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Reversed phase HPLC with dual UV photodiode (PDA) and

fluorescence (FL) detection were used to investigate copper

complexes with fulvic (FA), caffeic (CFCA), vanillic (VA),

salicylic (SA) and adipic (ADPA) acids. Both the phosphate

and the retention enrichment (RE) methods of HPLC were used

and compared. For the phosphate method, complexes were

prepared at molar ratio of 1:1, 1:2 and 1:4. For the RE

method, two mobile phases were used. One contained CuSO4 to

achieve a molar ratio of 10:1. The second contained Na2SO4.

Ionic strength and pH were kept constant. The retention

behavior of the uncomplexed and complexed ligands was

compared.

In the phosphate method, preparative experiments

involved Cu analysis in each HPLC peak by atomic absorption

(AA). Uncomplexed FA was separated into seven UV absorbing

and six FL emitting constituents (peaks) with capacity factor

(k) ranging from 0.12 to 2.2. Complexed FA was separated

into the same peaks at the same tR but with less UV and FL

intensities. The complexed peaks contained 73 % of the



Cu(II) content of the sample. The conditional stability

constant (K) of each complex was calculated from the

fluorescence quenching, UV spectra and elemental analysis

data. Hydrophobic peaks showed higher K values than did

hydrophilic ones. The copper-CFCA complex is more

hydrophobic than the uncomplexed acid and exhibits a

characteristic UV-Vis spectrum. Solution stability

experiments indicated that both uncomplexed and complexed

caffeic acid solutions undergo polymerization followed by

precipitation after 24 hours.

Application of the RE method provided valuable

information on the retention behavior and spectral

characteristics of FA and model compounds. Even though the

method was only applicable to VA, the use of the PDA detector

allowed the UV-Vis scanning of the separated peaks. This

allowed the comparison between the UV-Vis spectra of

uncomplexed and complexed species.

The overall results provide an experimental framework

for validation of the proposed Cu-humate interaction models.
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CHAPTER I

INTRODUCTION

Organic matter in the environment is usually divided

into two categories: (a) non-humic substances, and (b) humic

substances. Non-humic substances include compounds that

still exhibit recognizable chemical characteristics. To this

class of compounds belong carbohydrates, proteins, peptides,

amino acids, fats, waxes, resins, pigments, and other low-

molecular weight organic substances. Humic substances being

found in all soils, sediments, and fresh and marine waters

are amorphous brown or black, hydrophilic, acidic,

polydisperse substances of molecular weight ranging from

several hundreds to tens of thousands (1). Three main

subfractions of humic substances are humin which is not

soluble in acids or bases, Humic acid (HA) which is only

soluble in water above pH 2, and Fulvic acid (FA) which is

soluble in water under both acidic and basic conditions (2).

Humic substances exert significant influence on many

agricultural, geochemical, environmental, and treatment

processes. The humic substances in aquatic environments may

act as a "vehicle" for the mobilization, transport and

immobilization of metal ions and organic compounds including

toxic pollutants(3). Organic chemicals can be retained by

I
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humic substances in soil through bonding mechanisms such as

ion exchange, hydrogen bonding, van der Waals forces, and

coordination through an attached metal ion (ligand exchange)

(4). Humic substances are known to be chemically and

biologically stable. They are likely to be transformed more

rapidly in aquatic systems due to photoalternation processes.

The capability of humic substances to penetrate microbial

cells has been demonstrated in some experiments (5). The

soluble fractions of humic substances are important

extracellular transport media for both nutrients and toxins.

The insoluble fractions of humic substances can also

immobilize both nutrients and toxins. Therefore, the effects

on biota caused by binding metals and organic compounds to

humic substances could result in beneficial or deleterious

consequences (5).

I-1 Natural Ligands

Humic substances are probably the most widely

distributed natural ligands on the earth's surface, occurring

in soil, lakes, rivers, and the sea. Aquatic HAs are

different from FAs in elemental and functional group

composition, average molecular weights and other

characteristics. Another important difference is that

practically all the oxygen in FAs can be accounted for in

oxygen containing functional groups such as COOH, OH, and

C=O. A high proportion of the oxygen in HAs occurs as
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structural components of the nucleus (eg. in the ether or

ester linkage). Both COOH and acidic OH groups contribute to

the acidic nature of humic substances; however, the effects

of COOH group are predominant. Therefore, the total

acidities of the FAs are larger than those of HAs. Both FAs

and HAs are effective in complexing metal ions (6).

The total binding capacity of ligands is defined as the

maximum amount of metal ions in jmol bound per gram of

ligands. The binding capacity of humic acid for metal ions

ranges from 200 to 600 gmol/g. About one-third of the total

binding is cation exchange sites and the remainder is

complexing sites. Lower molecular weight humic material

fractions, which have higher concentration of phenolic and

carboxylic groups, are usually most effective in complexing

metal ions (7, 8). Although most soluble heavy metals in

natural waters are bound to humic matter, their

concentrations are not sufficiently high to saturate all

bonding sites in humic substances (HS). Solubilization and

transport of metals in the aquatic environment is one of the

most serious problems resulting from metals humic substances

interactions.

In contrast to humic substances, non-humic substances

are another portion of natural ligands although they are

relatively easily attacked by microorganisms and are less

persistant in the environment. All of the low-molecular

weight molecules have also been found in plant roots,.leaves,
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beans, soil, and waters. They also can influence the

transport of metal ions in the environments via complexation.

Model Compounds:

The eight model compounds shown in Table I-I have been

used in this research to investigate the metal-ligand

complexation. These include 1,2-Dihydroxybenzene (DHB),

Caffeic Acid (CFCA), Salicylic Acid (SA), Phthalic Acid (PA),

Vanillic Acid (VA), 2,4,6-Trihydroxybenzoic Acid (THBA),

Adipic Acid (ADPA), Maleic Acid (MA). Model compounds

selections were based on their natural occurrence,

fluorescence response (most of them), and ability to complex

with metal ions.

Most of the selected model compounds are widely

distributed in nature. For examples, CFCA is found in coffee

beans, bilbery juice, and plant root exudates. Phthalic acid

is found in seawater suspensions, natural water, and the

products of humic acid decomposition. Adipic acid is found

in human urine, sediment, and fog water. Most of these model

compounds exhibit fluorescence emission. The ability of the

model compounds to complex with metal ions have been widely

investigated (9-16).

Earlier studies of ADPA complexation with copper ions

showed that only ADPA-Cu (1:1) complex was formed. Shelke

and Jahagirdar (9) demonstrated that ADPA existed only in a

1:1 complex with Cu+2 in dioxane-water mixtures under the pH
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Table I-1 Model Compounds

Compound

1. 1,2-Dihydroxybenzene (DHB)
p 1 - 9.36, pK2 - 12.98

Structure

K>H

2. Caffeic Acid (CFCA)

pKl = 4.45, pK2 = 8.66, pK3 = 11.80

3. Salicylic Acid (SA)

pKi = 2.98, pK2 = 12.38

4. Phthalic Acid (PA)

pKi = 2.95, pK2 = 5.41

5. Vanillic Acid (VA)

pKi = 4.36

6. 2 , 4,6-Trihydroxybenzoic Acid (THBA)

pKj = 1.68

7. Adipic Acid (ADPA)

pK1 = 4.42, pK2 = 5.41

8. Maleic Acid (MA)

pK = 1.91, pK2 = 6.33

H 4COCH

H00
r H

&OOH
CH

COON

OH

ooH

H IH

OH

HOOC (CH24 COOH

H 0  H
HOOC"' NCOOH
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range from 2.5 to 5.0. Coetzee (13) found the same results

in aqueous solutions at pH 6.0 . Phenolic hydroxyl-

containing ligands, which are known to be present in the root

exudates, may participate in the transport processes of metal

ions from the surrounding soil to the plant roots. The most

important of these phenolic compounds is CFCA, which is

believed to participate not only in the transport of iron

from the surrounding soil solution to the roots but also in

the reduction of iron (III) to iron (II) (11). However,

earlier studies on the binding ability of CFCA came to

contradicting conclusions. Lamy et al. (10) concluded that

CFCA only forms a simple monomeric complex with copper ions,

probably through catechol-type coordination. Linder and Voye

(11) and Kiss et al. (14, 15) demonstrated that CFCA easily

forms oligomeric structure with copper ions. Recent results

on several dihydroxybenzoic acids have provided strong

evidence that different dimeric or trimeric complexes can be

formed, and both the catechol and the carboxyl sites may be

involved in the copper (II) ion bonding (15, 17).

HAs and FAs:

In laboratory studies, humic substance was found to

reduce a variety of metal ions including V(V) to V(IV),

Hg(II) to Hg(0), Fe(III) to Fe(II), Cr(VI) to Cr(III), and

U(VI) to U(IV). In addition, humic material was found to

catalyze photoreduction of Fe(III) to Fe(II); while oxygen
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cause the reverse reaction (18). The studies of competition

among Mn+ 2 , Co+2, Ni+2 , Cu+2 and Zn+2 for sorption on humic

acid demonstrated that the range of metals bound was 98 to

150 mg/g of humic acid, and the extent of bonding decreased

in the order: Cu+2>>Zn+2>Ni+2>Co+2>Mn+2 (7). These results

coincide with the Irving-Williams series in which the order

arises in part from a decrease in size across the series and

in part from ligand field effects (19).

Many ligands have a relatively high affinity for Fe+3 ,

but the very high stability of the ferric hydroxides,

including the solid Fe(OH)3, keeps the free ferric ion

activity so low that the extent of Fe complexation is

limited. As a result Cu+2 and Hg+2, the most reactive of the

divalent metals, are probably most apt to form complexes with

humic material in natural waters (19).

Many metals in natural waters have solubilities much

higher than expected from thermodynamic calculations of the

inorganic species in the solution. The enhanced solubility

is predominantly due to their complexation with, adsorption

on, and reduction by humic material. In many rivers more

than 50% of soluble metals are associated with organic matter

(8).

1-2 Copper

In the periodic table, copper is placed in period 4 and

subgroup IB; therefore, it behaves as a typical transition
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metal. It appears in oxidation state +1 to +4, its compounds

are colored, and it tends to form complex ions. The

distribution of the 29 electrons is 1s22s2 2p6 3s23p63d1 04s1 .

From this electron configuration, [Ar]3d104s0 is derived to be

the copper(I) ion with a complete M shell (18 electrons).

The copper(II) ion originates from the configuration

[Ar]3d9 4sO, which has a slightly higher energy level (20).

Copper is one of the most important trace elements in

the aquatic environment. Several processes determine the

fate of copper in the aquatic environment: (i) complexation,

especially with humic substances; (ii) sorption to hydrous

metal oxides, clays, and organic materials; and (iii)

bioaccumulation. Complexed copper is more easily adsorbed by

clay and other surfaces than the free (hydrated) cation. The

aquatic fate of copper is highly dependent on such variables

as pH, Eh, concentration of organic materials and adsorbents,

availabilily of precipitating iron and manganese oxides,

biological activity, and competition with other heavy metals

(21).

The predominance of dissolved copper species in a system

with total dissolved carbon equal to 10-3 M and total

dissolved sulfur equal to 10-4 M were calculated by Hem (22).

Figure I-1 shows the Eh-pH diagram for this system. Since

the pH values for most mineral-bearing waters are known to

lie generally within the narrow range 5 to 9 and to remain

almost constant for any natural water (23), the predominant
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Figure I-I. Eh-pH diagram for Cu-H20-C-S system at 250C and 3.

atm. Total dissolved C = I x 10 -3 M and total dissolved S = 1

x 10 -4 M (ref. 22).
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copper species within this pH range are Cu+2, Cu+, and CuCO3

as shown in Figure I-1

In aqueous solution, however, copper is present as

Cu(II), since the only cuprous (valence +1) compounds stable

in oxic waters are those that are highly insoluble. Copper

has a propensity to form complexes with both organic and

inorganic ligands. Hydrolysis and precipitation dominate the.

chemistry of copper(II) at pH values expected in most natural

water systems whenever there is a limited amount of organic

complexing agents as shown in Figure 1-2 (23). The effect of

the presence of organic complexing agents can greatly change

the results plotted in Figure 1-2. Natural water contains

only small amounts (0.1 to 10 mg/L) of organic compounds,

however, these often exert a pronounced influence on the

inorganic constituents, especially Cu(II) species. The

evidence for organic complex formation or chelation with

metal ions in waters was used to explain this influence.

In natural water systems, the stability of a complex is

influenced not only by H+ and OH- but also other metal ions,

especially Ca+2 and Mg+2. For example, a strong complexing

agent like EDTA, even if available in excess of Fe(III),

could not in the presence of Ca+2 prevent Fe(III), from

precipitating as Fe(OH)3 in alkaline solution (24). Figure

1-3 illustrates how Ca+2 reduced the extent of Fe(III)-EDTA

complexation.
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Figure 1-2. Speciation of Cu(II) and carbonates as a

function of pH. CUT = 2 ppm. (A) Cu+2. (B) Cu2(OH)2+2 . (C)

CuOH+. (D) CUCO3. (E) HC03~. (F) H2CO3. (G) pH at which

Cu3 (OH)2(C03)2 (azurite) will precipitate. (I) pH at which

Cu2 (OH)2C0 3 (malachite) will precipitate. (ref. 23).
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Figure I-3. Competitive effect of Ca+ 2 on complex formation
of Fe (III) . (a) Effects of [Ca+2] upon Fe (III) -EDTA

equilibrium. (b) Effect of (Ca+2 ] upon Fe (III)-citrate
equilibrium (ref. 24).
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Copper and other metals tend to be attracted by the

hydrous oxides of iron (and to a lesser extent, manganese)

because of the negative zeta-potential usually exhibited by

the hydrous iron oxides. Thus, such hydrous metal oxides are

important controls on the mobility of copper and other metals

in unpolluted aqueous and soil environments.- In reducing or

acidic environments, such as in rich organic bed sediments,

these oxides could be dissolved, resulting in remobilization

of sorbed or coprecipitated metals (21).

In unpolluted waters, the effectiveness of the sorption

processing varied according to pH, Eh, and the occurrence of

potential sorption surfaces. In water polluted with soluble

organic material, however, sorption appeared to be rather

ineffective, thus, favoring the prolonged dispersion of

copper in solution. Thus the presence of organic acids could

lead to the mobilization of copper from the sediments to

solution (21, 25). Interaction of Cu with other elements

might be another factor influencing the mobility and

availability of copper. Both N and P elements are good

electron donors and may react with copper. The increased

protein concentrations in roots, as a result of increased N

application, could lead to increase retention of Cu by

increasing formation of protein-Cu complexes(25).

Biological activity is a major factor in determining the

distribution and occurance of copper in the ecosystem. This

is because copper is strongly bioaccumulated, and because
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biogenic ligands (e.g. humic and fulvic acids) play an

important role in complexing copper. Seasonal fluctuations

in copper concentration in a pond resulted from the fact that

copper became concentrated in vegetation during the growing

season, and was released from leaf litter and decaying

aquatic plants in the fall. The greater rate of

decomposition of organic material with concomitant release of

humic substances in the warm months resulted in the more

available adsorption of copper on solids and the decreased

concentration of copper in a pond (21).

1-3 Copper-Ligand Complexes

The complexation of copper with ligands can be divided

into three categories:

(i) Single ligand complexation constant "K"

Cu + L CuL------------------------------(I-1)

[ CuL (bound) I

K _ _ _--------------------(I-2)

[Cu (free)] [L(free)

Cu(free) represents all forms of the metal ion that are

not bound to the ligand of interest, L(free) represents all

forms of the ligand that are not bound to the copper ion, and

CuL(bound) represents all complexes of 1:1 copper-to-ligand

stoichiometry.

(ii) Multiple ligand complexation constant "KL" (i

bonding sites)
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X [CuL i (bound) ]

KL ~~---------------(1-3)

[CU(free)] X[Li(free)]

CuT - [Cu]

__----------------(I-4)

[Cu] (LT - CUT + [Cu])

where LT and CUT are the total stoichiometric

concentrations of ligand and copper, and an average 1:1

metal-to-ligand stoichiometry has been assumed for the

mixture of binding sites.

(iii) Mixed ligand complexation constant "Kx" (n

different ligands)

X[Cu Xn (bound) ]

Kx= --------------- (1-5)

[Cu(free) ]XXn

CUT - [Cu]

--------------- (1-6)

[Cu] (XT - CUT + [Cu])

where XT are the total stoichiometric concentrations of

these n kinds of ligands, and an average 1:1 metal-to-ligand

stoichiometry has been assumed for the mixture of n ligands.

