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ABSTRACT

Phenolic compounds are important components of grapes and wines. They have been found

to have important roles in grape and wine systems and properties that are beneficial for human

health. Vanillin (3-methoxy-4-hydroxybenzaldehyde) is a phenolic compound coming from the

oxidative degradation of lignin in oak-barrels during the aging of wine. Vanillin is an important

flavour component of wine and its concentration in wine influences significantly the aroma and

flavour of wine. The concentration of vanillin in wine is affected by various factors including the

presence of metal ions. In this work, by using HPLC, HPLC-MS, and MS technologies, iron (III)

cations were found to affect the oxidation of vanillin in a model system of wine, and the product

of the oxidation was identified as divanillin. The mechanism of the redox reaction between

vanillin and Fe^"^ is thought to follow that of other phenol oxidations. Increasing the

concentration of Fe ^ in the model system accelerates divanillin production. The best pH

condition for the divanillin production in the system is the range of 3.0 ~ 3.5. Increasing

temperature from 20°C to 40°C accelerates the divanillin production. Divanillin was found to

exist in three commercial red wines in this work. Keeping the storage temperature cool and

decreasing the contact of grapes and wines with iron are two major measures suggested by this

work in order to decrease the oxidation of vanillin during the making and aging of wine.
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/. INTRODUCTION

1.1 Wine systems

Wines are composed of a complex mixture of water, phenolic compounds, organic acids,

alcohols, residual sugars, and inorganic components, all of which are responsible for the

sensory characteristics of wines.' Due to the complexity of wine components, the interactions

and reactions among these compositions occur unavoidably during the processing and aging of

wines, and certainly have important effects on the qualities of wines.

1.1.1 Phenolic components of wines

Among the various wine components, phenolic compounds are attracting more and more

attention because of their important roles in grape and wine systems. For example, they are

associated with the physiological protective role against bacteria and viruses; they have an

important role in the regulation of grape maturation; they are involved in the formation of

hazes, precipitates and the discoloration of wines; and they are partly responsible for the

organoleptic characteristics of wines, such as colour, bitterness and astringency.^
"^

Recently,

the phenolic components of wines have received considerable attention because they are found

to have properties that are beneficial for human health, such as antioxidant, anti-tumor, anti-

carcinogen, anti-mutagenesis, anti-allergy, anti-microbial, anti-hypertension, inhibition of the

activities of some physiological enzymes and receptors, and modulation of immune function

and platelet activation.^''

The most important source of phenolic components of wine is the grapes. The phenolic

compounds identified in grapes include phenolic acids, flavonols, flavan-3-ols, flavanonols and

anthocyanins.* Additionally, yeast and microbial fermentations, and post-fermentation
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treatments, such as oak storage and aging, are also possible sources for phenolic components.

For example, the phenolic compounds, which are contained in oak and can be extracted into

wines during the course of wine aging, include tannins, vanillic acid, syringic acid, vanillin,

syringaldehyde, coniferaldehyde and sinapaldehyde.^

The phenolic components found in wines are grouped into two categories, the flavonoids

and non-flavonoids. The wine flavonoids are all polyphenolic compounds, which have multiple

aromatic rings possessing hydroxyl groups, and have a specific three-ring backbone structure,

which is shown in Figure 1.1.

Figure 1.1: The typical three-ring backbone structure of wine flavonoids.

The major classes of wine flavonoids are flavanols (e.g. catechin and epicatechin), flavonols

(e.g. quercetin), and anthocyanins (e.g. cyanidin) (Figure 1.2 a,b,c). The non-flavonoids in

wines include hydroxycinnamic acid (e.g. caftaric acid), benzoic acids (e.g. gallic acid),

hydrolyzable tannins (e.g. vescaligin), stilbenes (e.g. resveratrol), and aromatic aldehydes (e.g.

vanillin) (Figure 1.3 a,b,c,d,e). The content of phenolic compounds found in aged red wines

and white wines are approximate 1,740 mg/L and 285 mg/L, respectively
10





r-^;=^%/OH

a) Catechin R 1 =H, R2=0H
Epicatechin R1=0H, R2=H

OH O
(b) Quercetin

(c) Cyanidin

Figure 1.2: Example structures of the major classes of wine flavonoids: (a) flavanols (e.g.
Catechin), (b) flavonols (e.g. quercetin), and (c) anthocyanins (e.g. cyanidin).
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Figure 1.3: Example structures of non-flavonoids in wine: hydroxycinnamic acid (e.g. caftaric

acid), benzoic acids (e.g. gallic acid), hydrolyzable tannins (e.g. vescaligin),

stilbenes (e.g. resveratrol), and aromatic aldehydes (e.g. vanillin).
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Procyanidins, which are one group of flavonoids, are composed of flavan-3-ol monomers

including catechin and epicatechin, and their respective oligomers (degree of polymerization

DP = 2-10) and polymers (DP>10) (Figure 1.4), commonly bonded through 4^6 or 4->8

linkages.

Figure 1.4: Structures for procyanidins oligomers (DP=2-10, n=0-8) and polymers

(DP>10, n>8) bonded through 4^8 linkages.

Procyanidins are found to be the main polyphenolic compounds in grapes, wines and many

other fruits, vegetables and derived foods and beverages including apples, berries, cocoas,

chocolates, ciders, juices, teas. ' ' Fulbor et al. quantified the procyanidin compositions in

the seeds of 17 vinifera, hybrid, and labrusca type red and white grape cultivars grown in the

Niagara region of Ontario, Canada.''' The results summarized in Table 1.1 indicate that the

procyanidin concentrations in grape seeds are significantly different depending on the different

cultivars, and in general, the seeds of red grape cultivars contain higher quantities of

procyanidins than the whites. Among the examined grape cultivars, Pinot noir, Camay,

Vincent and Baco noir are found to be good sources of procyanidins
14





Table 1.1: Procyanidin concentrations in seeds of different grape cultivars (mg/g).'"

Cultivar
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Table 1.2: Average procyanidin concentrations (mg/l) of 95 bottles of red wines, 57 bottles

of white wines and 8 bottles of rose wines.
'^

Procyanidins





Although wine aging is not a requirement for all wines, it plays an important role in the

winemaking process. During aging, the wine becomes more pleasant and clarified, and CO2 is

eliminated. The oxygen introduced through the wood pores acts on the anthocyanins, therefore

on the colour, and decreases their astringency.^'''^^ It has been known since antiquity that

storage of wines in contact with wood can alter the aroma profiles of wines, and the interaction

between wood and wine depends on the wood origin and cooperage techniques.' Oak wood has

been one of the materials used for storage of wines, spirits, and other alcoholic beverages, and

oak wood can enhance the quality of wine.^^ Oak wood gives the wine improved "harmony"

and a perfume of vanilla by releasing extractable substances.^^ The release of vanilla perfume

is due to the lignin component contained in oak wood. Lignin, which is insoluble in water and

is resistant to enzymatic or chemical hydrolysis, acts as a support in the cell walls of plants and

is composed of phenylpropanoid units randomly linked by carbon-carbon linkages and ether

linkages. It is a complex aromatic polymer produced by free radical reactions initiated with the

dehydrogenation of monomers, such as coniferyl alcohol, sinapyl alcohol and /j-coumaryl

alcohol (Figure 1.5 a,b,c), via phenol-oxidizing enzymes. Lignin is one of the most valuable

compounds in oak wood, playing a significant role in the wine aging. During wine aging, the

lignins contained in the inner surface of the barrel leach out of the wood into the alcoholic

medium, where they undergo ethanolysis and form ethanol-lignin complexes that later undergo

oxidation degradation and break down into coniferyl alcohol, guayacyl glycerol, 3-methoxy-4-

hydroxyphenylpyruvic acid (Figure 1.5 a,d,e), and other products. In the case of coniferyl

alcohol, the subsequent oxidation of the hydroxy! group gives rise to the formation of coniferyl

aldehyde, which finally turns into vanillin through the oxidation of the double bond as shown

in Scheme 1.1.^^





0CH3
OH

(a) Coniferyl alcohol

H3CO
I

"OCH3

OH
(b) Sinapyl alcohol

OH
(c) /7-coumaryl alcohol

OH
(d) Guayacyl glycerol

HO^O

O^

OCH3
OH

(e) 3-methoxy-4-hydroxyphenylpyruvic acid

Figure 1.5: Structures of lignin monomers: (a) coniferyl alcohol, (b) sinapyl alcohol, and {c)p-

coumaryl alcohol. Structures of degradation products of lignin: (a) coniferyl

alcohol, (d) guayacyl glycerol, and (e) 3-methoxy-4-hydroxyphenylpyruvic acid.
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O.. M

^ ^ CHO

ff^ O2 f^"^ O2

OCH3
I

OCH3
f

OCH3
OH OH OH

Coniferyl alcohol Coniferyl aldehyde Vanillin

Scheme 1.1: Schematic representation for the oxidation of coniferyl alcohol into vanillin

via the formation of coniferyl aldehyde.
^^

The vanillin in wine, which comes from aging in oak barrels, has a strong influence on

wine aroma. Aiken and Noble compared the aromas of oak-aged wines and glass-aged wines.

In their work, the same commercially-produced wines were stored in oak barrels and glass

carboys under identical storage conditions for 338 days. One of the major differences between

the oak-aged and glass-aged wines was the significantly increased intensity of the vanilla,

spicy and oak blend aroma attributes, which gave rise to the strong "vanilla wood" character of

the oak-aged wine.^^

The vanillin content of different wines is significantly different depending on the wine

varieties due to the different wine-making techniques and different oak barrels used by

manufacturers. The vanillin content in an oak-aged Preslav brandy was reported to be 1.2, 2.6,

4.8, and 6.3 mg/L for the maturation duration of 3, 5, 9, and 14 years, respectively.^^ That for a

red wine and a white wine, after the maturation duration of 55 weeks in oak barrels, was 0.3

and 0.45 mg/L, respectively.^' The vanillin content of oak-aged wine is affected by the oak

origin. Chatonnet and Dubourdieu analyzed the content of volatile and odorous compounds,
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including metiiyloctalactone, eugenol and vanillin, in model dilute alcohol solutions aged in

three different species of oak barrels, American white oak (Quercus alba) and European oaks

{Quercus petraea and Quercus robur), for 15 days at 20°C, the extraction conditions of which

were similar to those in wine.^^ The results indicated that the American white oak (Quercus

alba) has a greater aromatic potential than European oak (Quercus petraea and Quercus robur).

The vanillin content in American white oak-aged solution was 1 1 ng/g (SD=5.5), while those

in European oak (Quercus petraea and Quercus robur)-aged solutions were 8 |j.g/g (SD=3) and

6 ng/g (SD=2.5), respectively.^*

The vanillin content of wines is also affected with the treatment temperature on oak wood.

Martinez et al. studied the influence of wood heat temperature on vanillin, syringaldehyde, and

gallic acid contents in oak wood-aged wines. ^^ The results showed that the best toasting

temperature on oak wood that lead to highest vanillin concentration was in the range of 185°C

- 215°C. No vanillin was detected in the wine sample stored in untreated oak wood, which

probably is because lignin decay did not occur. As toasting temperature increased (above

120°C), vanillin concentration rose (up to 17 mg/L at the toasting temperature of 215°C) due to

decomposition of lignin by heat, leading to the occurrence of vanillin molecules. At

excessively high treatment temperatures (above 215°C), vanillin concentration decreased and

became undetectable at extremely high temperature (250°C), which is because that high

temperatures lead to formation of much less reactive compounds or even destruction of part of

the formed aromatic aldehydes.
^^

1.1.3 Vanillin reactions infood systems

The interaction of flavor compounds with other components affects the perceived flavor of
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foods. The intensity of vanillin in food systems is affected greatly by food components,

especially proteins. The interaction between vanillin and protein primarily occurs via the Schiff

base formation. In liquid or high-moisture food systems, flavor compounds having aldehyde

groups can bind covalently to the amino groups of proteins via the Schiff base formation. ^^ For

example, Cha and Ho reported that the reduction of vanillin followed second-order kinetics in a

methanol system containing aspartame and was attributed to the Schiff base formation.'*" Graf

and de Roos suggested that the Schiff base formation between vanillin and proteins can be

accelerated in ice cream by lowering the fat content.'*' Kim and Min also suggested that

volatile aldehydes can react with free amino acids or with the free amino groups of proteins

and form reversible Schiff bases.''^

The interaction of vanillin with proteins is affected by the type and concentration of

proteins as well as by heat treatment. McNeill and Schmidt reported that sodium caseinate

(CAS) interacted more with vanillin than whey protein isolate (WPI) in sweetened drinks, and

WPI treated with heat caused significantly higher vanillin flavor intensity than an untreated

isolate.''^ However, the same heat treatment had no effect on the vanillin intensity with CAS."*^

Chobpattana et al. found that the rate constants for vanillin reduction were affected

significantly by the type of amino acids or peptides studied, and increasing temperature can

accelerate the interaction of vanillin with them.

