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There is often an observed disconnect between those
facets of science deemed “research-oriented” versus those
deemed “applied.” These differences are further exacer-
bated in occupations such as the wine industry in which
there is a large investment in or requirement for applied
technologies. The situation is not improved by inherent
differences among the practitioners; the wine industry is
largely populated by those with limited scientific training,
while the research community is characterized by those
with advanced degrees but generally less practical experi-
ence. The cultures, and the concomitant needs and goals,
thus often differ vastly. All too often, the industry per-
ceives the researchers as out-of-touch denizens of the
fabled ivory tower, while researchers perceive the industry
as short-sighted (if not scientifically gullible) and focused
exclusively on stop-gap solutions.

These differences are often exploited by neo-Luddite
factions of the wine press that equate science with steril-
ity, failing to recall the history of improvements resulting
from enological discoveries. Indeed, the question has
been posed as to whether research since the 1930s and
1940s has significantly improved wine quality when com-
pared to the improvements made during that halcyon pe-
riod. “Probably not,” concludes H.W. Paul (1996), and
with some justification. However, the comparison is inher-

ently unfair, as the most tractable problems are solved
first, often with the most dramatic results.

Emile Peynaud recognized both the dichotomy between
theory and practice and the importance of both, stating
that “Enology is not an abstract science. It has grown out
of research into solutions to practical problems. But
whereas the facts are observed during work at cellar level
or in the winery, they can only be explained, rules laid
down, and progress made at the higher level during study
of these phenomena” (Peynaud 1984).

Historical Methods of Analysis
The importance of phenolic compounds to wine has

been amply demonstrated (Singleton and Esau 1969,
Ribéreau-Gayon 1972).The methods used to analyze these
compounds can be broken down into two broad catego-
ries: separation and identification or, more specifically,
chromatography and spectroscopy/spectrometry.

Chromatography.  Chromatographic techniques are now
celebrating the centenary of their first true application by
Mikhail Tswett in the early 1900s. He first described his
technique in 1901 and later published two articles regard-
ing his work with chlorophyll (Tswett 1906a,b). Specifi-
cally, Tswett introduced the technique of column adsorp-
tion chromatography, when he used a column of ground
chalk (calcium carbonate) to separate leaf pigments.

Given its later predominance as the analytical tech-
nique of choice (chromatographic instruments are the fast-
est-growing segment of characterization instruments;
Cleaves and Lesney 2004), it is ironic that chromatogra-
phy was not widely used in the first 20 years after its in-
ception (Ettre and Horvath 1975). However, following
A.J.P. Martin’s work in the 1940s in which liquid-liquid
partition chromatography was defined and paper chroma-
tography developed (Martin and Synge 1941, Consden et
al. 1944), chromatography underwent a rapid renaissance.
The use of paper chromatography, its close relative thin-
layer chromatography, and the development of gas chro-
matography (anticipated by Martin and Synge and later
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developed by James and Martin [1952]) revolutionized
both analytical chemistry and biochemistry.

The importance of these techniques to the wine indus-
try is best demonstrated by their rapid use for phenolic
analyses. Four years after paper chromatography was de-
scribed, the fledgling technique was used to separate an-
thocyanins and flavones in extracts of Dahlia variabilis
petals (Bate-Smith 1948). Indeed, Bate-Smith credited paper
chromatography with the eventual creation of the Plant
Phenolics Group (the progenitor of the current Phy-
tochemical Society of Europe), stating that, “the applica-
tions of this discovery have proved so immediately pro-
lific and . . . the results obtained have so simplified the
tasks of the chemist and botanist engaged in research”
(Bate-Smith 1964). Beginning in 1953, Ribéreau-Gayon be-
gan a series of wine studies using paper chromatography,
noting several advantages: phenolic compounds separated
well on paper using minimal solvent types, the separated
compounds were easily visualized (either by their intrinsic
color or under ultraviolet light), and only micro quantities
of compound were required (Ribéreau-Gayon 1972).