All of the equations are derived for 1:1 complexes, analogous

equations can be obtained for higher-order complexes (e.g.,

1:2, 1:3, 2:3 etc).
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The distinction between concentrations and activities

must be clearly developed and maintained when metal-ligand

complexation equilibria are described. Equilibrium constants

(K) depend only on temperature and pressure; concentration

quotients depend on temperature, pressure, and ionic

strength; and conditional concentration quotients depend on

temperature, pressure, ionic strength, pH, and concentration

of competing metals and ligands (26).

In the past twenty years a series of varied models (27-

32) have been developed to describe the complex nature of

dissolved organic materials (DOM), such as FA interactions

with Cu(II). Some of the models have been classified by

Cabaniss and Shuman (30) as follows:

(a) Site heterogeneity; For the discrete N-site model,

N [Li] [Cu]Kcui

[CuL] =_.-----------------(1-7)

i=1 1 + [Cu]Kcu-

where Kcui is the formation constant for the i-site. For

the continuous (Gaussian) distribution model, the V (V =

[CuL]/LT) can be expressed by

1 oo [Cu] 10 logK'

VI ( ) e -1/2 ((-1ogK') /a) 2 dlogK'

a 21L~** 1 + [Cu] 1 0 logK'

----------------------------------------
(-8)

where K' is the formation constant, is a mean binding

constant, and a is the standard deviation.
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(b) Site stoichiometry; Cu-DOM complexes with 1:n

stoichiometries (n>1) are possible, since Cu(II) may

coordinate up to six unidentate. Considering a single DOM

binding site,

p

[CuL] = i [Cu] [L] i ------------------------- (I-9)

i=1

where p is the coordinate number for Cu with DOM.

(c) Site interaction; Interaction among binding sites on

many macromolecules are described by

[Cu] = LT[Cu]Kapp/ (1 + [Cu]Kapp)------------- (I-10)

Kapp is the apparent binding constant, which is product

of an intrinsic binding constant Kint and a term for.

electrostatic attraction or stereochemical availability.

(d) Site proton dependence; Typically a first-order proton

dependence is expressed as

KCuH = [CuL](H) / [HL] [Cu]-------------------(I-11)

where (H) is proton activity, KcuH is copper-proton

exchange constant.

(e) Ionic strength effects; Increasing ionic strength

decreases Cu binding by DOM, but this effect has not been

explored extensively in natural water.

A good conceptual model should account for site diversity,

site interactions and variable stoichiometry. However none

of the models developed can cover all of the requirements to
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be a good conceptual model. An ideal model that will solve

all the problems has not yet been developed.

1-4 Methods of Investigation

Several criteria are required in developing the metal

speciation method (8) :

(i) the physical principles behind the method must be

sound.

(ii) side reactions such as adsorption, complexation,

and precipitation must be controlled or minimized.

(iii) measurements must occur without perturbing the

system.

(iv) the method should be able to measure a variety of

metals of interest at appropriate low concentration levels.

Because no approach completely fulfills the criteria,

compromises are necessary.

Two general philosophies for developing and using

speciation techniques have been established. Technique-

oriented researchers strongly recommend application of a

favorite instrument or technique. Problem-oriented

researchers emphasize solutions to problems using combined

approaches or methods. The second philosophy is superior,

especially for study of humic material which has its

complicated chemical components.

For decades, non-separation and separation techniques

have been used to study complexation of heavy metals by humic
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substances, and some of these techniques have been critically

reviewed (8, 33). Separation techniques used in speciation

studies of trace metals in natural water, such as

centrifugation, filtration, ultrafiltration, dialysis and gel

filtration chromatography have also been reviewed (34).

Both non-separation and separation methods share some common

problems. Adsorption and shift in equilibria problems, which

occur with separation methods such as membranes and

chromatographies, also happen in ion selective electrode and

voltammetric non-separation methods. In contrast to

separation methods, non-separation methods are appropriate

only for a limited number of metal ions.

Non-separation Methods

Ion Selective Electrode Potentionmetry:

Ion selective electrode (ISE) measurements are based on

an ion-exchange process or a related phenomenon, such as

complexation or precipitation, with the active sites on the

surface or on the hydrated layer of the electrode membrane.

Usually the potential difference generated across the

interface can be determined, if a charge separation occurs

which selectively favors one type of ion over all others.

From the analytical point of view, ISE are nearly ideal

measurement tools because of their ability to monitor the

activity of certain ions in solution both continuously and

nondestructively. However, two major interferences, i.e.,
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chemical interferences and electrode interferences, always

occur with ISE operation. Chemical interferences arise when

some sample ingredient prevents the probe from sensing the

ion of interest, and electrode interferences arise when the

electrode responds also to ions other than the test ion (35).

ISE have been applied for studies of complexation

between humic substances and heavy metal ions by measuring

free metal ions. In the past several years, researchers have

demonstrated that Cu+2 , Pb+2 , Cd+2 and Hg+2 can be well

monitored by ISE. Some limits or interferences for using ISE

as detectors still exist. For examples, the cupric ISE,

which responds to aquo Cu+2 , is not suitable for application

in seawater(36). In seawater a Cuo surface impurity on the

Cu+2 ISE reduces Cu+2 to Cu+ (37). Error propagation in

calculating bound metal, ML, occurs at high pH and high

loading ([ML] = MT) due to the formation of adsorbed or

colloidal copper. The latter is detected as ML by the ISE

(37).

Although the detection limits for ISE range from 1.0 to

0.01 pmole/L, ISE still can not generally be used to

determine free metal ion concentrations in natural waters due

to the high detection limits (8), thus, adding another

limitation to the use of ISE.

Differential Pulse Anodic Stripping Voltammetry.(DPASV):
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Anodic stripping voltammetry (ASV) is based on the

current change in a mercury drop electrode, in which

particular metal ions are reduced by a selected deposition

potential that. is more negative than the half-wave potential

of the metals. In contrast to ASV, differential pulse anodic

stripping voltammetry (DPASV) has two advantages. First, it

discriminates against the capacitive component of the

stripping signal. Second, it has no such continuous

interference from charging current that linear sweep methods

must encounter as long as the potential is scanned. Both of

these two advantages render the detection limit of DPASV

lower than that of ASV (35).

DPASV has one major advantage for speciation of

measurable metal ions in the presence of humic material: the

detection limit is 10-11 mole/I, which is sufficiently low for

most applications in natural water samples (38). However,

this advantage is overwhelmed by several serious

disadvantages. First: it is a dynamic technique, and can not

measure the "natural" speciation of a trace element in a

water sample because the measurement itself disturbs the

ionic equilibrium. Second: adsorption of surface-active

humic matter on the mercury electrode results in decreasing

the stripping current in an unpredictable manner, which makes

the measurement of free metal ion unreliable. Third: the

deposition step measures not only free metal ion but also

metal dissociated from complexes during the process. This



22

process leads to erroneously high "free" metal ion

concentration (8, 38). Fourth: electrolytes, which will

influence the ionic equilibrium, must be added to many sample

solutions.

Some fresh waters, which have an ionic strength too low

to be directly analyzed by DPASV, can be buffered to maintain

their original pH by bubbling N2-C02 mixtures of controlled

composition through the samples. However, this is still

inconvenient, and hydrogen carbonate buffers are poorly

poised and contribute little to the sample's conductivity.

Thus, voltammetric techniques are recommended only for

seawater samples which have sufficient ionic strength without

the addition of buffer (38).

Fluorescence Spectrometry (FS):

Fluorescence spectrometry is based on the determination

of the luminescing species (free ligand) in solutions. Humic

substances in natural water fluoresce. Their maximum

excitation and emission wavelengths range from 350 nm to 360

nm and from 420 nm to 480 nm, respectively. Fluorescence can

be quenched by complexing to paramagnetic metal ions, with

unpaired electrons, such as VO+2 , Cr+3 , Mn+2 , Fe+3 , Co+2 , Ni+2 ,

and Cu+2 . Extensive studies have been done on the

complexation of Cu+2 with dissolved organic materials

especially fulvic acid (FA) in natural waters. This -is

probably because Cu+2 quickly forms complexes of high
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stability with humic substances. Usually, solutions

containing humic substances are titrated by metal ions, and

the extent of FQ is measured (39-44).

To make quantitative use of fluorescence quenching (FQ)

in the study of metal-ligand complexes, several assumptions

should be made. First, fluorescent centers must be

representative of all molecules in the humic material

mixture. Even though some researchers believe that only a

small fraction of the HS molecules fluoresce, in a

preparative RP-HPLC study of FA, 70 % by weight was recovered

from separation based on fluorescence detection (45).

Second, fluorescence quenching must be proportional to the

amount of ligand complexed. Third, uncomplexed metal must

not cause fluorescence quenching, and the complex itself must

not fluoresce (16).

In simultaneous FQ and ISE studies using tyrosine-Cu+2

the results indicated that conditional stability constants

and total tyrosine concentration values calculated from

fluorescence titrations agreed well with those values

obtained from ISE (40, 41). In the study of copper-dissolved

organic matter, Cu+2 -FA binding and fluorescence quenching

agreed over more than four orders of magnitudes of added Cu+2

(42). Furthermore, experimental data showed that the

uncomplexed metal ions at pH = 1.4 did not quench the

fluorescence of FA solution (39). Generally, the FQ methods
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were found to agree with the experimental data obtained from

other independent methods (39-43).

Several advantages were found in FS studies over most

other speciation techniques (8). First, in contrast to DPASV

and ISE ones, FS studies are appropriate for unmodified

natural water samples. FS is a very sensitive technique in

all media and no added electrolyte or buffer is necessary.

Second, it is fairly rapid and simple to operate. Third, FS

conveniently allow simultaneous monitoring of light

scattering (41), which measures the formation of colloidal

materials containing metal ions and humic material. Fourth,

FS differentiates free from bound ligand, and make an

excellent complement to other complexing capacity techniques

such as DPASV, ISE and dialysis/atomic absorption which

measure free metal ion (41).

However, some disadvantages and errors still exist in FL

studies. First, parameter estimates based solely on FQ data

and a simple 1:1 model are unreliable due to strong

covariance among the three fitting parameters Q, A, and

[CuL], (Q=A[CuL], where Q is quenching, and A is constant

with value dependent on instrumental set up and sample

characteristics) and a large error in computed [Cu+2 ] may

occur if total copper >> [Cu+2 ] (42, 43). Second, additional

errors arise because the relationship between quenching (Q)

and bound Cu concentration [CuL] is not always linear as

commonly assumed. Actually, the linear relationship between
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Q and [CuLl is valid only over a limited concentrational

range (42). Clearly, a linear relationship should not be

assumed without independent calibration (43). Furthermore,

the value of A, in the relationship Q = A[CuL], is dependent

on the characteristic of the binding sites, and different

sites have their own A values (43). Third, of the structural

components in fulvic acid, it is likely that only substituted.

aromatics (e.g. phenolics, amines) will fluoresce. However,

if complexing occurs only through non-fluorescent sites such

as citrate or malonate which are reported to be parts of

fulvic acid (44), then no quenching would be observed and a

large error occurs in speciation. Finally, the fluorescent

molecule may not represent all of the molecules in humic

substances.

Separation Methods

Separation approaches have two major disadvantages as

compared to non-separation ones. First is the possibility of

shifting equilibria and second is the possibility of the

adsorption of metal ions, humic material, and their complexes

on membrane or chromatographic material. Separation methods

allow measurement of almost any metal ion by sensitive

methods such as atomic absorption, fluorescence, plasma

spectrometry, or by nuclear chemistry techniques. Through a

variety of methods nearly any metal ion can be measured down

to the level of nanomolar concentrations (8). Moreover, as



26

will be demonstrated in this research, the heterogeneous

ligands, their copper complexes, and the simple ligand and

their copper complexes can be clearly separated and

determined by separation methods.

Membrane Techniques:

Experiments using ultrafiltration (UF) and equilibrium

dialysis (ED) membrane have several general problems: (a)

humic substances, metal ions, and their complexes can adsorb

on membranes resulting in side reactions, (b) pores can be

partially clogged during the experiment, thus resulting in

change of the pore size, and (c) membranes are generally

expensive (8).

The UF method for metal ion separation has been

thoroughly evaluated (40, 46, 47). This method has several

potential advantages for speciation in natural waters.

First, it can be applied to a wide range of metal ions with

many ligands. Indeed, several naturally occurring ligands

including humic and fulvic acids exhibit characteristic

retentions on UF membranes due to specific charge and size.

Second, low ac (aC = MT/[M], MT is the total metal ion, and M

is free metal ion) can be measured, i.e., the method can be

applied to low concentration of ligands, such as those found

in natural waters. Third, it is simple, and can be easily

automated. Fourth, specification is faster than ED.
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However, ultrafiltration exhibits several drawbacks.

First, the range of ac from 1.2 to 50 that can be measured is

narrower than those of potentiometry or voltammetry. Second,

the number of membranes at one's disposition is limited for

study of ligands with low molecular weight, in the range of

few hundreds. Third, a major difficulty in interpreting UF

data is that no membrane has pores small enough-to separate

completely dissolved metal complexes from metal ions adsorbed

on colloidal particulate matter. Fourth, the choice of

electrolyte concentration, which is used to improve the

selectivity of the techniques, is dictated by the type of

membrane used.

The ED method for metal ion speciation has been

demonstrated by a cation exchange membrane (48). The

advantages of this technique were the use of inexpensive,

throwaway cells and short operation time (less than one

hour).

Chromatographic Techniques:

Chromatographic experiments use either materials which

bind metal complexes or those which bind metal ions. Metal

complex binding materials include hydrophobic polystyrene

(XAD) resins and octadecylsilane bonded to silica (C-18),

which is commonly used in reversed phase liquid

chromatography. Metal binding materials include size-
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exclussion materials such as Sephadex, manganese dioxide, and

strong cation exchange and chelating resins (8).

Metal complex binding chromatography should be carefully

used for two reasons: (a) the often effective C-18 material

probably has the capability to bind a portion of or all of

metal complexes. For example, the use of C-18 underestimated

complexed copper in surface seawater relative to the

voltammetric approach, (b) in contrast, some metal complexes

in surface seawater passed through the column (49).

Metal binding chromatography also has serious drawbacks

(8, 50, 51): (i) the humic substance, which is adsorbed on

the column, will retard the elution of free metal ion by

salts or buffers in the elution medium, (ii) for correction

of metal ion not bound to humic matter, any buffer used for

elution necessitates precise knowledge of its stability

constant(s) with the metal ion, (iii) it is necessary to

correct concentrations of free metal ion for adsorption on

MnO2 if used.

Although chromatographic techniques have several

drawbacks, many researches have studied metal-ligand

complexes by HPLC (see below).

I-5 Published Studies on Cu-FA, Cu-CFCA and Cu-ADPA

Measurements of Complexing Capacity and Conditional Stability

Constants:
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The method of titration of humic acid or fulvic acid

with ionic copper has been widely used in determination of

the complexing capacity (CC) and the conditional stability

constant (K). The complexing capacity is determined from the

plot of free Cu+2 versus total Cu(II) as shown in Figure 1-4.

In the initial stage very little copper is determined (i.e.

the slope is very small), because most of the added metal is

complexed. However, once the complexing capacity is exceeded

(i.e. when the copper concentration is greater than the

ligand concentration), the slope increases since all the

added copper ion remains in an uncomplexed form.

The simple 1:1 model (ML) complexation is demonstrated

(52).

M + L _ = ML,

[ML]

K = ------------------------ (I-12)

[M] [L]

where K is the conditional stability constant at a fixed pH

value. The total metal concentration MT and total ligand

concentration LT are given by

MT = [M] + [MI] + [ML]---------------------------(I-13)

LT = [L] + [ML]----------------------------------(1-14)

where [M], [L] are the concentrations of free metal and free

(organic) ligand respectively, [MI] is the concentration of

metal-inorganic complexes, and [ML] is the concentration of
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Figure 1-4. Complexation-capacity curves (total added metal

(on abscissa) vs free metal, (Cu2 +]) measured for fulvic acid

(FA, 1.8 x 10-4 M COOH) and calculated for model ligands (all

2.7 x 10- M). Fulvic acid data: o. (ref. 16).
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metal-organic complexes or complexing capacity. At

equilibrium these species can be expressed as

[M] [M] 1

= + --------------------------- (I-15)

[ML] LT KLT

A plot of [M]/[ML] versus [M] results in a straight line with

slope 1/LT and an intercept = 1/KLT. Then, the conditional

stability constant K can be obtained from the ratio of slope

to intercept. Titration methods based on the application of

ASV and ISE, and eq.I-15 were used by several investigators

to obtain conditional stability constants K's of copper by

natural ligands in some river waters (52).