1.1.4 Oxidation ofwines

During the aging of wines, a series of profound transformations, related mainly to oxidation

phenomena of wine components, occurs. Phenolic compounds are the major substrates for

oxidation in wines.''^ Oxidation will diminish the phenol content of wines, and further produce
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remarkable modifications in tiie aroma, color, and flavor of wines. The changes in organoleptic

properties mainly consist of continuous browning, a loss of aromatic freshness, and the

appearance of precipitates of condensed phenolic material, which results in a loss of quality

that limits the shelf life of wine.'*^ There are certain species which participate significantly in

the destabilization of wines and in their oxidative evolution. Notable among these species are

oxygen (the initiator of the process), phenolic compounds (the oxidizable matter), and certain

metal ions (activators of the process).''^ Multivalence metals in wine have been assigned the

role of catalysts forming intermediate oxidation products in the oxidation process of wines. It is

believed that iron, copper and manganese may be involved since oxygen can complex with

these metals, but the amounts at which they are present in wine suggest they may have a role

other than catalysts.'* Numerous studies have been carried out in order to minimize one or

more of the factors which influence wine oxidation, to suppress wine oxidation, and finally, to

optimize the quality of wine.'*^'''^''*'''**''*^

1.1.5 Metals in wines

The amount of inorganic components in wines is quite small, but their importance is very

great: they contain a number of macro- and trace elements which are essential for human health,

and some of them contribute to the process of wine oxidation, further influencing the quality

and organoleptic characteristics of wine."* Although the metal content found in wine is very

low, the number of different metals is quite high, including Na, K, Mg, Ca, Mn, Zn, Fe, Al, Cu,

Pb, Hg and Cd.^°"^^ There are various sources contributing to the metal composition of wine:

natural, addition, and contamination."** The metals found in wine and their sources and effects

on wine are listed in Table 1.3.'**'^°"^''
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Table 1.3: Metal content found in wines, their sources and effects on wine.
48,50-54

Metals
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contact with containers and the metal caps that cover the corics during bottling (particularly if

the cork is worn), and the use of colored glass bottles, which provide iron salts, to avoid the

action of ultraviolet rays.^* Additionally, Muranyi and Papp reported that the iron content in

wines stored in new oak barrels is higher than that in old barrels,^' which is understandable

since wood contains metallic species due to the direct uptake from the soil in which the tree

grows, metal is used to hoop the barrels, and the iron content in oak barrels decreases with their

usage. They also reported that the iron content in wine stored in acid-proof steel containers is

extremely high, which is attributed to the dissolving of the acid-proof steel.^'

Ferric cation (Fe^^) is the main metallic element capable of producing alterations in wines.

However, because the redox potential of the biologically aged wines is in the range of 350 to

400 mV, the normal oxidation state of iron is Fe^"^.''^ The iron in wines does not exist all in the

free ionic form. A portion of it is complexed and entrapped in covalent forms such as tannin

and anthocyanin complexes, or even insoluble salts such as Fe(III) phosphate, which is often

adsorbed on the tannin suspension. ^^ Scheme 1.2 depicts the distribution of iron in wine.^^ At

low concentrations, iron, as an enzyme activator, stabilizer and functional component of

proteins, plays an important role in metabolism and fermentation processes. Above trace level,

iron has other undesirable roles, such as altering redox systems of wines in favor of oxidation,

affecting sensory characteristics of wines and participating in the formation of complexes with

tannins and phosphates, which cause wine instabilities. Two types of iron-containing hazes or

" casses", which affect both the color and flavor of the wines, are usually formed in wine:

white casse, as a result of ferric-phosphate complex formation, and blue casse, due to ferric-

tannate complex, formed from the tannin reaction with ferric cations.
^^'^^
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(i.e., citric acid)

Soluble uncolored

complexes

Tannins and

anthocyanins

Blue casse

White casse

Scheme 1.2: Schematic representation of iron distribution in wine
57
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Macias et al. studied the factors influencing the oxidation phenomena of Sherry wine and

pointed out that the presence of iron contributed decisively to the development of the oxidation

phenomena of wine. Cacho et al. reported the influence of iron on wine oxidation: the loss of

phenolic compounds was higher as the concentration of iron cation increased; and iron

catalyzed the chemical combination of acetaldehyde with phenolic compounds, resulting in the

formation of precipitates.'*' Oszmianski et al. studied the oxidation of catechin in model

systems of wines with iron as a catalyst, and reported that the degradation rate of

catechin increased with increasing amounts of iron; the amounts of the formed products

increased as the concentration of ferrous ions in the solution increased; and the autoxidative

degradation of catechin induced larger discoloration at higher iron concentrations.^'

1.2 Analytical technologies used to study wines

The analysis on wine components is developed remarkably by the development of analytical

technologies. In the 19th century, analytical methods only focused on the determination of

major wine components such as ethanol, organic acids, and sugars. The development of

chromatographic techniques in the early 1900s and in particular, development of gas

chromatography (GC) in the early 1950s, pushed the analysis of wine components, especially

volatile flavor components, forward. Noticeably, in the later 1900s, the development of liquid

chromatography and mass spectrometry (MS), followed by the new technique of HPLC

coupled with MS, further widened the field of wine analysis, covering almost all the wine

components. At the beginning of the 21st century, the focus is beginning to shift away from

identification and quantification of new compounds in wines toward developing dynamic

analytical techniques that can model the complex relationships between wine compositions and
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sensory properties. Additionally, rapid, readily automated techniques that can be used to

optimize agricultural practices and processing or aging conditions are being evaluated and

developed.^'

1.2.1 Liquid chromatography (LC)

1.2.1.1 General concepts ofliquid chromatography

Chromatography is a separation technique by which the components of a mixture are

separated based upon the variation of the rates at which they migrate through a stationary phase

under the influence of a mobile phase.^° The rate of migration of each component is

determined by the proportion of time it spends in the mobile phase, or in other words by its

distribution ratio or partition ratio, which is defined as:

Cs
K = — (1.1)

Cm

where Cs is the concentration of a solute in a stationary phase, and Cm is that in a mobile phase.

With liquid chromatography, the mobile phase is liquid, relative to the gas mobile phase in gas

chromatography. According to the nature of stationary phases, column chromatography is

classified into liquid-liquid chromatography (LLC) and liquid-solid chromatograph (LSC).

High-performance liquid chromatography (HPLC), described in section 1.2.1.3, is a type of

LLC. In LLC, which is also named partition chromatography, the liquid stationary phase,

which still acts as a liquid, is immobilized on the inert solid support, and the separation process

is based on the partition of the analyte between the two phases at their interface.^' The process

by which solutes are washed through a stationary phase by the movement of a mobile phase is

19





named elution. An eluent is a solvent used to carry the components of a mixture through a

stationary phase.^^'*^

A chromatogram is a graph of signal recording response to solute concentrations as a

function of elution time or elution volume.^^ The separation of components occurring in the

column leads to the formation of a series of peaks rising from the baseline, which is the trace

obtained in the absence of analyte. The area under each peak varies linearly with the

concentration of analyte if the detector signal varies linearly with that too.^' Figure 1.6 shows

a typical chromatogram for a two-component mixture. The small peak on the left at the

retention time of tu represents a solute that is not retained on the column and so reaches the

detector almost immediately after elution is started. Thus, tu, which is described as dead time,

exactly corresponds to the time required for the molecules in the mobile phase to pass through

the column. The large peak on the right is due to the separation of an analyte species. The

value ?R, which is called the retention time, is the time required for this solute to reach the

detector after sample injection.





By using the retention time, the average linear velocity of analyte migration, v, and that of

mobile phase, u, are given by:

L

V= '::./ (1.2)

and
L

u = (1.3)

where L is the length of the column. The relation between v and u can be expressed as:

V = M X (fraction of time that the solute spends in mobile phase) (1 .4)

The fraction of time that the solute spends in mobile phase (CmVm ) equals the average number

of moles of solute in the mobile phase at any instant divided by the total number of moles of

solute in the column (CmI^m + CsVs). Therefore,

Cm Vm ^ 1

V = M X = u X = u X (1.5)

CmVm + CsVs 1 + CsVs/ CmVm 1 + KVs/Vm

where Cm is solute concentration of mobile phase, Vm is volume of mobile phase, Cs is solute

concentration of stationary phase, Vs is volume of stationary phase. Equation 1.5 relates the

rate of solute migration, v , to its partition ratio, K.^^'^^

Capacity factor is another important experimental parameter that is widely used to

describe the migration rates of solutes on columns. The capacity factor for a solute A is defined

as:

KaVs
K\ = (1.6)

Vm
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Thus, equation 1.6 can be substituted into equation 1.5:

V = MX (1.7)

By substituting equations 1.2 and 1.3 into 1.7 and rearranging, yields:

K'a= (1.8)

which indicates that K'a can be derived from a chromatogram. Ideally, separations are

performed under conditions in which the capacity factors for the solutes range between 1 and 5.

In liquid chromatography, capacity factors can often be manipulated to give better separations

by varying the compositions of the mobile phase and the stationary phase.*^'^^

The relative migration rates or separation of two solutes A and B can be expressed by a

parameter, selectivityfactor or separation factor, which is defined as:

Kb
a = (1.9)

where Kb is the partition ratio for the more strongly retained solute B and A^a is that for the less

strongly-held or more rapid ly-eluted solute A. Substitution of equation 1.6 and 1.8 into

equation 1.9 gives an expression that permits the determination of a from an experimental

chromatogram:^^'^^

(^r)b - ^M

a = (1.10)

(^r)a - ^M

The theoretical plate model has been suggested to explain the mechanism of migration and

separation of analytes in the column. It is known that the process of chromatography is a

dynamic and continuous phenomenon. However, in the theoretical plate model, each analyte is

considered to be moving progressively through the column in a sequence of distinct steps, each
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of which corresponds to a new equilibrium of the entire column. At each new equilibrium, the

analyte progresses through the column by a small distance named a theoretical plate. For each

of the plates, the concentration of analyte on the mobile phase is in equilibrium with the

concentration of analyte in the stationary phase. The height equivalent to a theoretical plate or

plate height (HETP or H) is thus given by:

L

H= (1.11)

where L is the length of the column and N is the number oftheoretical plates^^ The efficiency

of a column increases as A'^ becomes larger and as the H becomes smaller. A^ and H are widely

used as measures of column performance. The efficiencies of different columns are

significantly different depending on the types and kinds of mobile and stationary phases they

contain. The value of A'^ can also be determined from a chromatogram by measuring the

retention time of a peak, /r, and the width of the peak at its base, W (in units of time), as

showed by equation 1.12:

N=\6{tKlWf (1.12)

A kinetic theory model that mathematically approximates H is expressed as:

H = A + B/u + Cu (1.13)

which is called the van Deemter equation and indicates that the plate height is dependent on

the linear flow rate u in the mobile phase and is described by the constants A, as a measurement

for the Eddy diffusion, B for the longitudinal diffusion, and C for the mass transfer between

mobile and stationary phase. '

The resolution of a column, which is defined by equation 1.14, provides a quantitative

measure of its ability to separate two analytes.
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Rs= (1.14)

Wa+Wb

This equation can also be derived as equation 1.15, which relates the resolution of a column to

the number of plates it contains, as well as to the capacity and selectivity factors of a pair of

solutes on the column:

(AO"^





polarity and molecular weight.

