, which occurred as aromatic 

carbons in the NMR spectrum. 
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Quantitative Aspects of Be NMR Spectroscopy 

A brief introduction to the quantitative aspects of Be NMR and some 

special features of solid state Be NMR will preface this section. The reader is 

referred to Abraham and Loftus (1978) and Gerstein (1983). 

In liquid state Be NMR, spectral peak intensities unrepresentative of the 

actual amounts of carbons present may result from Nuclear Overhauser 

Enhancement (NOE) effects and from differences in the spin lattice relaxation 

times, T l's, of the various carbons. Abraham and Loftus (1978) state that T 1 

values for Be nuclei cover a considerable range. Spin Lattice Relaxation times for 

polymers and molecules of very high molecular weight can be very short, in the 

range of 10-3 to 1 second. For organic molecules in the MW range below 1000, T l's 

lie in the range 0.1 to 300 seconds; for protonated carbons, in the range 0.1 to 10 

seconds; and for non-protonated carbons and carbon atoms in small, highly 

symmetrical molecules, in the range 10-300 seconds. Ignoring NOE effects for the 

moment, if there is a wide range of spin lattice relaxation times in the molecule of 

interest, then one must insert a sufficiently long pulse delay between each pulse 

acquisition process so that all nuclei can relax back to their equilibrium magneti

zation. This must be of the order· of 5 T 1 to obtain complete relaxation. If 

insufficient pulse delays are employed, then resonance intensities of carbons with 

longer T 1'5 will be reduced relative to those with shorter T lis. 

Nuclear Overhauser Enhancement is an increase in the signal to noise, 

over and above that produced by collapse of the fine structure of a coupled 

spectrum, upon decoupling of protons from carbons. For Be nuclei, signals can be 

increased at most by a factor of 2.987. This maximum NOE is obtained only for 

nuclei which are relaxed exclusively by dipolar relaxation. 
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In order to eliminate differential saturation and NOE effects, and 

therefore obtain quantitative spectra, one must perform the gated decoupling 

experiment. Here, a pulse delay equal to five times the longest spin lattice 

relaxation time, 5 T l' is inserted between pulses. The decoupler is turned on 

during the acquisition and off during the delay and time of pulse application 

(Abraham and Loftus, 1978). 

BC NMR spectroscopy of solids has nearly become a routine method of 

structural analysis in the last few years. This has been brought about by the 

combined techniques of high power dipolar decoupling (to remove C-H dipolar 

broadening), magic angle spinning (MAS) (to remove chemical shift anisotropy) and 

cross polarization (CP) (to reduce the time needed to acquire a spectrum). 

The quantitative aspects of solid state l3C NMR with respect to humic 

substances have been discussed by Hatcher et al. (1983). Factors which may result 

in inaccurate peak intensities in the solid state spectrum include: 1) use of 

improper contact times or repetition rates, 2) incomplete transfer of polarization 

to nuclei, a situation which may arise when a carbon nucleus is 3 or 4- bonds 

removed from the nearest proton, and 3) the presence of free radicals, paramag

netics, or quadrupolar nuclei. This third factor also applies to the liquid state. 

In the l3C CP/MAS experiment, the use of too short a contact time 

would result in the incomplete polarization of carbon atoms and thus unrepresent-

ative signal intensities. If too short a repetition rate is used, carbon atoms would 

not have a chance to relax back to their equilibrium magnetization. As in the 

liquid state experiment, the intensities of carbons with longer T l's would be 

reduced relative to those with shorter T l's. 

Alemany et al. (1983) showed that, in the compounds illustrated in Figure 

(4-), the carbon atoms at least four bonds from the nearest intramolecular proton do 
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not fully polarize, due to a decay of the proton magnetization before the transfer 

in magnetization is complete. Accurate peak intensities for these carbons could 

not be achieved in the solid state CP/MAS spectra. For example, with di-tert

butyl oxalate (compound 2), the carbonyl carbons contributed only 17.4 percent of 

the total signal intensity compared with the theoretical valuE: of 20.0 percent based 

on atomic ratios. 

Free radicals Md quadrupolar nuclei tend to broaden NMR signals. 

Paramagnetics such as iron may swamp the signals from all carbons in their 

immediate vicinity. Unequal distributions of free radicals, quadrupolars, and 

paramagnetics throughout the various structural components in the humic 

molecules would result in misleading spectral integrations. 

Hatcher et ale (1983) have reported that contact times of I msec and 

repetition rates of 1.5 sec are sufficient to obtain quantitative results for humic 

samples. 

It would seem highly unlikely that the problem of incomplete transfer of 

polarization from protons to carbons is significant in humic and fulvic acids. The 

compounds which Alemany et ale (1983) examined are synthetic; such structures in 

which carbons are separated by four bonds from the nearest protons would not be 

expected to exist in naturally occurring materials such as humic substances. 

Since the concentrations of free radicals, paramagnetics, and nitrogen 

(14N is a quadrupolar nucleus) in carefully purified samples are rather low, the 

effects of these species on the quantitation of solids spectra have been assumed to 

be negligible. This assumption has never been rigorously tested. 

With respect to free radicals in liquid state NMR, Mikita (1980) and 

Steelink (1983) have shown that one cannot expect to obtain quantitative results 

from BC NMR spectra of humic samples dissolved in base. It has been well 
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documented that humic and fulvic acids exhibit ESR signals when dissolved in base. 

Steelink (1964-) suggested that the radicals in basic solutions arise from substituted 

semiquinone anions: 

+ HOH 

Perturbations in the liquid state l3C NMR spectrum of a soil fulvic acid in going 

from neutral 0ZO solution to a basic NaOO solution were attributed to the 

formation of such radicals. Ortho-quinone precursor model compounds were 

studied to confirm this hypothesis. The 13C NMR spectra of catechol, catechin, 

quercetin, rutin, and tannic acid, all 1,Z dihydroxy substituted benzenes, were 

obtained in neutral and in basic solution. (1,Z-Dihydroxy substituted benzenes are 

commonly found among the products of oxidative degradation. See Appendix A.) 

Broadening, loss of intensity, and collapse of absorptions in the aromatic region of 

the spectra occurred when the samples were made basic. 

Wilson et ale (1983) have recently published more data on optimum NMR 

parameters for quantitative results in both liquid and solid state l3C NMR of 

marine humic samples. 

Important Aspects of Solid State NMR Spectroscopy 

The broadened peaks in the solid state l3C NMR spectra of humics partly 

result from conformationally induced splitting of chemical shifts. This is an 

inherent feature of solid state spectroscopy, and places a limit on the resolution 

one can achieve with humic materials. In solution, molecules undergo rapid 

intramolecular motions with the result that the chemical shifts one observes in the 
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liquid state spectrum are the weighted average of the shifts of all conformations 

available to the molecule. In solids, molecules ;-nay be held if I particular 

conformations, each of which may have a different set of chemical shifts. 

This phenomenon is illustrated in a communication by Frey and Opella 

(I 980). The liquid and solid state l3e NMR spectra of the amino acid tyrosine 

were compared. In the liquid state spectrum, the chemical shifts for the aromatic 

ring were reported as: 

€ <5 

HoK 0 ):.. CH, -

163.11/ \\122.3 
116.9 129.0 118.1,119.7 132.0.132.6 

Liquid Solid 

In the solid state spectrum the € carbons ortho to the OH group are split by 

approximately 2 ppm and there is a slight splitting of the c5 carbons meta to the 

OH group. The authors state that substituent groups on aromatic rings exist in a 

single asymmetric conformation in the solid state resulting in adjacent carbons 

having different environments. 

Another important phenomenon, aiiuded tv earlier, was that, in the solid 

state spectrum of leucine, the (l and 8 carbon peaks were observed to be split. 

The authors explained that the splitting results from the l4'N nuclear quadrupole 

moment interfering with the ability of MAS to average out C-N interactions. 
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c5 

CH3 'Y {3 , 
CH - CH2 - CH -COOH 

CH{ ~H2 

c5 {3 

Liquid 23.4, 22.2 25.5 41.0 54.& 

Solid 26.5 26.5 44.4, lj.2.6 55.6, 5lj..2 

These two examples demonstrate the fact that chemical shifts in the solid 

state do not st:ictly correlate to chemical shifts in the liquid state. Note 

especially the c5 carbon in leucine. 

Hydrogen-bonding effects may also complicate solid state spectra. 

Imashiro et ale (19&2) showed this with the compound dimedone. The chemical 

shifts of carbons 1, 2, and 3 in the liquid and solid state were reported as: 

a 

Solid 205.8 102.9 186.6 

Liquid 1 &5.6 102.3 185.6 

The downfield shift of C I 3 was ascribed to a strong intermolecular hydrogen bond 
. , 

in the solid state. 
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Objectives of Dissertation 

It was noted before that in Ogner's (1979) liquid state BC NMR spectrum 

of a methylated humic acid,methyl esters of carboxylic acids and methyl ethers of 

phenols and alcohols were evident between 50 and 60 ppm. This feature was 

further exploited in the work of Mikita (1980), who methylated a set of humic and 

fulvic acids with BC-enriched reagents in order to get a clearer view of the 

hydroxyl group functionality via observing methyl ethers and esters in the NMR. 

The methylation procedure used was that of Wershaw and Pinckney (1978): the 

humic samples were dissolved in DMF and methylated with 13C-diazomethane 

generated from N-methyl-BC-N-nitroso-p-toluenesulphonamide. Diazomethane 

methylates some phenols and most of the carboxylic acids. Residual hydroxyl 

groups, including carbohydrate and alcoholic OH, were then methylated with BC_ 

methyl iodide/sodium hydride (NaH), again using DMF as solvent. 

The four samples examined in this manner were the Biscayne Aquifer 

(Florida) humic and fulvic acids, the Armadale Soil fulvic acid, and the Mollisol soil 

humic acid. The spectra of the Mollisol soil humic and the Biscayne aquifer fulvic 

acids are shown in Figure 5. The chemical shift assignments made were: 51-53 

ppm, carboxylic acids; 56-57 ppm, phenolic OH; 59 ppm, alcohOlic/phenoliC OH; and 

60-63 ppm, carbohydrate OH. Quantitative estimates of carboxylic acid, phenolic, 

and aliphatic and carbohydrate hydroxyls were determined from spectral 

integrations. 

This method showed much potential for gaining an accurate quantitative 

as well as qualitative determination of the types of hydroxyl groups present in 

humic materials, the kind of determination not attainable with the non

spectroscopic chemical tests used previously. This approach also suggested that 
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Figure 5. C-13 NMR of Permethylated Samples. 

A = Mollisol Humic Acid. B = Biscayne Fulvic Acid. 
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the analysis of other functional groups by derivatizations could be monitored by 

l3e as well as other nuclei NMR. 

The objectives of this dissertation were: 

1) To examine in more depth the methylation procedure used by Mikita. In 

this context a study of the 1,3 dipolar addition of diazomethane to a 

fulvic acid was also undertaken. 

2) To apply this Be NMR technique to a wide range of aquatic humic 

materials to see if any trends in hydroxyl group functionality might 

become apparent. 

3) To explore the derivatization of ketonic and quinoidal carbonyl groups for 

NMR analysis. 

4) To examine more thoroughly at high field the features of Be NMR. 

spectra of humic materials which have been completely methylated with 

unenriched reagents. 



RESULTS AND DISCUSSION 

As a first step in this work, four aquatic humic and fulvic acid samples 

were methylated and examined via l3C NMR using Mikita's Double Methylation 

technique. The spectra of two of the samples, the Suwannee River fulvic and 

Black Lake humic, are shown in Figure 6. A striking and unexpected feature of 

both spectra was the presence of a large, broad peak centered at about 24- ppm, 

which approximated in integrated area that of the methyl esters and ethers 

between 50 and 60 ppm. To determine which step in the methylation procedure 

was responsible for this aliphatic resonance, a fulvic acid sample was examined 

after each methylation. Figure 7 shows the l3C NMR spectra of the Armadale 

soil fulvic acid after diazomethylation with 13CH2N2' and then after perm ethyl

ation with 13CH3I1NaH. (Permethylation will refer to the complete methylation 

of samples using this two-step procedure.) It is apparent that the aliphatic 

resonance arises from the second step, methylation with 13CH31/NaH. The 

aliphatic resonance was therefore attributed to carbon methylation with 

l3CH31/NaH. This phenomenon will be discussed in a separate section. Also 

apparent from Figure 7 is the fact that there are hydroxyls in the fulvic acid 

which methylate with diazomethane and whose methyl ethers show up at 60 ppm 

in the BC NMR. This complicates interpretations that were made previously 

from spectra of permethylated humic samples. (Mikita (1980), iviikita et ale 

(1981), Wershaw et ale (1981), Thurman and Malcolm (1983), Steelink et ale (1983». 

Previously, peaks at 58-60 ppm in spectra of permethylated samples were 

considered to arise primarily from methyl ethers of aliphatic and carbohydrate 

hydroxy Is. However, since diazomethane does not methylate these types of 

4-1 
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hydroxyls (without catalysts such as BF 3 or silica gel - no catalysts were used 

here), and since a portion of the area under these peaks in spectra of 

permethylated samples arises from diazomethylation, these assignments were not 

completely accurate. It turns out that certain phenolic hydroxyls methylate with 

diazomethane and show up at 60 ppm as methyl ethers. This will be elaborated 

upon in the next section. It became apparent that the difference in reactivity 

between the two methylating reagents, 13CH2N2 and 13CH3I/NaH, could be 

exploited for more detailed structural information. This could be realized simply 

by taking the BC NMR spectra of the humic sample after each step of the 

derivatization, as was done here with the soil fulvic acid. 

Reactivity of Methylating Reagents and Chemical Shift Correlations 

Diazomethane has long been used as a simple and efficient methylating 

reagent for carboxylic acids and phenols. Enols of S-diketones are also 

methylated with diazomethane. Without a catalyst, diazomethane does not 

methylate alcohols, whether isolated, allylic, or propargylic (Black, 1983). Carbo

hydrates are not methylated either. Cydoadditions of diazomethane are 

discussed in a later section. Other reactions of diazomethane that could possibly 

occur with humic materials are as follows: 

1) Formation of 1,3-methylenedioxy unit from stable ortho quinones: 

2) Epoxide Formation or Methylene Insertion with ketones: 

o CH N 0 0 o-CH 
II 1 %% \I II" % 

R- C - R -+ R-C-CH2-R'. R-CH%-C -R'. R-C-R' 



3) Nitrogen, Carbon, or Sulfur Methylation (Lister, 1979; Barlin, 1981): 

(j(N 

I ~SH 
N~ NT 

N \ 
H 

N~NL 
~uY-NrCH' 

CH,S N \ 
CH, 

CH, 
J 

· CH'SL,~)--CH' 

CH2N: 0!N'}-SCH, • 
-+ ~~ .. ~N 

N 

I 
CH, 
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Although purines have been identified in soil humic fractions, there is no definite 

evidence yet that they are integral components of humic and fulvic acids 

(Schnitzer, 1984). The reactions of diazomethane have been reviewed by 

Elderfield (1957), Adams (1954), Pizey (1974), and Black (1983). 