Studies of Metal-Ligand Complexation by RP-HPLC:

Early studies of metal-ligand complexation by RP-HPLC

were focussed on the enrichment of retention of a ligand in

the presence of a metal ion, which was then called "hetaeron"

and the demonstration of possibility of using RP-HPLC to

obtain conditional stability constants (53-59).

Horvath and co-workers (57) were the first to develop a

relationship between capacity factor k' and the conditional

stability constant K for a number of organic ligands and

metal ions. In the simplest case one solute molecule, S,

forms a complex with one hetaeron (or one metal ion), H, and

equilibria involved in the chromatographic process are

represented by the following scheme (57),
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K K

S + H - SH H + S

Iko k kh

S* + H - . -SH* H* + S

KI* K2*

where the asterisk denotes that the species were bound to the

stationary phase. The respective stability constants of the

complex in the mobile phase and the stationary phase were K,

Kj*, K2*. The retention (capacity) factors for the free

solute, the hetaeron and the complex, were denoted by k0 , kh

and k0, respectively. The equilibrium constants to the

stationary phase Kh, Kc, and KO were related to kh, kC, and ko

by kh = # Kh-------------------------------------(I-16)

k = Kc-----------------------------------(I-17)

ko = 4 KO - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - (1-18)

where $ was the phase ratio of the column.

The general equation can be derived as follows:

ko+ kcK[H]

k = .------------------------------- (I-19)

1 + K[H]

when k >> kh, and Kh[H ] << 1.

A linear equation derived from eq 1-19 is shown as follows:

[H ] 1 k[H ] 1

+ ---------------- (1-20)

k - k0 kc k - ko kC K
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The plot of [H / (k-k0 ) versus k[H ]/(k-ko) results in a

straight line with slope 1/k, and an intercept = 1/(kcK). The

conditional stability constant K, then, can be obtained from

the ratio of slope to intercept (57, 59). However, if

complexation has no effect on the retention, that is rI = 1

(Tc = kc/ko, k0 is k determined at high [H)), the value of

conditional stability constant K cannot be measured

chromatographically by using this method. Moreover, the rate

of K equilibrium in the mobile phase should be on the time

scale of the chromatographic run.

Several association constants for metal-binding by

various nucleotides, crown ethers and nitroso-

naphtholsulfonic acid in solution were successfully measured

by HPLC employing appropriate eluents and non-polar

stationary phases. All of the conditional stability

constants obtained were consistent with those obtained by

other methods (57).

Mantoura and Riley (60) used gel filtration

chromatography to study copper complexation with FAs. In

this study, the eluent consisted of Cu+2 and tri-

(hydroxymethyl)-amino methane (TRIS) buffer, and had the same

components as the sample solution except the sample itself.

For the complexation with Cu+2 , all of the samples were

prepared 24 hrs before injection. Then, a gel filtration

column (Sephadex G-15) was used to separate the complexed Cu+2

and the free Cu+2 . The determination of the complexed ions
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was achieved after the copper content chromatogram was

monitored by a y-scintillation counter and the copper content

in each fraction of the eluent was determined by an atomic

absorbance spectrometer.

Through equations 1-21, 1-22, 1-23, and 1-24, the

overall conditional stability constant "K" and the i-th site

conditional stability constant "K<i>" were obtained. The

unprotonated TRIS, Tf, which is free to complex with Cu+2 is

calculated by

[Tf]

pH = pKa + log ---------------- (I-21)

[Tt] - [Tf]

where [Tf] is the concentration of unprotonated TRIS,

[Tt] is the total concentration of TRIS,

Ka is the dissociation constant of TRIS.

Then, the free copper ion [Cu] is calculated by

CUT

[Cu] = -------------------- (1-22)

1 + Y8n[Tf]n

where [Cu] is the concentration of free copper ion,

CUT is the concentration of total copper ion,

and 91, 2'......nare the successive stability constants of

TRIS-Cu complex.

The overall conditional stability constant "K" is expressed

as
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[CuL ]

K = _----------------------(1-23)

[Cu] (LT- [CuL])

where [CuL] is the concentration of complexed copper ion, and

LT is the concentration of total ligand.

The i-th site conditional stability constant "K<i>" is

expressed as

V

= K<i> (ni - V)----------------------(I-24)

[Cu]

where V = [CuL]/LT, and ni is the average number of binding

sites in the i-th binding.

Finally the K<i> value is calculated from the slope and

intercept of a plot of V/[Cu] vs V.

Conditional Stability Constants:

Table 1-2 lists a series of published conditional

stability constants of model compounds and FA with Cu+2 . Ryan

and Weber (41) showed that soil FA had Ki01 values of 4.80 x

104 at pH 5, 1.08 x 105 at pH 6 and 2.84 x 105 at pH 7 by FL

titration. Pitluck and co-workers (61) suggested that

terrestrial FA had K101 values of 2.75 x 104 at pH 3 or 5 and

4.68 x 104 at pH 7 by IC-AA system. Mantoura and Riley (60)

demonstrated by a gel filtration method that lake water FA

and peat FA had two binding sites. For lake water FA, the

K<i> values of these two site bindings were 6.25 x 108 and



Conditional Stability Constants KS' of Model

and Fulvic Acid with Cu+2

compounds K values

FA K101 2.00 x 103

2.75 x 104

4.68 x 104

4.80 x 104

1.08 x 105

2.84 x 105

7.06 x 107

2.66 x 108

Two site bindings:

K101<1> 3.23 x 108

6.25 x 108

K101<2> 1.44 x 107

1.11 x 108

Five site bindings:

K10<1>

Ki-pc<2>

K1-11<3>

K1-21<4>

K1-21<5>

CFCA Ksi-1

K101

7.94 x

3.12 x

4.33 x

3.29 x

8.91 x

1.78

1.05 x

5.01 x

condition (Sources) ref. no.

pH 8, 200C (soil) 41

pH 3 or 5 (terrestrial) 61

pH 7 (terrestrial) 61

pH 5 (soil) 41

pH 6 (soil) 41

pH 7 (soil) 41

pH 8, 200 C (peat) 60

pH 8, 200C (lake water) 60

pH 8, 200C 60

(peat)

(lake water)

(peat)

(lake water)

pH 5 to 9 (Suwannee

River)

29

103

101

10-1

10-8

10-11

106

1012

7.08 x 1012

pH 3.3 to 7

IS = 0.1 N NaCl

pH 5 to 8

IS = 0.2 M KCl

pH 4.5 to 7.8

IS = 0.1 M NaClO4

11

11

14

10

10K102 5.50 x 1022

(To be continued)

Table 1-2
Compounds

36
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Table 1-2 (Continued 1)

compounds

CFCA K1 1 1

K12 1

k2-11

K2-33

K201

K2 03

K3 -22

K302

ADPA K101

SA K101

K102

PA K1 0 1

K1 0 2

MA K101

K 1 0 2

K103

DHB K101

K values

2.88 x

6.76 x

2.00 x

3.47 x

9.33

2.51 x

1.00 x

2.57 x

1.58 x

2.09 x

9.60 x

6.46 x

conditions (Sources)

1010

1017

1023

103

1016

1038

107

1032

103

1010

109

6.76 x 1010

3.63 x 1017

7.58 x 1018

3.16 x 102

3.09 x 104

1.20 x 106

1.05 x 104

7.94 x 104

6.92 x 106

1.58 x 106

2.00 x 1022

K101 7.94

K102 7.94

(To be continued)

x

x

pH

IS

pH

IS

IS

pH

IS

IS

2.5 to 5

= 0.1 M NaClO4

3.6 to 10.2

= 1 M KNO3

= 0.1 M KNO3

1.3 to 2.3

= 0.1 M NaClO4

= 0.1 M KNO3

pH 3.8 to 10

pH 3.8 to 8, 200C

IS = 0.1 M KNO3
1013

1024

ref. no.

11

10

14

11

11

14

14

11

14

9

13

62

63

62

63

64

65

65

63

66

63

66

67

66

66
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Table 1-2 (Continued 2)

pCu + qH + nLL CupHqLn

[CupHgLn]

Kpqn =

q : positive protonation of the ligand

negative deprotonation of the ligand

IS : ionic strength

[Cu]P[H]q[L]n
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1.11 x 108, and for peat FA, K<i> were 3.23 x 108 and 1.44 x

107, respectively. Cabaniss and Shuman (29) demonstrated that

Suwannee River FA contained five binding sites with K<i>

values of 7.94 x 103, 3.12 x 101, 4.33 x 10-1, 3.29 x 10-8 and

8.91 x 10-11 using ISE and the N-sites model. Several

conditional stability constants (K) of CFCA with Cu+2 have

been reported. Lamy and co-workers (10) suggested that CFCA

had K101 = 7.08 x 1012, K102 = 5.50 x 1022 and Kiii = 6.76 x

1017 using an ISE system. Linder and Voye (11) showed that

CFCA had K101 = 1.05 x 106, Ki-ii = 1.78, Kili = 2.88 x 1010,

K2-33 = 9.33, K2-11 = 3.47 x 103, and K3-22 = 2.57 x 107 by

potentiometric titration. Kiss and co-workers (14)

demonstrated that CFCA had K121 = 2.00 x 1023, K1 0 1 = 5.01 x

1012, Ki-ii = 7.94 x 104, K102 = 1.58 x 1020, K201 = 2.51 x

1016, K203 = 1 x 1038 and K302 = 1.58 x 1032 by potentiometric

titration. For complexation of ADPA with Cu+2, Shelke and

Jahagirdar (9) showed that ADPA had K101 = 2.09 x 103 at 20%

dioxane-water solution by titration method, and Coetzee (13)

demonstrated that ADPA had K101 = 9.55 x 101 at 250C, 0.1 M

ionic strength solution by ISE system.

1-6 Research Objectives

In recent years the use of RP-HPLC to investigate

organometallic complexes has dramatically increased. In the

case of complex heterogenous ligands such as fulvic acids,

the ability to separate and characterize individual peaks
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representing different complexes offers a significant

advantage over other techniques such as DPASV or ISE. The

investigation of metal organic complexes by RP-HPLC has its

advantages and pitfalls. The advantages are basically due to

(i) ability to separate both ionic and complexed species,

(ii) ability to characterize the separated complexes, and

(iii) ability to calculate the stability constant of each of.

the separated peaks from different detectors' responses. The

pitfalls are due to (i) adsorption on the stationary phase,

and (ii) possibility of shifting the equilibria. Important

questions relevant to the use of RP-HPLC to study metal

organic complexes are (i) Is it possible to efficiently

separate the ionic from the complexed species ?, (ii) How do

the retention behaviors of the ligand and complexed ligand

differ ?, (iii) What is the mass balance of copper in a

typical complex chromatogram ?, and (iv) What is the

influence of kinetic factors on the chromatograms ?.

Two of the best separations of fulvic acid into several

fractions by RP-HPLC have been demonstrated as shown in

Figure 1-5 (68, 69). The only one research concerned about

the studies of FA-Cu complexation by RP-HPLC is shown in

Figure 1-6 (45). To date, few research papers have been

published on application of HPLC in studies of copper-fulvic

acid complexes. A few publications have appeared in the

literature on the application of RP-HPLC to FA-Cu complexes

(70-72). The technique was essentially used to concentrate
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Figure I-6. Fluorescence chromatograms of uncomplexed FA,

FA/Cu (1:1), and procedure blank. Column: Novapak. Gradient

Program I. (ref. 45).
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FA-metal complexes from surface or marine waters. Mill and

Quinn (71) found that most of the complexed Cu(II) in natural

waters were of intermediate polarities. Mackey (72)

separated several Cu-organic complexes of high and

intermediate polarities from sea water by RP-HPLC.

The purpose of this research project was to determine

the conditional stability constants for each of the binding

sites in purified aquatic FAs with copper ions through the

combined use of RP-HPLC followed by UV, or UV-photodiode and

fluorescence detection(s). The approachs in this research

were to (i) utilize separation equilibria in RP-HPLC to study

the retention behavior of organic ligands and their Cu(I.I)

complexes, (ii) simultaneously use UV-PDA, FL and AA to

characterize the separated peaks, (iii) study the influence.

of reaction time on the complexation reaction, (iv) determine

the conditional stability constants or characteristics of

each binding sites of FAs and those of model compounds with

copper metal ions, and (v) compare and evaluate the two

methods, including phosphate and RE methods, used in

determination of conditional stability constants.

Factors affecting Cu(II) complexation with

polyfunctional ligands may be divided into:

(i) experimental conditions:

pH, ionic strength, molar ratio, molarity, and

equilibration time.
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(ii) special conditions:

presence of other ligands, presence of other complexing

metals, and reaction between the ligand or the complex

with the measuring device or system.

Reversed-Phase High Performance Liquid Chromatography (RP-

HPLC)

Some of the selectivity parameters on RP-HPLC which are

of concern in this research are briefly discussed. These

include (i) mobile phase composition, (ii) mobile phase pH,

(iii) hetaeron (complexing agent), and (iv) ionic strength.

(i) Mobile phase composition

Eluents used in RP-HPLC with a bonded nonpolar

stationary phase are polar solvents or mixtures of polar

solvent such as methanol with water. The most significant

properties of the solvent are surface tension, dielectric

constant and viscosity as shown in Table 1-3. By changing

the composition of the mobile phase, these parameters will be

varied to different extents and affect the retention and

resolution of the solutes. Under otherwise identical

conditions, the greater the surface tension of the eluent,

the greater the retention of a non-polar solute. High

dielectric constant results in increasing the interaction

between the polar group of the solute and the mobile phase,

thus, reduces the capacity factor of the ionic or polar

solute. The viscosity of the mobile phase affects the
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Table 1-3 Properties of Solvents Used in this Research

(ref.73)

Solvent Tj (cP) C 7 (dyn/cm) g (Debye) p (g/cm3 )

Acetonitrile 0.358 38.8 29 3.37 0.787

Methanol 0.584 32.7 22 1.68 0.792

water 1 78.5 73 1.84 0.998

T1 viscosity

E : dielectric constant

7 surface tension

. dipole moment

p density
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efficiency of the separation by altering longitudinal

diffusion. The band spreading of chromatographic peak is

reciprocal to the viscosity of mobile phase. Thus, the lower

the viscosity of the eluent, the lower the plate height of

column is and that means the better the resolution (59).

(ii) Mobile phase pH

Solute dissociation has a pronounced effect on

chromatographic behavior, particularly when the pH of the

mobile phase is in the neighborhood of its pKa value (73).

Two simple equations describing the relationship between

retention factors and pH value are shown as follows.

For monoprotic acids, the retention factors (capacity

factors) are expressed by

ko + k-i(Ka/{H+})

k ------------------ (1-25)

1 + (Ka/{H+))

where ko and k_2 are the limiting retention factor of the

neutural and ionized forms (negative charge) of the acid and

Ka and {H+} are the acid dissociation constant and proton

activity, respectively.

A similar expression for the retention factor of weak

monoprotic bases is given by

ko + ki({H+}/Ka)

k= (-----------------(I-26)

1 + ({H+}/Ka)
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where Ka is the protonic dissociation constant for the base

and k1 is the limiting retention factor of the positively

charged species.

As a crude approximation, the retention factor k of a

weak acid remains stable as k0 until the value of "pH-pKa"

equals -1, at this point k drops significantly and then

restabilizes as k-1 when that of "pH-pKa" equals 1.

Conversely for the weak base, k is stable as k1 until the

value of "pH-pKa" equals -1, where it increases

significantly, and then stabilizes as k0 when that of "pH-pKa"

equals 1. By adjusting the pH value of mobile phase, the

retention of solute peaks can be controlled. The extent of

pH influence on the capacity factor can be elucidated by the

secondary equlibria and the extended Debye-Hukel theories.

The greatest capacity factors of solutes can be anticipated

when they are un-ionized (53, 74).

(iii) Hetaeron

The concentration of hetaeron in the mobile phase can be

used to adjust the retention of solutes on RP-HPLC as

mentioned earlier.

(iv) Ionic strength

The dependence of retention factor on the ionic strength

of the eluent for ionized and un-ionized solutes have the

following results: (a) an initial decrease followed by

monotomic increases in retention factor of ionized eluties is

as a consequence with increasing salt concentration (ionic
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strength) in the mobile phase, and (b) the retention factor

of un-ionized eluties increase monotonically with the ionic

strength in the mobile phase due the increasing surface

tension (59).