Although less common, column chromatography was
still being used. Spaeth and Rosenblatt (1950) published a
report on silicic acid-based column chromatography used
to separate anthocyanidin mixtures as part of their ongo-
ing study of grape and wine pigments. Carelli and col-
leagues reported using polyamides for separating various
phenolic compounds in what they termed “sorption chro-
matography” (Carelli et al. 1955). Chandler and Swain
(1959) later used polyamide columns to separate anthocya-
nins. Vuataz and colleagues used cellulose column chro-
matography to separate black tea polyphenols (Vuataz et
al. 1959); Singleton and coworkers then used that ap-
proach to study phenolic compounds in grape seeds (Sin-
gleton et al. 1966). Porath and Flodin (1959) introduced
the technique of gel-permeation chromatography using
dextran gels; Somers (1966, 1967) would use these tech-
niques to begin his studies of condensed tannins and
polymeric pigments.

Spectroscopy/spectrometry. Ultraviolet-visable spec-
trometry. Since ultraviolet-visible (UV-vis) spectroscopic
techniques are reviewed elsewhere (Harbertson and Spayd
2006), I will focus instead on infrared spectroscopy,
nuclear magnetic resonance spectroscopy, and mass spec-
trometry. The importance of the UV-vis spectrum to identi-
fication cannot be overstated, however, and merits some
brief comments. Flavonoid spectra typically consist of two
maxima. The first (designated Band II) occurs in the spec-
tral range from 240 to 285 nm and is attributed to the fla-
vonoid A-ring configuration. The second maxima occurs in
the range from 330 to 550 nm (Band I), and reflects the B-
ring configuration (Santos-Buelga et al. 2003). Thus, the
respective lmax and the relative intensities of the maxima
are diagnostic of the phenolic compounds present, with
varying degrees of success. For example, anthocyanins in
the flavylium form have lmax between 490 and 540 nm, de-
pending on the substitution pattern of the B ring. Flavan-

3-ols, lacking conjugation between the A and B rings,
have spectra dominated by Band I absorbance between
270 and 290 nm. As this absorbance is shared by all fla-
vonoids, it has limited utility for identification (Santos-
Buelga et al. 2003). This limitation has recently been ad-
dressed through the use of derivatization agents such as
p-dimethylaminocinnamaldehyde (DMACA) (de Pascual-
Teresa et al. 2000).

Infrared spectroscopy. Infrared (IR) spectroscopy is a
powerful tool for structure identification as covalent
bonds absorb electromagnetic radiation in the IR region.
This region of the spectrum, discovered by Friedrich
Wilhelm Herschel in 1800 (Herschel’s “calorific rays”), ex-
tends from 0.8 to 100 μm, but the main region of historic
interest is the vibrational portion between 2.5 and 15 μm
(4000 to 650 cm-1). Those bonds within a molecule con-
taining a dipole moment can absorb IR energy, increasing
the amplitude of the molecule’s vibrational modes (Pavia
et al. 1979). While some modes are associated with the
whole molecule, localized vibrations specific to certain
bond types are of diagnostic utility.

Infrared instrumentation was available as early as 1922
(Filmore 2004). However, the IR spectroscopy of phenolic
compounds (particularly flavonoids) began in earnest in
the mid-1950s (Wagner 1964), following the development
of the first double-beam spectrophotometer, the Perkin-
Elmer 21, in 1950. The applicability of IR was limited by
the sample preparation required: most phenolic com-
pounds are insoluble in the solvents used for solution IR
(such as chloroform, carbon tetrachloride) and the mulls
used for solid-state IR (such as Nujol). Wagner avoided
these problems by preparing samples as compressed po-
tassium bromide discs, obviating the need for solvents or
mulling agents. The potassium bromide technique did re-
quire a crystalline preparation of the compound of inter-
est, making it poorly suited for the common separation
techniques of the day, notably paper chromatography
(Ribéreau-Gayon 1972). In the end, the greater ease and
power of UV-vis spectroscopy marginalized IR spectros-
copy. It would take the emergence of advanced chemo-
metric techniques and greater computing power to bring
IR analyses back to the forefront.

Nuclear magnetic resonance spectroscopy. While IR
analysis measures dipole moments, nuclear magnetic reso-
nance (NMR) spectroscopy examines magnetic moments
(of those atomic nuclei with an odd mass or an odd atomic
number). These nuclear magnetic moments interact with an
applied magnetic field, ultimately resulting in information
regarding the immediate environment about the nuclei
(most typically hydrogen, although 13C, 19F, and 31P ex-
hibit similar behavior).