Qualitative analysis

LC is widely used for recognizing the presence or absence of components in mixtures that

contain a limited number of species whose identities are known. The same compound always

has the characteristic retention time in a chromatogram under identical separation conditions.

However, because a chromatogram only provides a single piece of information (the retention

time) about each species in a mixture, the application of LC to the qualitative analysis of

unknown components of complex samples is limited (in some cases, two different components

may have same retention time under identical separation conditions). The techniques of LC

linked with ultraviolet, infrared, or mass spectrometry largely overcome this limitation.

Although a chromatogram may not lead to positive identification of the species, it often

provides sure evidence of the absence of species. In other words, if a sample does not produce

a peak at the same retention time as a standard obtained under identical conditions, that means

the compound is absent in the sample (or is present at a concentration below the detection

limit)."

Quantitative analysis

Under properly controlled conditions, both the height and the area of an analyte peak vary

linearly with the concentration of the analyte. Quantitative analysis by using LC is just based

on a comparison of either the height or the area of an analyte peak with that of one or more

standards. The height of peaks is easy to measure precisely, but it is variable with the variation

of chromatographic conditions, such as column temperature, eluent flow rate, and sample

injection volume. Peak area is independent of the above variables, so it is a more satisfactory
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parameter than peak height in quantitative analysis. However, the measurement of peak area is

less easy and accurate than that of peak height. Whatever parameter is used, the most

straightforward quantitative method is calibration with a standard, by which a plot of peak

heights or areas as a function of concentrations of a series of standard solutions of analyte is

obtained, and quantitative analysis of the analyte is based upon the plot.^^'*^

1.2.1.3 High-performance liquid chromatography (HPLC)

High-performance liquid chromatography, which is also named high-pressure liquid

chromatography, high-speed liquid chromatography, high-resolution liquid chromatography,

and modern liquid chromatography, is one of the most versatile, powerful, and most used

analytical techniques ever developed for the analysis of mixtures. It is developed based on gas

chromatography and classical liquid chromatography. Compared to GC, which is only suitable

to volatile and thermally stable compounds, HPLC can separate approximately 80% of all

known chemical compounds including major classes which are of central importance in

biology and medicine field. These compounds can have molecular weights up to the hundreds

of thousands, can be with amounts ranging from attograms to grams, can be aqueous or organic

soluble samples, can be volatile or non-volatile species, can be ionic, polar, or neutral, and can

be diasteriomers and racemic mixtures. HPLC separations of these compounds can be

performed efficiently and quickly with high sensitivity, high selectivity and perfect

reproducibility.^^ All these advantages of HPLC are due to the improvements in the design of

pumps, controllers, detectors and particular columns. Classical liquid chromatography is time-

consuming and inefficient due to the use of relatively large-diameter and long glass columns,

low column pressure and low flow rates. HPLC can perform the high performance as a result
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of several major changes: using generally smaller size of particles which developed more

efficient solid supports; using small-diameter and short stainless steel column, and forcing the

eluents through the column under pressure, resulting in much faster eluting rates; using much

smaller samples, resulting in narrow peaks with better resolution; using automatic detectors

which can monitor faster flow rates.^^

Reversed-phase HPLC

The stationary phase of reversed-phase (RP) HPLC utilizes hydrocarbon moieties in the

range C2 -C24 chemically bonded through a siloxane bond to the surface of silica gel.^^ The

long-chain hydrocarbon groups are aligned parallel to one another and perpendicular to the

surface of the silica gel particle, giving a brush-like, non-polar, hydrocarbon surface.^^ The

mobile phase is often an aqueous solution containing various concentrations of polar solvents,

such as methanol, acetonitrile, or tetrahydrofuran. RP-HPLC derives its name from the fact that

the analyte must partition itself between the polar mobile phase and the non-polar stationary

phase of the column. Figure 1.7 represents a typical RP-column.^^ Separations of components

in an analyte are based on their relative polarities between the stationary phase and the mobile

phase. A typical RP gradient run consists of equilibrating the loaded sample on a column first

with polar mobile phase, the polarity of which is then changed by introducing a different, less-

polar, miscible solvent. Since the stationary phase is relatively non-polar, very polar or ionic

species are not retained on the column and are quickly eluted, while non-polar species are

retained on the column until the mobile phase becomes more non-polar. Each component with

different polarities will spend different retention time on the stationary phase, thereby

performing a separation.^^
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There is no question that RP-HPLC is the most widely used separation technology in liquid

chromatography. Compared to normal-phase HPLC and GC, RP-HPLC handles compounds of

widely diverse polarity and molecular weight (Figure 1.9),^^ as a result, it has been widely

used in the fields of biology, medicine, pharmaceutics, agriculture, and environment. A large

amount of research focusing on wines is performed by utilizing RP-HPLC .^*'^^'™

Polar Mobile

Phase

Silica support

Non-Polar

Bonded Phase
Column

Figure 1.7: A typical reversed-phase column
65

Non'Polar

Mobile Phase

Column

Silica support

Polar Bonded

Phase

Figure 1.8: A typical normal-phase column.^^
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Figure 1.9: The wide application of revered-phase HPLC compared with that of

normal-phase HPLC and gas chromatography.
65

Normal-phase HPLC

In normal-phase (NP) HPLC, the mobile phase and stationary phase are inverted relative to

RP-HPLC. A typical NP-column is shown in Figure 1.8. The highly polar stationary phase of

the NP-column is water or triethylene glycol bonded silica, while the mobile phase is relatively

a non-polar solvent such as hexane or /-propyl ether. With NP-HPLC, the separations are
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performed by partitioning analyte between the polar stationary phase and the non-polar mobile

phase. A sample loaded on a column is first equilibrated with a non-polar (high organic)

solvent, the polarity of which is then changed by introducing a different, more polar, but

miscible solvent. Non-polar components are quickly eluted, while polar components are

bonded tightly to the polar stationary phase and are eluted later as the mobile phase becomes

more polar. Compared to RP-HPLC, the application of NP-HPLC is relatively narrow with

respect to the compounds with relatively high polarity or big molecular weight (Figure

1.9)."'"

1.2.2 Mass spectrometry (MS) andHPLC-MS

1.2.2.1 Introduction and concepts

Mass spectrometry is an analytical technique that serves for the establishment of the

molecular weight and structure of organic compounds, and the identification and determination

of the components of inorganic substances.^' The instrument used to carry out the

measurements is called a mass spectrometer, in which atoms or molecules from a sample are

ionized in an ion source, separated according to their mass-to-charge ratio {miz) by a mass

analyzer, detected and recorded in forms of the intensity of the ion current for each species and

then stored in a computer.^^ A mass spectrum is a plot of the relative abundance (%) of ions,

which result from the ionization of a sample, as a function of their mIz ratio." The peaks in a

mass spectrum correspond to charged species separated by their mIz. The height of a peak

corresponds to the relative abundance of the ion. The tallest MS peak is called the base peak,

whose intensity is set at 100%. The molecular ion peak corresponds to the molecular mass of
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the compound under study. The characteristics of the mass spectrum of a compound are just

liiie the fingerprints of a person. From the information-rich mass spectrum, a lot of valuable

specific information can be obtained or derived to aid in the identification and quantification of

the studied compound. The specific information includes molecular weight, elemental

composition, empirical formula, molecular structure, and mass specific response, all of which

are not available by any other single mode of detection. That means MS can solve problems

that no other technology is capable of solving.^"*

Mass resolution, Rm, is the measurement of the mass analyzer's ability to separate one

mass from an adjacent mass. It is defined by equation 1.16, where m is the measured mass or

average mass, and Amresoiution is the difference between two adjacent mass peaks.

i?m = m/Amresolution (1-16)

A prerequisite to solving most problems in organic analysis is that the mass analyzer separates

masses that differ by at least one mass unit (a proton), known as unit or nominal resolution,

which is the ideal mode of operation where on-line coupling to chromatographic techniques is

used. Mass accuracy is the measurement of the closeness of the mass of a given measurement

to the true mass of the substance, and is defined by equation 1.17.

Amaccuracy ~ I Tltrue " llmeasured I
('•'')

Mass accuracy is very important to any mass analyzer and mass analysis. The combination of

high resolution and accurate mass measurement is required for a reliable determination of

elemental composition. Mass range is the difference between the upper and lower limits of m/z

that the mass analyzer can measure:

Amrange ~ niupper limit — miower limit ( ' • 1 o)
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The rapid development of the biosciences has pushed the extension of the upper mass range in

order to measure complex biopolymers. High mass measurement is a prerequisite for

biomolecule mass spectrometry. Figure 1.10 shows the difference between Amresoiution and

Amrange, both of which are important in determining the analytical capabilities of a mass

spectrometer.^'*

mlower limit upper limit

100 -

.& 75 -

m
& 25-

-

I'^meBsuredJ

"~Amrange

A'^resolution

[mnot maaaured-i

1 1 1 1

1000 2000 3000 4000

[m/z]

Figure 1.10: Diagram of mass spectrum comparing mass resolution and

mass range.

Mass spectrometryImass spectrometry (MS/MS) or tandem mass spectrometry is a

technique that utilizes multiple stages of mass analysis sandwiching a collision or reaction

region between two mass analysis stages. The first stage, (MS)', isolates the selected ions

(precursor ions) into a collision or reaction region, where they are excited, usually by
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interaction with a collision gas, and undergo a fragmentation to yieldfragment ions or product

ions. The product ions then undergo a second stage of mass analysis, (MSf. This continuing

sequence of analysis and collision is referred to MS", where n means the number of the stages

of mass analysis used. Tandem MS provides the most usefial and structurally-dependent

information, which can benefit the identification of compounds. Usually, two-stage tandem MS

is enough to identify an unknown, but three-stage tandem MS is sometimes used to

differentiate very similar compounds, such as isomers. Multiple reaction monitoring (MRM)

or selected reaction monitoring {SRM) is a non-scanning mode, in which the selected

precursor ions of an analyte can be continually introduced into the collision region by the MS'

and only selected product ions formed in the collision region are monitored through the MS^.

This mode yields maximum sensitivity and selectivity for known target analytes.^'"'^

1.2.2.2 Ion trap mass analyzer

Ring Electrode

l^ur^
^^^~ — End Caps

Figure 1.11: Schematic diagram of ion trap mass analyzer.''*
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Ion trap mass analyzer (Figure 1.11) consists of a central ring electrode and a pair of end-

cap electrodes. The internal surface shape of the three electrodes follows a three-dimensional

nearly-hyperbolic profile. A RF voltage of constant frequency and variable amplitude is

applied to the ring electrode. When the proper RF voltage is applied to the central ring

electrode relative to the end-cap electrodes, the oscillating potential difference established

between the ring and end-cap electrodes forms a three-dimensional, rotationally-symmetric

quadrupole field within the trap. The ions formed in an external ion source are introduced into

the trap through a hole at the centre of the entrance end-cap. By controlling the level of the RF

voltage and with the assistance of the collision gas inside the trap, ions of a particular m/z

range are trapped and cooled down quickly in the centre of the trap.'''*'^^'^'

The ions trapped in the ion trap undergo periodic motions in both the radial as well as the

axial direction. The motion of each ion is oscillatory and with a secular frequency, which is

principally determined by the m/z ratio of the ion and the RF level. A lower m/z value results

in a higher secular frequency. The ions in the trap are mass analyzed using the mass-selective

instability scan, which is performed by scanning a supplementary frequency applied to the end-

cap electrodes. When the supplementary frequency applied to the end-caps is the same as the

secular frequency of the trapped ions, the ions suddenly absorb energy, displace from the

centre of the trap, and leave the ion trap through a hole at the centre of the exit end-cap, the

process of which is called resonance ejection.
^'^•^^•^''

For ion isolation, a broad band of frequencies is applied to the end-cap electrodes with a

notch at the resonance frequency of the ion of interest. In this way, all ions will be removed

from the trap except one small mass range. The ion-isolation step is used for the selected-ion
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monitoring (SIM) and the MS" modes. In a MS/MS experiment, the selected ions in the trap

are excited by applying an AC-voltage, which is lower than the ejection frequency, to the end-

cap electrodes. The additional AC-voltage brings the parent ions into resonance excitation,

resulting in absorption of kinetic energy, which is converted into the internal energy of parent

ions by collisions with collision gas. If the ion's internal energy exceeds the barrier for

fragmentation, collision-induced dissociation (CID) occurs, followed by another mass analysis

of the product ions or selection of the product ions again, and the CID process continues.