Fluorescence Quenching (FQ)

Saar and Seitz (75) introduced a fluorescence sensor for

determination of Al+3 in aqueous solutions. The fluorescence

sensor was the immobilized morin (3,5,7,2',4'-

pentahydroxyflavone) which was only weakly fluorescent by

itself but formed highly fluorescent complexes with Al+3 . To

determine the conditional stability constant "K" of the morin

with Al+3 , the simple equation as follows was applied.

{Al} {Al} 1

= + ----------------------- (1-27)

I bC bCK

where C is the total number of immobiled morin molecules, b

is a constant (I = b[ML]), {Al} is the aluminum metal ion

activity in solution, and I is the fluorescence intensity.

Through a plot of {Al}/I vs {Al}, the conditional stability

constant K can be obtained from the slope of 1/bC and the

intercept of 1/bCK. However, this is not what is usually

called the "fluorescence quenching" method.

Fluorescence intensity may be quenched (diminished or

even eliminated) due to the deactivation of the excited

states responsible for luminescence by interaction of .either
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the ground or excited states of the luminescing species with

other species in solution (76).

Quenching processes may be divided into two categories,

dynamic quenching and static quenching.

(a) In dynamic quenching, interaction between the quencher

and the potential luminescer takes place during the life time

of the excited state. As a result, the efficiency of dynamic

quenching is limited by the lifetime of the excited state of

the potential luminescer and the concentration of the

quenching species.

(b) In static quenching, the diminished quantum yield of

fluorescence results from complexation in the ground state

between the quenching species and the molecule which, when

alone excited, should eventually become a potential

fluorescing species. The complex is generally not capable of

luminescing in both ground and excited states. As a result,

the ground state reaction diminishes the intensity of

fluorescence of the potentially luminescing species. The

famous Stern-Volmer equation for the static quenching case is

expressed as follows (76):

F/Fo = 1/(l+Kg[Q'])------------------------------(I-28)

where, FO and F are the fluorescence intensities in the

absence and the presence of quencher, respectively. [Q'] is

the concentration of quencher, and Kg is the ground-state

association constant for the complexation of quencher with

luminescer.



50

Application of eq.I-28 results in the capability of

determination of conditional stability constants of FA-Cu,

and model compound-Cu complexation as long as the total

concentration of copper ions (free and complexed copper ions)

and that of the FAs or model compounds are known. The

nondestructive and fast-operative characteristics make FQ to

be a very good analytical technique for determination of

ligand complexation constants.
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CHAPTER II

EXPERIMENTAL

The experimental approach of this research was to

investigate the retention behavior of uncomplexed and

complexed FA under different chromatographic conditions.

Separation was monitored with different detectors such as

fluorescence (FL), UV-photodiode array (UV-PDA), atomic

absorption (AA) spectroscopy, and conductivity detectors.

The conditional stability constants of Cu-complexed FA were

determined by data on fluorescence quenching (FQ), UV-PDA and

AA.

Figure II-1 shows a flow chart of the experimental
schemes used. Starting with purified Suwannee River-Fulvic

Acid (SR-FA) and selected model compounds, samples were

subjected to four analytical trains:

Train I: Analytical ion-exchange HPLC (IE-HPLC)

SR-FA were separated by IE-HPLC under isocratic

condition by selective solvent elution. Separation was

monitored by conductivity, and fixed-wavelength UV detectors.

Train II: Analytical RP-HPLC and application of retention

enrichment (RE) method

SR-FA were separated on RP-HPLC under isocratic'

conditions by selective solvent elution and monitored by UV-
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PDA. Another part of this train included the application of

the RE method on FA and model compounds using RP-HPLC with

UV-PDA and FL detectors.

Train III: Preparative RP-HPLC of complexed Cu-FA and Cu-

compound solutions

The complexed Cu-FA and each of the complexed Cu-

compounds solutions were fractionated by RP-HPLC under

gradient conditions and were monitored by UV-PDA. The copper

content in each of the fractions as well as the un-

chromatographed solutions were determined by AA.

Train IV: Analytical of RP-HPLC and application of FQ method

The complexed and uncomplexed sample solutions were

separated and monitored by RP-HPLC under gradient conditions

using UV-PDA and fluorescence detectors. The conditional

stability constants (K) of FA and model compounds with copper

ions were determined from the FQ, UV and AA data.

II-1 Material and Reagents

Sample:

Column chromatographic methods using either the nonionic

XAD resins or the anionic resin, Duolite A-7, are currently

the most commonly used methods for isolating humic substances

from water. The standard SR-FA (1) used in this research was

purchased from the International Humic Substances Society.

These were prepared according to the following procedures

published by Malcolm and coworkers (1).
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The standard SR-FAs were obtained by using the silver-

membrane filters. The method is based on adsorption of HS on

XAD resins followed by elution with 0.1 N NaOH. The XAD-8

resin is an uncharged but slightly polar resin composed of a

polymerized methyl ester of polyacrylic acid. The NaOH

extract was acidified to pH 1 with concentrated HCI, chilled

to 20 C in an ice bath, and then centrifuged to separate the

precipitated HA from the soluble FA. The solution of FAs

contained a high concentration of NaCl, which was removed by

desalting on an XAD-8 resin with deionized water. After a

few desalting runs, the XAD-8 resin column was back-eluted

rapidly with 0.lN NaOH, and the solution passed rapidly

through a column of hydrogen-saturated exchange resin. The

solution was below pH 4.5 after the pretreatment, and then

passed at a fast, dropwise rate through another hydrogen

saturated resin exchange column for complete hydrogen

saturation. Finally the hydrogen-saturated FAs were freezed-

dried, homogenized, and stored in glass vials for future

characterization and use.

Reagents:

All reagents and chemicals used in this research are

listed below. The sources of manufacture and CAS number are

included for each.

Sodium tetraborate decahydrate [1303-96-4] was purchased

from Mallinckrodt Chemical Works. HPLC grade acetonitrile
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[75-05-8], maleic acid [110-16-7], and adipic acid [124-04-9]

were ordered from Aldrich Chemical Company. Acetic acid [64-

19-7], di-sodium hydrogen phosphate heptahydrate [7782-85-6],

and cupric sulfate pentahydrate [7758-99-8] were obtained

from Matheson Coleman & Bell Manufacturing Chemists. Sodium

hydroxide [1310-73-2], ortho-phosphoric acid [7664-38-2], and

anhydrous mono-potassium hydrogen phosphate [7778-77-0] were

bought from J. T. Baker Chemical Co. HPLC grade methanol

[67-56-1], sodium d-gluconate [527-07-1], glycerol (or

glycerin) [56-81-5], and vanillic acid [121-34-6] were

purchased from Sigma Chemical Inc. Caffeic acid [501-16-6],

phthalic acid [88-99-3], salicylic acid [69-72-7], and 2,4,6-

trihydroxy benzoic acid [83-30-7] were ordered from Fluka

Chemical Inc. Concentrated buffer solutions at pH 4 and pH

7, boric acid [10043-35-3], sodium sulfate decahydrate [7727-

73-3], sodium acetate trihydrate [6131-90-4], and cupric

nitrate trihydrate [19004-19-4] were obtained from Fisher

Scientific Company. High purity helium gas was bought from

Scott Specialty Gases. All of the deionized Milli-Q (M.Q)

water was produced by a Millipore Milli-Q Water System

purchased from Millipore Corporation.

11-2 Instrumentation

In the first train and part of the second ,a Waters ion

chromatograph model 501 solvent delivery system was used. In

part of the second train as well as the third and fourth
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trains, an HP model 1090 system was used. Additional

instruments included a Perkin Elmer model 2380 atomic

absorption spectrophotometer and an Aminco Bowman photo

counting spectrophotofluorometer system.

HPLC systems:

1. The Waters ion chromatograph included a Model 501

solvent delivery system with single pump; Waters Model

740 data module (which is a single-channel recorder/

integrator), and Waters Model 430 conductivity detector.

For selected experiments, the system was connected to a

Beckman fixed-wavelength Model 160 UV-Vis detector.

Chromatograms from the UV-Vis detector were printed on a

Kipp & Zonen Model BD 41 dual channel recorder.

2. The Hewlett Packard HP 1090 LC system was equipped

with a UV-Vis photodiode array (PDA) detector, DR-5

ternary solvent delivery pump, HP 85 B Computer, and HP

7470 plotter. For most experiments, the system was

connected to a Schoeffel Model 970 LC fluorometer

detector.

Specifications of the UV-PDA

Molecular absorption UV-Vis spectrophotometry requires

detectors with high-UV to near-IR (NIR) response, large

dynamic range, linear response, low noise, and temporal

as well as thermal stability. The photodiode array used

as a UV-Vis spectrophotometric detector meets these
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requirements with an added advantage over classical

systems of acquiring the entire UV-Vis spectrum

simultaneously. With a PDA spectrophotometer, all

wavelengths in the 190-650 nm region can be acquired

simultaneously in milliseconds or less. The UV-Vis PDA

detector provided a new dimension to UW-Vis spectroscopy

in that spectral acquisition time is no longer the

limiting step in most chemical analyses. Diode arrays

having numbers of elements ranging from 128 to 1024 and

even up to 4096 have become available (2).

In the HP-1090 system, the optical unit directs

radiation from a deuterium lamp through a quartz flow

cell and then disperses the transmitted radiation onto a

linear array of more than 200 photodiodes that are

monitored at wavelengths in the range 190-600 nm. One

of the applications of PDA in HPLC is examination of the

purity in each of the chromatographic peaks. Three

examination methods are available (3): (i) being taken

at the upslope, apex and downslope of the peak, the

spectra are overlaid after the absorbance of each

spectrum is normalized; the eluted peak is proved to be

pure with more than 95% confidence of the spectra match,

(ii) the coeluted peak is examined by the nonconstant

absorbance ratio data from the plot of the absorbance

ratio of the peak at two different wavelengths, and

(iii) any impurity existing in the peak is demonstrated
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by the visible distortion of the isoabsorbance contour

plot.

In contrast to high cost LC-MS systems and

unapplicable GC-MS systems (which are not for

nonvolatile compounds), the UV-Vis photodiode offers a

neat quantitative and qualitative analysis of

nonvolatile compounds under the limitation of a tight

budget situation. Being right next to mass

spectroscopy, UV-Vis PDA is the second best reliable

detector for identification of these compounds.

Scanning Spectrophotofluorometer system:

An AMINCO Bowman photo counting spectrophotofluorometer

was equipped with a Xenon lamp power supply, Aminco 4-

8912 ratio photometer and Aminco 1620-855 X/Y recorder.

This system had the function of scanning wavelengths

ranging from 200 to 800 nm for either excitation or

emission.

Atomic Absorption Spectrophotometer system:

A Perkin Elmer Model 2380 atomic absorption

spectrophotometer was equipped with an Impact Bead

nebulizer and an air/acetylene flame source. All of the

data results were shown on a digital screen.
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Others:

DAMON/IEC clinical centrifuge, Corning Glass Works Model

PC-353 laboratory stirrer, Fisher Scientific Model XA-

200DS analytical balance, Markson Science Electro-Mark

analyzer (pH meter), and Millipore Milli-Q water system.

11-3 Methods

All of the HPLC columns used in this research and their

characteristics are listed in Table II-1. Several eluents

were used . Their compositions are listed in Tables 11-2 to

11-5. Samples were introduced by way of 20 p1 - 50 pl sample

loops into the HPLC system. Several analytical quality

control steps were followed throughout this research. These

included the following: (a) Each sample was injected in

triplicates to check reproducibility; (b) With each mobile

phase after establishing the base line, a procedure blank was

injected before each of the samples were injected; (c) Every

few injections, a mobile phase injection was made to check

the stability of the base line and the complete elution of

the salutes in the sample; (d) In all the experiments, the

sample solution was centrifuged, and filtrated through a 0.45

gm glass fiber filter before injection into the system; (e)

All the mobile phases were filtered through a 0.45 gm fiber

filter and degassed by a suction system or pumping with N2

before use in the HPLC system.
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Train I: Analytical IE-HPLC

Sample and mobile phase preparation: Borate buffer

concentrate was prepared by dissolving 16 g of sodium

gluconate molecular weight (MW 218.14), 18 g of boric acid

(MW 61.83), and 25 g of sodium tetraborate decahydrate (MW

381.37) to 1000 ml of M.Q water. The glycerin solution

consisted of 25 ml of glycerin (MW 92.09) and 75 ml of M.Q

water (25 %). Standard borate buffer solution (1.0 strength)

was prepared by mixing 20 ml of borate buffer concentrate, 10

ml of 25 % glycerin solution, 120 ml acetonitrile (MW 41.05),

and 850 ml of M.Q water. 0.1 % FA solution was prepared by

adding 10 mg of FA (MW 900 or 1000) into 10 ml of standard

borate buffer solution.

Train II: Analytical RP-HPLC (Isocratic)

Part I: Optimization of RP-HPLC in Separation of FA

Sample and mobile phases preparation: Phosphate buffer

concentrate (0.4 M, pH 7.0) was prepared by dissolving 12.7 g

of monopotassium hydrogen phosphate (MW 136.1) and 32.15 g of

di-sodium hydrogen phosphate heptahydrate (MW 268.1) into 500

ml M.Q water. 0.2 M and 0.1 M of phosphate buffer solution

were made by two- and four-fold dilutions of phosphate buffer

concentrate (0.4 M, pH 7.0) respectively. The 0.02 % FA was

prepared by adding 5 mg of FA (MW 900 or 1000) in 25 ml of

M.Q water.
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In this experiment, an Act-II column, which had both

ion-exchange and reversed functions, was used. Table 11-3

includes the eluents used to optimize the resolution of FA

sample on Act-II column as well as the operating conditions.

The pH value of these eluents were adjusted using 5M NaOH and

phosphoric acid.

Part II: Application of Retention Enrichment (RE) method

Sample and mobile phases preparation: 1 x 10~4 M of FA

and model compounds including caffeic acid (MW 180.16),

vallinic acid (MW 168.1), and salicylic acid (MW 138.12) in

25 ml methanol solutions were prepared. Acetate buffer (0.2

M, pH 5.6) solution was prepared by dissolving 6.80 g of

sodium acetate trihydrate (MW 136.08) into 250 ml M.Q water

and adjusting the pH with acetic acid. Cupric sulfate

solution (0.1 M) was made by adding 2.50 g of cupric sulfate

pentahydrate (MW 249.69) into 100 ml M.Q water. Sodium

sulfate solution (0.133 M) was prepared by dissolving 4.29 g

of sodium sulfate decahydrate (MW 322.19) into 100 ml M.Q

water.

In this experiment, a Phenomenex Baundclone 10 C18

column and a 50 l sample loop were used. Table 11-4 lists
the eluents used and the operating conditions. Two eluents,

containing [Cu+2]/[sample] ratio of 0:1 and 10:1, were

prepared from acetate buffer, cupric sulfate, and sodium

sulfate solutions. The pH of the eluents, which had almost
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the same ionic strength, were adjusted with 1 x 10-2 M acetic

acid to 4.8. The FL excitation and emission wavelengths were

fixed at 350 nm and 470 nm for CFCA, 380 nm and 418 nm for

VA, 300 nm and 418 nm for SA, and 375 nm and 470 nm for FA.

Fluorescence Response:

Sample preparation: Phosphate buffer solution (8 x

10-3 M) was prepared by 50-fold dilution of 0.4 M of

phosphate buffer concentrate, and was used as solvent. Three

different solutions A, B and C were 100 % M.Q water, 70 %

phosphate buffer (8 x 10-3 M) and 30 % of methanol, and 100 %

phosphate buffer (8 x 10-3 M) respectively. Model compounds

including 1,2-dihydroxybenzene (DHB), caffeic acid (CFCA),

salicylic acid (SA), phthalic acid (PA), vanillic acid (VA),

2,4 ,6-trihydroxybenzoic acid (THBA), adipic acid (ADPA), and

maleic acid (MA), and their corresponding Cu complexes (1:1)

were dissolved in the three solutions (at 1-10 x 10-4 M)

respectively. All of the samples were tested for

fluorescence response, twenty four hrs after preparation.

In this experiment, all the model coupounds as well as

SR-FA (5.55 x 10-4 M), and their Cu-complex solutions were

scanned by a spectrofluorometer. All of the freeze-dried

fractions solution from semipreparative RP-HPLC (described

later) were also scanned and compared to their original

mixture solutions. The excitation wavelength was set- from

200 nm and increased for each scan by 25 nm to 650 nm. The
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emission wavelength was continuously scanned from 400 nm to

650 nm for each fixed excitation wavelength.