Nuclear magnetic resonance was independently ob-
served in the mid-1940s by researchers at Stanford (Bloch
et al. 1946) and Harvard (Purcell et al. 1946). However, it
was not until Packard and colleagues discovered the
chemical shift within a molecule (ethanol) in 1951 that the
utility of NMR to chemists was made clear (Arnold et al.
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1951). The first commercial instrument was introduced by
Varian in 1953, and NMR became established as a stan-
dard analytical tool after the release of the Varian A-60 in
1961.

While the utility of NMR was clear, its application to
early phenolic (and wine) analysis was limited, as protons
in the complex flavonoid structures were difficult to as-
sign. At best the technique was able to identify those
protons shifted to definitive regions of the spectrum. The
continuous-wave instrumentation available at the time sim-
ply did not give very high signal-to-noise ratios. The de-
velopment of Fourier transform (FT) NMR by Richard
Ernst improved the situation (Ernst and Anderson 1966).

Abraham (1964) summarized the state-of-the-art applica-
tion of NMR to phenolics analysis. The studies of Webb
and Kepner on anthocyanin acylation using a Varian A-60
are typical of the application of NMR to enology during
this period (Anderson et al. 1970, Gueffroy et al. 1971).

Mass spectrometry. Mass spectrometry (MS) had its
genesis in the laboratory of J.J. Thomson, the discoverer
of the electron. Thomson studied the deflection of ions in
a cathode ray tube and deduced that the characteristic
parabolic path of each ion was dependent upon its charge
to mass ratio (Thomson 1913). Francis Aston, a student of
Thomson, further refined the “parabola” or “positive ray”
spectrograph, culminating in the discovery of isotopes of
non-radioactive elements (Aston 1919).

Following this initial fertile period, there was little ad-
vancement until the first commercially successful mass
spectrometer, the Consolidated Engineering Corporation
21-101, was introduced  in the early 1940s (Lesney 2004).
Other developments occurred in rapid succession: time-of-
flight (TOF) MS (1946), ion cyclotron MS (1948), quadru-
pole filters and ion-trap detectors (1953), and gas chroma-
tography-TOF MS (1956). The first commercial quadrupole
MS became available in 1962 (Lesney 2004).

Electron ionization MS was used to study flavans re-
duced from chalcones (Brown 1964), demonstrating its ap-
plicability to phenolic structure elucidation. There were
few applications in enology during these initial years, as
the low volatility of polyphenols precluded easy analysis
by the MS techniques then available (Flamini 2003).

Modern Techniques
The mid-1960s to early 1970s witnessed major advances

in both chromatographic and spectroscopic systems, many
driven by increased computer capabilities combined with
the development of improved Fourier transform and other
chemometric algorithms. Some of these advances were
also driven by improved support technologies such as
pellicular packings for high-performance liquid chromatog-
raphy (HPLC) or supermagnets for NMR.

Chromatography. It is interesting, if not humbling, that
Martin and Synge not only discussed partition chroma-
tography and anticipated gas liquid chromatography in
their seminal 1941 paper but also outlined the requirements
for HPLC. In discussing the height equivalent to a theo-

retical plate (HETP), the authors stated that “the smallest
HETP should be obtainable by using very small particles
and a high pressure difference across the length of a col-
umn” (Martin and Synge 1941). However, the technical
problems inherent in providing a uniform flow under such
conditions precluded further development of the technique
at that time. Martin’s subsequent developments of paper
and gas chromatography obviated the need to develop liq-
uid chromatographic techniques further (Ettre 2005).

Twenty-five years after Martin’s prescient comments, a
research associate at Yale led the development of the first
high-performance liquid chromatograph (Horváth and
Lipsky 1966). Csaba Horváth was uniquely qualified for
this project because of his previous research in creating
uniformly coated pellicular particles (Halász and Horváth
1964). Although HPLC has some inherent limitations
(Karchesy 1988), its importance in phenolics research is
crucial. As Somers and Vérette (1988) noted, “Before
HPLC, quantitation of individual phenolic components
from grapes or wines had been laborious and uncertain;
from a few μL wine sample, HPLC enables resolution and
quantitative analysis of numerous phenolic monomers in
30 mins!”