Methyl iodide/NaH is a very strong methylating agent and should be 

expected to methylate any hydroxyls not derivatized by diazomethane, including 

carbohydrates, alcohols, and hindered phenols. A discussion of the factors which 

determine relative amounts of carbon vs. oxygen alkylation can be found in House 

(1972) and Carey and Sundberg (1977). 

A study was undertaken to determine what types of hydroxyls methylate 

with diazomethane and show up as methyl ethers at around 60 ppm in the DC 
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NMR. A series of model compounds were diazomethylated in DMF as solvent, 

DMF being the solvent used in the methylation of the humic samples. At this 

point only four structural types have been identified. The 4-0H of gallic acid, the 

OH attached to carbon no. 3 of quercetin, l-OH-2-napthoic acid, and 2-methYl-l-

naphthol, all methylated with diazomethane; the methyl ethers had chemical 

shifts near 60 ppm. These examples are illustrated in Figure 8. Hydroxyls which 

methylate with diazomethane and show up in the peak at 60 ppm In spectra of 

humics will arbitrarily be referred ~o as type IA hydroxyls; those which show up in 

the peak centered at 56 ppm after diazornethylation will be referred to as type IB 

hydro~qls. It appears that phenolic hydroxyls adjacent to two substituents will 

generally yield methyl ethers at 60 ppm (Snape et al., 1982). The methyl ether of 

2,6-dimethylphenol has been reported at 60 ppm; it did not methylate with 

diazomethane. Presumably, hydroxyls in the following structures would qualify as 

type IA hydroxyls. These have not been examined because they are not 

commercially available: 

COzH 

HozcJOrCOH I z 

HOzC ~ OH 
~. zH' 

VOH 
COzH CO:H 

A B c 
Structures A and B have been identified as oxidative degradation products of 

humic and fulvic acids (Appendix A). 

Other models which have been diazomethylated, along with the resultant 

chemical shifts of the methyl ethers, are presented in Figure 9. Table 13 is an 

extensive compilation of chemical shifts of methyl ethers gathered from the 
# 

literature or determined in this lab. Note that the methyl ether of the enol of 
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Table 13. C-13 NMR Chemical Shifts of Methyl Ethers. 

59.7 

CH3 

I 
CH3 - C - OCH3 49.4 

I 
CH3 

H~:'O~H' 58.5 

OCH3 55.1 

OCH3 57.7 

57.8 

CH3 

CH'O~CO,CH' 58.1 

CH3 

OH 

CH3~OH OH 

OH OH 

59.4 



Table 13. Continued. 

o OCH3 

@- ll ,~ o C-CH~ 

OCH3 0 

@- ' II o C=CH-C-CH3 

57.5 

55.8 

55.2 

Si-tOMet 50.9 
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benzoy1acetone is' at 55 ppm and that the methyl ethers of anomeric carbons of 

carbohydrates are at 55-56 ppm. 

Type IA and IB hydroxyls then consist primarily of phenolic hydroxy Is; 

enols are included in type IB hydroxyls. 

There is some precedent for the structures listed in Figure 8 occurring in 

humic material. Gallic acid has been identified as an oxidative degradation 

product (Appendix A). The carboxyphenyl glyoxylic acids reported by Liao et ale 

(1982) in oxidative degradation products of aquatic samples were indicative of the 

presence of polynuclear aromatic structures, such as naphthalene derivatives, in 

humics. Quercetin is an abundant plant natural product, and one could imagine 

such flavonols becoming incorporated into humic materials. 

Elementary analyses (Table 19) and other pertinent information, 

including source geochemical descriptions, for the humic samples discussed in the 

following sections are listed in Appendix C. 

Diazomethylation Reveals Differences Among Humic Samples 

Diazomethylation alone can reveal differences in the hydroxyl group 

content of humic materials which have been subjected to different chemical 

treatments or environmental changes. The following three sets of examples 

illustrate this point. 

The commercially available Aldrich and Fluka humic acids (terrestrial 

samples) were chlorinated by the EPA (Stevens, 1983), and the residual products 

after chlorination were sent to the USGS lab. Both the chlorinated and untreated 

samples were diazomethylated, and their 13C NMR spectra are presented in 

Figures 10-13. In both the Aldrich and Fluka samples, it is evident that 

chlorination has destroyed most of the type IA and IB hydroxyls. This is not 
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surprising, since the destruction of phenols and hydroxy-benzenecarboxylic acids 

upon chlorination has been well documented. See for example Norwood et ale 

(1980) and Boyce and Hornig (1983). 

The next set of spectra are comprised of the fulvic acids sampled from 

Spirit Lake in September 1980, July 1981, and July 1983. Spirit Lake received 

large inputs of pyroclastic and debris avalanche deposits from the eruption of Mt. 

St. Helens on May 18, 1980. A full description of the biogeochemical changes 

which occurred in the lake is given in Appendix C. The l3C NMR spectra of these 

three samples after diazomethylation are shown in Figures 14-16. The spectra 

show that subtle changes occurred in the fulvic acid samples over a period of 

time. In comparing the large, broad, methyl ester resonance at 52 ppm, there are 

several discrete peaks present within this broad resonance in the 1980 sample, 

fewer in the 1981 sample, and none discernible in the 1983 sample. The 

appearance of these discrete peaks in the spectrum for the 1980 sample suggests 

that this sample included some organic acid constituents which were very similar 

in structure and therefore produced sharp peaks in the spectrum. In other words, 

there was a minor degree of homogeneity to the sample. The disappearance of 

this fine structure over time suggests the sample became more heterogeneous, or 

complex, by 1983. 

There is also a definite decrease in the proportion of type IA and IB 

hydroxyls with respect to carboxylic acid in the fulvic acid samples over the three 

year period. (See Table 14.) The biogeochemical significance of these changes 

·has been discussed by McKnight et ale (1984). The chemical changes in these 

samples over time are confirmed in the spectra of the permethylated fulvic acids 

which are shown in Figures 39-41. 
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The third set of spectra consist of two chromatographic fractions from 

an aquatic fwvic acid. The fulvic acid is the Biscayn~ aquifer (Florida) fulvic 

acid. Thurman and Malcolm (1983) separated the fulvic acid into two fractions 

via weak base anion exchange chromatography. Potentiometric titration showed 

that fraction I contained 7.3 mmol/g carboxylic acid and 1.1 mmol/g phenolic OH; 

fraction II contained 3.7 mmol/g carboxylic acid and 5.4 mmol/g phenolic OH. 

The two fractions were diazomethylated and the spectra are shown in Figures 17 

and 18. The spectra are quite similar with respect to ratios of carboxylic acid to 

type IA and IB hydroxyls, or in other words, phenoliC hydroxyls. (See Table 14.) 

The NMR data do not correlate with the potentiometric titration data. If the 

titration numbers are correct, then one could explain the discrepancy between the 

two sets of data by concluding that the differences in phenoliC hydroxyl content 

between the two fractions lie in phenolic hydroxyls which do not methylate with 

diazomethane. The two fractions would have to be permethylated, then, to 

confirm this hypothesis. Here we have a situation in which the NMR technique 

has put limitations on interpretation of potentiometric titration data. 

As an incidental note, the spectrum of Fraction II (Figure 18) was 

obtained on an 80 MHz instrument from the product of 4 mg's of sample being 

methylated with 13CH2N2. Given the fact that the latest 300 MHz instruments 

would have 20 times the sensitivity of the 80 MHz, one could expect to easily 

obtain hydroxyl group analyses using this technique on as little as 0.4 mg of 

sample. We now have the technical capability to characterize sub milligram 

quantities of material obtained from chromatographic fractionations of humic or 

fulvic acids. 
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Examination of Aquatic Samples from Geochemically Different Sources 

The permethylation procedure was applied to a series of humic and fulvic 

acids from various aquatic environments. These include the Waterton Pump 

Station, Williams Fork Reservoir, Thoreau's Beg, and Biscayne Aquifer fulvic 

acids, and the Suwannee River and Black Lake hUmic and fulvic acids. The 

samples represent lake, bog, groundwater, and swamp waters. More detailed 

descriptions of these sources are given in Appendix C. The Suwannee is actually 

not a river but a swamp sample. (See Appendix C). 

The l3e NMR spectra of the samples after diazomethylation and after 

permethylation are shown in Figures 19-41. Figures 39-41 are the 1980, 1981, and 

1983 Spirit Lake samples after permethylation. 

Diazomethylated samples 

A clear pattern has emerged in the l3C NMR spectra of the samples 

after diazomethylation (Figures 14, 15, 16, 19, 21, 23, 25, 27, 29, 31, 33, 37); this 

is the same 3 peak pattern that was evident in the Armada1e soil fulvic (Figure 7) 

and untreated Aldrich (Figure 10) and Fluka (Figure 12) humic acids. This pattern 

consists of peaks centered at approximately 60 ppm and 56 ppm, representing type 

IA and IB hydroxyls, and a peak at 52 ppm representing carboxylic acids. Table 14 

lists the integration values for the spectra converted into percentage of total 

hydroxyl. These numbers were examined for quantitative accuracy through T 1 

and NOE studies and found to be valid. The quantitative investigations are 

discussed in a separate section further on. 

The Williams Fork (Figure 23) and Biscayne (Fraction I and 

Unfractionated, Figures 17 and 25) fulvic acids diverge slightly from the pattern 

of 3 peaks centered at 60, 56, and 52 ppm in that there are some discrete 
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Table 14-. Integration Values for 13C NMR Spectra of Diazomethylated Samples a 

Sample 60 ppm 56 ppm 52 ppm Figure 

Armadale Fulvic 14-.2 7.8 78.0 7 

Aldrich Humic 15.6 17.8 66.7 10 

Chlorinated Aldrich Humic 7.0 5.7 87.4- 11 

Fluka Humic 16.0 17.7 66.3 12 

Spirit Lake Fulvic 9/80 11.7 9.5 78.8 14-

Spirit Lake Fulvic 7/81 11.5 9.7 78.8 15 

Spirit Lake Fulvic 7/83 5.7 4-.5 89.8 16 

Biscayne Fulvic Fraction I 5.1 2.5 92.4- 17 

Biscayne Fulvic Fraction II 5.0 5.4- 89.6 18 

Thoreau's Bog Fulvic 17.9 12.1 70.1 19 

Waterton Fulvic 7.4- 6.7 85.9 21 

William's Fork Fulvic 7.7 3.4- 88.9 23 

Biscayne Fulvic Unfractionated 5.8 2.5 91.7 25 

Suwannee Fulvic (Silver Filter) 12.6 7.5 79.9 27 

Suwannee Humic (Silver Filter) 24.0 13.4- 62.6 29 

Suwannee Fulvic (Gelman Filter) 12.5 8.8 78.7 31 

Suwannee Humic (Gelman Filter) 19.1 13.4- 67.5 33 

Black Lake Humic 17.3 12.3 70.5 37 

a Percentage of Total Hydroxyl 
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resonances in the spectra of these samples downfield of 60 ppm. These peaks are 

at 66.8, 64.3 and 60.6 ppm in the Williams Fork and at 66.6, 65.7, and 64.3 ppm in 

the Biscayne fulvic. A duplicate sample of the Williams Fork fulvic was 

diazomethylated and its l3e NMR taken; the spectrum in Figure 23 was 

reproduced exactly. As of this writing, the most downfield methyl ether 

identified is that of l-OH-2-naphthoic acid, at 63.01 ppm (Figure 8). Assignments 

for the peaks at 66.8, 66.6, 65.7, and 64.3 ppm in the Williams Fork and Biscayne 

fulvic acids cannot be made at this point. The Black Lake humic acid (Figure 37) 

also differs somewhat in that the peak usually centered at 60 ppm is shifted 

downfield and centered at 64 ppm. It is interesting to note that the spectra of the 

unfractionated Biscayne and Fraction I Biscayne fulvics after diazomethylation 

are almost identical. 

In this series of diazomethylated samples it is evident that the relative 

proportions of type IA and IB hydroxyls to carboxylic acid OH vary. The humic 

acids have the highest proportion of phenoliC OH to carboxylic acid OH. (Table 

14.) This is true of both the aquatic (Suwannee and Black Lake) and terrestrial 

(unchlorinated Fluka and Aldrich) humic acids. The Biscayne and 1983 Spirit Lake 

fulvic acids have the lowest proportions. 

Reactions of diazomethane alluded to earlier, formation of 1,3-

methylene dioxy units from ortho quinones, epoxide formation or methylene 

insertion with ketones, and nitrogen, carbon, and sulfur methylation, have not 

been observed in the l3e NMR spectra of the diazomethylated humic samples. 

Diazomethylation then can be used to determine a minimum value for 

the proportion of phenolic OH to carboxylic acid OH. If internal intensity 

standards were used, one could determine absolute minimum values for type IA 

and IB hydroxyls. It is not being implied that phenolic hydroxyls in the humic 
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materials w\"llch exist in configurations such as gallic acid, quercetin, 2~methYl-l 

-naphthol, etc., are 100 percent methylated in the diazomethylation step. 

Whether the amount of diazomethane used in this step (see E~perimental) is 

enough to "exhaustively" methylate all strongly acidic hydroxyls has not been 

rigorously tested, although in a few cases the diazomethylation step was repeated 

twice without any additional methylation becoming apparent in the NMR 

spectrum. 

Permethylation 

After permethylation, a pattern again emerges with the aquatic 

materials (Figures 20, 22, 24-, 26, 28, 30, 32, 34-, 35, 36, 38-4-0. Four peaks appear 

in the BC NMR spectra, at approximately 60 ppm, 59 ppm, 55 ppm, and 52 ppm. 

The peaks at 60 ppm, 59 ppm, and 55 ppm are sharper and of greater intensity 

than those that appear after diazomethylation. The interpretation of spectra of 

permethylated samples is somewhat more complicated. Different types of 

hydroxyl groups overlap in the region between 55 and 60 ppm. The peak at 55 ppm 

is now composed of hydroxyls attached to the anomeric carbon of carbohydrates 

and phenolic hydroxyls which do not methylate with diazomethane, as well as type 

IB hydroxyls. Carbohydrate and aliphatic hydroxyls overlap with type IA 

hydroxyls in the peaks at 59 and 60 ppm. Phenols such as 2,6-dimethylphenoi, not 

methylated by diazomethane, would show up here also. 