Train III: Complexation and Semi-Preparative RP-HPLC

Sample preparation: 2.74 x 10-2 M of ADPA and complexed

ADPA/Cu (4:1) solutions as well as 6.85 x 10~3 M copper

nitrate (as Cu-background) were dissolved in 10 % of M.Q

water, 30 % of methanol, and 60 % of 8 x 10-3 M (50-fold

diluted) phosphate buffer mixed solution (pH 7.0)

respectively. The FA (2.22 x 10~4 M, or 200 ppm) and FA/Cu

(1:1) complex solutions were both dissolved in 100 % of 8 x

10-3 M phosphate buffer solution. The CFCA (5.55 x 10-4 M,

or 100 ppm) as well as CFCA/Cu (1:1, 2:1, and 4:1) complexes

were dissolved in 10 % of M.Q water, 30 % of methanol, and 60

% of 8 x 10-3 M phosphate buffer mixed solution.

Table 11-5 lists the concentration and molar ratio for

each of the injected samples, the column, mobile phase, and

the gradient programs (I, II, III & IV) used in the

analytical and semi-preparative separations. All of the

samples used in the semi-preparative-RP-HPLC were CFCA/Cu

(1:1, 2:1 & 4:1) as well as ADPA/Cu (4:1) at 24 hr and FA/Cu

(1:1).

In the semipreparative experiments, the same sample

loops (20 l for FA and CFCA, or 50 l for ADPA) and column,

and the same gradient program II used in the analytical RP-

HPLC were used. The CFCA/Cu and FA/Cu solutions were,
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individually injected 50 times. After 50 injections, each of

the fractions (part I, part II, background and postrun) were

freeze-dried to 1 ml solution for futher fluorescence

scanning testing and copper content determination by AA

system. The ADPA/Cu solution was injected 20 times. After

20 injections, each of the fractions (part I, II, III & IV)

were freeze-dried to 1 ml solution for copper content

determination by AA system.

Atomic Absorption Spectrometry for Copper Determination:

One ml of filtered CFCA/Cu, 1 ml of filtered FA/Cu, 1 ml

of filtered ADPA/copper, and 1 ml of freeze-dried solution of

each fraction from the semi-preparative RP-HPLC were

respectively diluted to 3 ml by 10 % of M.Q water, 30 % of

methanol, and 60 % of 8 x 10-3 M phosphate buffer mixed

solution. After the FL scanning, all of the solutions as

well as the blanks for the solutions were determined by AA

system using 30 % nitric acid in M.Q water as a system blank.

Train IV: Analytical RP-HPLC (Gradient)

In this experiment, the gradient programs (I, II, III &

IV) consisted of a 500-fold diluted phosphate buffer (pH 5.6,

5.2, or 4.8) solutions and acetonitrile, or a HOAc solution

(pH 2.9) and acetonitrile as listed in Table 11-5. In order

to distinguish it from RE method, the method using gradient

programs with phosphate buffer is named phosphate method.
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All the samples prepared in the semi-preparative RP-HPLC were

used in this analytical RP-HPLC. A HPLC-UVPDA-FL system as

shown in Figure II-1 was used. The wavelengths of UV and FL

used to monitor the chromatograms were as follows: (i) the

wavelength of UV for all of the samples were fixed at 254 nm

(except for ADPA and ADPA/Cu at 230 nm), (ii) the excitation

and emission wavelength of FL of FA and FA/Cu solutions were

fixed at 273 nm and 389 nm respectively, using program III,

or at 375 nm and 470 nm respectively, using program II, and

(iii) the excitation and emmission of FL of CFCA and CFCA/Cu

solutions were fixed at 350 nm and 470 nm, respectively.

11-4 Calculations

The degree of FQ, x, used as a parameter for

determination of conditional stability constant(s) (4) is

defined as:

Imax - I

x = -------------------------------- (II-1)

Imax - Imin

where Imax : the intensity of unquenched FL

I : the intensity of partially quenched FL

Imin : the intensity of completely quenched FL.

After each of the peak areas (Imax, I & Imin) for a specific

fraction part was determined, the value of x for this

fraction (or this bonding site) of the ligand was then

obtained from eq. 11-1.
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For a single bonding site, the conditional stability

constant Kn was defined as the same as those in others (4,

5), and its relationships to x, LT (the total ligand

concentration), and CUT (the total copper concentration) as

follows:

[CuLn]

Kn = ----- ~~~- ~~~~~--------------------- (1I-2)

[Cu] [L]n

where [CuLn] : the concentration of complex

[Cu] : the concentration of free copper ion

[L] : the concentration of free ligand

n : the coordination number for complex

x LT

[CuLn] - ----------------------------- (-3)

n

x LT

[Cu] = CUT ------------------------- (11-4)

n

[L] = (1-x) LT------------------------------------(II-5)

for ML and ML4 models, n = 1 and 4 were used. Finally, the

value of Kn was determined through eqs 11-2 to 11-5 after the

value of x was calculated.

For multiple bonding sites such as FA, the fraction for

the i-th bonding site, Y<i>, was defined as
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Y< = __----------------------------------(II-6)

LT

where L<i> : the ligand concentration for the i-th bonding

site

LT : the total ligand concentration, and LT was

defined as:

LT = L<i>-------------------------------------(11-7)

i=1

where m was the number of the bonding sites. Futhermore, the

fraction Y<i> was then assumed to be

A<i>

Y<i>=-- - -------------------------------- (II-8)

AT

where A<i> : the peak area of the i-th bonding site

AT : the peak area of all of the bonding sites, and AT

was defined as:

n

AT = A<i>------------------------------------ (11-9).

i=1

The conditional stability constant for the i-th bonding site,

Kn<i>, was defined and had the relationships with x<i> (the

degree of FQ for the i-th bonding site), Y<i>, LT, and CUT

(the total copper concentration) as follows:
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[CuL<i>n]

Kn<i> ------------------------- (II-10)

[Cu] [L<i>]n

where [CuL<i>n] : the concentration of complex for the i-

th bonding site

[L<i>] : the concentration of free ligand for the

i-th bonding site

n : the coordination number for complex

x<i> Y<i> LT

[CuL<i>n] = (II-11)

n

m x<i> Y<i> LT

[Cu] = CUT - ---------------- (11-12)

i=1 n

[L<i>] = [1-x<i>] Y<i> LT ----------------------- (II-13)

for ML and ML4 models, n = 1 and 4 were used. Finally, the

value of Kn<i> was determined through eqs 11-9 to 11-13 after

the values of x<i> and Y<i> were obtained.



EXPERIMENTAL REFERENCES

1. Malcolm, R. L.; Aiken, G. R.; Bowles, E. C.; Malcolm, J.

D. Humic Substances in the Suwannee River, Georia:

Interactions, Properties, and Proposed Structures;

Averett, R. C. , Leenheer, J. A., McKnight, D. M., Thorn,

K. A., Eds.; U.S. Geological Survey Open-File Report 87-

557, 1989; 23-35.

2. Jones, D. G. Anal. Chem, 1985, 57, 1057A-1073A.

3. HP1090 Liquid Chromatograph Operator's Handbook, 1985.

4. Ryan, D. K.; Webber, J. H. Anal. Chem. 1982, 54, 986-990.

5. Cabaniss, S. E.; Shuman, M. S. Anal. Chem. 1986, 58, 398-

401.

80



CHAPTER III

RESULTS AND DISCUSSION

III--1 Analytical IE-HPLC (Train I)

Earlier experiments on the separation of uncomplexed FA,

using an IC-PAK anion column and a conductivity detector with

borate buffer at pH 8 as the mobile phase, resulted in the

chromatogram (1) shown in Figure III-1. Other than the

unretained solutes' or system's peak the chromatogram shows

the resolution of four well defined peaks. The conductivity

profile indicates the separation of four acidic

functionalities in the uncomplexed FA. The results support

Marinsky's model of four major binding sites with

dissociation constants log K ranging from 1.8 to 5.7 (2).

Further experiments with the IC-PAK anion column required the

use of other buffer mobile phases and different detectors.

Several mobile phase compositions as shown in Table 111-2
were tried in these experiments. However, the results showed

poor resolutions of FA due to column deterioration. Thus,

this train was discontinued.

111-2 Analytical RP-HPLC Part I (Train II)

An Act-II column, which can function as an ion-exchange

phase at low pH and as a reversed phase at higher pH, was

81
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Figure III-1. Ion chromatogram of 20 l 0.1% SR-FA in M.Q
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listed in Table II-2). (ref. 1).
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used in this experiment. Only a Beckman Model 160 UV-Vis

detector at X = 254 nm was used. The composition of

phosphate buffer and the experimental conditions used in this

experiment are listed in Table 11-3. The results are shown

in Figure 111-2.

Poor resolution and a very unstable baseline were

obtained in this experiment. These were due to the use of 80

% phosphate buffer of concentration 0.3 - 0.5 M as an eluent.

The operational problems could be avoided by lowering the

concentration of phosphate buffer to less than 0.2 M.

However, lowering the concentration of phosphate buffer

caused peak broadening and decreased resolution. Due to

these problems no further experiments were conducted using

this column.

111-3 Analytical RP-HPLC Part II (Train II)

A Phenomenex Boundclone 10 C18 column and the HPLC-

UV(PDA)-FL detectors were used in these experiments. The

Retention Enrichment (RE) method as mentioned in chapter I

was then applied. The model compounds used were CFCA, VA and

SA. These were selected because they all contain carboxylic

groups which can easily form complexes with copper ions and

because they all have FL responses (see FL response in

section 111-3).

The experimental conditions for this train are listed in

Table 11-4. Figure 111-3 shows the 254 nm UN chromatograms
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Figure 111-2. UV chromatograms of 20 p1 0.02 % SR-FA in M.Q
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of the investigated compounds (including FA), with and

without the presence of Cu+2 in the mobile phase. The

corresponding UV-Vis scans of the peaks are shown in Figure

111-4. The corresponding FL chromatograms are shown in

Figure 111-5. Table III-1 lists the retention factors, ks',

for the uncomplexed and complexed ligands.

Based on the Henderson-Hasselbalch equation

[A-]

pH = pKai + log ------------------ (III-1)

[HA]

where Kal is the first dissociation constant of HA acid, the

chromatographic peak areas of dissociated acid, A-, and

undissociated acid, HA, should be the same if the value of

pKai is close to that of pH. As listed in Table I-1, the pKa1

value for CFCA is 4.45 which is close to pH 4.80 of mobile

phases used in this experiment. The UV chromatograms of CFCA

in Figure 111-3 show almost the same peak area for

dissociated C1 and undissociated C2, or for dissociated Cl'

and undissociated C2' species. These CFCA responses are

likely due to the very close values for pKi and pH. UV

chromatograms of CFCA show a minor shift in k (Table III-1)

as a result of the presence of Cu+2 in the mobile phase. The

UV-Vis scans of the major peaks in both chromatograms of CFCA

are almost identical except for the intensities of

absorption. In the presence of Cu+2 , the signals of

chromatographic peaks are reduced to about half of the
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Figure 111-5. FL chromatograms of 50 l 1 x 10-4 M CFCA, VA,
SA, and SR-FA in methanol. Mobile phase with (0) and without

(X) copper ions. Boundclone 10 C18 column.
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original signals. The UV-Vis scans of the uncomplexed CFCA

show major absorption bands at X 248 nm, X 318 nm, and X 415

nm. However, these UV-Vis scans are different from those

published (3) or conducted as will be shown in Figure 111-14

under different HPLC conditions. This is possibly due to the

solvent effect (0.2 M acetate buffer) on the UV-Vis spectra

of CFCA. As shown in Figure 111-5, the FL chromatograms for

the uncomplexed CFCA were very weak and no signal was

detectable in presence of Cu+2 in the mobile phase. In

addition to the solvent effect, the very weak FL response may

be due to CFCA interaction with some components in the mobile

phase resulting in another species, which has no or a very

weak FL response. These results indicate that the RE method

is inapplicable to CFCA.

Like the influence of pH effect of mobile phase on CFCA

chromatographic peak areas, UV chromatograms of VA in Figure

111-3 show almost the same peak area for dissociated V1 and

undissociated V2 of VA as a result of the close values for

pKal 4.36 and pH 4.80. The overlap of peaks V1' and V2' on UV

chromatograms of VA resulted in indistinguishable peak areas

for VI' and V2'. UV chromatograms of VA show major a shift

in k as a result of the presence Cu+2 in the mobile phase. As

listed in Table III-1, the shift in retention factors ks' of

dissociated V1 and V1', and undissociated V2 and V2' are from

0.29 to 1.11, and from 0.82 to 1.22 respectively. According

to the theory of the RE method proposed by Horvath and co-
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workers (4), the measurable shift of retention time tR in the

presence of Cu+2 in the mobile phase can be attributed to

complexed VA peaks. These data indicate that both

dissociated and undissociated VA react with copper ions in

the mobile phase to form VA-Cu complexes. The UV-Vis scans

of the major peaks in both complexed and uncomplexed VA are

almost identical. The UV-Vis scans show major absorption

bands at X 205 nm, X 250 nm, and ? 285 nm, and are likely due

to both complexed and uncomplexed VA. These UV-Vis scans are

the same as those (3) published for VA . The similarity of

UV-Vis scans of the chromatographic peaks regardless of the

measurable shift in tR in both chromatograms of VA,

demonstrate that the complexed and uncomplexed VA exhibit the

same UV-Vis scans under these conditions. The FL

chromatogram for the uncomplexed VA was very weak and no

signal was detectable in presence of Cu+2 in mobile phase.

The very weak FL response may be due to the low concentration

of VA, which has less sensitivity of FL response. All of

these results indicate that the RE method is applicable to

VA.

In contrast to the cases of CFCA and VA, SA has pKa1 2.98

which is different from 4.80 for the pH of the mobile phase.

Only one visible peak S1 or Sl' in each of the UV

chromatograms is detected. The peaks Sl and SI' are

attributed to the uncomplexed and complexed peaks for the

dissociated SA, respectively. The ghost peaks S2 and S2',
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which have very strong FL responses in the FL chromatograms,

have no corresponding signal in UV chromatograms of SA. The

UV chromatograms of SA show a minor shift in ks' due to the

presence of Cu+2 in the mobile phase, as shown in Table III-1.

The UV-Vis scans of the major peaks in both chromatograms of

SA show very weak signals and are unable to support a

meaningful evidence for identification. However, FL

chromatograms show that the peak S1 has a FQ response and the

ghost peak S2 has a negative FQ response as a result of

complexation in the presence of Cu+2 in the mobile phase. The

ghost peak S2 retained at around 15 min in the FL

chromatogram may result from the association of SA with some

components in the mobile phase to form other species which

are less polar and have stronger FL responses than SA itself.

These results indicate that the RE method is inapplicable to

SA.

UV chromatograms of FA show several major peaks with

retention times ranging from 4 to 8 min. Table III-1 shows

all of k values of these peaks. It is difficult to match

each pair of the FA peaks on the chromatograms performed by

these two mobile phases. As a result, the application of the

RE method to FA would be extremely difficult. The UV-Vis

scans of the major peaks in FA chromatograms show no

characteristic absorption wavelength lines. The UV-Vis scans

of F1' peak has A 250 nm may be attributed to the Cu

complexed methanol peak M1'. For FA, however, the band
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wavelength in UV-Vis scans ranged from 200 nm to 400 nm and

band intensities were stronger in the mobile phase without

the presence of Cu+2 than in that with Cu+2 . -The FL

chromatograms of FA show that peak Fl has complete FQ and

peaks F3 and F4 have partial FQ as a result of complexation

due to the presence of Cu+2 in the mobile phase. The FQ data

in this experiment suggest that the more hydrophilic FA

constituents (the shorter tR peaks) have higher FQ and larger

conditional stability constant than the hydrophobic FA

constituents (the longer tR peaks). These results seem to be

in conflict with those found by the phosphate method (see

later). In the latter experiments, a gradient phosphate-

acetonitrile buffer as mobile phase was used for separation

of FA and FA/Cu constituents. In the phosphate method, the

more hydrophilic FA was found to have a smaller conditional

stability constant than the more hydrophobic FA as shown in

Table 111-4. Solutes retention mechanisms under gradient

condition with up to 85 % of acetonitrile are expected to be

dramatically different from those under isocratic conditions

used in the RE method. Furthermore, it is inappropriate to

apply the FQ method to the RE method since peaks identities

in these cases are not known and the shift in tR is very

small.

The overall results of the application of this approach

to the measurement of stability constants for the

investigated compounds can be summarized as follows:
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(a) Due to the minor shift of tR in presence of Cu+2 in

the mobile phase, the RE method is inapplicable to CFCA and

SA.