Current ion traps have MS" capability as high as n = 10.^^'^^'^'

1.2.2.3 Other mass analyzer alternatives

Other types of mass analyzers, which are not used in this work, include sector mass

analyzer, quadrupole mass analyzer, time-of-flight analyzer (TOF), and fourier transform mass

analyzer (FTMS). They perform the mass analysis of ions according to different principles,

which will not be discussed here.^''^"*

1.2.2.4 Interfacing HPLC andMS

HPLC is highly efficient for separating mixtures into their components but is not good on

identification, while MS is efficient at identifying single substances but is not good with

mixtures. The obvious advantages of using a mass spectrometer make it a very excellent

detector for HPLC. Therefore, a combination of the two techniques into one system is capable

of separating, positively identifying and quantifying complex mixtures. All the benefits of MS

described in section 1.2.2.1 are also applicable to HPLC-MS. The unique analyte-specific mass

measurement can be used to isolate the response of the analyte from other components in the
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sample (enhanced selectivity), which allows removal of spectral interferences without

compromising the analytical result and allows lowering the requirements for HPLC separation.

Therefore, the hidden benefits of HPLC-MS technique include potentially shorter method

development times and potentially shorter sample run time.^''

To accomplish the coupling of HPLC with MS, the liquid analyte from the LC column

must be vaporized, ionized and solvent-removed before it reaches the MS, and is transferred

into the high vacuum region of the MS. Therefore, an aerosol generation process is required to

convert analyte in the liquid phase into the gas phase; an ionization process is required to

convert sample into ions; a solvent removal process is required to remove the solvent; and a

pressure reduction process is required to convert sample separated at atmospheric pressure into

low enough pressures for mass analysis. These processes are performed in the atmospheric

pressure interface {APP).

1.2.2.5 API- electrospray (ES) interface (Figure 1.12)

Figure 1.12: API- electrospray interface (• analyte, o drying gas).
77
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The process of API-ES ionization can be summarized in four steps: ion formation,

nebulization, desolvation, and ion evaporation.'^

Ion formation in API-ES occurs througii more than one mechanism. If the chemistry of

analyte, solvents and buffers is correct, ions can be generated in solution before nebulization.

However, preformed ions are not a requirement for API-ES, because analytes that do not ionize

in solution can be ionized by the strong electrical charge on the surface of the spray droplets

created in the processes of nebulization, desolvation and ion evaporation. If the analyte has

more than one ionisable site, the multiple charged species could be observed in the mass

spectrum, which effectively folds the mass spectrum of a high molecular weight species into

the mass range of a mass analyzer and greatly extends its utility.'^'''

Nebulization (aerosol generation) (Figure 1.13) begins when the sample solution enters the

spray chamber through a stainless steel needle. The combination of strong shear forces

generated by the nebulizing gas and the strong electrostatic field (2 kV to 6 kV) in the spray

chamber draw out the sample solution and break it into droplets. Simultaneously, the strong

electrostatic field preferentially attracts ions of one polarity to the droplet surface. The types of

ions formed are protonated ions ([M+H]^) or deprotonated ions ([M-H]'), depending on the

composition of the liquid sprayed. API-ES ionization does not thermally decompose most

analytes because the sample solution is not heated when the aerosol is created.'^'''

In the desolvation process, a counter flow of neutral, heated drying gas, typically nitrogen,

evaporates the solvent, resulting in the decrease of the droplet diameter and forcing the surface

charges closer together (Figure 1.14). When the force of the Coulomb repulsion equals that of

the surface tension of the droplet, the droplet explodes, producing charged daughter droplets

that are subject to further evaporation. The repetition of this process forms the droplets with a
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Figure 1.13: Nebulization: droplet formation at the needle tip within the

spray chamber
77
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Figure 1.14: Desolvation mechanism: coulomb explosions produce charged droplets

within the spray chamber (• analyte)
77
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high surface-charge density. Ion evaporation (Figure 1.15) occurs when the field created by

the ions at the surface of the droplet exceeds the surface tension, and then bare analyte ions are

emitted directly from the charged droplet into the gas phase.
''^'^^

After the ESI process, the gas-phase ions pass through the glass capillary into the transport

and focusing region, where the drying gas and solvent molecules are removed by a series of

skimmers, ion guide (octopole) and lenses, which are enclosed in the vacuum system. Finally,

the ions enter the mass analyzer where the pressure is reduced to about 5x10" mbar.

EVAPORATION ill

MULTIPLY
CHARGED ION

^& J^

^
DROPLET

a:z:zzi:y~/~r.

Figure 1.15: Ion evaporation mechanism within the spray chamber (• analyte)
77

1.2.2.6 Atmospheric pressure chemical ionization (APCI) interface

APCI also creates gas-phase ions at atmospheric pressure; therefore, it uses the identical

interface with that of ESI, thus it is usually an optional ion source for the ESI interface.

Compared to ESI, which is much more suited for molecules with preformed charges, APCI

allows for the ionization of even rather non-polar molecules by charge transfer from charged

species formed in the corona discharge. With APCI, the effluent from a LC is sprayed into a
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heated spray chamber (300-500°C), where both the analyte and mobile phase are rapidly

evaporated. The vaporized mobile phase (reagent gas, R) reacts with electrons from the corona

discharge needle and yields reagent gas ions (R*""). During the course of multiple collisions of

R** ions with neutral R molecules, RH"^ ions are produced. The collision of RH"^ with analyte

molecules (M) transfers H"^ to M, as a result, the protonated molecular ions [M+H]* are

produced. Deprotonated molecular ions [M-H]' are given when negative reagent gases are

introduced.
''•''•"

1.2.2. 7 Other HPLC-MS interface alternatives

There are some other HPLC-MS interfaces that are not used in this work, thus are not

disscussed here. They are electron ionization (EI), particle beam (PB), continuous flow fast

atom bombardment (CFFAB), and thermospray (TS).^'*

1.2.3 Other analytical technologies used in this work

Other analytical technologies used in this work include Nuclear Magnetic Resonance

(NMR) and GC/MS, which are not discussed here.

1.3 Purpose of this work

Due to the important effect of vanillin on wine flavour and aroma, the level of vanillin

concentration in a wine influences greatly its quality. Therefore, the study of factors

influencing vanillin concentration in a wine is becoming an interesting and important research

topic. Iron(III) cation is chosen to be a factor that influences vanillin concentration in a model

system in this work because of its oxidation effects on wines as introduced in Section 1.1.6.
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The studies of the reaction in vanillin/Fe^* wine model system will have significance to wine-

making and wine-aging processes.

The techniques of HPLC and MS are chosen to perform the monitoring of the vanillin/Fe^"^

system and wine samples because of their wide application field and their strong capabilities of

separation, identification and quantification. Additionally, their high selectivity and sensitivity

are also needed due to the complex wine system and the trace concentrations of vanillin and

reaction product in model systems and wines.

The purpose of this work is to use the techniques of HPLC, HPLC-MS and direct MS to:

1

.

monitor the effect of iron(III) cations on the reactivity of vanillin in wine models under

different reaction conditions (pH, temperature, and concentration);

2. identify the major reaction product in the vanillin/iron(III) reaction system in a

laboratory model of wine and subsequently in red wines;

3. monitor the effects of some other metal ions, including Fe^"^, Cu^"^, Co^"^, and Ni^^ on

vanillin reactivity.
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2. EXPERIMENTAL

This section describes the work done on the project and is divided into four parts:

1) Instrumentation used to monitor the wine model systems or wine samples and

to perform identification and quantification of compounds of interest.

2) Materials including the compounds used for wine model systems, the solvents

used for the sample preparation and instruments, and wines.

3) Sample preparation.

4) Methods used to perform the monitoring, identification and quantification.

2.1 Instruments

2.1.1 High-performance liquid chromatography

Chromatographic analysis done in this work was performed using an Agilent 1100

series HPLC instrument (Hewlett-Packard) equipped with an auto-sampler/injector,

binary HPLC pump, column heater, diode array detector, and HP ChemStation for data

collection and manipulation. The separations of chemical components of sample

solutions were achieved by using a Hewlett Packard ODS Hypersil 3-|im C\g reversed-

phase column (60x4.6mm).

2.1.2 Mass spectrometer

The mass analysis of sample solutions in this work was performed by a Bruker

Esquire-LC ion trap mass spectrometer equipped with an atmospheric pressure

electrospray ionization (ESI) interface, which is used directly for MS analysis or coupled
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with the HPLC for HPLC-ESI/MS analysis in this work. A syringe pump is used for the

direct sample introduction to the ion source. The software includes the Esquire-LC

software for data acquisition and data reduction, and the HP ChemStation software for

sample automation and control of HP 1100 liquid chromatograph when HPLC-MS

methods are used.

2.1.3 Other instruments

Other instruments used in this work include NMR and GC/MS, which are not

discussed here.

2.2 Materials

2.2.1 Chemicals

Vanillin (99 %), divanillin (90 %), iron(III) nitrate nonahydrate (99.99+ %), iron(II)

sulfate hydrate (97 %), copper(II) nitrate hydrate (99.999 %), cobalt(II) nitrate

hexahydrate (98+ %) and nickel(II) nitrate hexahydrate (crystal) were obtained from

Aldrich Chemical Company (Milwaukee, WI).

2.2.2 Solvents

Methanol (99.99 %) was purchased from EM Science (Darmstadt, Germany). Ethyl

acetate (99.5+ %) and hexane (98.5 %) were purchased from Aldrich Chemical Company

(Milwaukee, WI). All the solvents are of HPLC grade. The ultra pure water used as a

solvent with the resistivity of 18.0 MQ was produced by an Elgastat Maxima reverse
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osmosis deionizer system.

2.2.3 Wines

Three red wines, Pinot Noir, in commercial bottles, are products of Chateau des

Charmes Wines LTD. Niagara-on-the-lake, Ontario, Canada (sample wine I), Pelee

Island Winery, Kingsville, Ontario, Canada (sample wine II), and Pillitteri Estates

Winery, Niagara-on-the-lake, Ontario, Canada (sample wine III), respectively. The three

sample wines are all with the vintage year of 1997.

2.3 Sample preparation

2.3.1 Preparation ofstandard solutions

To prepare the calibration curve for vanillin solutions used for quantifying vanillin in

the wine model systems by the method of HPLC, standard aqueous solutions of various

concentrations of vanillin were prepared. The concentrations of the standard vanillin

aqueous solutions are mM, 0.10 mM, 0.50 mM, 0.75 mM, 1.00 mM, 1.25 mM, 1.50

mM, and 1.75 mM (varying from mg/ml to 0.266 mg/ml).