Table 15 lists integration values translated into percent of total hydroxyl 

for the spectra of permethylated samples. The plus or minus values of 

uncertainty derive from the fact that the two methylating reagents were of 

different isotopic enrichment. The N-methyl-13C-N-nitroso-p-toluene

sulphonamide was 92.1 atom percent l3C and the methyl iodide 99 atom percent 

BC. The spectra were divided into 3 regions: the carboxylic acid peak at 52 
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Table 15. Integration Values for Be NMR Spectra of Permethylated Samples a 

eO",H Non e02H 
L 

Sample 58-60 ppmb 55 ppmc 52 ppmd OHe Figure 

Spirit Lake Fulvic 9/80 17.5 23.8 58.7 41.3 39 

Spirit Lake Fulvic 7/81 19.9 20.1 60.1 40.0 40 

Spirit'Lake Fulvic 7/83 18.1 15.5 66.4 33.7 41 

Thoreau's Bog Fulvic 23.3 22.4 54.2 45.8 20 

Waterton Fulvic 26.0 24.3 49.6 50.4 22 

William's Fork Fulvic 25.3" 24.1 50.6 49.4 24 

Biscayne Fu1vic Unfractionated 22.1 25.1 52.9 47.1 26 

Suwannee Fulvic (Silver Filter) 27.0 26.5 46.5 53.5 28 

Suwannee Humic (Silver Filter) 31.7 32.9 35.3 64.7 30 

Suwannee Fulvic (Gelman Filter) 27.2 26.2 46.6 53.4 32 

Suwannee Humic (Gelman Filter) 34.3 32.6 33.0 66.9 34 

Black Lake Fulvic 1981 19.6 25.1 55.3 44.7 35 

Black Lake Fulvic 1982 25.8 21.3 52.9 47.10 36 

Black Lake Humic 30.3 24.3 45.4 54.6 38 

Armadale Fulvic 23.2 16.7 60.2 39.9 57 

Aldrich Humic 16.0 26.4 57.6 42.4 58 

Fluka Humic 15.7 25.0 59.3 40.7 59 

a Percentage of Total Hydroxyl 

b ±2.4 
c ±2.3 
d ±4.6 
e ±4.6 
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ppm, the peak at 55 ppm, and the peak at 58-60 ppm. This is a somewhat 

arbitrary division of the spectra because of the overlap of different types of 

hydroxyls from 55 to 60 ppm. It is more meaningful to simply look at the values 

indicating percentages of hydroxyl occurring as non carboxylic acid OH and as 

carboxylic acid OH. The aquatic humic aCids, Blake Lake and Suwannee, have the 

lowest percentages of carboxylic acids; in fact these samples have less carboxylic 

acid OH than non carboxylic acid OH. The Thoreau's Bog, Waterton, Williams 

Fork, Biscayne, Black Lake, and Suwannee fulvic acids are all close to being 

evenly divided with respect to carboxylic and non carboxylic acid OH. 

The spectra of the permethylated fulvic acids are remarkably similar. If 

the spectra of permethylated samples can be considered to represent the total 

hydroxyl group pattern, then the total hydroxyl group pattern of aquatic fulvic 

acids appears to be the same, quantitatively and qualitatively, regardless of the 

geochemical sources examined in this study. However, if the spectra of diazo

methylated samples can be considered to represent the strong acidity pattern 

(hydroxyls which methylate with diazomethane are strongly acidic, those which do 

not are weakly acidic, in this simplified scheme), then this pattern does vary in 

the aquatic fulv:ic acids as a function of source. This variation becomes obscured 

when the samples are permethylated, and for this reason it is important again to 

examine samples after each step in the methylation procedure. Compare, for 

example, the spectra of the Thoreau's Bog and Waterton fulvic acids after 

diazomethylation and after permethylation (Figures 19-22). Also along these 

lines, one can see that the discrete peaks at 66.8 and 64.3 ppm in the 

diazomethylated Williams Fork spectrum and at 66.6, 65.7, and 64.3 ppm in the 

diazomethylated Biscayne Fulvic spectrum are no longer visible after perm ethyl

ation (Figures 23-26). 
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The spectra of the Suwannee humic and fulvic and the Black Lake fulvic 

acids (Figures 29-36) illustrate the reproducibility of the permethylation 

procedure. The reproducibility appears to be quite good. Figures 35 and 36 

represent the same sample - the permethylation procedure was performed at two 

separate times on this sample. 

The spectra of the permethylated Williams Fork, Waterton, and 

Suwannee fulvic acids are almost superimposable upon one another. Of possible 

geochemical significance is the fact that the Williams Fork sample was collected 

right after an algal bloom die off. When the Williams Fork spectrum is compared 

to the Waterton and Suwannee fuivic acid spectra, one can conclude that the algal 

bloom does not appear to have imparted any noticeably significant structural 

characteristic to the sample, at lease as far as the total hydroxyl group 

functionality goes. 

One important consideration in studying Tables 14 and 15 is that the 

numbers are not strictly comparable. One would expect that the absolute amount 

of carboxylic acid methyl ester would remain constant from one step of the 

methylation procedure to the next, if diazomethane reacted with all of the 

carboxylic acid groups. This is not the case however. It appears that some 

carboxylic acids are not methylated until the CH3I/NaH step. Figure 42 provides 

the evidence for this. The Armadale soil fulvic acid was methylated with 

unlabelled diazomethane and then permethylated with labelled methyl iodide, 

13CH3I1NaH. Only the carboxylic acids methylated with 13CH3I show up in .he 

spectrum. This observation was also made by Mikita (1980). It is not possible 

therefore to determine an absolute increase in the amount of non-carboxylic acid 

OH which is methylated from diazomethylation to permethylation, based upon the 

amount of carboxylic acid methyl ester as a constant. However, just through 
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visual inspection of the spectra, it is apparent that in several of the samples 

significant amounts of the hydroxyl groups can only be methylated by using a 

strong base. 

For the record, IR and IH-NMR spectra of the underivatized Armadale 

soil fulvic acid, and after diazomethylation and permethylation, are presented in 

Figures 43 and 44. The IR spectra show that there is still significant OH 

absorption (3500 em-I) after diazomethylation. These residual hydroxyl groups in 

the fulvic acid appear to be completely methylated \'lith CH31/NaH. The IH NMR 

of the underivatized fulvic acid exhibits 3 main regions. 

0.9-1.5 ppm: aliphatic methyi and methylene protons. 

2.0-4.0 ppm: protons of methylene and methine groups adjacent to 

functional groups and heteroatoms. 

7.5 ppm: aromatic protor-s. 

After diazomethylation the methyl ester and ether protons become apparent at 

3.7 ppm. After permethylation, there is better resolution between methyl esters 

and methyl ethers. The increased intensity in the peak at 1.2 ppm after 

permethylation can be attributed to carbon methylation. 

Quantitation Studies 

In order to check the validity of the numbers presented in Tables 14 and 

15, studies were performed to see if NOE or differential saturation effects came 

into play under the conditions with which the 13e NMR spectra were obtained 

(Figures 10-34,37-41.) 

The acquisition parameters used for these spectra, as detailed in the 

Experimental Section, were: 
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Sweep Width: 5000 Hz 

Pulse Angle: 480 (9].15) 

Acquisition Ti.'le: 1.023 seconds 

Pulse Delay: 0.0 seconds 

Continuous Broadband Decoupling 

16 K Data Points 

Sensitivity Enhancement: -1.00 

102 

Spin Lattice Relaxation time, T l' determinations were performed on the 

Armadale soil fulvic after diazomethylation and the Thoreau's Bog fulvic after 

permethylation. The inversion recovery method was used. Also, gated decoupling 

experiments without NOE, assuming a longest T 1 of 6 seconds, were performed on 

the diazomethylated Armadale fulvic, Thoreau's Bog fulvic, Suwannee Humic 

(Silver Filtered) and permethylated Suwannee Humic (Gelman Filtered) and 

Thoreau's Bog fulvic. The longest T 1 's recorded for the methyl ester and ether 

peaks in the l3C NMR spectra of the Armadale soil fulvic (diazomethylated) and 

Thoreau's Bog fulvic (permethylated) were less than 1.0 second. Assuming a 

longest T 1 of six seconds in the gated decoupling experiments therefore provided 

for an excessively wide margin of error. Table 16 lists the integration values for 

the peaks in the gated decoupled spectra of the Armadale, Thoreau's Bog, and 

Suwannee humic acids. There are no significant differences between these values 

and those in Tables 14 and 15 which are not within the range of error dictated by 

the integration process. (The lack of base line resolution between the main peaks 

would lead to such integration errors.) These data are good evidence for the 

relative quantitative accuracy of the numbers presented in Tables 14 and 15. 

The T 1 determinations cannot be considered absolute, since dissolved 

oxygen (a paramagnetic relaxation agent) was not removed from the samples prior 
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Table 16. Integration Values for Gated Decoupled Spectra Without NOE a 

Diazomethllated SamEle 60 EEm 56EEm 52 EEm 

Suwannee Humic (Silver Filtered) 19.2 12.4 68.5 

Armadale Fulvic b 14.3 7.8 78.0 

Thoreau's Bog Fulvic 14.0 10.3 75.7 

Permethllated SamEle 60 EEm 55EEm 52 EEm 

Suwannee Humic (Gelman Filter) 32.9 32.1 35.0 

Thoreau's Bog Fulvic 28.2 31.2 50.6 

a Percentage of Total Hydroxyl 

b Pulse Delay: 25 seconds 

• 
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to the inversion recovery experiment. However, since samples were not degassed 

prior to the routine BC NMR spectral accumulations either, the T 1 determin

ations should still be relevant for the purposes of establishing longest T l's for the 

gated decoupled without NOE spectra. Because the T 1 determinations are not 

absolute, the T 1 data cannot be used to infer molecular size or weight. 

Numerical Calculations 

One of the main shortcomings of this DC NMR work is that internal 

intensity standards were riot used. Absolute values in terms of meq/gram cannot 

therefore be determined for carboxylic acid and alcoholic and phenolic hydroxyl 

from the NMR spectra. In order to do this, one has to rely on values of carboxylic 

acid determined by potentiometric titration. Total hydroxyl contents can be 

calculated from the BC NMR spectra of permethylated samples if it is assumed 

that titration values for carboxylic acid can be directly related to the area under 

the methyl ester peaks in the NMR spectra. This has been done for four samples 

for which titration data was available. Table 17 lists the carboxylic acid, non-

carboxylic acid hydroxyl, and total hydroxyl contents for the Thoreau's Bog, 

Biscayne (Unfractionated), and 1980 and 1981 Spirit Lake fulvic acids. 

Carbon Methylation 

The possibility of carbon methylation during the CH3I/NaH step of the 

permethy1ation procedure was briefly mentioned in the introduction to this 

RESUL TS AND DISCUSSION Section. Rather broad peaks of significant intensity, 

centered at approximately 24. ppm, are present in all the spectra of the 

permethylated samples. Structures which can carbon alkylate with CH31/NaH in 

DMF include activated methylenes, ex,S unsaturated ketones, and phenols. These 

reactions are illustrated as follows: 



Table 17. Carboxylic Acid and Total Hydroxyl Content in meq/gram for 

Selected Fulvic Acids a 

Sample 

Thoreau's Bog Fulvic 

Biscayne Fulvic (Unfractionated) 

Spirit Lake Fu1vic 1980 

Spirit Lake Fulvic 1981 

a From NMR Spectra, See Text 

Non-Carboxylic 

Carboxylic Acid Acid OH Total OH 

4.9 4.1 9.0 

6.3 5.6 11.9 

5.2 3.6 8.8 

5.8 3.9 9.7 
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The CH3I/NaH methylation in DMF was performed on 3 model compounds in order 

to determine the chemical shifts of the resulting C-CH3 grou.ps. The l3C NMR 

spectra of dimethyl 1,3-acetonedicarboXYlate, benzoylactone, and methyl 

acetoacetate, before and after methylation, are shown in Figures 45-47. The 

shifts of the C-CH3 groups are 23.1, 23.1, and 21.1 ppm, respectively, for these 

samples. The chemical shift of the methyl groups of dimethylmalonic add was 

found to be 22.8 ppm. The chemical shifts correlate dosely to the position of the 

peaks in the permethylated humics spectra. This is supportive evidence for the 

occurrence of carbon methylation in humic and fulvic adds. It should be noted 

that if R lR2C(CH3>2 and R lR2CH CH3 groups are in fact being observed, the 
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broadness of the NMR peak from these groups would be due in part to 13C_13C 

coupling. The IJcc (sp3 _sp3) and 2Jcc coupling constants are approximately 34.6 

Hz and < 5.0 Hz, respectively (Wehrli and Wirthlin, 1980). On the 80 MHz 

instrument, these translate into 1.7 ppm and 0.25 ppm, respectively. 

Of the possible sites for carbon methylation cited above, 8 diketones and 

a,8-unsaturated ketones would seem the less likely. The first step of the 

methylation procedure, diazomethylation, would tend to inactivate these 

structures toward carbon alkylation. Beta diketones would be converted to the 

enol-methyl ethers and a,8-unsaturated ketones (Pizey, 1974, p. 89) would 

undergo 1,3 dipolar addition, with diazomethane. It is not possible at this point to 

precisely identify the structures in the humic materials which are undergoing 

alkylation. Besides the structures already mentioned, methylene or methine 

groups activated by a single functional group could also be involved. A 

combination of all these structural possibilities may exist in the humic and fulvic 

acids. Oxidative degradation studies might provide some more detail. For 

example, if B-diketones or esters of malonic acid were involved, one would look 

for methylmalonic acid or dimethylmaionic acid in the oxidative degradation 

products. In any case, the identification of the sites of carbon methylation in the 

humic and fulvic acids would provide important information on the nature of the 

aliphatic constituents in these materials. 