(b) Due to difficulty in matching each pair of peaks of

FA using both mobile phases, the RE method is extremely

difficult to apply to FA.

(c) Only VA was successfully investigated by the RE

method and a measurable tR shift was noted. In order to

determine the stability constant, several mobile phases with

various concentrations of Cu+2 are necessary.

Additional valuable information were developed as a

result of using UV-PDA and FL detectors. These are

summarized as follows:

(a) The complexed and uncomplexed VA and CFCA were found

to have indistinguishable UV-Vis spectra. This was noted

regardless of whether or not there was a shift in tR.

(b) The SA, which had a very weak UV signal in the UN

chromatogram, was found to have FQ as a result of

complexation with Cu+2 . Ghost FL peaks S2 and S2' for SA were

undetectable by UV-PDA.

(c) Only qualitative information of FQ for FA were

obtained.

111-4 Fluorescence

Fluorescence Response and Selection of Model Compounds
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Relatively few aliphatic or alicyclic compounds exhibit

true fluorescence in the ultraviolet or visible region.

Aliphatic compounds often do not strongly absorb in the

ultraviolet or visible region, and, since strong absorption

is usually a prerequisite for intense emission, such

compounds generally do not fluoresce. In contrast to

aliphatic or alicyclic compounds, a great majority of the

organic compounds which exhibit intense analytically-useful

fluorescence possess cyclic, conjugated structures. However,

the fact that a molecule possess these structural

characteristics does not guarantee that the species will

fluoresce. In liquid solutions, most unsubstituted aromatic

hydrocarbons exhibit fluorescence, either in the visible or

ultraviolet regions. In general, the greater the number of

condensed rings in an aromatic hydrocarbon, the lower will be

the energy of emission. Thus, benzene and naphthalene

fluoresce in the ultraviolet, anthracene exhibits blue

fluorescence, naphthacene fluoresce green, and pentacene

exhibits a red emission (5).

The model compounds selected for fluorescence scanning

are those compounds which have carboxyl or hydroxyl groups

like those usually present in FA. The fluorescence (FL)

responses and fluorescence quenching (FQ) responses for the

model compounds and their corresponding Cu-complexed

solutions are shown in Table 111-2. Four of the eight model

compounds, which include PA, THBA, ADPA and MA, do not have
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FL responses. Of the four fluorescent compounds, only DHB

and CFCA exhibit FQ upon complexation with Cu+2 . In aliphatic

and alicyclic compounds, photodecomposition often makes many

of the unfluorescing amines, alcohols and carboxylic acids

exhibit the ostensible "fluorescence", which originates from

the excited NH2 and OH radicals as the decomposition products

of the original molecule. Only aliphatic and alicyclic

aldehydes and ketones exhibit true molecular fluorescence

(5). Therefore, most of the aliphatic carboxylic acids

either do not fluoresce or exhibit the ostensible

"fluorescence". The aliphatic carboxylic acids ADPA and MA

in Table 111-2 do not fluoresce, which is consistent with the

anticipation. The aromatic compounds PA and THBA, as shown

in Table 111-2, demonstrate the phenomenon that presence of-

structural characteristics such as cyclic conjugated

structures do not guarantee that the species will fluoresce.

Since a number of factors decide the abilities of a molecule

to fluoresce, it is difficult to anticipate or elucidate the

fluorescence result of a molecule based only on information

of its structure.

Some of the factors that influence the fluorescence

measurements are listed as followed (6, 7):

(i) Quantum efficiency and transition type-

Fluorescent behavior is more commonly found in compounds

in which the lowest energy excited state is of a C, V*

type than in those with a lowest energy n, n*; that is
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the quantum efficiency is greater for 7 * -

transitions.

(ii) Structural factor-

Substances which have delocalized n-electrons that can

be placed in a low-lying excited singlet state are

expected to fluoresce. Substituents that delocalize the

it-electrons, such as -NH2 , -OH, -F, -OCH3 , -NHCH3 , and -

N(CH3)2 groups, often enhance fluorescence. Electron-

withdrawing groups that contain -Cl, -Br, -I, -NHCOH3 ,

-N02, or -COOH decrease or quench the fluorescence

completely. Aromatic compounds that are the most

planar, rigid, and sterically uncrowded are the most

fluorescent.

(iii) Solvent effects-

An increase in solvent viscosity or solvent polarity

always enhances fluorescence. Solvents containing heavy

atoms or other solutes with such atoms in their

structure decrease fluorescence as a consequence of the

increased orbital spin interaction which increases the

rate of triplet formation.

(iv) Dissolved oxygen and impurity effects-

The presence of dissolved oxygen often reduces the

emission intensity of a fluorescent solution as the

result of paramagnetic species promoting intersystem

crossing. The presence of small concentrations of
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impurities may also result in a dramatic decrease in

fluorescence.

(v) pH effect-

Changes in the system pH, if it affects the charge

status of the chromophore, may influence fluorescence.

The Xex wavelength and the emission intensity are likely

to be different for the ionized and nonionized forms of

the compound.

In Table 111-2, the lack of FQ for VA upon complexation

with Cu+2 may be due to the geometric effect for the OH group

on the para position which is hard to combine with COOH to

form a stable Cu complex. It is interesting to note that the

SA has no FQ response in an M.Q water solution at pH < 4.0

and negative FQ response in diluted phosphate buffer at pH

7.0. Saar and Weber (8) reported that less than 10 % FQ

response was detected for SA-Cu complex when the ratio of

Cu/SA was less than 1 at pH 6. In our experiment, the Cu/FA

was less than 1 and the pH was less than 6. Due to the

different experimental conditions, it is not surprising that

SA has no FQ response with copper in M.Q water. The negative

FQ response for SA in Table 111-2 may have resulted from the

solvent or concentration effects. Fluorescence efficiency of

organic compounds is a function of the particular solvent and

concentration used, and in some cases unusual quenching

effects may occur (5). These results are similar to those

reported in Skoog and West (6), where the fluorescence
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intensity of 8-hydroxyquinoline was much less than that of

the zinc complex.

From the results of Table 111-2, DHB and CFCA can be

selected to be model compounds in the gradient HPLC

experiments. Initial experiments with DHB showed that the

compound was easily polymerized by itself, especially when

mixed with copper ion in phosphate buffer. The.solution was

very unstable and thus the compound was excluded from further

experiments. The aliphatic carboxylic acids ADPA and MA have

no fluorescence response in phosphate buffer. However they

were still considered as model compounds since FA is known to

contain aliphatic carboxylate constituents (9). MA was not

retained under the HPLC conditions used and thus was excluded

from further research. Finally, only ADPA and CFCA were

considered to be used as model compounds in the gradient HPLC

experiments, especially for copper content recovery studies.

Fluorescence Scanning of FA, Selected Model Compounds, and

Preparative Fractions

Figure 111-6 shows the typical fluorescence scans of the

total FA, the complexed FA-Cu, and the HPLC fractions part I

(peak 1') and II (peak 2') of the complexed FA-Cu (see Figure

III-12). Figures 111-7 to 111-9 show a series of

fluorescence scans of the total CFCA, the complexed CFCA-Cu,

and the HPLC fractions part I (peak 2' or 2") and II (peak 4'

or 4") of CFCA-Cu (see Figure 111-14). All of the x values,
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HPLC
Fraction II (l:IY
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Figure 111-6. FL scans of 2.22 x 10-4 M FA, FA/Cu(1:1) in
phosphate buffer, and HPLC fraction part I and part II.
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Figure III-7. FL scans of 5.55 x 10-4 M CFCA, CFCA/Cu(1:1) in

phosphate/methanol buffer, and HPLC fraction part I and part

II.
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Figure 111-8. FL scans of 5.55 x 10- 4 M CFCA/Cu(2:1) in

phosphate/methanol buffer, and HPLC fraction part I and part

II.
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Figure 111-9. FL scans of 5.55 x 10-4 M CFCA and CFCA/Cu(4:1)

in phosphate/methanol buffer.
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on the percentage of FQ, determined from FL scanning spectra

were measured from the peaks high at emission wavelength 470

nm. Stability constant data are listed on Tables 111-3 to

111-5. Stability constant results are discussed in section

111-6. In Figure 111-6, all of the Cu-complexed curves

including complexed total FA and HPLC fractions I and II are

below that of the uncomplexed total FA. The area under the

curve, representing complexed FA, was 30.25 % reduced due to

FQ. The area under the curve representing HPLC fraction I

represented almost the same area as the complexed FA

spectrum. The FL spectrum of the HPLC fraction II

represented only 21.73 % of the total complexed spectrum.

In Figures 111-7 and 111-8, nevertheless, the area under

the curve of the HPLC fraction I exceeds that of the

uncomplexed total CFCA. The FL spectra of HPLC fraction I in

Figures 111-7 and 111-8 was assigned to be uncomplexed CFCA

(see Table 111-7 and chromatogram in Figure 111-14) in

CFCA/Cu solution. This unusually strong FL response may be

due to the polymerization reaction of the unstable CFCA

during the tedious process of semi-preparative collection and

the freeze-drying operation.

111-5 Analytical RP-HPLC (Train IV)

In this experiment, the UV-Vis PDA of HP-1090 is used as

the first detector and followed by a L.C. fluorometer as the

second detector for FL measurement. This approach allowed
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the development of the UV-Vis spectra of all constituents for

FA, CFCA, ADPA and their corresponding copper complexes. The

operating conditions for this experiment are listed on Table

11-5. As mentioned in the chapter II, the method using

gradient programs I, II, and IV as shown in Table 11-5 is

named the phosphate method.

Stability Studies on CFCA and CFCA/Cu Solutions

The objective for these experiments was to evaluate the

stability of CFCA and its Cu-complex in phosphate buffer.

Figure III-10 shows 254 nm UV chromatograms and UV-Vis scans

of CFCA sample using HPLC gradient program I at 24, 48, 96

and 144 hrs after preparation. In contrast to the UV

chromatogram of CFCA which exhibits two peaks (dissociated

and undissociated) as shown in Figure 111-3 by the RE method,

the chromatogram of CFCA at 24 hrs shows only one CFCA peak.

This may result from the somewhat larger difference between

values for pKaI 4.45 of CFCA and the pH 5.6 of mobile phase or

because of the use of gradient phosphate-acetonitrile mobile

phases. It is noted that the major peaks labeled 1, 1', 1"

and 1* show well-defined features and high purity as

indicated by UV-Vis scans. The spectra are characteristic of

CFCA with three distinct absorption bands at X 215, X 285 nm

and A 310 nm. The UV-Vis scans are the same as those

published (3), but are different from those tried by the RE

method as shown in Figure 111-4. It is also noted that the
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Figure III-10. UV chromatograms and UV-Vis scans of 20 sl
5.55 x 10~4 M CFCA in phosphate/methanol buffer at 24, 48, 96

and 144 hrs. Hypersil ODS C18 column. Gradient program I.
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area under the CFCA peak tends to decrease with time. The

decrease in peak areas at 48, 96, and 144 hrs were 93.19 %,

87.81 % and 69.44 % from the area at 24 hrs.- This was

associated with the appearance of an additional peak (2") at

a longer retention time 7 min. These results indicate the

instability of the CFCA solution in phosphate buffer.

Instability was also observed in the change of color of the

solution from transparent to light yellow after 144 hrs.

Both the shift in tR of the CFCA peak with time and the

observed precipitation after 144 hrs indicate possible

polymerization of CFCA in the phosphate buffer.

Figure III-11 shows the chromatograms (at 254 nm) and

the UV-Vis scan of CFCA/Cu (4:1) sample by HPLC gradient

program I (at pH 5.6), at 24, 48, 96 and 144 hrs. The UV-Vis

scans of the peaks (1, 1' & 1") in Figure III-11 are the same

as those shown in Figure III-10, and are characteristic of

CFCA. Table 111-7 shows the Cu recovery experiment of the

chromatogram of CFCA/Cu (4:1) at 24 hrs, which was performed

by HPLC gradient program II (at pH 4.8). Chromatograms of

this experiment are not shown in this disseration due to the

distruction of the disk file. It is shown that peak 1 at pH

4.8 contain only 2.30 % of the total Cu indicating that the

signal of peak 1 in Figure III-11 is essentially due to

uncomplexed CFCA. The UV-Vis scans of the peaks (2', 2", 3,

3' & 3") in Figure III-11 show characteristic absorption

bands at X 246 nm and X 308 nm. Peak 2 at pH 4.8 contain
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18.40 % of the total Cu indicating that the UV-Vis spectra

corresponds to a Cu complexed CFCA. The scans indicate less

purity, suggesting that these peaks (i.e. 2', 2", 3, 3' & 3")

correspond to a number of different structures of CFCA-Cu

complexes. The CFCA-Cu complex peaks occurred at a longer

retention time than the uncomplexed CFCA. Since the CFCA-Cu

complex has a larger volume and less electronic charge

density (more hydrophobic) than the CFCA compound, the

experimental results are supporting. Other research (4) has

shown that the complexes of various nucleotides with Zn+2 ion

have longer retention times than the corresponding

nucleotides.

Both the areas of the CFCA and CFCA-Cu peaks in Figures

III-10 and III-11 tend to decrease with time, and their

corresponding UV-Vis spectra finally convert to a totally

different spectra from those detected at the beginning of the

experiment. The UV-Vis spectra for peaks 2" and 2* in Figure

III-10 as well as 2* and 3* in Figure III-11 are all

indistinguishable. Whether these spectra reflect similar

structures or not is unknown. In Figure III-11, all of the

peaks after 48 hrs contain more impurities, with absorption

bands between X 350 nm and X 600 nm. These results agree

with the color change in CFCA/Cu solution from light yellow

to dark brown. In comparing the UV-Vis scans of the CFCA

peaks in Figure III-10 with those of the CFCA peaks in Figure

III-11, one can find that the rate of polymerization of the
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CFCA compound alone was less than that of Cu complexed CFCA

in phosphate buffer solution. The observation of color

change in CFCA/Cu solution from light yellow to very dark

brown after 144 hrs is consistent with the results of UV-Vis

scans which indicate that faster polymerization of CFCA

occured in CFCA/Cu solution than in CFCA solution. The

overall results of this experiment indicate the instability

and the high polymerization tendencies of both CFCA and CFCA-

Cu complexes.

In these experiments, the relative areas of the HPLC

peaks for each sample and blanks were obtained by the

scissors-cut-weighing method. The corresponding FQ and U

"quenching" values, x, for the chromatograms in Figure III-10

and III-11 were calculated and shown in Table 111-3. The

limitation of x values should be no more than 0.25, 0.50, and

0.75 for CuL, CuL2, and CuL3 model, respectively, in a CFCA/Cu

(4:1) solution. From the results of FL scanning in Table

111-3, the x values are larger than 0.75; therefore, all of

the stability constants are K4 which are based on a CuL4 model

calculation.

Conditional Stability Constants of FA and Model Compounds

from RP-HPLC

Complexed and uncomplexed FA and model compounds were

chromatographed on HPLC, and monitored simultaneously by UV-

PDA and FL detectors. Conditional stability constants of
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each peak were calculated from the extent of FQ or TN

"quenching" at 254 nm (except ADPA at 230 nm).

Complexed and Uncomplexed FA (part I):

Figure 111-12 shows the 254 nm UV chromatograms and UV-

Vis scans of FA and FA/Cu (1:1) samples performed by HPLC

gradient program II in Table 11-5. The experimental

conditions in the two chromatograms were identical. Figure

111-13 shows the corresponding FL chromatograms (at 375 nm

excitation, 470 nm emission). In Figure 111-12, both the

chromatograms of FA and its Cu complex show the complete

resolution of two UV-Vis absorption peaks. The retention

times of peaks 1 and 1' as well as peaks 2 and 2' are same;

however, the intensities of peaks 1' and 2' for FA/Cu (1:1)

are smaller than those of peaks 1 and 2 for the uncomplexed

FA. The scans of peaks 1, 2, 1', and 2' are all featureless,

and show decreased absorbance with increase of wavelength.