To prepare the calibration curve for divanillin solutions used for quantifying

divanillin in the wine model systems by the method of HPLC, standard solutions of

various concentrations of divanillin were prepared with methanol as the solvent, due to

the low solubility of divanillin in aqueous solutions. The concentrations of the standard

divanillin solutions are ^M, 0.5 yM, 2.5 ^M, 5.0 i^M, 10.0 ^M, 15.0 ^M, 20.0 ^M, 25.0

^M, and 30.0fxM (varying from |xg/ml to 9.07 |xg/ml).
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2.3.2 Preparation ofwine model systems

To study the reaction of vanillin and identify the reaction product in the vanilHn/Fe^^

wine model system by the HPLC-ESI/MS method, the sample solutions were prepared at

20°C and had an initial vanillin concentration of 1.25 mM, pH of 3 and Fe^""

concentration of 13.96 ^g/ml (vanillin/Fe^^ molar ratio of 5:1). Blank vanillin solutions

with the concentration of 1 .25 mM were also prepared.

In the sample solutions prepared to study the effect of Fe^^ concentration on the

reactivity of vanillin in the wine model system, the initial concentrations of vanillin are

1.25 mM (0.19 mg/ml), the pH values are 3, and the molar ratios of vanillin/Fe^"^ are 20:1,

15:1, 10:1, and 5:1, respectively, with the concentrations of Fe^"^ varying from 3.49 (Ag/ml

to 13.96 fig/ml. These solutions were prepared at 20 °C.

To study the effect of temperature on the reactivity of vanillin in the vanillin/Fe^"^

wine model system, sample solutions with initial vanillin concentrations of 1.25mM, pH

of 3 and vanillin/ Fe'''^ molar ratios of 5:1 (Fe^"^ concentration of 13.96 |J.g/ml) were

prepared at 20 °C, 30 °C and 40 °C in water baths.

The sample solutions prepared at 20 °C for studying the effect of solution pH values on

the reactivity of vanillin in the vanillin/Fe ^ wine model system have initial vanillin

concentrations of 1.25 mM, vanillin/Fe * molar ratios of 5:l(Fe^* concentration of 13.96

Hg/ml), and pH values of 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0.

Sample solutions with initial vanillin concentrations of 1.25 mM, pH of 3, molar ratios

of 5:1 for vanillin/Fe^*, vanillin/Cu^"^, vanillin/Co^"^ and vanillin/Ni^* (metal ion

concentration of 13.96 ^ig/ml), were also prepared at 20 "C to study the effect of these

metal ions on the reactivity of vanillin in wine model systems.
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2.3.3 Preparation ofsample wine solutions

To identify the existence of divanillin in wines by ESI/MS, a 60 ml volume of each of

three wines is extracted with 20 ml hexane to isolate the divanillin fraction, and then the

hexane phase was dehydrated using anhydrous Na2S04. Hexane was removed from 500

(xl of the dehydrated hexane phase by a stream ofN2 gas, followed by dissolving the solid

obtained in 1 ml methanol/water (1:1 volume ratio) solvent.

2.4 Methods

2.4.1 Identification ofthe product ofthe vanillin/Fe^^ wine model system

To identify the product of the vanillin/Fe^* wine model system, an HPLC-ESI/MS

method was used. The HPLC, ESI interface and MS instruments were described in

section 2.1. The mobile phase of HPLC consisted of methanol and pure water. The

elution parameters were as follows: flow rate of mobile phase, 0.35 ml/min; column

temperature, 20 °C; solvent A, 100 % water; solvent B, 100 % methanol; linear gradients,

from 30 % B to 60 % B in 13 minutes, and from 60 % B to 100 % B in 1 minute,

followed by washing and reconditioning of the column; the total time for one run is 30

minutes (the above chromatography parameters were also used in other HPLC methods

used in this work). Conditions for mass analysis in the negative ion mode included a

flow rate of 300 |Al/min, a capillary voltage of 3000 volt, a nebulizing gas pressure of 25.0

psi, a drying gas flow rate of 6.00 1/min, and a drying gas temperature of 250 °C.

A 5 nl sample solution prepared for the identification of the product in the

vanillin/Fe^"^ system, a 5 ^1 blank vanillin sample solution and a 5 |il standard divanillin

solution were injected onto HPLC-ESI/MS in succession.
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The identification of the product was based on the comparison of the retention time of

the product peak in the HPLC chromatogram with that of the standard compound, and

also based on the comparison of the molecular weight and the MS^ and MS^ spectra of

the product with those of the standard compound.

2.4.2 Calibration curves of vanillin and divanillin solutions

A.5 \i\ sample of the prepared vanillin and divanillin standard solutions with different

concentrations were injected, respectively, onto HPLC with DAD detection. The peak

areas at 280 nm were used to do the calibration curves of both vanillin solution and

divanillin solution.

2.4.3 The effect ofreaction conditions on the reactivity of vanillin

The method of HPLC with DAD detection was used to monitor the effect of reaction

conditions on the vanillin reactivity.

To monitor the effect of the Fe^"^ concentration on the vanillin reactivity, all the

prepared sample solutions with different Fe^^ concentrations were sampled and 5 pJ

injected onto HPLC directly at 3 hour intervals between the reaction time of to 15 hours.

To monitor the effect of the solution pH value on the vanillin reactivity, all the

prepared sample solutions with different pH values were sampled and 5 \i.\ injected onto

HPLC at 3 hour intervals between the reaction time of to 12 hours.

To monitor the effect of reaction temperature on the vanillin reactivity, all the

prepared sample solutions with different reaction temperatures were sampled and 5 \i\

injected onto HPLC at 1 .5 hour intervals between the reaction time of to 6 hours.
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To monitor the effect of other metal ions on the vanillin reactivity, the prepared

sample solutions containing different metal ions were sampled and 5 [i\ injected onto

HPLC at 3 hour intervals between the reaction time of to 18 hours.

All the above wine model systems were monitored three times under identical

conditions, and all data used to quantify the vanillin and the product in the systems are

the averages of the three runs. The quantifications of vanillin and the product of the

vanillin/Fe^* wine model system were based on their peak areas at UV 280 nm in the

HPLC chromatograms and the calibration curves of vanillin solutions and that of the

solutions of the product compound.

2.4.4 Identification ofthe product ofthe vanillin/Fe^^ system in sample wines

A method of direct ESI/MS was used to identify the existence of the product of the

vanillin/Fe^"^ system in wines. The prepared sample wine solutions were injected onto the

ESI/MS directly. The MS parameters were the same as those described in section 2.4.1.

The identity of the product compound in wines was based on the comparison of the

molecular weight and the MS^ and MS^ spectra of the product compound with those of

the standard.

2.4.5 Identification ofthe impurity in the vanillin sample

To identify the impurity in the vanillin sample, the HPLC-ESI/MS^ and HPLC-

ESI/MS^ spectra of the vanillin sample are compared to those of the divanillin sample.

The vanillin sample was also examined using a NMR method and a GC/MS method,

which are not discussed here.
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3. RESULTSAND DA TA ANAL YSIS

3.1 Calibration curves of vanillin and divanillin solutions

The calibration curves of vanillin solutions and divanillin solutions are shown in

Figure 3.1 and Figure 3.2. The square of the linear regression coefficient of the

calibration curve for the standard vanillin solutions was 0.9999, and that for the standard

divanillin solutions was 0.9998. Both of the two results are reliable to be used to quantify

vanillin or divanillin content in sample solutions of the wine model systems.

8000

0.5 1 1.5

Concentration of vanillin solutions (mlVI)

Figure 3.1: Calibration curve of vanillin solutions.
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10 15 20 25 30

Concentration of divanillin solution (10 IVI)

Figure 3.2: Calibration curve of divanillin solutions.

35

3.2 Reaction in the vanillin/Fe^^ wine model system

The sample solutions prepared to study the reaction in the vanillin/Fe * wine model

system were monitored by the HPLC-ESI/MS method; at the same time, the blank

vanillin sample solutions without Fe^^ were also monitored by the same method for

reference. Figure 3.3 shows the mass chromatogram of the extracted m/z 151 ions and

m/z 301 ions in negative ion mode for the sample solutions of the vanillin/Fe^"^ wine

model system. The peak of m/z 151 ions appearing at the retention time of 8.9 min was

due to the deprotonated ion of vanillin (FW 152.15). The other two peaks of m/z 301
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ions appearing at the retention times of 13.9 min and 14.3 min looked like two products

in the system. However, the mass chromatogram of extracted m/z 151 ions and m/z 301

ions for the blank vanillin sample solutions (Figure 3.4) showed that the peak of m/z 301

ions appearing at the retention time of 13.9 min existed in the blank vanillin sample

solutions without Fe^"^, and the peak intensity due to the m/z 301 ions had no obvious

change with the reaction time in the presence of Fe^"^ (in the vanillin/Fe^^ wine model

system), so the m/z 301 ion appearing at the retention time of 13.9 min is of impurity

existing in the vanillin sample, and not the product of the vanillin/Fe^"^ system. No peak

of m/z 301 ions appeared at the retention time of 14.3 min was observed in the mass

chromatogram of the blank vanillin sample solutions (Figure 3.4). For the vanillin/Fe^"^

system, the peak intensity of the m/z 301 ions appearing at the retention time of 14.3 min

increased with the reaction time, therefore, these m/z 301 ions can be identified as a

product of the vanillin/Fe^* wine model system.

3.3 Identification oftheproduct in the vanillin/Fe^^system

3.3.1 Literature review

From the analysis described in section 3.2, we can make sure that there is at least one

product existing in the vanillin/Fe^* wine model system. To identify this product, some

relatively important literature about vanillin reactions should be reviewed.

Anklam et al. studied the oxidation behaviour of vanillin in various dairy products

including milk, cream, butter, yoghurt, and curd.'* Their results concluded that, for all the

fresh and pasteurized milk samples studied, vanillic acid (FW 168.15) was found to be

the oxidation product of vanillin; for most cream samples, all the UHT milk samples and
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UHT milk product samples studied, no oxidation product of vanillin was found (vanillin

was stable). Enzymes affected the oxidation behaviour of vanillin in the samples in

which vanillin was shown to be stable. Divanillin (6,6'-dihydroxy-5,5'-dimethoxy-[l,r-

biphenyl]-3,3'-dicarboxaldehyde, FW 302.29) was found to be the product of vanillin

oxidation in the presence of peroxidase and hydrogen peroxide; while xanthine oxidase

can lead to the formation of vanillic acid as the oxidation product of vanillin. Scheme 3.1

demonstrates the different oxidation pathways of vanillin depending on the enzymatic

systems.'*

BJ0rsvik investigated the oxidation of lignosulfonates (LS) to vanillin by persulphate,

oxygen , and a variety of catalytic systems.'^ He reported that the vanillin synthesised

from LS was particularly sensitive to drastic oxidative conditions, and reacted rapidly

with peroxyl radicals, which often were intermediate in the oxidation by oxygen, leading

to the oxidative degradation of vanillin (Scheme 3.2). The further free radical oxidation

of vanillin according to Scheme 3.2 leads to the formation of the byproducts, such as

vanillic acid, dehydrovanillin (divanillin), and vanillyl (dimeric vanilloyl, FW 302.29)

(Scheme 3.3 a,b,c).'^

In Section 1.1.2, it was discussed that lignin in wood is the main source of vanillin in

wines. Vanillin, vanillic acid and divanillin were reported to be some of the degradation

products of spruce native lignin, and vanillic acid and divanillin were supposed to be two

oxidation products of vanillin.
*°

5,5'-diferulic acid is one of the crosslinking residues in plant cell walls. The

conventional method to prepare 5,5'-diferulic acid was coupling vanillin to divanillin in

the presence of peroxidase and hydrogen peroxide, and then the divanillin further
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Scheme 3.3: Free radical oxidation of vanillin leading to the formation of vanillic acid (a),

divanillin (b), and dimeric vanilloyl (c).
^
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reacted to give the desired product, 5,5'-diferulic acid. However, this method was often

not reproducible and cannot be used to prepare a substantial amount of 5,5'-diferulic acid

because of the poor water solubility of divanillin in aqueous systems and the difficulty in

controlling the unstable enzymatic reaction.*' To overcome these difficulties, Yamamoto

et al. used a chemical method for vanillin coupling.*^ In this method, a stoichiometric

amount of FeCh was used for the oxidation of the vanillin. Compared with the enzymatic

method, a high concentration of vanillin and a short reaction time could be adopted to

obtain divanillin efficiently. The resulting divanillin was precipitated out during the

reaction, and then was filtered and underwent a reaction with acetic anhydride and

sodium acetate to obtain the 5,5'-diferulic acid (Scheme 3.4)*^.