Schnitzer (1974) also provided evidence for carbon methylation in humic 

substances. Soil humic acids methylated with dimethyl sulfate/K2C03 in acetone 

reflux were found to have carbon contents much greater than what would be 

expected if only hydroxyl groups had been methylated. Much greater intensities 

in the IR bands at 2960 cm -1 (CH
3
), 1380 cm -1 (C-CH

3
), and 1365 em-I (C-CH3) 

of humic acids methylated with dimethyl sulfate/potassium carbonate/acetone 
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compared to those methylated with diazomethane led Schnitzer to condude that 

carbon methylation was occurring. The amounts of methyl groups added via 

carbon methylation were calculated to be 3.43 meq/g and 11.8 meq/g for the 

Thoreau's Bog and Biscayne (Unfractionated) fulvic acids, respectively. The 

calculations were based on a comparison of the integrated areas of the C-CH3 and 

methyl ester peaks in the NMR spectra. The methyl ester peak was assumed to 

correlate to the values of carboxylic acid determined by potentiometric titration. 

These numbers should not be taken too seriously, of course, until it is 

unequivocally proven that carbon methylation is indeed responsible for the 

aliphatic peaks in the spectra of the permethylated samples. 

1,3 Dipolar Addition of Diazomethane 

In the BC NMR spectra shown in Figure 6, the resonances at approx-

imately 24 ppm due to carbon alkylation were initially postulated to arise from 

pyrazoline rings formed upon diazomethylation of the humic substrate. Before 

this was realized as a misinterpretation, however, a 15N-labelled diazomethane 

precursor was ordered. The object was to investigate the cycloaddition of 

diazomethane to humics through 15N NMR spectroscopy. Nevertheless, it was 

decided to proceed with this study for the following reasons. A survey of the 

literature revealed that increases in N content upon diazomethylation of humic 

materials had been documented by several researchers. This was confirmed with 

the Armadale soil fulvic acid. The percent N content of the fulvic acid increased 

from 0.77 to 1.61 after diazomethylation. Of course, if the diazomethane were 

only methylating hydroxyl groups in the humic sample, the percent N should 

actually decrease. Secondly, subsequent to these observations, Spiteller (1981) 

published an article which rather nicely documented through GC-MS the 
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formation of N-methyl pyrazoles in a soil hUmic acid upon diazomethylation. 

Some background information is needed here. 

The first report on the cycloaddition of diazomethane to carbon-carbon 

double bonds goes back to von Pechman (1894). Diazomethane is recognized as a 

powerful 1,3 dipole, and is also known to react with such unsaturated bonds as -
I I 

-C = N - , -C=N, -C = 0, and - C=C -. Black (1983) states that in general, such 

interactions are accepted as being controlled by the HOMO of the diazomethane 

molecule and the LUMO of the dipolarophile, although there are some who favor a 

diradical mechanism. 

With respect to olefins, the types of structures which have been shown to 

react with diazomethane include a,S-unsaturated esters (e.g. methyl acrylate), 

a,S-unsaturated ketones (e.g. chalcone), alkenes (e.g. ethylene, propene), con

jugated alkenes (e.g. butadiene), esters of unsaturated, conjugated, dibasic acids 

(e.g. maleic, fumaric), and para-quinones (e.g. naphthoquinone). Interestingly, .and 

significantly for humic substances, unsaturated fatty acids in the C 16 - C22 range 

have been shown not to form pyrazolines upon diazomethylation. These include 

palmitoleic, octadecenoic, linoleic, linolenic, octadecatetraenoic, arachidoniC, 

eicosapentaenoic, docosapentaenoic, and cIocosahexaenoic acids (Schlenk and 

Gellerman, 1960; Vorbeck et al. 1961). 
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Smith and Pings (l937) quote von Auwers as showing that, in the case of 

a,S-unsaturated esters, diazomethane adds such that the nitrogen atoms become 

attached to the a carbon atom, forming a ~ 1 pyrazoline. The reaction follows 

scheme A rather than B. Also, whenever possible, the initial cycloadduct 

undergoes a 1,3 proton migration to afford the more stable ~ 2 pyrozaline. 

·A 

~' Pyrazol in. 
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Using chalcone (benzalacetophenone) as a model, Smith and Pings (1937) presented 

evidence that a,S-unsaturated ketones behave in the same manner as the a,S-

unsaturated esters. 

Fieser and Peters (1931) reported the following reactions with 1,4-

napthoquinone: 

o 

0:) 
o 

a 0 

/H /H 
1 C C II 

II --.. ,.N ,..1Ii N 
N 0 I 
I H 
H 

1Recrystallisation or Dissolution in Alkali 

The general scheme for cycloaddition of diazomethane to acetylenic and 

carbon-carbon double bonds as presented by Spiteller (1981) is shown in Figure 48. 

Of note is the dehydrogenation of the pyrazoline to the pyrazole with the 

subsequent N-methylation of the pyrazole. There does not appear to be a 

discussion in the literature as to how exactly one can predict when a pyrazoline 

would dehydrogenate to a pyrazole, although the formation of a conjugated 

aromatic system seems an obvious explanation. Spiteller (1981) reported that 

both I-methyl-pyrazole(3,4)dicarboxyUc acid dimethyl ester and 2-methyl

pyrazole-(3,4)dicarboxylic acid dimethyl ester were produced after reacting 

dimethyl maleate for several days with an excess of diazomethane. 

Returning to the subject of humic materials, Stevenson (1969) first 

suggested that the increase in the percentage nitrogen upon diazomethylation of 

humic and fulvic acids was indeed due to the 1,3 dipolar addition of diazomethane. 

He postulated that terminal 1,4 quinones were the substrate within the humics for 

the cycloaddition, but acknowledged that other olefinic sources might be 
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responsible. Assuming quinones, it was calculated from the percentage increases 

in N that the terminal quinone content ranged from 30-100 meq/lOO g for the 

humic materials examined. 

Schnitzer (1974) reported percent increases in N of diazomethylated 

humic acids from acid soils ranging from 0.69 percent to Z.40 percent. In terms 

of carbon-carbon double bond content, in whatever structure, these numbers 

roughly translate into 0.Z-0.9 meqJg. 

Spiteller (1981) has provided the most convincing evidence so far for the 

cycloaddition of diazomethane to humics. The following experiment was carried 

out. A soil humic acid was exhaustively diazomethylated, and then subjected to 

potassium permanganate oxidative degradation. The ethyl acetate extractable 

oxidation products were re-diazomethylated and analyzed by GC-MS. Two 

isomers with molecular formula C8HIONZ04 were identified as oxidation 

products. These could not be found if the humic acid sample was degraded 

oxidatively without prior diazomethylation. The isomers were identified as the 

two pyrazoles mentioned above, l-methylpyrazole-(3,4}-dicarboxylic acid 

dimethyl ester (A) and 2-methyl-pyrazole-(3,4)-dicarboxylic acid (3,4) dimethyl 

ester (B): 

A 

/COZCH3 
: C 

\ 
., N - CH3 

N 

B 
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It was concluded that the sites for pyrazole formation in humic acids were 

unsaturated dicarboxylic acids, or their precursors, since the acid groups might 

not form until KMnO 4 oxidation. 

Ogner and Gjessing (1975) and Liao et ale (1982) reported compounds of 

molecular formula C8H10N204 among the oxidative degradation products of the 

aquatic humic materials which they examined, but did not identify the compounds. 

It therefore appears that the substrate sites for 1,3 dipolar addition of diazo-

methane are present in aquatic humic and fulvic acids as well. 

It should be pointed out that Spiteller's work would not necessarily be 

able to differentiate whether pyrazolines or pyrazoles formed when the humic 

acid was diazomethylated. Smith and Howard (1943) reported that permanganate 

oxidation produced the following pyrazole from its pyrazoline precursor: 

0 0 
0 0 II II .. 

Ph-C C-Ph II II 

"c I Ph-C C-Ph 
C KMn0

4 " I 

I " --+ C C 
HzC ..... N " " ~ 

H- C ..... ~N N 
I N 
H I 

H 

It is conceivable that in Spiteller's experiment pyrazolines were initially formed in 

the humic acid, and that these were converted to pyrazoles during the KMnO 4 

oxidation. The pyrazo1es could then have been N-methylated wnen the oxidation 

products were re-diazomethylated for GC-MS. 

Since there has never really been any unequivocal evidence for the 

presence of p-quinones, a,S-unsaturated ketones or esters, or isolated, olefinic 

bonds (with the exception of unsaturated fatty acids) in humic or fulvic acids, the 

phenomenon of the cycloaddition of diazomethane to humics seemed worthy of 
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further investigation. The confirmation of these structures would be a welcome 

step forward in the structural elucidation of humic and fulvic acids. Nitrogen-15 

NMR spectroscopy was chosen as the analytical technique for this investigation in 

the hope that the 15N NMR chemical shifts of the pyrazolines or pyrazoles 

formed in the humics would be sensitive to the original reactive site, i.e. p-

quinone, cx,6-unsaturated ketone:;, etc. This method might also avoid the 

ambiguities inherent in the oxidative degradation/GC-MS experiment. 

The simple approach taken was as follows. A set of model compounds 

and a soil fulvic acid, the Armadale soil fulvic, were methylated with 

diazomethane labelled in 15N in the number 2 nitrogen, 

15 •• 
CH%=N=N . -

The 15N NMR spectra were then acquired for the models and the fulvic acid. 

Diazomethane enriched in the no. 2 position was chosen because this 

nitrogen would be the protonated atom in the case of pyrazoline formation from 

conjugated olefinic bonds: 
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If sensitivity were to be a problem in the l5NMR spectroscopy, having a proton 

attached to the labelled nitrogen would allow the INEPT sequence to be used. 

Labelling both rutrogens in the diazomethane was of course not done because the 

l5N NMR signal would have been wiped out from l5N_15N coupling. The 

diazomethane was generated from l5N_methyl, l5N-nitroso-p-toluene

sulphonamide, 99 atom percent l5N: 

The model compounds examined were dimethyl maleate, chalcone, dimethyl 

acetylenedicarboxylate, and napthoquinone. Dimethyl maleate, dimethyl acetyl

enedicarboxylate, and naphthoquinone were first diazomethylated with unlabelled 

diazomethane. Broadband decoupled and off-resonance Be NMR spectra were 

obtained on the products. The three compounds were then diazomethylated with 

BC-labelled diazomethane, and broadband decoupled and off resonance BC NMR 

spectra were again obtained on the products. This latter step served to confirm 

which carbons in the cycloaddition product came from the diazom ethane , for 

these carbons would have intensities in the NMR spectra 100 times the intensities 

of these same carbons in the spectra of the products generated from the 

unlabelled diazomethane. 
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Dimethyl maleate (Figure 49) yielded the following pyrazo!ine upon 

diazomethylation (3 molar xs of CH2N2): 

C3 = 137.9 ppm C6 = 161.8 ppm 

C4 = 47.7 ppm C7 = 170.9 ppm 

C5 = 52.6 ppm C8 = 51.3 ppm 

C9 = 51.9 ppm 

The C-5 carbon in this structure derives from ciiazomethane. If this 

were the cydoaddition product in humic materials, this carbon would overlap with 

the methyl ester peak at 52 ppm. 

The 13e NMR spectra of the products from diazomethylation of 

dimethyl acetylenedicarboxylate suggested two N-methylpyrazole isomers. 

CH30 ZC, "COZCH3 
C-C 
" " 

H .... C'N.". N 
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CH3 

The spectrum of the labelled products indicated that carbons at 140 and 134 ppm 

(doublets in the Off-resonance) and at 39 ppm (quartets in off resonance) were 

derived from the diazomethane. 

The 13e NMR spectra (Figure 50) of the napthoquinone addition products 

also indicate two N-methylpyrazole isomers. 
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The intensity enhanced N":CH3 peaks at 39 ppm and=C - N - & - C=N - peaks at 

133 and 137 ppm in the spectrum of the labelled products again provided the 

evidence. 

The four model compounds and the Armadale fulvic acid were next 

reacted with the 15N-labelled diazomethane. Gated decoupled 15N NMR spectra 

without NOE and fully coupled 15N NMR spectra were obtained on the products. 

The NMR solvent was DMF-dT 
15 The external reference used was NH4 N03• 

Under the acquisition parameters used in obtaining these spectra, no signal was 

obtained for the DMF-d7• This was demonstrated by scanning a sample of pure 

DMF-d7• The spectra are presented in Figures 51-55. Before discussing each 

spectrum individually, some pertinent 15N NMR chemical shifts from Levy and 

Lichter (I979) need to be listed • 
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Figure 51. N-15 NMR. Diazomethylated Dimethyl Maleate. 

Top = Gated Decoupled without NOE. Bottom = Fully Coupled. 
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Figure 52. N-15 NMR. Diazomethylated Chalcone. 
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The 15N NMR spectrum of the product from maleic acid dimethyl ester 

agrees with the l3e NMR. The chemical shift of N-1 in this A 2 -pyrazoline is 

139.9 ppm. Note this peak is a doublet in the fully coupled spectrum. The peaks 

in this spectrum at 488.4 and 486.0 ppm suggest the presence of minor amounts of 

the A 1_pyrazoline in the diazomethylation product. The minor peaks at 158.4, 

157.9, and 157.7 ppm remain unidentified. 

b N-15: 139.9 ppm 

The peak at 144 ppm in the spectrum of chalcone is again an indication 

of the A2-pyrazoline. The peaks at 161.2, 160.1, and 158.7 cannot be assigned at 

this point. 

b N-15: 144 ppm 
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The 15N NMR spectra of the cycloaddition products from dimethyl 

acetylenedicarboxylate suggest both pyrazoles and N-methylpyrazoles. 

CH30 ZC, "cnCH e-e -Z 3 

CH3 0 ZC, "COZCH3 . e.-c I, \\ 
H .... c:':' N 

I 
H 

b N"'15: 211 ppm 

I, \\ 
H .... C' ... .,. lit 

N 
I 
CM, 

bN-15: 211 ppm 
bN-15: 309.8 ppm 

The 15N NMR spectra of the naphthoquinone products agree with the DC 

NMR spectra and indicate the two N-methylpyrazole isomers. 

b N-15: 220.2 ppm bN-15: 328 ppm 

The peak at 104- ppm cannot be assigned as yet, but appears to be of great 

significanc"e, for the one and only peak in the 15N NMR spectrum of the 

diazomethylated Armadale fulvic acid is also at 104- ppm. 