Similar results on the scans of FA peaks have been reported

by this research group (10). It is clear that the FL

response for each of FA peaks is quenched as a result of

complexation with copper. The FQ and UV "quenching" values,

x, and the corresponding stability constants K1 and K4

calculated, based on CuL and CuL4, from Figures 111-12 and

111-13 are shown in Table 111-4. The table also includes the

stability constants derived from the fluorescence scanning of

the unfractionated samples as shown in Figure 111-6.
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Figure 111-13. FL chromatograms of 20 sl 2.22 x 10-4 M FA and

FA/Cu(1:1) in phosphate buffer. Hypersil ODS C18 column.
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If complexed FA constituents have different tR from the

uncomplexed ones, one would expect to see additional new UV-

absorbing peaks in the chromatograms. The chromatograms of

the complexed FA show essentially the same peaks at the same

tR. In comparing Figure 111-12 with Figure 111-13, the peaks

1 and 2 can be considered as two bonding sites of FA. Since

the fluorescence intensities for both peaks were quenched in

the complexed FA chromatogram, it can be concluded that both

peaks in FA participate in complexation with Cu+2 ions.

Results of the RP-HPLC Cu recovery experiment shown in Table

111-7 confirm this conclusion. Both the peaks 1' and 2' in

Figure 111-12 were found to contain respectively 41.02 % and

28.20 % of the total Cu introduced to the HPLC system. Based

on the results of experiments, the following conclusions can

be made:

(i) Complexed FA-Cu peaks are shown to have the same

retention time as the uncomplexed FA peaks. This is in

contrast to the results found in the case of complexed

CFCA (see below). One thus can conclude that uncomplexed

FA and complexed FA-Cu peaks are indistinguishable under

these experimental conditions.

(ii) It is rather surprising to find that the UV-PDA

scans of both uncomplexed FA and complexed FA-Cu peaks

are essentially the same. Similar results were obtained

in applying the RE method to study complexation FA with

Cu+2 as shown in Figure 111-4. Nevertheless, one still
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does not know whether the FA-Cu complexes for these two

bonding sites are UV responsible or not. This may be

due to the lack of distinguishable information from the

results of UV-Vis scans for FA and FA/Cu chromatograms

in Figure 111-12.

(iii) Recovery of Cu from the FL chromatograms at the

same tR show that both of these two peaks contain FA-Cu

complexes.

(iv) Conditional stability constants K calculated from

HPLC-FL and HPLC-UV are similar for each bonding site,

and are slightly higher than those calculated from

unfractionated FA as shown in Table 111-4.

Complexed and Uncomplexed CFCA:

Figures 111-14, I11-15, 111-16 and 111-17 show a series

of typical UV-PDA and FL chromatograms of CFCA and Cu-

complexed CFCA under the same conditions as the previous

experiment except that FL was detected at Xex 350 nm and Xem

470 nm The UV-Vis scans of CFCA in CFCA and complexed CFCA

chromatograms are shown in Figures 111-14 and 111-16. The

conditional stability constants K calculated from HPLC and

from the fluorescence of unfractionated CFCA are shown in

Table 111-5. The recovery of Cu content from the

corresponding chromatograms of complexed CFCA are listed in

Table 111-7.



121

-. 1 2

200 50 m 6M00 so r~. m

200 50 o 600 200 50 rs 600 S 600 200 50no

200 50 600 200 50 . 600 200 50s 600 200 50 -n 600

lb

200 50 nm.

CFCA 24hrs lay

t n

_ _ _CFCA/WCu(2: 1) 24hrs

CFCA/Cu(i: 1) 24hrs

BG

Time [min] R

Figure III-14. UV chromatograms and UV-Vis scans of 20 t1

5.55 x 10'4 M CFCA, CFCA/Cu (2:1) , and CFCA/Cu (1:1) in

phosphate/methanol buffer at 24 hrs. Hypersil ODS C18

column. Gradient program II.

t

L

lb .1

6 . .
I * E l

40

20

0

. .

i

4..... , .... ,



122

z

24hrs

24hrs '
CFCA/Cu (2: 1)

100

I I 20

0 o 2 Time [min C

Figure 111-15. FL chromatograms of 20 pl 5.55 x 10~4 M CFCA,

CFCA/Cu(2:1), and CFCA/Cu(1:1) in phosphate/methanol at 24

hrs. Hypersil ODS C18 column. Gradient program II.
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Figure III-17. FL chromatograms of 20 ji 5.55 x io~-4 M CFCA,
CFCA/Cu(2:1), and CFCA/Cu(1:1) in phosphate/methanol buffer

at 48 hrs . Hypersil ODS C18 column. Gradient program II.
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The UV-Vis scans of peaks labelled as 2, 2', and 2" in

Figure 14 show absorption bands at X 215 nm, X 285 nm, and X

310 nm which are characteristics of uncomplexed CFCA. The

UV-Vis scans of peaks 4' and 4" exhibit absorption bands at X

246 nm and X 308 nm which have been attributed to CFCA-Cu

complexes. The RP-HPLC Cu recovery experiment and the FL

chromatograms in Figure 111-15 support this conclusion. Both

of the peaks 2' and 2" at tR 1.5 min after 24 hrs contain

respectively 0.56 % and 0.29 % of the total Cu introduced to

the HPLC system. However, the peaks of 4' and. 4" at tR 8.8

min after 24 hrs contain respectively 12.20 % and 8.16 % of

the total Cu introduced. The FL chromatograms in Figure III-

15 demonstrate that peaks 2, 2' and 2" exhibit FL response,

and peaks 4' and 4" show almost no FL response. The UV-Vis

scans of peaks 3' and 3" exhibit a absorption band at Xmax 246

nm with a shoulder at X 200 nm. As mentioned earlier, this

may be attributed to the products as a result of CFCA

polymerization

In Figure 111-16, the UV-Vis scans of peaks 1, 1' and 1"

show impurities from the solution. The UV-Vis scans of CFCA

peaks 2' and 2" also show some impurities, suggesting that

these peaks corresponed to CFCA influenced by Cu or by the

side-products of polymerization. The impurity peaks 1, 1'

and 1" of the UV chromatograms show a weak fluorescence

response. The complexed CFCA-Cu peaks 4' and 4" of the UV

chromatograms had a very weak fluorescence response in the
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corresponding FL chromatograms Figure 111-17. These factors

can contribute some errors if analysis by FL detector was not

combined with other detectors. As found in earlier

experiments, CFCA-Cu complexes have longer tR than CFCA

itself.

The conditional stability constants K listed in Table

111-4 show that values calculated from HPLC-UV are slightly

larger than those from HPLC-FL, but both values are of the

same order of magnitude. The K values for unfractionated

CFCA are 2 to 3 orders of magnitude higher than values

calculated from HPLC chromatograms. It is also noted that

the degree of FQ and UV "quenching" for CFCA in CFCA/Cu

solution increases with time and with increase Cu/CFCA ratio

as shown in Table 111-5. Based upon the results of this

experiment, the following conclusions can be made:

(i) Under the experimental conditions used, the CFCA

peak has a retention time different from that of the

CFCA-Cu peak, and each peak has its own characteristic

UV-Vis scan.

(ii) Only the CFCA peak has a FL response in

corresponding FL chromatograms. However, in the FL

chromatograms of CFCA/Cu, the peak was completely

quenched.

(iii) The ability of CFCA to complex with Cu+2 increases

with time and with decrease of the Cu/CFCA ratio.
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Complexed and Uncomplexed ADPA:

Typical chromatograms of ADPA and ADPA/Cu (4:1)

conducted by the HPLC-PDA system with gradient program II (UV

at 230 nm) are shown in Figure 111-18. The figure shows the

UV-Vis RP-HPLC chromatograms of uncomplexed and complexed

ADPA and the UV-Vis scans of the separated peaks. As an

aliphatic acid, ADPA is expected to have weak UV absorption

peaks below X 254 nm. The uncomplexed compound showed two

peaks, one at tR 0.5 min corresponding to the void volume,

and the second at tR 4.8 min. The dissociation constant,

pKai, of ADPA is 4.42 which is close to the value of pH 4.80

of mobile phase, and two peaks representing dissociated and

undissociated peaks of ADPA are likely to appear in the

chromatogram of the uncomplexed ADPA. Whether peak 1

contains dissociated ADPA or not is not known at this time.

In the case of CFCA shown in Figure III-10, the void volume

occurred at tR 1.5 min and showed a weak signal at A 254 nm,

and uncomplexed CFCA was represented by one peak at tR 4.2

min. In Figure 111-18, it is noted that the BG/Cu

chromatogram has a strong solvent peak at tR 0.5 min possibly

due to N03~ ion. The UV chromatogram of complexed ADPA shows

two peaks 1 and 2. Peak 1 is attributed to both the system

peak and the N03- ion peak. Peak 2 is found to contain at

least the ADPA-Cu complex peak based on the Cu content of

this peak. In contrast to CFCA and FA which were monitored

at X 254 nm, the intensity of UV absorption of the ADPA was
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II.



130

smaller than that of the ADPA-Cu complex. This resulted in

the negative UV "quenching" of ADPA with copper ions. In

comparing UV-Vis scan of peak 2 with that of -peak 2', the Xmax

of ADPA around 200 nm is somewhat shifted to the longer

wavelength region after being coordinated with copper ions.

Complexed and Uncomplexed FA (Part II):

Figure 111-19 and 111-20 show typical chromatograms of

FA and FA/Cu (1:1) solutions conducted by the HPLC-PDA-FL

system with gradient program III in Table 11-5 (UV at 254 nm,

FL at 273 nm excitation and 389 nm emission). In these

studies, a Novapak RP column was used. Figure 111-19 show

seven partially or completely resolved UV peaks. At X 254

nm, each of the FA peaks was quenched after complexation with

copper. The UV-Vis scans of FA and FA/Cu in Figure 111-19

show that all the scans of FA/Cu are indistinguishable from

those of the uncomplexed FA. The fluorescence chromatogram

of the complexed FA shows variable degrees of quenching.

Similar results were obtained under analogous condition by

another member of this research group (11) as shown in Figure

1-6. The results of this experiment illustrate the

feasibility of separating constituents of FA into at least

seven components which exhibit both UV absorption and

fluorescence emission. Furthermore, chromatograms of

complexed FA monitored by either UV or fluorescence detectors

showed variable degree of quenching due to complexation with
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Cu2+. These results provide some of the first experimental

evidence on the presence of several binding sites in a FA

macromolecule. The results especially agree with the model

(under pH 5.14 - 8.44) developed by Cabbaniss and Shuman (12)

suggesting five binding sites with K values of 7.94 x 103,

3.12 x 101, 4.33 x 10-1, 3.29 x 10-8, and 8.91 x 10-11 as

shown in Table 1-2. Efforts were made to use the area under

each peak and its ratio to total response area, to calculate

the UV "quenching" and FQ values x and its corresponding

stability constants Kj and K4 for each of these binding sites.

Results are presented in Table 111-6. Although serious error

may result from inaccurate area calculation for any partially

separated peaks, the results in Table 111-6 show good

agreement between K values calculated from the UV and FL

quenching.

111-6 Preparative RP-HPLC (Train III)

Preparative (actually semi-preparative) HPLC of metal-

ligand complexes are associated with several inherent

problems, which can be summarized as followed:

(i) chemical changes to the original material may occur

during the separation process;

(ii) metal or other ligand contaminations from the

mobile phase, solid support, and the instrumental

components;

(iii) loss resolution due to repeated injection;
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Table 111-6. Conditional Stability Constants for FA/Cu(1:1)

by HPLC-UV(PDA)-FL System at pH = 2.90 Mobile Phase

HPLC-FL (pH 2.90) HPLC-UV (pH 2.90)

x<l> = 0.16 0.23

K4<1> = 5.88 x 1015 1.27 x 1016

K1<1> = 1.14 x 103 1.79 x 103

x<2> = 0.29 0.22

K4<2> = 8.65 x 1015 9.58 x 1016

K1<2> = 2.38 x 103 1.67 x 103

x<3> = ---- 0.24

K4<3> = ---- 8.51 x 1015

K1<3> = ---- 1.82 x 103

x<4> = 0.23 0.29

K4<4> = 2.57 x 1016 5.47 x 1016

K1<4> = 1.69 x 103 2.39 x 103

x<5> = 0.22 0.26

K4<5>= 3.46 x 1017 4.56 x 1017

K1<5> = 1.68 x 103 2.12 x 103

x<6> = 0.08 0.28
K4<6> = 1.44 x 1018 1.03 x 1019

K1<6> = 5.28 x 102 2.25 x 103

x<7> = 0.22 0.20

K4<7> = 1.45 x 1015 1.70 x 1015

K1<7> = 1.65 x 103 1.44 x 103

The solution of FA/Cu (1:1), FA = 2.22 x 10-4 M (200 ppm) Cu
= 2.22-x 10-4 M, in pH 7.00 phosphate buffer performed by
HPLC-UV-FL with program III (excitation at 273 nm and
emission at 389 nm for FL) at pH 2.90. Corresponding

chromatograms are shown in Figure 111-19.
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(iv) irreversible adsorption of some of the sample

constituents on the column;

(v) other kinetic effect which requires matching the

time in the preparative experiment to be consistent with

that in the analytical experiment.

Adequate precautions were taken to minimize or completely

avoid these problems in subsequent trials. Since the

compound CFCA is very unstable in phosphate buffer especially

with copper ions, several CFCA/Cu samples with the same

components for semi-preparative operation were prepared at

different times to match the kinetic times at 24 2 hrs

after preparation.

In the preparative separation, since the composition of

the mobile phase determines the elution order of the salutes,

the operating conditions and samples used should be matched

in both preparative and analytical separation. In this

experiment, CFCA/Cu with various ratios (4:1, 2:1, and 1:1)

and ADPA/Cu (1:1) at 24 hrs after preparation as well as

FA/Cu (1:1) were conducted under the same operating

conditions, using gradient program II, as was the case for

analytical separation.

The results of the preparative experiment for the FA/Cu

(1:1) chromatogram in Figure 111-12, are listed in Table III-

7. As mentioned earlier in section 111-5, the peaks I' and

2' contained respectively 41.02 % and 28.20 % of the total Cu

injected into the HPLC system. The free Cu+2 ion obtained
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from the fraction of background I was about 17.94 % of total

Cu injected. The incomplete recovery of Cu may be due to the

loss of Cu in the freeze-drying mechanical process or the

irreversible adsorption on the HPLC column. The total Cu

recovery in the FA/Cu preparative experiment was 87.2 %.

The results of the preparative experiment for CFCA/Cu

(4:1, 2:1, and 1:1) shown in chromatograms in Figure 111-14

are listed in Table 111-7. It is noted that the Cu content

for the CFCA-Cu complex (part II) increases with increasing

of Cu/CFCA ratio, and coincides with its corresponding x

values listed in Table 111-5. The large Cu content in

background II region of the chromatogram can be explained as

the free Cu+2 ion which is adsorbed, but can be washed from

the column when the phosphate buffer content in the mobile

phase is increased from 40 % at tR 15 min to 99.8 % at tR 18

min (see program II in Table 11-5). The free adsorbed Cu+2

ion can be eluted by the more hydrophilic mobile phase.

Incomplete recovery is due to the same reasons as those for

the FA/Cu preparative experiment. The results of Cu recovery

in the CFCA/Cu preparative experiments ranged from 83.9 % to

87.6 %.

The results of the ADPA/Cu (1:1) preparative experiment

are shown in Table 111-8 and chromatograms in Figure 111-18.
Peak 2 in Figure 111-18 is shown to contain at least the

ADPA-Cu complex. This is based on comparison of the Cu

content of peak 2 with that of peak 2b in the background, and
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the UV-Vis scans of peaks 2 and 2'. Most of the Cu+2 ion

content was eluted in the void volume fraction I at tR

between 0.0 and 1.5 min. The free Cu+2 ion eluted in

fractions II and IV was due to temporary adsorption of free

Cu+2 ion in the column in the ADPA/Cu preparative experiment.

Finally, all the stability constants k1 and k4

calculated from the Cu content listed in Table 111-7 and
Table 111-8 are shown in Table 111-9. The ADPA stability

constant Ki calculated from Cu content is 1.72 in Table III-

9. The stability constant K101 for ADPA conducted by Coetzee

(13) was 95.50 in 0.1 M ionic strength aqueous solution as

listed in Table 1-2. The error could be due to the

incomplete Cu+2 recovery in the preparative experiment.