From the above literature review, divanillin was supposed to be the reaction product in

the vanillin/Fe wine model system.

3.3.2 Confirmation ofdivanillin as the product in vanillin/Fe^^ system

To confirm that divanillin is the reaction product of the vanillin/Fe^"^ system, the

HPLC-ESI/MS chromatogram and mass spectrum of the sample solution of vanillin/Fe^^

system including the product were compared to those of a standard divanillin solution.

Figure 3.5 a is the mass chromatogram of extracted m/z 151 ions and m/z 301 ions of the

vanillin/Fe^"^ system. In this figure, the peak appearing at the retention time of 14.3 min

was due to the product. Figure 3.5 b is the mass chromatogram of extracted m/z 301 ions

of a standard divanillin solution. The peak appearing at the retention time of 14.3 min

was due to the divanillin solute. The comparison of the two mass chromatograms showed

that the peaks due to the product of the vanillin/Fe^"^ system and divanillin have the same
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retention times on the column under the identical HPLC conditions. Figure 3.6 shows the

comparison of the HPLC-ESI/MS^ spectra of the m/z 301 ions at the retention time of

14.3 min of the vanillin/Fe^^ system and the standard divaniilin solution. The result

indicates that the product of the vanillin/Fe^"^ system has the same molecular weight (FW

302) and MS^ spectrum as those of divaniilin.

From the above experimental evidence, including the similar retention times on HPLC

column, molecular weights, and MS spectra of the unknown product and those of a

standard divaniilin solution, divaniilin can be identified to be the reaction product of the

vanillin/Fe^"^ wine model system.

3.4 Effect ofreaction conditions on divaniilin production

3.4.1 Effect ofFe^^ concentration on divaniilin production

The reaction in the vanillin/Fe^^ system can be followed by measuring the decrease in

vanillin concentration and the increase in divaniilin concentration with reaction time as

determined by HPLC. Figure 3.7 shows the effect of Fe^^ concentration on the increase

in divaniilin concentration with reaction time in vanillin/Fe^^ systems, which have fixed

initial vanillin concentration of 1.25 mM, pH of 3, reaction temperature of 20°C, but

different Fe^^ concentrations varying from 3.49 |J.g/ml to 13.96 |J.g/ml with the molar ratio

of vanillin/Fe^* decreasing from 20:1 to 5:1. (It was mentioned in Section 1.1.6 that the

iron content of commercial wines is usually in the range of 0.5-5.0 M^g/ml, while that for

homemade wines reaches up to 20-30 ng/ml.) Table 3.1 and Table 3.2 summarize the

data analysis of the variation in divaniilin concentration with the reaction time.
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Table 3.1: Divanillin concentrations formed after 3 hours and those after 15 hours at each
,3+

Fe concentration, and the ratio of the divanillin concentrations (3 hours/15 hours).

Fe^^ concentration
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At each of the Fe^^ concentration levels, the percentage of divanillin concentration

formed over the first 3 hours was 52 % — 62.6 % (average 59 %) of that after 15 hours.

The results mean that more than half of the divanillin was formed in the first 3 hours and

the residual was formed in the remaining 12 hours (Table 3.1).

With an increase in the Fe^"^ concentration from 3.49 j^g/ml to 4.65 ng/ml (molar ratio

of vanillin/Fe^"^ decreased fi-om 20:1 to 15:1), the increased divanillin concentration after

3 hours was 0.5 [ig/m\, and that after 15 hours was O.T^ig/ml. When the Fe
"^

concentration increased from 3.49 |xg/ml to 6.98 ^g/ml (molar ratio of vanillin/Fe^"^

decreased from 20:1 to 10:1), the increased divanillin concentration after 3 hours was 0.6

^g/ml and that after 15 hours was 1.9 j^g/ml. When the Fe^"^ concentration increased from

3.49 |J.g/mi to 13.96 jig/ml (molar ratio of vanillin/Fe^^ decreased from 20:1 to 5:1), the

increased divanillin concentration after 3 hours was 2.6 |ag/ml, and that after 15 hours

was 4.7 |ig/ml (Table 3.2).

The increased divanillin concentrations were 0.6 and 1.9 |ag/ml after 3 hours and 15

hours, respectively, when the Fe^* concentration was doubled from 3.49 fig/ml to 6.98

l^g/ml. The percentage of increased divanillin concentration formed over the first 3 hours

was 32 % of that after 15 hours. When the Fe'"^ concentration was doubled again from

6.98 )ig/ml to 13.96 ^g/ml, the increased divanillin concentrations after 3 and 15 hours

were 2.0 and 2.8 |J.g/ml, respectively. The percentage of increased divanillin

concentration formed over the first 3 hours was 71 % of that after 15 hours (Table 3.2).

The above data analysis shows that the divanillin concentration varies in vanillin/Fe
'*'

systems with different initial Fe^"^ concentrations, indicating that the Fe^"^ concentration

had an effect on the divanillin concentration formed in the vanillin/Fe^"^ system;
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increasing the initial Fe^"*^ concentration in the system accelerates the formation of

divanillin. Doubling the Fe^"^ concentration from 3.49 )Lig/ml to 6.98 (xg/ml, the formation

of divanillin from 3 hours to 15 hours was accelerated more than that at 3 hours; on

doubling the Fe^"^ concentration from 6.98 i^g/ml to 13.96 ng/ml, the formation of

divanillin over the first 3 hours was accelerated more than that from 3 tol5 hours.

3.4.2 Effect ofsolutionpH on divanillin production

The vanillin/Fe^"^ systems with fixed inifial vanillin concentration (1.25 mM), Fe^*

concentration (13.96 |^g/ml), and reaction temperature (20°C), but different solution pHs

varying from 1.5 to 4.0 were monitored. The variations of the divanillin (product)

concentration with reaction time in these systems are shown in Figure 3.8. The data

analysis based on the figure is summarized in Table 3.3, Table 3.4, and Table 3.5.

At each of the pH levels from 2.0 to 3.0, the percentage of divanillin concentration

formed over the first 3 hours was 64 % — 66 % (average 65 %) of that after 12 hours. In

the cases ofpH 1 .5 and pH 3.5, that percentage was 69 % and 68.9 %, respectively. In the

case of pH 4.0, that percentage was 88 %. These results indicate that, compared to the

situations at other pH levels, the divanillin increased more slowly from the reaction time

of 3 hours to 12 hours at pH 1.5 and 3.5, especially at pH 4.0, and further indicates that,

low solution pH (<1.5) or higher solution pH (> 3.5) can limit the further formation of

divanillin in the vanillin/Fe^^ model system from 3 hours to 12 hours; acid solutions with

pH within the range of 2.0 — 3.0 benefited the further formation of divanillin in the

systems from 3 hours to 12 hours (Table 3.3).
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Table 3.3: Divanillin concentrations formed after 3 hours and those after 12 hours at each

pH level, and the ratio of the divanillin concentrations (3 hours/12 hours).

PH
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Table 3.5: Increased divanillin concentrations with the increase of 0.5 in solution pH
after 3 hours and 12 hours.

Change ofpH
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system within the 12 hours monitored. Figure 3.9 is the plot of divanillin concentration

formed in the vanillin/Fe^"^ system as a function of solution pH at different reaction times.

The plots showed the same result that pH 3.5 was the best condition for the formation of

divanillin of the system within the 12 hours monitored. The percentage of increased

divanillin concentration formed over the first 3 hours increased from 59 % to 100 % of

that after 15 hours when pH increased from 1.5 to 4.0 (Table 3.4), which implies that the

formation of divanillin over the first 3 hours was accelerated more than that from 3 to 12

hours.

The increased divanillin concentrations with an increase of 0.5 in solution pH are

summarized in Table 3.5 As the solution pH was increased by 0.5 from 1.5 up to 3.0, the

increased divanillin concentrations after 12 hours were always larger than that after 3

hours. In the case of increasing from pH 3.0 to pH 3.5, the increased divanillin

concentration after 12 hours was smaller than that after 3 hours. Especially in the case of

increasing pH from 3.5 to 4.0, the divanillin concentration after 12 hours decreased more

than that after 3 hours. The result indicates that, increasing pH from 3.0 to higher values

inhibited the formation of divanillin from 3 to 12 hours more than that over the first 3

hours.

3.4.3 Effect oftemperature on divanillin production

The vanillin/Fe^* systems with fixed initial vanillin concentration (1.25 mM), Fe^"^

concentration (13.96 i^g/ml), and pH of 3, but different reaction temperatures varying

from 20 °C to 40 °C were monitored. The variations of the divanillin concentration with

reaction time in these systems are shown in Figure 3.10. Further data analysis is

summarized in Table 3.6 and Table 3.7.
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When the reaction temperature increased from 20°C to 40°C, the divanillin

concentration formed over the first 1.5 hours increased consistently from 5.92 |a.g/ml to

23.5 ng/ml, and that after 6 hours was from 9.87 [ig/ml to 31.5 |J.g/ml. This result

indicates that increasing reaction temperature can accelerate the formation of divanillin in

the model system.

At the three reaction temperatures (20°C, 30''C, and 40''C), the percentage of divanillin

concentration formed during the first 1.5 hours was 60.0 %, 66.0 %, and 74.6 %,

respectively, of that over 6 hours (Table 3.6). When the reaction temperature increased

from 20°C to 30°C, the increased divanillin concentration over 1.5 hours was 73 % of that

over 6 hours. When the temperature increased from 30°C to 40°C, that ratio increased to

87.4 % (Table 3.7). These results indicate that, divanillin concentration increased slowly

during the interval of 1.5 to 6 hours with the increasing of temperature from 20°C to

40°C,

i.e., higher temperature limits the further formation of divanillin in the vanillin/Fe^"^

model system afterl.5 hours.

3.4.4 Effect ofother metal ions on the reactivity of vanillin

T I 0-4- 0-i- 0-4-

Some other metal ions, such as Cu , Fe , Co , and Ni , also have oxidative and

catalytic effects,'*^'"^''*^'^'*'*^'*^ and Cu^^ and Fe^^ have been shown to exist in wines."*'^^'^'^

To study the effect, if any, of these metal ions on vanillin, various vanillin/metal ion

(Cu^"^, Fe^^, Co^^ and Ni^^ solutions with fixed initial vanillin concentration (1.25 mM),

pH of 3, temperature of 20 °C, metal ion concentrations of 13.96 |ig/ml were monitored

by HPLC. No product peaks were observed and vanillin concentrations did not decrease

in these solutions over an observation time of 1 8 hours.
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Table 3.6: Divanillin concentrations formed after 1.5 hours and those after 6 hours at

different reaction temperatures, and the ratio of the divanillin concentrations (1.5 hours/6

hours).

Temperatures





3.5 Identification ofdivanillin in wines

Three sample wine solutions, which were prepared as described in Section 2.3.3, were

analyzed by ESI/MS. m/z 301 ions were observed in the mass spectra of the sample wine

solutions. To confirm that these ions were due to divanillin in wines, the m/z 301 ions

were selected, and MS^ and MS^ modes were performed (SIM). Figure 3.11 and Figure

3.12 show the comparison of the MS^ and MS^ spectra of the m/z 301 ions found in

sample wine (I) solution with those of a standard divanillin solution. The MS and MS

spectra of the m/z 301 and m/z 286 ions for sample wine (II) and sample wine (III)

solutions are shown in Figure 3.13 and Figure 3.14. The m/z 301 and m/z 286 ions in the

three sample wine solutions generated identical fragments in the ion source with those of

standard divanillin solution. This result is evidence to indicate that divanillin exists in the

three sample wine solutions.