The peak at 104-.7 ppm in the fully coupled 15N NMR spectrum of the 

Armadale remains a singlet. The peak therefore corresponds to a non-protonated 

sp3 hybridized nitrogen. That the spectrum of the Armadale consists of a single 

sharp peak implies that one specific structure in this sample is the site for 

cycloaddition by diazomethane. It is hypothesized that the structure responsible 

for this 15N NMR spectrum, and also for the peak at 104.3 ppm in the 
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naphthoquinone spectrum, is an N-methylpyrazoline, which would arise according 

to the following scheme: 

As far as can be ascertained, such a scheme has not been documented in the 

literature. It is difficult to speculate on what specific unsaturated structure 

would completely favor this mode of reaction with diazomethane. The N-methyl-

pyrazoline derived from such a structure would also have to yield I-methyl-

pyrazole-3,4-dicarboxylic acid upon KMn04 oxidative degradation in order to jibe 

with Spiteller's results. Unfortunately, there does not appear to be any 15N NMR 

chemical shift data on N-methylpyrazolines. The chemical environment of the N 

in DMF is somewhat analogous to the environment of the N in an N-methyl

pyrazoline structure. The 15N NMR chemical shift of DMF is lOtt ppm (Levy and 

Lichter, 1979); it therefore does not seem unreasonable to postulate an N

methylpyrazoline structure to account for the peak at 104 ppm in the l5N NMR 

spectra. 

In conclusion, this 15N NMR study on the cycloaddition of diazomethane 

to humic materials has led to puzzling results. Other humic and fulvic acids 

derivatizea with 15N-diazomethane need to be examined by 15N NMR to see if 

the peak at 104 ppm can be reproduced. 
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Derivatization of Carbonyl Functionality with Methoxylamine 

Preliminary studies were carried out to see if ketone and quinone groups 

could be derivatized for observation in the l3e NMR. In solid state spectra of 

underivatized humic materials, the quinone carbonyls, which are at approximately 

180 ppm, would not be resolved from the main, rather broad carbonyl peak at 

approximately 175 ppm, which is comprised primarily of the carboxylic acid 

carbonyls and some ester carbonyls. The ketone peak at approximately 205 ppm 

in the solid state spectrum tends to be broad and poorly resolved, and is not 

always visible above the signal noise. (See solid state spectra in next section.) 

Ketone and qwnone groups have not been observed in liquid state Be NMR 

spectra of methylated (natural abundance) or underivatized humic and fulvic 

acids. 

Methoxylamine was used as derivatizing agent so that the methyl group of 

the methoxy-imine derivative could be observed in the NMR. Leenheer (1982) had 

successfully used methoxylamine in IH NMR work. Hydroxylamine has long been 

used to determine carbonyl contents of humic samples in chemical wet tests; 

increase in N content of the humic sample or measurement of excess reagent was 

used to calculate carbonyl content. There are four types of carbonyls to be 

concerned with here, all of which would react in a different manner with 

methoxylamine. 



1. Alkyl-Alkyl, Alkyl-Aryl, Aryl-Aryl Ketones 

o 
" C~ON~ 

CH,- C - CH2CH2-COzH ....... 

CH,O 

Ho~LcH, 
CH,O 

2. Conjugated Ketones 

o 

~CH=CH-~~ 

3. S-Diketones 

CH,ONH: 
-+ 

CH,O'N/ H " "0 
I II 

R/C~CH/C'R 

4. Quinones 

lOCH, OCH, 
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~%:H' 0 N N 
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0 0 N OH 
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In case number one, the expected imine derivative is formed. With a,6-

unsaturated ketones, one observes a conjugate addition of the amine (Blatt, 1939). 

The amine adds to only one of the carbonyls of 6-diketones, and the imine 

tautomerizes to the enamine. One or both carbonyls of p-quinones may be 

derivatized • 

• Three model compounds were first examined in this study: levulinic 

acid, acetosyringone, and chalcone. The compounds were refluxed in methanol 

with methoxylamine hydrochloride and N,N-dimethylethanolamine 

(HOCH2CH2N(CH3)2' Deano!) as base catalyst. The l3e NMR spectra revealed 

that the expected products illustrated above were in fact obtained. The l3e NMR 

chemical shifts for the N-methoxy groups of the derivatized models are as 

follows: 

Cpd 

Levulinic Acid (Methyl Ester) 

Acetosyringone 

Chalcone 

60.8 

61.6 

60.9 

The chemical shift of the N-OCH3 group does not allow one to distinguish 

between the three different types of ketones. The chemical shift of the 

methoxylamine derivative of p-quinones has. not been determined as of this 

writing. 

The derivatization was next performed on the Armadale soil fulvic acid. 

Four hundred milligrams of the fulvic acid were derivatized as above and then 

methylated with unenriched diazomethane. As a control, an equivalent amount of 

the fulvic acid was diazomethylated only. The spe.ctra were run on a 250 MHz 

instrument, and are presented in Figures 56 and 57. There is a peak in the 
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methoxylamine derivative at 58.8 ppm which is not present in the sample which 

has been diazomethylated only. This peak has been tentatively assigned as the N

OCH3 peak based upon the chemical shifts of the model compounds. If the 

integrated area of this 59 ppm peak is compared to the methyl ester peak, which 

in turn is related to the value for carboxylic acid content from potentiometric 

titration, one can calculate that the carbonyl content is 1.85 meq/g. This 

compares with the value for ketone + quinone content of 3.08 meq/g quoted by 

Langford (1981) for this same sample (a titrimetric determination). The peak at 

68.2 ppm in the spectrum of the methoximated sample is excess methoxylarnine 

hydrochloride. 
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A major difference between the two spectra in Figures 55 and 56 is the 

prominent peak at 54.4 ppm in the spectrum of the methoximated sample which 

was found to be reproducible when the experiment was repeated. This 

corresponds to the methyl ether of a phenolic hydroxyl. There are several 

possible explanations for this peak appearing in the sample which has been 

methoximated and then diazomethylated and not appearing in the sample which 

has been only diazomethylated. 1) Derivatization of the carbonyl may eliminate 

hydrogen bonding between carbonyls and phenols which prevented the phenols 

from being methylated with diazomethane. 2) Methanolysis of naturally 

occurring phenolic esters in the fulvic acid, such as hydrolyzable tannin 

structures, may have occurred during reflux of the sample in MeOH: 

o OH 
ROCH2 U~ 

O
O-C~OH OH 

RO O-C~OH 
II~ 

OR OR. . 0 OH 

o OH 
ROCH 2 II~ 
rO~-C~OH 

R8)-( OH 

OH 

• CH30-C ~OH 
II~ 
o OH 

OR OR 
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This would make an additional phenolic hydroxyl available for diazomethylation. 

3) Phenolic lactones may have been opened up, again making hydroxyl groups 

available for diazomethylation. 

Such phenolic lactones can be found in natural products such as lagertannin. The 

precise explanation for this phenomenon remains an important research problem. 

Nitrogen-15 NMR analysis of 15N-Iabelled methoxylamine or hydroxyl-

amine derivatives would be expected to provide more definitive results on the 

nature of the carbonyl functionality in humic materials. Nitrogen-15 NMR would 

allow one to distinguish between sp2 and sp3 forms of nitrogen in the derivatives, 

and therefore distinguish between the different types of ketone and/or quinone 

functionality present. This approach will be attempted in the future. 

Examination at High Field of Methylated Humic Samples 

Most of the BC NMR spectra presented so far (Figures 5-42) have been 

of humic samples methylated with BC-Iabelled reagents and were run on an 80 

MHz instrument. The amount of humic or fulvic acid examined was 

approximately 50 mg. Only the labelled carbons added onto the humic molecules 

show up in the spectra. If larger amounts of sample are methylated with 

unenriched reagents and examined at higher field, the naturally occurring carbons 

can be observed along with the resulting methyl esters and ethers in the l3C 

NlvlR. 
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Several samples in amounts of approximately 400-450 mg were 

methylated with unenriched reagents and examined on a 250 MHz instrument. 

The spectra of the permethylated Armadale fulvic, Aldrich and Fluka humic acids 

are shown in Figures 58-60, respectively. Figure 61 is the Aldrich humic acid 

which was methylated using the phase transfer catalysis method of Liotta et al. 

(1980) (this technique is discussed under the Miscellaneous section). Figure 62 is 

the methanol soluble portion of the Fluka humic acid obtained after refluxing the 

humic acid in meth~ol. Several structural features are apparent in these 

spectra. One of the more important is the presence of two distinct carbonyl 

peaks at approximately 166 ppm and 171 ppm. These are most dearly defined in 

Figures 56, 57, and 62. The two peaks are apparent also in the spectrum of the 

permethylated Fluka (Figure 60), less so in the permethylated Armadale and 

Aldrich. Some chemical shifts of carbonyls of methyl esters were gathered from 

the literature. 

173.3 

173.7 

171.6 

@-COZCH3 

CH,-@-CQ,CH, 

167.0 

166.9 

NHr@-COzCH3 167.0 

From this data and the fact that carboxylic acids are the major carbonyl moiety 

in humic materials one can make a strong case that the peaks at approximately 

171 ppm in the spectra of the methylated humic samples correspond to aliphatic 
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and benzylic acids, and that the peaks at approximately 166 ppm correspond to 

aromatic and allylic acids. 

The peaks at 51 and 55 ppm in the spectrum of Figure 62indicated that 

carboxylic acids and phenolic hydroxyls were methylated during the refluxing of 

the Fluka humic acid in methanol. The peaks in this spectrum at 172.& and 166.& 

ppm can therefore be attributed to carbonyls of methyl esters. 

Another feature of these spectra is that discrete peaks can be observed 

in the aromatic region. The peaks at 130.8 and 12&.7 ppm in the Liotta

methylated Aldrich H.A., Figure 61, and those at 129.5, 128.7, 127.3, and 125.6 

ppm in the methoximated and diazomethylated Armadale F.A. (Figure 56) are 

especially prominent. It is not known whether these carbons are protonated or 

substituted. Why sharp bands should appear in the aromatic region of the NMR 

spectrum after methylation of the humic sample is not immediately apparent. 

The explanation usually put forward, and this has been pointed out by Gonzalez

Vila et al. (19&3), is that methylation eliminates hydrogen bonding and therefore 

aggregation of the humic material. Loss of aggregation results in an effective 

lower molecular weight of the sample and therefore in longer spin-spin relaxation 

times, T 2's (Abraham and Loftus, 1978). Since the half-height linewidth of the 

NMR peak is inversely proportional to T 2,1'1/2 =Y1fT2 , increasing T 2 narrows 

the linewidth (Abraham and Loftus, 1978). 

The methyl ester and ether region in the spectra of the permethylated 

Armadale, Aldrich, and Fluka humic acids (Figures 58-60) resembles very closely 

what was seen in the aquatic humic samples. All these spectra also exhibit well 

defined peaks or shoulders at 112 ppm. These could be assigned to olefinic or 

unsubstituted aromatic carbons. The peaks at 206 and 79 ppm in these three 

spectra remain unidentified; they may be artifacts. 
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Solid State Spectra 

Solid state CP!MAS BC NMR spectra of the Williams Fork, Thoreau's 

Bog, Waterton, and Armadale fulvic acids are presented in Figures 63-66, 

respectively. All four spectra have peaks centered at approximately 175, 130, 79, 

and 37 ppm. Once again, these represent carbonyl, aromatic, ether and 

carbohydrate, and aliphatic carbons, respectively. "The peak at 208 ppm in the 

Williams Fork spectrum is indicative of aliphatic or unconjugated ketone. 

Contact times of 1 msec were used in generating all four spectra. 

Hatcher et ale (1983) reported 1 msec to be adequate for quantitative purposes in 

spectra of humics. Variable repetition rates were examined for the Thoreau's Bog 

and Waterton spectra. No perceptible differences in the spectra were noted in 

going from 1 sec to 2 sec for the Thoreau's Bog, and in going from 2 sec to 4 sec 

for the Waterton. A repetition rate of 1 sec therefore appears to be adequate for 

quantitative purposes, and this was used in the generation of the other two 

spectra. This result also agrees with Hatcher et ale (1983). Table 18 lists 

integration values for the peaks in the solid state spectra. Since there is 

significant overlap between the peaks in the spectra, the numbers are inherently 

crude. 

The aliphatic peaks in the solid state spectra are positioned at 34-40 

ppm. That the peaks are centered at these chemical shifts suggests that a 

majority of the aliphatic carbons are of the following nature: 1) branched chain 

structures, 2) methylenes adjacent to functional groups such as carbonyls, olefinic 

bonds or aromatic rings, 3) methylene carbons in alkane structures 2 or more 

bonds removed from terminating groups. Figure 67 lists such possible structures 

along with the relevant chemical shifts. 
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Table 18. Integration Values for CP/MAS Solid State l3C NMR Spectra a 

Sample 

Williams Fork Fulvic 

Thoreau's Bog Fulvic 

Waterton Fulvic 

Armadale Fulvic 

175 ppm 

17.7 

23.3 

25.2 

16.3 

130 ppm 

19.0 

29.1 

24.4 

20.5 

79 ppm 

17.8 

16.5 

17.1 

19.3 

37 ppm 

45.5 

31.2 

33.3 

43.8 

a Percent of Total Area from 0 to 200 ppm. Possible aliphatic ketone peaks at 

approximately 205 ppm not included in calculation. 
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Miscellaneous 

Some alternative methods of looking at the hydroxyl group functionality 

of humic and fulvic acids by derivatization and subsequent NMR analysis were 

briefly examined. 

For an alternative methylation procedure, the phase transfer catalysis 

technique of Liotta et ale (1980) was tried. Here the humic sample is dissolved in 

40 percent tetra-n-butylammonium hydroxide and charged with tetrahydrofuran as 

organic phase and methyl iodide as methylating agent. The Armadale soil fulvic 

was methylated in this way, and is shown in Figure 68. Qualitatively, its spectrum 

resembles very closely that of the permethylated Armadale. Quantitatively, 

however, the proportion of non-carboxylic acid OH to carboxylic acid OH is less in 

the Liotta derivatized sample than in the permethylated. Carbon methylation was 

not apparent in the spectrum of the Liotta derivatized sample. 

5hue and Yen (1982) reported that the trifluoromethanesulfonyl chloride 

derivatives of phenols, benzyl alcohols, and aliphatic alcohols are all distin

guishable from one another in the 19F NMR. The Armadale soil fulvic was 

diazomethylated, and the product then reacted with trifluoromethanesulfonyl 

chloride in DMF with pyridine as catalyst. The 19F NMR of the product revealed 

only the reagent peak. None of the residual hydroxyls of the fulvic acid after 

diazomethylation were derivatized by this reagent. Leenheer (1982) has had more 

success with other fluorine derivatizing agents (CF 3CH2N2' e.g.) in 19F NMR 

analysis. 

Trifluoromethanesulfonyl chloride has also been reported to be an 

effective chlorinating reagent for carbon acids such as acetylacetone, ethyl 

acetoacetate, and dimethyl malonate (Hakimelahi and Just, 1979). It would be 
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interesting to see whether this reagent chlorinates humic and fulvic acids in the 

context of the carbon methylation phenomenon discussed earlier. 