Figures 111-21 to 111-24 show the 3-D chromatograms of
CFCA, CFCA/Cu, Cu and background. The advantage of the 3-D

chromatogram is that all of the chromatographic profiles at

different wavelengths are shown simultaneously. Figures III-

25 and 111-26 show the isoabsorbance lines of CFCA and

CFCA/Cu. The isoabsorbance plot connect points of equal

absorbance (isoabsorbance lines) on wavelength time

coordinate for each of the selected levels. All of these

were performed by HPLC gradient program IV in Table 11-5. In

Figure 111-21, the first peak retained at tR 0.5 min is the

system peak. The main peak retained at tR 1.5 min is CFCA

peak. In Figure 111-22, the first peak retained at tR 0.5

min is attributed to both the N03~ and the system peak. The



141

Table 111-9. Conditional Stability Constants for FA/Cu
(1:1), CFCA/Cu'(l:l), (2:1), (4:1), and ADPA/Cu (4:1)

Calculated from Cu Contents

FA/Cu (1:1) Cu = 1.60 ppm

K4<1> = 2.41 x 1015

K1<1> = 8.60 x 102

CFCA/Cu (1:1) Cu = 2.90 ppm

K4<1> = 4.96 x 1012

K1<1> = 1.79 x 102

(2:1) Cu = 2.20 ppm

K4 = 5.02 x 1012

K1 = 2.79 x 102

(4:1) Cu = 1.60 ppm

K4 = 5.50 x 1012

K1 = 4.27 x 102
ADPA (1:1) Cu = 10.50 ppm

K1 = 1.72

Cu = 1.10 ppm

Kl<2>:= 5.71 x 103
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main peaks retained at tR 1.5 min and 5.5 min are the CFCA

and CFCA-Cu complex peaks, respectively. In Figure 111-23,
the big peak retained at tR 0.5 min is attributed to both the

N03~ and the system peak. In Figure 111-24, the peak retained

at tR 0.5 min is the system peak. In Figure 111-25, the main

isoabsorbance lines ranged from tR 1.2 min to 3.0 min are

attributed to CFCA. In Figure 111-26, the main isoabsorbance

lines ranged from tR 1.2 min to 2.7 min and from tR 4.5 min to

6.0 min are CFCA and CFCA-Cu complex respectively.

111-7 Comparison and Discussion

Factors Affecting Retention Time:

In RP-HPLC, the lower pH value and the less organic

composition in the eluent are, the longer the retention time

of hydrophobic solutes. In comparing the gradient program I

with program II in Table 11-5, the rate of increasing organic

component in program II (% B = 30 at tR 2 min) is greater

than that in program I (% B = 30 at tR 5 min), however, the

pH value of the eluent in program II is lower by 0.8 unit

than that in program I. Thus the retention time of the

solute should be shorter in Figure 111-14 than that in

Figure-11 if organic component factor is predominent, and it

should be longer in Figure 111-14 than that in Figure III-11

if pH value factor is predominent. The CFCA has a shorter

retention time in Figure 111-14 than in Figure III-11 and the

CFCA-Cu complex has a longer retention time it Figure 111-14

148
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than in Figure III-11, suggesting that the CFCA retention is

more effectively influenced by the organic component factor

and that the CFCA-Cu retention is more influenced by the pH

value factor in the elution mechanism on the RP-HPLC column.

The longer retention time of the FA fraction on the RP

chromatogram, the more hydrophobic characteristic this FA

fraction (or bonding site) has. For example, the first

bonding site of FA (peak 1 in Figure 111-12) represents the

hydrophilic components of FA and the second bonding site of

FA (peak 2 in Figure 111-12) represents the hydrophobic

components.

The Number and Percentage of Bonding Sites in FA:

Different researchers have proposed the presence of

several binding sites in aquatic FA as shown in Table III-10.

These can be summarized as follows:

(i) The four-bonding sites model (9) consisted of 60 %

of pKai 2.63, 20 % of pKa2 4.67, 12 % of pKa3 5.57 and 8

% of pKa4 6.50. All the complexing sites could arise

from 'malonate', 'citrate' and 'peptide' moieties;

(ii) The five-bonding sites model (14) included 20 % of

pKai 1.7, 25 % of pKa2 3.30, 30 % of pKa3 5.0, 20 % of

pKa4 6.50, 5 % of pKa5 7.0;

(iii) The five-bonding sites model (12) expressed in

terms of the copper complexation constants included pKcu

3.90, 1.494, -0.364, -7.483 and -10.05.
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Table III-10. The Binding Sites of Aquatic FA

No.of binding sites

(I) four

PKai

PKa2

PKa3

PKa4

(ii) five

PKai

PKa2

PKa3

PKa4

PKa5

(iii) five

pKCu

pKCu

pKCu

pKCu

pKcu

(iv) eight

PKai

PKa2

PKa3

PKa4

PKaI'

PKa2'

PKa3'

PKa4'

2.63

4.67

5.57

6.5

1.70

3.30

5.00

6.50

7.00

Operating conditions

60

20

12

8

20

25

30

20

5

%
0

%
0

% 0

%

%0

9-
0

%
0

%

%

pH 3 to 7,

Cu/(COOH of FA)

1:4.5 and 1:20, and

COOH = 1 x 10-4 M

pH 3 to 7,

Cu/FA 0.42 to 2.11,

and FA = 1.6-3.2 x

10-4 M

pH 5.14, 7.00 & 8.44,

Cu = 1-1000 x,10-7 ,

and FA = 1-10 x

10-6 M

3.90

1.494

-0.364

-7.483

-10.050

*

1.8

3.4

4.2

5.7

24.5 %

30.4 %

22.4 %

22.7 %

pH 4 to 10,

Cu/FA 0.5, 1, 2 & 4,

and FA = 2-10 x

10-5 M.

(To be continued)

Ref. no.

9

14

12

2
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Table III-10 (Continued 1)

No.of binding sites Operating conditions Ref. no.

(v) seven #

pK<1> 17.9 % (see Figure 111-19)

pK<2> 8.8 %

pK<3> 20.7 %

pK<4> 13.1 %

pK<5> 6.0 %

pK<6> 2.2 %

pK<7> 31.2 %

*: PKa1 to PKa4 are four unidentate specises, and pKai' to

pKa4' are four bidentate species formed by presuming

simultaneous interaction with Cu.

#: Calculations are based on the peaks' area on UV

chromatograms of FA in Figure 111-19.
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(iv) The eight-bonding sites model (2) consisted of four

unidentate pka of 1.8, 3.4, 4.2 and 5.7, and four

bidentate pKa' which were presumed to form FA-Cu

simultaneously with two of the acidic units.

Earlier research in this laboratory has demonstrated that

Suwannee River FA contained at least six bonding sites based

on its chromatographic information (10). In this research,

SR-FA it is found to have seven bonding sites as shown in the

UV chromatograms in Figure 111-19 can be resolved. The %

area of each site are shown in Table III-10. These include

17.9%, 8.8%, 20.7%, 13.1%, 6.0%, 2.2%, and 31.2% for K<1>,

K<2>, K<3>, K<4>, K<5>, K<6>, and K<7>, respectively.

Since peak elution is a function of pH and percent of organic

modifier, the chromatograms can only be qualitatively

evaluated. Chromatograms in Figure 111-19 indicate that
peaks 1-6 (i.e. the hydrophilic sites) correspond to 68.2 %

of the total binding sites in FA. The overall results of

this experiment are in close agreement with the discrete

model (2) suggesting eight binding sites.

The Stability Constants for FA and CFCA:

As mentioned in chapter I, the study of Cu complexation

with polyfunctional ligands require specific control of pH,

ionic strength, molar ratio as well as equilibration time.

Also depending on the reliability of the measurements- of the

ligand or ionic species, results may vary considerably. In



153

this research, precise experimental conditions were used and

the conditional stability constants were calculated from

different measurements. In most cases, data derived from

different responses were reproducible. In comparing the

results with published data, discrepancies can be attributed

to unmatched experimental conditions. All these problems

have been thoroughly reviewed by Buffle (15). The following

is a discussion of the conditional stability constants data.

(a) CFCA:

CFCA, with pKa1 11.8, pKa2 8.66, and pKa3 4.45, had been

used as a ligand for complexation with copper ion Cu+2 (16).

Results showed K101 of 7.08 x 1012 and K1 0 2 of 5.50 x 1022 as

listed in Table 1-2. These experiments were conducted in 0.1

M NaClO4 at a pH value ranging from 4.5 to 7.8 without any -

specification of molar ratio of CFCA/Cu. The data shown in

Table 111-5 show that all of the K4 values range from 1.16 x

1014 to 1.77 x 1014 (HPLC-FL) at 24 hr. The K4 values listed

in Table 111-5 are close to that K101 value of 7.08 x 1012.

The fact that the x value increases with decreasing the

CFCA/Cu and increasing the time as shown in Table 111-5 is

consistant with published results using different ligands

such as FAs, malonate, citrate, L-tyrosine, and salicylic

acid with the same metal ion Cu+2 (8, 9, 17, 18, 19) . The x

value and its corresponding Ki or K4 values from HPLC-FL as

shown in Table 111-3 are larger than those in Table 111-5 for

the same CFCA/Cu (4:1) ratio and the same time at 24 hrs or
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48 hrs. Similar results were indicated by others that the x

values and stability constant K values increased with

increasing pH value at a fixed ligand/Cu ratio (9, 17, 20).

Table 111-5 show that the stability constant K1 or K4 increase

with increasing the ratio of CFCA/Cu. These results are in

agreement with published research which indicated that FA

tend to have a weaker complexing (lower K value) at higher

Cu(II) concentrations (9, 17). Moreover, Green and coworkers

(21) demonstrated that reduction of molecular charge of FA at

low pH and the shielding of charge at high ionic strength

produced diminished enhancements of FQ; that means decreasing

the binding ability with metal ions.

(b) FA:

In contrast to CFCA with a well defined structure and

binding sites, FA have a heterogeneous nature and more

complicated bonding sites. Published data on the FA

stability constant demonstrate a greater variation of K

values as the ratio of FA/Cu varied (9, 17). The hydrophilic

fraction <1> has a smaller K value than that of the

hydrophobic fraction <2> for FA in Table 111-4. Most of the

Ki values ranged from 1.14 x 103 to 2.39 x 103 in Table 111-6,

roughly close to those for FA in Table 111-4 and those for

CFCA in Figure 111-5. In Table 111-4, FA KI values range

from 2.94 x 103 to 4.00 x 103, and are roughly close to the

K1 01<1> of 7.94 x 103 listed in Table 1-2 for the first

bonding sites in the five site model (12). With the molar
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ratio of FA/Cu varied from 1.25 to 10.00, the K101 values

obtained by other researchers (20) under different conditions

range from 2.75 x 104 to 4.68 x 104 as listed in Table 1-2.

Even though the overall values listed in Table 111-4 are

slightly lower than the published data, very good

reproducibility exists among results calculated from the HPLC

data. Furthermore the results are in good agreement with the

data calculated from Cu+2 analysis by AA from the preparative

experiment (Table 111-9). Buffle (15) showed FA K101 of 1.26

x 104 (at pH 4.8) which is closer to those listed in Table

111-4.

The FA K1 values in Table 111-4 do not agree well with

CFCA K1 values in Table 111-5. However, the CFCA K4 values

after 24 hrs range from 1.16 x 1014 to 1.77 x 1014. These

values are similar to FA K4<1> 2.82 x 1014 representing the

hydrophilic site in FA, and different from K4<2> 1.15 x 1017

representing the FA hydrophobic site listed in Table 111-4.

These results indicate that CFCA can be used as a model

compound for the first bonding sites of the two-site FA based

on CuL4 calculation. Conditional stability data shown in

Table 111-6 were calculated independently from the

fluorescence and Uv responses. Except for one unresolved

fluorescent peak K<3>, the data are quite reproducible for

most peaks. Our current knowledge of the structural features

of FA does not allow further interpretation of the results.

However, this part of the research illustrates the
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feasibility of separating up to seven binding sites in FA.

The unmatched values Ki (or K4) from the different data

source analysis, can be attributed to the following reasons:

(i) Incomplete Cu recovery in the preparative

experiments, the recovery of Cu content only ranged from

83.9 to 87.6% in Table 111-7. This can result in the

tremendous error in calculation of K1 and K4 for FA and

CFCA.

(ii) Possibility of the formation of stability

"constants" for 1:1, 1:2, and 1:3 complexes for

multiligand mixture such as FA.

(iii) The assumption to treat the absorption

coefficients of all the FA fractions as the same for

calculation may be wrong.
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CHAPTER IV

CONCLUSIONS

The overall objectives of this research were to study Cu-

FA and other model compounds interactions by RP-HPLC and

multiple detection systems. The results provides one of the

first experimental frameworks to investigate Cu-

polyfunctional ligand complexes by these methods. Thus the

results provide a validation tool for many of the proposed

Cu-humate interaction models. For example both the

statistical continuous-site and discrete site models by which

the theromodynamic parameters for metal-humic interaction

could be predicted (1,2), were developed by using the

titration technique and statistical analysis method to

determine the information on the binding sites. The

analytical system used in this research (HPLC-PDA-FL with

gradient phosphate-acetonitrile mobile phase), provides a new

experimental alternative which directly separates and

evaluates the stability constants of each binding site in a

heterogeneous material such as FA. The combined use of,

fluorescence scanning of the unfractionated samples,

responses from UV and fluorescence detectors and the AA

analysis of Cu+2 in individual peaks allowed calculations of

conditional stability constants of the total sample and
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fractions. Furthermore data on the fractions were obtained

from three independent measurements.

The following new information was obtained by applying

this system to FA, CFCA, ADPA and their Cu complexes.

(a) FA and FA-Cu:

(i) The macromolecule FA can be separated up to seven

discrete fractions. Each response peak can be treated

as one of the binding sites of FA;

(ii) The ability and degree of each fraction (binding

site) to combine with copper ions can be demonstrated by

FQ, UV "quenching", and the Cu content analysis;

(iii) The combination of V, FL chromatograms and Cu

content data demonstrate that FA and FA-Cu complexes

have the same retention time and UV-Vis scans;

(iv) The identity and purity of each of the binding

sites in FA or any peak in the chromatograms can be

monitored by its UV-Vis scan;

(v) The conditional stability constants, K of FA, are

calculated from different responses and are in good

agreement with each other and with some of the published

data.

(b) model compounds and their Cu complexes:

(i) CFCA and CFCA-Cu were found to have different

retention times with distinguishable UV-Vis scans;

(ii) CFCA tends to have more hydrophilic characteristics

than CFCA-Cu complexes;
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(iii) CFCA is a good model compound for more hydrophilic

parts of FA binding sites;

(iv) The conditional stability constants of CFCA

determined by this method are in good agreement with

those published data and with those calculated from

different responses;

(v) ADPA and ADPA-Cu were found to have somewhat

distinguishable UV-Vis scans (small shift of Xmax in UV

spectra) with the same retention time on chromatograms.

However some limitations should be considered.

(i) The assumption that the FL (or UV) response of each

fraction of the chromatograms represents each of FA

constituents may be not true;

(ii) The HPLC column efficiency may deteriorate and thus

cannot be kept exactly the same for extended time and

after repeated injections, especially in the preparative

experiments;

(iii) The reaction condition and the separation

condition for FA or any of the model compounds is

difficult to match exactly. This may influence the

measurement of their true stability constants under the

reaction condition;

(iv) The UV detector cell may easily be destroyed by the

high pressure resulting from the use of buffer solution

in the mobile phase. This may restrict the investigation

of ionic strength effect on the FA/Cu reaction.
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Futher investigation of binding sites in FA would

require a more efficient HPLC column which can improve peak

separation in FA. Further structural information on FA

binding sites could be obtained by interfacing the HPLC

system with a mass spectrometer.

Application of the RE method provided valuable

information on the retention behavior and spectral

characteristics of FA and model compounds. Even though the

method was only applicable to VA, the use of PDA detector

allowed the UV-Vis scanning of the separated peaks. This

allowed the comparison between the UV-Vis spectra of

uncomplexed and complexed species. The RE method has some

advantages and disadvantages which can be summarized as

follows:

The advantages of the RE method include:

(i) The RE method has no requirement for reaction time

between the samples and the copper ions. Equilibration

time and retention time are assumed to be similar. This

makes the RE method easier to apply than that of the

phosphate method.

(ii) The method is suitable for studying the

complexation of VA with copper ions, which was difficult

to investigate by the phosphate method due to the very

weak FL responses.

The disadvantages of the RE method include:
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(i) For samples of multiple FL responses such as FA, it

is not easy to calculate quantitative results from the

FQ data. This is due to the different composition of

the eluents;

(ii) Limitations of sample concentrations in the RE

method (I to 50 times less than copper ions) as well as

a resulting pressure on the HPLC column and flow cell

due to high concentration of copper ions and salts

buffer. These restrictions make the application of the

RE method limited to a narrow range of compounds,

especially when the UV-Vis response of the sample is

very weak as in the case of SA.

(iii) For several model compounds the retention time of

the samples and their corresponding copper complexes

were indistinguishable.

(iv) The gradient method, which was used in the

phosphate method, could not be applied in the RE method.
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