3.6 Identification ofmlz 301 ions in vanillin sample solutions

In section 3.2, it was mentioned that a peak of m/z 301 ions appeared at the retention

time of 13.9 min in the mass chromatogram of extracted m/z 151 and 301 ions for the

blank vanillin sample solution (Figure 3.4), and the peak intensity due to those m/z 301

ions had no obvious change with the reaction time in the presence of Fe *. Therefore, the

ions were identified to be an impurity existing in the vanillin sample, and not a reaction

product of the vanillin/Fe^'*' system. To attempt to identify the impurity, HPLC-ESI/MS^

and HPLC-ESI/MS^ were performed on the m/z 301 ions. The comparison between the

spectra of the impurity and that of a standard divanillin solution are shown in Figure 3.15

and Figure 3.16. The MS^ and MS^ spectra of the m/z 301 ions in the vanillin sample
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solution and the divanillin sample solution were very similar, i.e. identical deprotonated

molecular ions and fragments were generated in ion source. The result implies that the

technique of mass spectrometry cannot distinguish the two compounds. However, this

doesn't mean that they are identical compounds because they have different retention

time on the HPLC column.

Another analytical technique, NMR, was also used to examine the vanillin sample.

The 'H NMR and '^C NMR of the vanillin sample are shown in Figure 3.17 and Figure

3.18. In 'H NMR spectrum, the peak at 3.97 ppm with the intensity of 3 is due to the

three hydrogens of the methoxyl group; the peak at 6.16 ppm with the intensity of 1 is

due to the hydrogen of the hydroxyl group; the three peak at 7.05, 7.26, and 7.43 ppm

with the intensity of 1 for each are due to the three aromatic hydrogens; the peak at 9.83

ppm with the intensity of 1 is due to the hydrogen of the aldehyde group; and the small

peak at 1.56 ppm is probably due to the hydrogens of crystal water in the vanillin sample.

In '^C NMR spectrum, the peak at 56.12 ppm is due to the carbon of the methoxyl group;

the peak at 191.08 ppm is due to the carbon of the aldehyde group; the six peaks at

108.84, 114.49, 127.64, 129.83, 147.25, and 151.84 ppm are due to the six aromatic

carbons; the triple-peak at 77.10 ppm is due to the solvent (CDCb) used to dissolve the

sample. Both of the 'H NMR and '^C NMR reveal the correct structure of vanillin

molecules.

GC/MS technique was also tried to examine the vanillin sample containing the

impurity. However, no peak was found due to the impurity in GC/MS mass spectrum.
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3.7 Interpretation ofmass spectra of vanillin and divanillin

The ESI/MS spectrum of vanillin sample solution is shown in Figure 3.19, in which

the peak of m/z 151 is due to the deprotonated molecule ion of vanillin; the peak of m/z

136 is due to the loss of CHs- group from m/z 151 ion; and the peak of m/z 108 is due to

the further loss ofCO group from m/z 136 ion (Scheme 3.5).

(m/z 151)

Scheme 3.5: Fragmentations of ESI/MS in negative ion mode of vanillin sample solution.

The ESI/MS and ESI/MS of divanillin sample solution are shown in Figure 3.1 1 (up)

or 3.6 (up) and Figure 3.12 (up). In MS^, the peak of m/z 301 is due to the deprotonated

molecule ion of divanillin; the peak of m/z 286 is due to the loss of CHs- group from m/z

301 ion; the peak of m/z 268 is due to the further loss of H2O group from m/z 286 ion;

the peak of m/z 257 is due to the loss of CHO group from m/z 286 ion; and the peak of

m/z 240 is due to the loss of CO group from m/z 268 ion. In MS^, the peak of m/z 285 is

due to the loss of H- from m/z 286 ion; the peak of m/z 257 is due to the loss ofCO group

from m/z 285 ion or the loss ofCHO group from m/z 286 ion; the peak of m/z 212 is due

to the loss of CO group from m/z 240 ion; other peaks are same as those in MS^ (Scheme

3.6 and Scheme 3.7).
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Figure 3.18: '^C NMR of the vanillin sample.
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4, DISCUSSION

4.1 Vanillin oxidation mechanism

4. 1. 1 Literature review ofthe mechanism ofsimplephenol oxidation

Phenol oxidation can be used to synthesize complicated compounds although the

reaction often produces a number of products that are sometimes polymeric and

quinonoid in nature, because mixtures consisting of a number of similar compounds can

now be separated nearly quantitatively by chromatography.*^ Phenol oxidation often

occurs in wines by oxygen, enzymes, or other oxidants existing in wines. The occurrence

of phenol oxidation in wines diminishes the total phenol content of wines and influences

the aroma, color, and flavor of wines.'*' Generally, phenol oxidation involves the removal

of one hydrogen atom from each phenol molecule and leads exclusively to a- and/or p-

linked dimeric and/or polymeric products, predominantly containing C-C, and more

rarely, C-0 linkages.*^ As an example, the products ofp-cresol oxidation include the o-

dimer, the o,o -trimer, and Pummerer's ketone (Scheme 4.1). The oxidant may be

potassium ferrocyanide, ferric chloride, Fenton's reagent (FeS04+H202), or peroxidase

plus H2O2 at pH 6.5.*^

The oxidation reaction of a simple phenol molecule starts with the loss of the H of

the hydroxyl group to give a phenoxide ion. The subsequent loss of an electron creates

the phenol radical. In the case of an unsubstituted phenol molecule, there are four

resonance structures for the phenol radical (Scheme 4.2), i.e. the radical can be at o-, o '-,

and p- positions of the phenol.*^ If the p-position of the phenol is occupied by a

substituent, resonance structures 1, 3, and 4 are more stable, and an 0,0 -bonded dimer is
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a major product, e.g. the oxidation of p-cresol as shown in Scheme 4.1. If the two o-

positions are occupied by substituents, resonance structures 1 and 2 are more stable, so

the p,p -bonded dimer is a major product. The example of this case is the oxidation of

2,6-di-/-butyl phenol, which is shown in Scheme 4.3.^^

Ox_^

2,6-di-/-butyl phenol

Scheme 4.3: Oxidation reaction of 2,6-di-f-butyl phenol.

The mechanism of the oxidation reaction of 2,6-d-i/-butyl phenol was reported as

shown in Scheme 4.4. A 2,6-di-/-butyl phenol molecule loses the H"^ of the hydroxyl

group to give a 2,6-di-^butyl phenoxide ion. The further loss of an electron forms a 2,6-

di-r-butyl phenol radical. Because the two o- and o -positions are occupied by r-butyl

groups, the 2,6-di-/-butyl phenol radical structure with the radical at the /7-position of the

phenol is more stable. The dimerization of 2,6-di-/-butyl phenol follows two pathways,

one of which is the direct coupling of the two 2,6-di-r-butyl phenol radicals to give the

cyclohexadienone, which undergoes hydrogen rearrangement to give the /?,;? -2,6-di-/-

butyl diphenol (pathway A). Another pathway (B) is that, the 2,6-di-/-butyl phenoxide

ion undergoes electrophilic substitution by a 2,6-di-/-butyl phenoxyl radical, and then the

formed radical loses an electron to give the cyclohexadienone, which undergoes further

hydrogen rearrangement to give the 3,3',5,5'-tetra-/-butyl-biphenyl-4,4'-diol.*^
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Scheme 4.4: Mechanism of the oxidation reaction of 2,6-di-/-butyl phenol
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The same mechanism for radical reactions was reported by Winterboum and Kettle.

They studied the radical-radical reactions of superoxide, and pointed out that phenoxyl

radicals are produced by one-electron oxidation of phenols; phenoxyl radicals readily

combine to form 0,0 - dimers as shown in Scheme 4.5.

2 R—/ "^O. > R

Scheme 4.5: Dimerization of phenoxyl radicals.
86

J+
4.1.2 Probable mechanism of vanillin oxidation in the vanillin/Fe system

From the results presented in Results and Data Analysis, it was seen that the oxidation

reaction of vanillin to divanillin (Scheme 4.6) occurs in the vanillin/Fe^"" wine model

system.

CHO CHO CHO

Ox.

OCH,
CH3O OCH3

OH OH OH

Vanillin Divanillin

Scheme 4.6: Oxidation reaction of vanillin to divanillin.
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H3C 0CH3

OH OH

Scheme 4.7: Mechanism of oxidation reaction of vanillin.
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According to the oxidation mechanism of simple phenols described in section 4.1.1,

the oxidation mechanism of vanillin can be deduced to be that shown in Scheme 4.7. The

loss of a H* from the hydroxyl group followed by loss of an electron makes a vanillin

molecule into a vanillin radical. Due to an aldehyde group occupying the /(-position and a

methoxy group occupying one of the two o-positions of the phenol molecule, the radical

is stabilized at the other o-position. The direct coupling of two vanillin radicals gives the

respective cyclohexadienone, which rearranges fiarther to give the divanillin molecule

(pathway A). The reaction of radical addition occurs between a vanillin radical and a

vanillin molecule forms radical (I), which then loses an electron and a H"^, and rearranges

further to give the divanillin molecule (pathway B). Another reaction of radical addition

occurs between a vanillin radical and a phenoxide ion of vanillin forms another radical

(II), which then loses an electron and further rearranges to give the respective dienone

and diphenol, divanillin (pathway C).

According to the above mechanism, vanillin molecules donate electrons when they are

oxidized in the vanillin/Fe^"^ system. At the same time, Fe^"^ ions, as the oxidant, accept

electrons from vanillin and are reduced. Therefore, the whole redox reaction of the

vanillin/Fe^"^ system can be expressed as Scheme 4.8.

CHO CHO CHO

+ 2Fe^^ + 2 Fe^* + 2 H*

^OCH, CH3O' ^ Y -0CH3

OH OH OH

Scheme 4.8: Redox reaction of vanillin/Fe^* system.
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4.2 Effect ofreaction conditions on oxidation of vanillin

4.2.1 Effect ofsolutionpH on oxidation of vanillin

From the mechanism of vanillin oxidation described in section 4.1.2, it is seen that the

oxidation of vanillin starts by deprotonation of the hydroxy! group. This implies that the

H"^ concentration of the reaction system has a significant effect on the vanillin oxidation.

Higher H^ concentration (smaller pH value) will inhibit the deprotonation of vanillin, and

further inhibit the vanillin oxidation; conversely, lower H^ concentration (higher pH

value) will accelerate the deprotonation of vanillin, and further accelerate the oxidation of

vanillin. This inference matches the experimental results described in section 3.4.2,

which is that upon increasing the solution pH from 1.5 to 3.5, the formation of divanillin

was accelerated significantly (the increased divanillin concentration was 10.5 |J.g/ml after

12 hours).

However, further decreasing H^ concentration beyond pH 3.5 didn't further

accelerate the formation of divanillin. When the pH increased to 4.0, the formation of

divanillin was inhibited. This phenomenon can be explained as the effect of pH on the

Fe^^ concentration in the sample solution. From Scheme 4.7, it is known that the losses of

electrons are important steps in the mechanism of vanillin oxidation. Those steps are

affected by the concentration of electron acceptors, Fe^^ ions, in the system. If the

concentration of Fe^"^ decreased, vanillin oxidation will be inhibited. As the H"*"

concentration decreases, the OH" concentration in the solution increases. When the OH"

concentration in the solution increases to the point where the ion product {P = [OH"]^ x

[Fe^"*"]) is higher than the solubility product constant {K^^ = [OH'f x [Fe^"^] at the

equilibrium) of Fe(0H)3 at that temperature, some of the Fe^* ions will not exist as free
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Fe^\ but combine with OH" to form the ferric hydroxide precipitation, which has low

solubility in aqueous solutions (A^^sp of Fe(0H)3 at 25°C is 3 x 10'^^)*'. The formation of

ferric hydroxide will decrease the free Fe^^ concentration in the solution, thus decreasing

the oxidation of vanillin.