The 29Si NMR spectra were acquired for the sHylated Aldrich humic and 

Armadale fulvic acids. The analysis was based on a paper by Coleman and Boyd 

(1982). The humic and fulvic acids were dissolved in pyridine and reacted with 

hexamethyldisilazane and chlorotrimethylsilane. The sHyl esters and ethers of 

carboxylic acids and alcohols have a chemical shift range in the 29Si NMR 

comparable to that of the BC. The order is reversed however. SHyl esters (33-20 

ppm with respect to TMS) are downfield of sHyl ethers of phenols (18-17 ppm), 

which in tum are downfield of sHyl ethers of alcohols and carbohydrates 05-17 

ppm). Figure 69 is the 29Si NMR of the silylated Aldrich humic acid. There is 

very poor resolution between the various types of hydroxyl groups, and no 

significant information to be had. 

These three derivatization studies were all very preliminary. They are 

worth pursuing further as means of confirming data generated from the DC NMR 

spectra of permethylated humic samples. Proper reaction conditions for the 19F 

and 29Si derivatizing reagents need to be examined in more depth. 
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CONCLUSION 

Most of the work in this dissertation has focused on characterizing the 

hydroxyl group functionality of humic and fulvic acids. The application of the 

methylation/DC NMR technique to a wide variety of aquatic humic samples has 

shown that the total hydroxyl group pattern is remarkably similar among these 

samples; that such a pattern was obtained is evidence for the validity of this 

approach. Other methylation techniques need to be examined to see if the results 

obtained with the permethylation. procedure can be reproduced. Most 

importantly, internal intensity standards need to be developed so that absolute 

rather than just relative amounts of carboxylic acid and aliphatic and phenolic OH 

can be determined. In the DC NMR spectra of permethylated samples, an 

important question that needs to be answered is how much of the signal between 

57-61 ppm ari;.;es from aliphatic hydroxyl and how much from phenolic hydroxyl. 

Determining the hydroxyl group functionality is of course only one step 

in arriving at chemical structures for humic substances. How much ester and 

E7ther linkage occurs in humic structures, the nature of the aliphatic structures, 

how all the individual structural fragments that have been identified are put 

together - these are all formidable questions to be addressed. NMR spectroscopy 

will be able to provide more and more specific information to answer these 

questions. For example, the recently developed DEPT pulse sequence (Doddrell et 

al., 1982) generates sub-spectra of methyl, methylene, and methine carbons from 

the normal broadband decoupled l3C NMR spectrum. This technique should be 

extremely useful in looking at the aliphatic moieties in humic materials. It would 

also provide information on the degree of substitution in aromatic structures. 
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Some of the acid and base hydrolysis experiments that were performed on humic 

substances in the past should be repeated and examined with the more sensitive 

N MR instruments now available. For example, acid or base hydrolyzed humic 

samples could be permethylated and examined by BC NMR. The methyl ether 

and ester region might provide quantitative determinations on the amount of 

decarboxylation or ester hydrolysis which occurred during the hydrolysis. 

The study on the cycloaddition of diazomethane illustrates the utility of 

combining derivatization with l5N reagents and 15N NMR spectroscopy to provide 

structural information which complements that available in BC NMR spectra. 

Two areas of investigation for which 15N NMR would be ideally suited are: 1) the 

analysis of carbonyl functionality by formation of Schiff base derivatives with 

l5N reagents, 2) the study of ammonia fixation by humic and fulvic acids using 

15NH40H (Stepanov, 1969). 

The determinatior. of structures for humic and fulvic acids will never 

come from NMR data alone. Data from other structural determination methods 

such as IR and oxidative degradation - GC/MS will have to be combined with NMR 

results to do this. 

A major complicating factor in postulating structures for humic 

substances is the question of heterogeneity. Humic and fulvic acids are generally 

considered to be "complex mixtures". But just how complex no one seems to 

know. Focusing only on aquatic humic materials for the moment, in a typical 

humic or fulvic acid sample which has been carefully isolated and "purified" 

(purified from hydrophilic acids, bases, neutrals, hydrophobic neutrals, clays and 

inorganiC substituents), how many structurally distinct species of molecules are 

there - 10, 100, 1000? In a given sample, are there any two molecules which are 

structurally identical? If there are not, then the determination of humic and 
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fu1vic acid structures would be an impossibility. If there are definite numbers of 

structurally distinct molecules in the sample, then the sample must be separated 

into its individual constituents before structures can be determined. Trying to 

arrive at structures by looking at the l3C NMR of the unfractionated sample, no 

matter how detailed the spectrum, would not be very productive. The question of 

how heterogeneous humic and fulvic acids really are needs to be answered before 

we know how meaningful NMR and other data are for the purpose of putting 

together structures. This will require extensive work in chromatography (see 

Leenheer, 1984). One point to keep in mind, however, is that no matter how many 

different identifiable structures exist in a humic sample, the individual structures 

must have some degree of similarity in order to account for their chemical 

properties - adsorption onto XAD-8 resins at pH 2.0, binding of metals, etc. 

Another way of looking at the heterogeneity problem is to ask whether 

there are given humification pathways in nature. Consider for example a lake 

surrounded by a deciduous forest in autumn, after the leaves have fallen into the 

water - do the organiC compounds (carbohydrates, proteins, etc.) which leach 

from the plant material always undergo a specific series of reactions, whether 

autolytic, photolytic, or microbially mediated (enzymatic), as a function of pH, 

temperature, amount of sunlight, microbial population, etc., on their way to being 

converted into humic and fulvic acids? If there are such definite pathways, then 

one would expect to find structurally identical molecules in humic samples from 

separate but biogeochemically similar sources. Related to the question of 

humification pathways is the very fundamental question of which comes 

first - the humic or the fulvic acid. Do fulvic acids arise from the natural 

oxidation of humic acids, or are fulvic acids reduced to humic acids by microbes 

or other processes? 
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The problem of mechanism of humic substance formation leads naturally 

to the question of what are the sources of humic substances. In an aquatic 

system, do the humic materials arise solely from plant material, or from a 

combination of plant material, algal exudates, expired microbial matter, etc? 

How much of the aquatic humic and fulvic acids are simply soil materials which 

have leached into the system? 

Structures for humic and fulvic acids will probably be determined only 

when a comprehensive approach to the problem is taken. This means that the 

questions of heterogeneity, diagenesis, and organic structural determination will 

have to be addressed simultaneously. Only when the question of diagenesis

source and humification pathway - is addressed can one begin to postulate 

rational structures for humics. Only when humic and fulvic acids are fractionated 

into their constituents, can one determine structures from NMR and other data. 

What is needed in other words is a combined top down-organic structural 

determination - and bottom up-diagenesis-approach. 



EXPERIMENTAL 

Humic Samples 

1. Waterton Fulvic Acid 

Water was collected from the Waterton Pump Station in June, 1983, and 

processed according to the procedure of Thurman and Malcolm (1981). 

2. Williams Fork Reservoir 

Water was collected from the Williams Fork Reservoir on November 28 

and December 4, 1982, one to two weeks after the die off of the 

Aphanizonemon flos-aquae (filamentous blue green alga) bloom. The water 

was filtered through Balston glass depth filters (1" x 7"); first through a DH 

and then an AAH. The humic and fulvic acids were then isolated according 

to the procedure of Leenheer (1981). The water was passed through a 

Dowex MSC-l H-saturated cation exchange column and then through a 

Dualite A-7 anion exchange column in tandem. The organiC acids were 

eluted from the A-7 column with sodium hydroxide; the eluate was acidified 

to pH 1.8 and centrifuged to remove the humic acid. The supernatant was 

passed through an XAD-8 column to separate the fulvic acids. The fulvic 

acid was eluted from the XAD-8 with O.2N NaOH; the ful vic acid eluate was 

H-saturated by pasing through a Dowex MSC-l cation exchange column and 

then freeze dried. 

3. Thoreau's Bog Fulvic 

Water was collected from Thoreau's Bog on March 17, 19~O, and 

processed as described for the Williams Fork sample. 
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4. Spirit Lake 

Spirit Lake was sampled September 1980 and July 1981. The dissolved 

aquatic humic substances were isolated according to the method of Thurman 

and Malcolm (1981) with the exception that fulvic and humic acid were not 

separated and the low molecular weight acids were not separated on an 

Enzacryl Gel column because of the small amount of sample. The lake was 

again sampled in July of 1983. The sample was processed this time 

according to Leenheer's method (1981) described under Williams Fork. 

5. Suwannee River 

Water was collected at the sill where the Okefenokee Swamp drains into 

the Suwannee River near Fargo, Georgia, during the months of December 

1982 through March 1983. The humic and fulvic acids were isolated 

according to Thurman and Malcolm (1981). Two filtration methods were 

used prior to concentrating the humic and fulvic acids on XAD-8 resins. 

Silver filters, as recommended in the original procedure, were used for one 

set of samples. Gelman filters, a cellulose acetate organic membrane filter, 

were used for the other set of samples. The silver filtered and Gelman 

filtered samples are the standard and reference samples, respectively, of 

the International Humic Substances Society (I.H.S.S.). The two methods of 

filtration are discussed by Aiken (1984). 

6. Black Lake 

The Black Lake humic and fulvic acids were received in 1981 from Dr. 

Russell F. Christman, Department of Environmental Sciences and 

Engineering, University of North Carolina at Chapel Hill. The isolation and 

preparation of these samples is described by Liao et ale (1982). The humic 

acid received from Dr. Christman was redissolved in 1.0 N NaOH, passed 
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through a Dowex MSC-l cation exchange column to re-hydrogen saturate, 

and then freeze dried in the H-saturated form. The humic acid was then 

fairly well soluble in DMF. 

7. Armadale Soil Fulvic Acid 

The Armadale soil fulvic acid was purchased from Dr. Cooper H. 

Langford of the Department of Chemistry, Concordia University, Montreal, 

Quebec. The soil was obtained from the Bh horizon of a Prince Edward 

Island podzal. The preparation of the fulvic acid was described as follows. 

Extraction was done in dilute base (0.5N NaOH) while air was displaced 

by N2• The vessel was shaken and allowed to stand for 24 hours at room 

temperature. The dark colored supernatant solution was separated from the 

residual soil by centrifugation 2000 rpm for 30 minutes. The aqueous 

solution was purified by repeated passage through a Dowex-50 cation 

exchange resin column in the H+ form. The eluate was freeze dried. 

The Armadale soil fulvic acid is the same sample previously obtainable 

from Contech E.T.C. Limited, Ottawa, Canada. 

8. Aldrich Humic Acid 

The Aldrich humic acid was purchased as the sodium salt from Aldrich 

Chemical Co., Inc., Milwaukee, Wisconsin. The sodium salt was dissolved in 

deionized distilled water and hydrogen saturated by passing through a Dowex 

MSC-l cation exchange column. The hydrogen saturated humic acid was 

then freeze dried. The freeze dried material could be completely 

solubilized in DMF. 

9. Fluka Humic Acid 

The Fluka humic acid was purchased from Fluka Chemical Corp. through 

Tridom Chemical Inc., Hauppauge, New York. The humic acid was dissolved 
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in 1.0 N NaOH under N2, re-hydrogen saturated by passing through a Dowex 

MSC-1 cation exchange column, and then freeze dried. The freeze dried 

material could be completely solubilized in DMF. 

Methylation Procedures 

Permethylation of Humic and Fulvic Acids with 13C-Enriched Reagents 

In an Erlenmeyer flask, approximately 50 mg of the humic or fulvic acid 
o 

was dissolved in 30-50 ml of DMF which had been distilled and dried over 3 A 

molecular sieves. The flask was placed in an ice bath with stirring. Ethereal 

diazomethane generated from 0.5 gram (2.33 mmo!) of N-methyl-13C-nitroso-p

toluenesulphonamide, 92.1 atom percent 13C, was distilled into the flask. After 

distillation was completed, the flask was removed from the ice bath and allowed 

to come to room temperature. Excess diazomethane was allowed to decompose 

overnight. The ether and DMF were removed from the product with a vacuum 

pump. Tr'.e product was then redissolved in a minimal amount of DMF-d7 for NMR 

analysis (5 mm NMR tube). In some cases the diazomethylated· product was 

soluble in CDC13• After NMR analysis, the deuterated solvent was removed with 

a vacuum pump, and the product redissolved in a round bottom flask with 

approximately 30-40 ml of freshly distilled and dried DMF with stirring. The flask 

was blanketed in N2 and charged with 0.2 g NaH (0.4g 50 percent mineral oil 

dispersion washed in sintered glass funnel with dried hexane) and 0.2 ml 13CH31 

(3.21 mmo!), 99 atom percent 13C. The reaction was allowed to run overnight, 

and then excess sodium hydride was quenched with methanol/methyl iodide. The 

product was extracted into chloroform from water. The chloroform extract was 

washed with water until free of DMF. The chloroform was evaporated off, and 
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the permethylated humic was redissolved in a minimal amount of CDCl3 for NMR 

analysis (5 mm NMR tube). 

The N-methyl-l3C-N-nitroso-p-toluenesulphonamide and l3C-iodo-

methane were purchased from Merck and Company, Inc., Rahway, New Jersey. 

Permethylation with Unenriched Reagents 

(Armadale Soil Fulvic, Aldrich Humic, Fluka Humic; Figures 58-60) 

The procedure was exactly as above except that unenriched reagents 

were used and the amounts of reagents were increased in proportion to the 

amount of humic sample, which was approximately 450 mg. The N-methyl-N

nitroso-p-toluenesulphonamide (Diazald) was purchased from Aldrich. 

Liotta Methylation 

(Armadale Fulvic, Figure 68, Aldrich Humic, Figure 61) 

Approximately 50 mg of the Armadale fulvic were dissolved in 0.4 ml of 

40 percent tetra-n-butylammonium hydroxide (TBAH) (Aldrich), under N2, and 

charged with 0.5 ml tetrahydrafuran (THF) and 0.35 ml l3CH3I (99 atom percent 

l3C). The reaction mixture was stirred overnight and then poured into water and 

neutralized with dilute HCI. The methylated product was extracted into 

chloroform. The chloroform extract was washed with aqueous NaN03 to aid in 

the removal of the tetra-n-butylammonium salts, and then several times with 

water. It was not possible to completely remove the tetra-n-butylammonium salts 

by this procedure. The chloroform was evaporated off, and the methylated 

product redissolved in CDCl3 for NMR analysis. 