In summary, the solution pH can affect not only the deprotonation of vanillin, but also

the amount of free Fe^^ ions in the vanillin/Fe^"^ system. Vanillin deprotonation is

favoured at higher pH, while lower pH favours free Fe'"^ in solution. Our results show

that the pH that maximizes vanillin oxidation in our system is in the range 3 to 3.5, which

is similar to the pH value of wines.

4.2.2 Effect ofFe^* concentration on oxidation ofvanillin

As one of the reactants of the redox reaction in the vanillin/Fe^^ system (Scheme 4.8),

the concentration of Fe^"^ in the system will affect the rate of the reaction. Increasing the

Fe^"^concentration will accelerate the oxidation of vanillin. This conclusion matches the

experimental results presented in section 3.4.1. The Fe^"^ concentrations used in the

vanillin/Fe^"^ model systems in this work are similar to the actual iron content in wines

(Section 1.1.5). However, the iron in wines does not all exist as uncomplexed Fe ions,

which is already discussed in section 1.1.6. Therefore, the actual free Fe^"^ concentration

in wines is smaller than the reported iron content in wines due to the formation of other

forms of iron (Scheme 1.2). This fact indicates that the vanillin oxidation reaction due to

Fe^^ occurring in wines will be less than that seen in our model system (at least over the

same periods of time).
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4.2.3 Effect oftemperature on oxidation of vanillin

The results presented in section 3.4.3 show that increasing the temperature accelerates

the oxidation of vanillin to divanillin in the vanillin/Fe^* system.

The kinetics of divanillin formation at the three temperatures (20°C, 30°C, and 40°C)

were not determined to be any of the zero-order, first-order, and second-order reactions

from the data obtained. This result can be predicted from the rapid formation of divanillin

in the first 1.5 hours shown in Figure 3.10 and Table 3.6. Even though like that, a

conclusion can at least be drawn from the comparison of the plots in Figure 3.10: the

kinetics of divanillin formation did not change significantly with temperature. This result

is very similar with that reported by de Gaulejac et al.*^ They studied the formation of

quinones from catechin oxidation in wines at two temperatures, 4 "C and 40 "C (Figure

4.1), and reported that the kinetics of quinone formation did not change significantly with

temperature, and the levels of quinones were close to their maximum values after only 30

min since they formed quickly.

^oohio-^I

3.00x10-8-

§ 2.00x10-8-

1,00x10-*-

0.00
1440

Time (min)

Figure 4.1: The concentration of quinones from catachin oxidation in wines at 4°C and

40°C.**
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4.2.4 Effect ofother metal ions on oxidation of vanillin

The cations Cu^* and Fe^* are selected to study the effect of metal ions other than Fe^"^

on oxidation of vanillin in this work because, firstly, they exist in wines (Table 1.3), and

secondly, they are reported to have influence on wine oxidation/^'''^ For example, Fe^^

was found to have great influence on the catechin degradation in winelike model

solutions. The catechin degradation rate increased with increasing concentration of

Fe^"^; some oxidation products were formed in the presence of Fe^"^, and larger amounts of

these products were formed as the Fe^^ concentration in the solution increased.'*^ Fe^"^

catalyzed the chemical combination of acetaldehyde with phenolic compounds in wines;

the larger the Fe^^ concentration, the larger the loss of phenolic compounds and tannins

in wines.^^ Cu^^ influenced the tannins content in wines; the higher the Cu^*

concentration, the higher the loss of tannins/^ Co^* and Ni^* are selected because of their

strong catalytic ability.*^'*'' For example, Sippola and Krause reported that Co-

sulphosalen Schiff base catalyst with molecular oxygen increased the initial oxidation

rates of both a phenolic (guaiacol) and a non-phenolic (veratryl alcohol) lignin model

compounds in aqueous alkaline medium.*^

However, the results of section 3.4.4 show that Cu^"^, Fe^"^, Co^"^, and Ni^^ have no

effect on vanillin oxidation in the wine model systems. The ability of Fe^"^ ions to oxidize

vanillin is likely due to its much stronger oxidation ability as compared to that of other

metal ions. The standard electrode potentials of these metal ions in aqueous solutions are

showed in Table 4.1.*^ The inertia of vanillin to some metal ions is beneficial in that

vanillin will not be oxidized by these metal ions in wines.
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Table 4.1: The standard electrode potentials of metal ions studied
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4.4 The impurity in vanillin sample

The impurity existing in the vanillin sample was determined to have the same

molecular weight and similar MS, MS^ and MS^ spectra (Figure 3.11 and 3.12) but a

different retention time on the HPLC column with those of divanillin (Figure 3.5).

However, the retention times of the impurity and divanillin on column are very close (the

difference is only 0.4 min). Figure 4.2 shows the 3-D UV spectra of the impurity in the

vanillin sample and divanillin in vanillin/Fe^* solution when they are eluted from the

HPLC column. This figure shows that the UV spectra of the impurity and divanillin are

very similar; the impurity is eluted earlier than divanillin; the peak due to the impurity is

a little narrower than that of divanillin. These results indicated that the impurity should be

a structural isomer of divanillin, and is apparently more polar than divanillin because of

its shorter retention time on the reversed phase column. It is perhaps a by-product in the

course of production of the vanillin.

In Section 3.3.1 I mentioned a paper reported that vanillic acid, dehydrovanillin

(divanillin), and vanillyl (dimeric vanilloyl) are the by-products during the course of

synthesizing vanillin from lignosulfonate oxidation by persulphate, oxygen, and a variety

of catalytic systems (Scheme 3.3)^^ The vanillyl (dimeric vanilloyl. Scheme 3.3 c) might

be thought to be the impurity in the vanillin sample because it is a product of vanillin

oxidation, a isomer of divanillin, and it has a similar molecular structure with that of

divanillin. In a divanillin molecule, the position of the linkage bond between two vanillin

molecules is at the carbons ortho- to the phenolic hydroxyl groups, but that of the dimeric

vanilloyl is at the carbons of the two aldehyde groups (see Scheme 4.9). These very

different monomer linkages predict that their MS^ and MS^ spectra should not be
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identical, and their UV spectra should not be very similar. These are inconsistent with the

resuhs obtained. Therefore, dimeric vanilloyl is not likely to be the impurity in the

vanillin sample. Unfortunately, this supposition could not be tested because dimeric

vanilloyl is commercially unavailable. Contact with the author, Dr. Hans-Rene BJ0rsvik,

of reference [79] was made, but he could not provide a sample nor any detailed

spectroscopic identification and MS data for the minor side-product, dimeric vanilloyl.

nm

'•^'i6.5
"li"

j+
Figure 4.2: 3-D UV spectra of HPLC analysis of vanillin/Fe system showing the

peaks of the impurity and divanillin.
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CHO CHO

CH3O OCH3 H3CO
OH OH

Divanillin Dimeric vanilloyl

Scheme 4.9: Structures of divanillin and dimeric vanilloyl.

Two other possible structures of the impurity are shown in Scheme 4.10. These

structures are suggested because they are also dimeric forms of vanillin molecules with

the same molecular weight as that of divanillin. Additionally, their molecular structures

are very similar with that of divanillin. The differences among structure A and B in

Figure 4.12 and that of divanillin are that, in structure A, the linkage bond between the

two vanillin monomers is at the carbons meta- to the phenolic hydroxyl groups, and that

in structure B is at a carbon ortho- to the phenolic hydroxyl group of one monomer and a

carbon meta- to the phenolic hydroxyl group of the other monomer, but that in divanillin

molecule is at the carbons ortho- to the phenolic hydroxyl groups. If the two suppositions

were correct, the radical should be at the carbon m- to the phenolic hydroxyl group before

coupling to form dimer. However, according to the mechanism of phenol oxidation and

vanillin oxidation presented in section 4.1.1 and section 4.1.2, the radical is more stable

at the carbon ortho- to the phenolic hydroxyl group of vanillin. Therefore, the structures

shown in Scheme 4.12 are not likely to be products of vanillin oxidation. However, the

procedure for synthesizing vanillin commercially is very complex.' Some by-products

might not be due to the vanillin oxidation. They might be formed due to the side reactions
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of intermediate products. Therefore, the compounds shown in Scheme 4.12 might be

produced during vanillin synthesis. I contacted the vendor, Aldrich Chemical Company

(Milwaukee, Wl). The technical service department of the company has no idea about the

impurity in the vanillin sample because it was not identified, and they were unable to

provide the details of the method used to produce the vanillin sample.

CHO CHO CHO OH

H3CO' j
I

OCH3 H3C(

OH OH OH CHO

OCH3

(A) (B)

Scheme 4.10: Possible structures for the impurity in the vanillin sample.

H3CO

H-0^ M

H-^O H

OCH,

Scheme 4.11: A divanillin molecule with internal hydrogen bonds between

Hydroxyl groups and aldehyde groups.
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Scheme 4.11 shows another possible structure for the impurity in the vanillin sample.

It is a divanillin molecule, in which hydrogen bonds are formed between the hydrogen of

the hydroxyl groups and the oxygen of the aldehyde groups. The formation of the internal

hydrogen bonds might change the polarity of the molecule, thus change its retention time

on the HPLC column.

The'H NMR and '^C NMR spectra of the vanillin sample (Figure 3.17 and 3.18)

shown in Section 3.6 reveal the correct structure of vanillin molecules. This result

indicates that the amount of the impurity in the vanillin sample is too little to be detected

by NMR.

No peak was found due to the impurity in GC/MS spectrum of the vanillin sample.

This is because of the following possible reasons: the impurity concentration in the

vanillin sample is too low to be detected by the GC method used; the boiling point of the

impurity is too high to be tested by the GC method used (b.p. of divanillin is 315°C; the

temperature set on the GC column used cannot be higher than 250°C); or the impurity

decomposed at high GC temperature.

102



•T .£-..



5 CONCLUSION

As one of the major flavor components of wines, vanillin, which comes from the

lignin degradation of the oak barrels, has a significant influence on the aroma and flavour

of wine. The vanilla flavor of wines can decrease during the aging of wines due to the

occurrence of vanillin oxidation. Metal ions, as well as oxygen and enzymes, are known

to be a factor that accelerates the oxidation of vanillin in wines.

The effects of Fe^* on the reactivity of vanillin in model wine systems under different

reaction conditions were studied in this work. A product of the oxidation of vanillin in the

model systems was identified to be divanillin. The mechanism of the redox reaction

between vanillin and Fe^"^ is thought to follow that of other phenol oxidations. The

formation of divanillin molecules is due to the coupling of vanillin radicals, which come

from the vanillin oxidation by Fe^"^ ions. Increasing the concentration of free Fe^"^ ions in

the system accelerates the formation of divanillin. The solution pH value has a significant

effect on the vanillin reactivity in the model system. The pH range of 3-3.5 was found to

be the best pH condition for the formation of divanillin. Higher temperature accelerates

the formation of divanillin.

Divanillin was determined to exist in three barrel-aged red wines. This finding

suggests that divanillin is produced by oxidation of vanillin by Fe *ions in wines.

Keeping the storage temperature of wines cool and decreasing the contact of grapes and

wines with iron are two major measures suggested by this work, in order to decrease the

oxidation of vanillin during the making and aging of wines.
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6 FUTURE WORK

The reaction product, divanillin, of vanillin/Fe^"^ system was monitored in model wine

solutions, and was determined in wine samples in this work. In future work, oak-aged and

non-oak-aged wines from the same winery should be compared to verify that oak barrel is

the source of vanillin and divanillin in wines.

In order to study the effect of wine-aging time on the formation of divanillin in wines,

the divanillin content in wines, which are made by same technology and same source of

grapes, but with different vintage years, should be quantified.

Additionally, Bjersvik reported that divanillin, vanillic acid, and vanillyl (dimeric

vanilloyl) were all byproducts during the course of synthesizing vanillin from the

oxidation of lignosulfonates,'^ so some work should be performed to find other possible

product/products in vanillin/Fe^"*^ wine model system, and then in wines.
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