The Aldrich humic acid was methylated in the same manner, except that 

approximately 500 mg of the humic acid and unenriched methyl iodide were used. 
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The amounts of CH3I, THF, and TBAH were increased in proportion to the 

increase in sample size. 

Methoximation 

Armadale Fulvic Acid Figure 56 

Four hundred milligrams of the Armadale fulvic acid were dissolved in 80 

ml of methanol in a round bottom flask, and charged with 16 ml 0.25 M N,N

dimethylaminoethanol (in MeOH) and 16 ml 0.4 M methoxylamine hydrochloride 

(in MeOH). The reaction mixture was refluxed for four hours. The MeOH was 

evaporated off, the product redissolved in fresh MeOH, and diazomethylated with 

5.0 g Diazald. The diazomethylation was repeated 3 more times; DMF used as 

solvent in the latter two instances. Most of the methoximated and diazo-

methylated product was soluble in CHCI3; the NMR spectrum of this CHC13 

soluble product was taken. 

For the BC NMR spectrum of the diazomethylated Armadale used as a 

control (Figure 57), 400 mg of the fulvic acid were dissolved in MeOH and 

diazomethylated with 5.0 g of Diazald. The diazomethylation was repeated a 

second time with MeOH as solvent, and a third time with DMF as solvent. The 

methylated product was completely soluble in chloroform. 

Model Compounds 

Levulinic Acid 

In approximately 50 ml of MeOH were dissolved 1.3 mllevulinic acid, 3.2 

g methoxylamine (approximately 3 fold molar excess), and 3.0 ml N,N-dirnethyl

aminoethanol (deanoI). The reaction mixture was refluxed overnight. The 

methoximated acid was then methylated to the ester with diazomethane. 
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Chalcone 

In methanol were dissolved 0.4 g chalcone, 0.5 g methoxylamine (3 fold 

molar excess), and 1.0 ml deanol. The reaction mixture was refluxed overnight. 

The methanol was evaporated off and the methoximated product extracted with 

Acetosyringone 

The same procedure as with chalcone was used: 0.4 g acetosysyringone, 

0.5 g methoxylamine (3 fold molar excess), 1.0 ml deanol. 

Cycloaddition with l5N-labelled Diazomethane 

Dimethyl maleate 

Neat dimethyl maleate (Aldrich), 0.29 ml, 2.33 mmoles, was charged into 

a round bottom flask, and placed in an ice bath. Ethereal 15N-labelled 

diazomethane, CH2 = 15N = N, generated from (0.5 g, 2.33 mmo!) 15N_Methyl, 

15N-Nitroso-p-toluenesulphonamide, 99 atom percent 15N, (U.S. SERVICES INC., 

DBA PROCHEM/ISOTOPES, 19 OX BOW LANE, Summit, New Jersey) was 

distilled into the flask. The flask was removed from the ice bath after 

distillation, stoppered, and allowed to sit overnight. The ether was thei1 

evaporated off. The product (white solid) was dissolved in DMF-d7 for 15N NMR 

analysis. Assuming all of the diazomethane was trapped by the substrate, the 

product contained 34.7 mg 15N• 

Chalcone (Aldrich) 

The procedure used for the dimethyl maleate was repeated. Four 

hundred mg of chalcone (1.92 mmole) were dissolved in DMF and diazomethylated 

with 0.5 g of the 15N_ Diazald (2.33 mmole). 



Dimethyl Acetylenedicarboxylate (Aldrich) 

The procedure used for the dimethyl maleate was repeated: 

0.29 ml dimethyl acetylenedicarboxylate (2.33 mmole) 

1.0 g 15N-Diazald (4.7 mmole) 

Napthoquinone (Chern Service) 
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The dimethyl maleate procedure was repeated. Three hundred mg of 

napthoquinone (1.9 mmole) were dissolved in 25 ml DMF and diazomethylated with 

1.0 g 15N-Diazald (4.7 mmole). 

Armadale Soil Fulvic Acid 

In 110 ml DMF was dissolved 545.78 mg of the fulvic acid. The fulvic 

acid was diazomethylated with 3.0 g of the 15N_Diazald (14 mmole diazomethane) 

as described above. The ether and DMF were evaporated off, and the product was 

redissolved in DMF-d7 when ready for 15N NMR analysis. 

Reaction of Model Compounds with CH3l/NaH in Carbon Methylation Study 

Methyl Acetoacetate 

Into 15.5 mi DMF in an ice bath were charged 1.0 ml methyl 

acetoacetate (9.27 mmole), 0.88 g NaH (36.7 mmole), and 2.32 ml iodomethane 

(37.3 mmole). The round bottom was removed from the ice bath; the reaction was 

allowed to proceed at room temperature with stirring overnight. Excess NaH was 

quenched with MeOH/CH3I and the reaction mixture poured into water. Reaction 

products were extracted into chloroform; the chloroform extract was washed with 

water until free of DMF and NaI. The chloroform was evaporated off, and the 

products redissolved in CDC13 for NMR analysis. 



Dimethyl 1,3 Acetonedicarboxylate 

The procedure used for the methyl acetoacetate was repeated: 

1.0 ml Dimethyl 1,3 acetonedicarboxylate (6.8 mmo1e) 

3.4 ml CH3I (55 mmole) 

1.32 g NaH (55 mmole) 

15.5 ml DMF 

Benzoylacetone 

The procedure used for methyl acetoacetate was repeated: 

400 mg Benzoylacetone (2.5 mmole) 

1.0 ml CH3I (16.1) mmole 

0.24 g NaH (10.0 mmole) 

15.5 ml DMF 

SHylation 
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The procedure used was that of Coleman and Boyd (1982). Aldrich humic 

acid, 250 mg, was dissolved in 2.0 ml pyridine-d5 and charged with 1.0 ml 

hexamethyldisilazane and 6 drops chlorotrimethylsilane, and heated for 1 hour in a 

boiling water bath, in a capped centrifuge tube. The reaction mixture was then 

filtered through glas wool into an NMR tube. 
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NMR Spectroscopy 

Liquid State l3C NMR Spectra 

The l3C NMR spectra in Figures 5, 35-36, and 56-62 were recorded on a 

Bruker WM250 NMR spectrometer, at 62.9 MHz. The acquisition parameters 

were: 

Sweep Width: 15000 Hz 

Pulse Width: 20 llsec 

Acquisition Time: 0.54 seconds 

Data Points: 16 K 

Decoupling: Continuous Broadband 

Line Broadening: 1.8 

Deuterated solvent peaks served as internal references. Chemical shifts 

are expressed with respect to TMS in ppm. 

All other l3C NMR spectra were recorded on a Varian FT 80 A NMR 

spectrometer at 20.0 MHz. The acquisition parameters employed for the spectra 

of the l3C-methylated humic and fulvic acids were as follows: 

Sweep Width: 5000 Hz (250 ppm) 

Pulse Angle: 480 (9 msec) 

Acquisition Time: 1.023 seconds 

Pulse D~lay: No Pulse Delay 

Data Points: 16 K 

Decoupling: Continuous Broadband 

Sensitivity Enhancement: -1.00 

Deuterated solvent peaks served as internal references. Chemical shifts 

are expressed with respect to TMS in ppm. 

Solid State CP/MAS BC NMR Spectra 

Cross Polarization/Magic Angle Spinning Solid state BC NMR spectra 

were run on a Nicolet NT-150 wide bore instrument by Dr. James S. Frye of the 

Colorado State University Regional NMR Center, Fort Collins, Colorado. Contact 

times of 1.0 msec and repetition rates of at least 1.0 seconds were used. 
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15N NMR Spectra 

The 15N · NMR spectra were recorded on a Bruker WM 250 NMR 

15 spectrometer at 25.3 MHz. Aqueous NHt,. N03 was used as the external reference 

(376.25 ppm). The acquisition parameters were as follows: 

Sweep Width: 18518.5 Hz Pulse Width: 38 llsec 

Acquisition Time: 0.4-4- seconds Line Broadening: 2.00 

A fully coupled spectrum (Pulse Delay = 0 seconds) and a gated decoupled 

spectrum without NOE (Pulse Delay = 10 seconds) were obtained for each sample. 

The solvent used in each case was DMF-d7• The DMF-d7 peak did not appear in 

any of the 15N NMR spectra. 

29Si NMR Spectra 

The 29Si NMR spectra were obtained on a Bruker WM-250 NMR spec

trometer operating at 4-9.7 MHz. A relaxation agent, chromium (III) acety1-

acetonate, was used in all cases. Excess reagent, hexamethyldisilazane, was used 

as reference. Chemical shifts are re~l)rted with respect to TMS in ppm. The 

acquisition parameters were as follows: 

Sweep Width: 3521.1 Hz Pulse Width: 20 llsec 

Acquisition Time: 2.3 sec Line Broadening: 0.4-0 

Spin Lattice Relaxation Time Measurements Using 

the Inversion Recovery Sequence 

The T 1 measurements were determined on a Varian FT80A NMR 

spectrometer. The spin inversion recovery sequence was used: 

[1800 
- t - 900 

- PD ]n. 
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The same variables were used for the diazomethylated Armadale fulvic acid and 

the permethylated Thoreau's Bog fulvic acid: 

t = 0.001, 0.051, 0.101, 0.151, 0.201, 0.251,0.301 seconds 

PO = 5.0 seconds 

n = 1000 transients 

The value for T 1 was estimated from the equation, T 1 = tiO.693, where 

to is the value of t for which the spectrum was nulled. For both samples, the 

T l's of the methyl ester and ether carbons were estimated as: 

0.0014 seconds ~ T 1 ~ 0.076 seconds. 

As mentioned in the text, dissolved oxygen was not removed from the samples 

prior to the T 1 measurements. 



APPENDIX A 

OXIDATIVE DEGRADATION PRODUCTS OF HUMIC AND FUL VIC ACIDS 

1. BENZEoNECAR8 0 XYLIC ACIDS 

HO:CYlrCOzH y 
C02H 

00 

2. HYDROXYBENZENECAR80XYLIC ACIDS 

Q 
OH 

CO.H 

~. 

°HOYOH 
OH 
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3 •. ALIPHATIC MONOBASIC ACIDS 

n: 1-14 

4 •. ALIPHATIC DIBASIC ACIDS 

HOzC-(CH'Z)n- CO z H 

n : 1 - 11 

s. ALIPHATIC TRIBASIC ACIDS 

n : 3, 5 ,7, 8 , 10 

6. FURANCARBOXYllC ACIDS 
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7. CARBOXYPHENYLGLYOXYLIC ACIDS 

o 
II 

C-COH 

~C:'H)n 
n: 2-'; 

8. DIALKYL PHTHALATES 



APPENDIX B 

POSSIBLE PRECURSORS TO OXIDA nVE DEGRADA nON PRODUCTS 

PRECURSOR 

n:1-11 
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- '·00 

0 
1\ -©re
-

e 
RlI 0 Rn-O ©ro

-

183 

OXIDATION PRODUCT 

n: 1 _11 

(HoL~eO'H), 
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PRECURSOR OXIDATION PRODUCT 



APPENDIX C 

SOURCES OF HUMIC SAMPLES 

1. Spirit Lake 

Before the eruption of Mount St. Helens, Spirit Lake was a pristine, 

oligotrophic lake in the Cascade Mountains. Spirit Lake was changed dramatically 

by large inputs of pyroclastic and debris avalanche deposits from the May 18, 1980 

eruption of the volcano. These deposits included large amounts of soil and plant 

material, which resulted in 100-fold increases in dissolved organic material in the 

lake, intense microbial activity, and anoxic conditions in the surface waters in the 

summer of 1980. The surrounding watershed was also devastated during the 1980 

eruption. The volume of Spirit Lake increased from rain and snowmelt during 

spring of 1981, diluting the organic material and oxygenating the surface waters. 

Similarly the lake volume increased in the spring of 1982. Pumping operations 

began in late summer 1982, and have continued. 

Based on mass balance calculations, McKnight and others concluded that 

there were no major inputs or losses of aquatic humic substances from summer 

1980 to summer 1983, anci that the changes in the aquatic humic substances over 

that period of time are chemical changes resulting from exposure of material 

introduced in 1980 to sunlight and oxygenated conditions. 

2. Okefenokee Swamp 

The Okefenokee Swamp is a very large freshwater swamp with organic 

soil and a long hydroperiod. See Rykiel (1977) for further information. The 

Okefenokee is located in southeastern Georgia. 
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3. Thoreau's Bog 

Thoreau's Bog is located near Concord, Massachusetts. Thoreau's Bog is 

an ombrotrophic, floating Sphagnum bog developed in a glacial kettlehole and 

surrounded by a red maple forest. The biogeochemistry of Thoreau's Bog has been 

described by McKnight et ale (1984). 

4. Biscayne Aquifer 

The Biscayne Aquifer is located in Dade County, Florida. It underlies all 

the coastal areas and most of the Everglades to and a little beyond the Broward

Palm Beach county line. The hydrology, geology, and inorganic chemistry has 

been described by Thurman (1979). 
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Table 19. Elemental Ana1ysesa of Humic and Fulvic Acids. 

Sample C H N 0 S P CI Ash 

Thoreau's Bog Fu1vic 48.5 4.3 0.68 40.8 0.91 0.73 1.59 

Waterton Fulvic 47.90 4.59 1.11 34.66 0.71 0.03 10.03 

Williams Fork Fulvic 52.84 5.09 1.11 36.42 0.60 0.02 0.62 1.82 

Biscayne Fulvic 55.4 4.2 1.8 1.1 0.4 

Black Lake Fulvicb 49.57 4.39 2.00 5.03 

Black Lake Humic 45.36 3.62 2.16 0.35 16.66 

Spirit Lake Fulvic 51.6 4.92 1.00 37.5 4.31 0.2 0.39 1.06 
9/80 

Spirit Lake Fulvic 50.5 4.7 0.63 37.0 1.93 0.32 
7/81 

Spirit Lake Fulvic 53.28 4.91 0.64 38.29 1.56 0.05 0.11 
7/83 

Armadale Fulvicc 47.02 4.34 0.77 0.37 0.84 

Aldrich Humic 55.23 4.64 0.94 3.35 4.94 

Fluka Humic 55.05 4.50 0.64 3.58 4.71 

a Analyses performed by Huffman Laboratories, Inc., Wheatridge, Colorado. 

·b Provided by R. F. Christman, University of North Carolina at Chapel Hill. 

c University of Arizona Analytical Center. 



REFERENCES 

Abraham, R. J., and P. Loftus, Proton and Carbon-13 NMR Spectroscopy: An 
Integrated Approach, Heyden, London, 1978. 

Adams, R., ed., Organic Reactions Vol. VIII, Wiley, 1954, p. 387. 

Aiken, G. R., D. M. McKnight, R. L. Wershaw, and P. MacCarthy, eds., Humic 
Substances in Soil, Sediment, and Water, John Wiley and Sons, New York, 
1984 (text in press). 

Aiken, G. R., in Humic Substances in Soil, Sediment, and Water, G. R. Aiken et 
al., eds., 1984. 

Alemany, L. B., D. M. Grant, R. J. Pugmire, T. D. Alger, and K. W. Zilm, J. Am. 
Chern. Soc. 105 (8), 1983, 2142-2147. 

Barlin, G. B., Aust. J. Chern., 34, 1981, 1361. 

Black, T. H., Aldrichimica Acta ~ (1), 1983,3-10. 

Blatt, A. H., J. Am. Chern. Soc.,§l, 1939, 3494-3499. 

Boyce, S. D., and J. F. Hornig, Environ. Sci. Technol • .!Z., 1983, 202-211. 

Carey, F. A., and R. J. Sundberg, Advanced Organic Chemistry. Part B: 
Reactions and Synthesis, Plenum Press, New York, 1977. 

Christman, R. F., and E. T. Gjessing, eds., Aquatic and Terrestrial Humic 
Materials, Ann Arbor Science, Ann Arbor, Michigan, 1983. 

Christman, R. F., D. L. Norwood, D. S. Millington, J. D. Johnson, and A. A. 
Stevens, Environ. Sci. Technol.!Z., 1983, 625-628. 

Clark, F. E., and K. H. Tan, Soil BioI. Biochem • .!., 1969, 75-81. 

Coleman, W. M., and A. R. Boyd, Anal. Chern. 54 (1), 1982, 133-34. 

Do'::drell, D. M., D. T. Pegg, and M. R. Bendall, J. Magn. Reson. 48: 1982, 323. 

Elderfield, R. C., ed., Heterocyclic Compounds Vol. 5, Johl'" Wiley and Sons, New 
York, 1957. 

Fieser, L. F., and M. A. Peters, J. Am. Chern Soc. 53, 1931,4080. 

Frey, M. H., and S. J. Stanley, J. C. S. Chern. Comm., 1980, 474-475. 

188 



189 

Fuchs, V., S. Golbs, M. KUhnert, W. Schopeck, and B. Stier, Archiv. fUr 
Experimentelle Veterinarmedizin 36 (2), 1982, 187-193. 

Gaita'1, E., R. H. Lindsag, R. C. Cooksey, J. R. Hill, and K. Kelley, Paper 
presented at first meeting of International Humic Substances Society 
(IHSS), YMCA of the Rockies, Estes Park, Colorado, Aug. 16-23, 1983. 

Gamble, D. S., M. Schnitzer, H. Kerndorff, and C. H. Langford, Geochim. et 
Cosmochim. Acta 4-7, 1983, 1311-1323. 

Gerstein, B., Anal. Chern. 55 (7) and 55 (8), 1983, 781A-790A and 899A-907 A. 

Gillam, A. H., and Riley, Anal. Chim. Acta 14-1', 1982, 287. 

Go1bs, S., V. Fuchs, M. Kuhnert, and C. Polo, Archiv. fur Experimental Veterinar
'medizin 36 (2), 1982, 179-187. 

Gonzalez-Vila, F. J., H. Lentz, and H. D. Ludemann, Biochem. and Biophys. Res. 
Comm. 72 (3), 1976, 1063-1070. 

Gonzalez-Vila, F. J., H. D. Ludemann, and F. Martin, Geoderma B,., 1983, 3-15. 

Hakimelahi, G. H., and G. Just, Tetrahedron Letters 38, 1979, 3643-3644. 

Harvey, G. R., and D. A. Boran, in Humic Substances in Soil, Sediment, and Water, 
G. R. Aiken et al., eds., 1984. 

Hatcher, P. G., D. L. VanderHart, and W. L. Earl, Org. Geochem.~, 1980,87-92. 

Hatcher, P. G., R. Rowan, and M. A. Mattingly, Org. Geochem.~, 1980,77-85. 

Hatcher, P. G., M. Schnitzer, L. W. Dennis, and G. E. Maciel, Soil Sci. Soc. Amer. 
. J., 45 (6), 1981, 1089-1094-. 

Hatcher, P. G., I. A. Breger, L. W. Dennis, and G. E. MaCiel, in Aquatic and 
Terrestrial Humic Materials, R. F. Christman and E. T. Gjessing, eds., 
1983. 

Hayes, M. H. B., and R. S. Swift, The Chemistry of Soil Constituents, D. J. 
Gree1and and M. H. B. Hayes, eds., John Wiley and Sons, London, 1978. 

Hayes, M. H. B., in Humic Substances in Soil, Sediment, and Water, G. R. Aiken et 
al., eds., 1984. 

House, H. 0., Modern Synthetic Reactions Second Edition, W. A. Benjamin, Inc., 
Menlo Park, 1972. 

Huffman, E. W. D., and H. Stuber, in Humic Substances in Soil, Sediment, and 
Water, G. R. Aiken et al., eds., 1984-. 



190 

Imashiro, F., S. Maeda, K. Takegoshi, T. Terao, and A. Saika, Chern. Phys. Letters 
92 (6), 1982, 642-645. 

Jolley, R. L., ed., Water Chlorination: Environmental Impact and Health Effects, 
Vol. 1, Ann Arbor Science Publishers, Ann Arbor, MI, 1978. 

Jolley, R. L., H. Gorchev and D. H. Hamilton, Jr., eds., Water Chlorination: 
Environmental Impact and Health Effects, Vol. 2, Ann Arbor Science 
Publishers, Ann Arbor, MI, 1978. 

Jolley, R. L., W. A. Brungs and R. B. Cummings, eds., Water Chlorination: 
Environmental Impact and Health Effects, Vol. 3, Ann Arbor Science 
Publishers, Ann Arbor, MI, 1980 • 

. Khan, S. U., and M. Schnitzer, Geoderma?., 1972, 113-120. 

Khan, S. U., and M. Schnitzer, Can. J. Soil Sci. 52, 1972, 43-51. 

Khan, S. U., in Soil Organic Matter, M. Schnitzer and S. U. Khan, eds., Elsevier, 
New York, 1978. 

Kuhnert, M., V. Fuchs, and S. Golbs, Archiv. fur Experimentelle Veterinarmedizin 
36 (2), 1982, 169-179. 

Langford, C. H., Dept. Chern., Concordia Univ., Montreal, Quebec, Personal 
Communication, 1981. 

Leenheer, J. A., and E. W. D. Huffman, J. Res., U.S. Geol. Surv., !!:.' 1976, 737-751. 

Leenheer, J. A., Environ. Sci. Technol. 12, 1981, 578-587. 

Leenheer, J. A., U.S. Geol. Surv., National Water Quality Lab., Arvada, Colorado, 
Unpublished Results, 1982. 

Levy, G. C., and R. L. Lichter, Nitrogen-15 Nuclear Magnetic Resonance 
Spectroscopy, John Wiley and Sons, New York, 1979. 

Liao, W., R. F. Christman, J. D. Johnson, D. S. Millington, and J. R. Hass, 
Environ. Sci. Technol. ~ (7), 1982,403-410. 

Liotta, R., K. Rose and E. Hippo, J. Org. Chern. 46 (2), 1980, 277-283. 

Lister, J. H., Aust. J. Chern., 32, 1979,2771. 

MacCarthy, P., and J. A. Rice, in Humic Substances in Soil, Sediment, and Water 
G. R. Aiken et al., eds., ,1984. 

McKnight, D. M., J. M. Klein, and R. C. Wissmar, U.S. Geol. Survey Circ. 850-F, 
1980. 



191 

McKnight, D. M., W, E. Pereira, M. L. Ceazan, and R. C. Wissmar, Org. 
Geochem., !±, 1982, 85-92. 

McKnight, D. M., K. A. Thorn, and R. L. Wershaw, "Changes in dissolved organic 
material in Spirit Lake, Washington", Manuscript in Preparation, 1984-. 

McKnight, D. M., E. M. Thurman, R. 1. Wershaw, and H. Hemond, 
Biogeochemistry of Aquatic Humic Substances in thoreau's Bog, Concord, 
Massachusetts, Manuscript in Preparation, 1984-. 

Mikita, M. A., Ph.D. Dissertation, University of Arizona, Tucson, Arizona, 1980. 

Mikita, M. A., C. Steelink, and R. L. Wershaw, Anal. Chern. 53, 1981, 1715-1717. 

Newman, R. H., K. R. Tate, P. F. Barron, and M. A. Wilson, J. Soil Sci. 31, 1980, 
623-631. -

Norwood, D. 1., J. D. Johnson, R. F. Christman, J. R. Hass, and M. J. Bobenreith, 
Environ. Sci. Technol. 14- (2), 1980, 187-190. 

Ogner, G., and E. T. Gjessing, Geoderma.,!!, 1975, 139-14-5. 

Ogner, G., Soil BioI. Biochem 11, 1979, 105-108. 

Pizey, J. S., Synthetic Reagents Volume II, John Wiley and Sons, New York, 1974-. 

Prakash, A., and D. J. MacGregor, in Aquatic and Terrestrial Humic Materials, R. 
F. Christman and E. T. Gjessing, eds., 1983. 

Reuter, J. H., M. Ghosal, E. S. K. Chian, and M. Giabbai, in Aquatic and 
Terrestrial Humic Materials, R. F. Christman and E. T. Gjessing, eds., 
Ann Arbor, 1983. 

Rykiel, E. J., Ph.D. dissertation, University of Georgia, Athens, Georgia, 1977. 

Saar, R. A., and J. H. Weber, Environ. Sci. Technol. ~ (9), 1982, 510A-517 A. 

Schlenk, H., and J. 1. Gellerman, Anal. Chern. 32 1960, 14-12. 

Schnitzer, M., and S. U. Khan, Humic Substances in the Environment, Marcel 
Dekker, New York, 1972. 

Schnitzer, M., Soil Sci. 117 (2), 1974-, 94--102. 

Schnitzer, M., and J. A. Neyroud, Fuel, 54-, 1975, 17. 

Schnitzer, M., in Proc. Symposium on Soil Organic Matter Studies, Braunschweig, 
International Atomic Energy Agency, Vienna, 1977, 117-131. 

Schnitzer, M., and S. U. Khan, eds., Soil Organic Matter, Elsevier Scientific 
Publishing Co., Amsterdam, 1978. 



192 

Schnitzer, M., in Humic Substances in Soil, Sediment, and Water, G. R. Aiken et 
al., eds., 1984. 

Shue, F. F., and T. F. Yen, Anal. Chern. 54, 1982, 1641-1642. 

Smith, L. I., and W. B. Pings, J. Org. Chern. ~, 1937, 23-28. 

Smith, L. I., and K. L. Howard, J. Am. Chern. Soc. 65, 1943, 159-166. 

Snape, C. E., C. A. Smith, K. D. Bartle, and R. S. Mathews, Anal. Chern 54, 1982, 
20-25. -

Spiteller, M., Z. Pflanzenernaehr. Bodenk. 144, 1981, 500-504. 

Steelink, C., Geochim. Cosmochim. Acta 28, 1964, 1615-1622. 

Steelink, C., and G. Tollin, in Soil Biochemistry Vol. 2, A. D. McLaren and J. 
Skujins, eds., Marcel-Dekker, New York, 1967, 147-169. 

Steeiink, C., M. A. Mikita, and K. A. Thorn, in Aquatic and Terrestrial Humic 
Materials, R. F. Christman and E. T. Gjessing, eds., 1983. 

Steelink, C., in Humic Substances in Soil, Sediment, and Water, G. R. Aiken et al., 
eds., 1984. 

Stepanov, Pochvovedeniye ~, 1969, 37-43. 

Stevens, A. A., Environmental Protection Agency, Municipal Environmental 
. Research Laboratory, Cincinnati, Ohio, 1983. 

Stevenson, F. J., and J. H. A. Butler, in Organic Geochemistry, G. Eglinton and M. 
T. J. Murphy, eds., Springer-Verlag, New York, 1969. 

Stevenson, F. J., Humus Chemistry: Genesis, Composition, Reactions, John Wiley 
and Sons, New York, 1982. 

Swift, R. S., in Humic Substances in Soil, Sediment, and Water, G. R. Aiken et al., 
eds., 1984. 

Thurman, E. M., PhD. Dissertation, University of Colorado, Boulder, Colorado, 
1979. 

Thurman, E. M., and R. L. Malcolm, Environ. Sci. Techol. 11, 1981, 463-466. 

Thurman, E. M., R. L. Wershaw, R. L. Malcolm, .and D. J. Pinckney, Org. 
Geochem.~, 1982, 27-35. 

Thurman, E. M., and R. L. Malcolm, in Aguatic and Terrestrial Humic Materials, 
R. F. Christman and E. T. Gjessing, eds., 1983. 



193 

Thurman, E. M., Or anic Geochemistr of Natural Waters, Chapter 6, Martinus 
Nijhoff, The Hague, 1984 text in preparation. 

Tichy', V., Scripta Fac. Sci. Nat. Univ. Purk. Brun • .!..!. No. 3-4 (Biologia), 1981, 
197-212. 

Tichy', Y., Biologia Plantar urn (Praha) 23 (1), 1981, 1-8. 

Tichy', Y., Scripta Fac. Sci. Nat. Univ. Purk. Brun., 12 (8), Biologia, 1982,393-406. 

von Pechman, H., Chern. Ber. 27, 1894, 1888. 

Vorbeck, M. 1., 1. R. Mattick, F. A. Lee, and C. S. Pederson, Anal. Chern. 33, 
1961, 1512. 

Wershaw, R. L., and D. J. Pinckney, U.S. Geol. Survey J. Research 1, 1973, 701-
707. -

Wershaw, R. L., and D. J. Pinckney, Science 199, 197&, 906. 

Wershaw, R. 1., M. A. Mikita, and C. Steelink, Environ. Sci. Technol. 12 (12), 
1981, 1461-1463. 

Wershaw, R. L., in Humic Substances in Soil, Sediment, and Water, G. R. Aiken et 
al., eds., 1984. 

Wershaw, R. 1., and G. R. Aiken, in Humic Substances in Soil, Sediment, and 
Water, G. R. Aiken et al., eds., 1984. 

Wilson, M. A., J. Soil Sci. 32 (2), 1981, 167-186. 

Wilson, M. A., A. H. Gillam, and P. J. Collin, Chern. Geol 40, 1983, 187-201. 