Two early pioneers of HPLC in enology were Charles
Nagel and Larry Wulf, who published a series of articles
that were among the first applications of HPLC to pheno-
lics analysis (Wulf and Nagel 1976, 1978, Nagel and Wulf
1979). While initial HPLC studies tended to emphasize the
novelty of the new method, particularly its speed, enol-
ogists soon began to apply the technique in earnest, in-
cluding changes in flavonoid content during fermentation
and aging of red wines (Nagel and Wulf 1979); the appli-
cation of HPLC to the procyanidin content of ciders and
wines (Lea 1979, 1980); and the anthocyanin profile in
wines across 10 years of aging (McCloskey and Yengoyan
1981). Other studies examined malvidin 3-glucoside con-
densation kinetics (Baranowski and Nagel 1983); the char-
acterization of young Bordeaux wines produced from dif-
ferent cultivars (Salagoïty-Auguste and Bertrand 1984);
caftaric and coutaric acids in grapes and wines (Singleton
et al. 1984, 1985, 1986); anthocyanin profiles of port grapes
and wines (Bakker and Timberlake 1985a,b); and changes
in anthocyanin content over ripening in three Syrah
clones (Roggero et al. 1986).

The introduction by Hewlett Packard (now Agilent
Technologies) of a diode array detector (DAD) for HPLC
in 1982 (the HP 1040A) further improved the utility of
HPLC for phenolics analysis. The advantages to obtaining
UV-vis spectral data for each component were pro-
nounced, as the spectrum allowed for improved identifica-
tion, increased sensitivity because of detection at the
absorbance maximum, and peak purity assessments (San-
tos-Buelga et al. 2003). The new detector was soon
adopted for phenolic and enological research and was
used to study anthocyanins in berries (Andersen 1985,
1987); for diode array detection to characterize the antho-
cyanins in both Tempranillo and a hybrid cultivar (Hebrero
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et al. 1988, 1989); and to examine nonenzymic oxidation of
caffeic acid (Cilliers and Singleton, 1989, 1990, 1991). A
HPLC-DAD technique was developed in the Pacific North-
west to characterize anthocyanins from a variety of
sources (Hong and Wrolstad 1990a,b).

An important analysis dependent upon HPLC as a sep-
aration tool is the structural characterization of pro-
cyanidins, whether by acid-catalyzed degradation in the
presence of a nucleophilic trapping agent (Thompson et
al. 1972, Rigaud et al. 1991, Prieur et al. 1994, Kennedy
and Jones 2001), or by normal phase (Rigaud et al. 1993,
Waterhouse et al. 2000), or gel permeation chromatography
(Bae et al. 1994, Kennedy et al. 2001, Kennedy and Taylor
2003).

Spectroscopy/spectrometry. Mass spectrometry. While
electron impact ionization (EI) techniques were used suc-
cessfully to characterize monomeric phenolics, the applica-
bility of EI to oligomers and polymers was limited because
it required derivatization to increase their volatility.
Weinges and colleagues acylated fruit procyanidins for EI
analysis (Weinges et al. 1968, cited in Barofsky 1988),
while Dadic and Belleau (1976) characterized acylated
procyanidins from beer. However, the limited mass infor-
mation available from this ionization technique severely
limited its usefulness (Lazarus et al. 2003).

The development of liquid secondary ion mass spec-
trometry (LSI-MS) (Benninghoven and Sichtermann 1978)
and fast atom bombardment mass spectrometry (FAB-MS)
(Barber et al. 1981) marked a new era for structural identifi-
cation. While earlier techniques had been developed, no-
tably field desorption and plasma desorption (Matsuo and
Seyama 2000), the newer techniques rapidly superseded
them. LSI typically uses cesium ions as the particle beam
source, whereas FAB uses a neutral inert gas (argon or
xenon). Several micrograms of sample is mixed into a liq-
uid matrix (typically 1 to 2 μL of glycerol) and applied to
the tip of a sample probe, which is then introduced into
the ion source chamber. The subsequent bombardment
causes the ejection of a desorbed secondary ion beam
containing positive and negative ions in addition to neu-
tral species (the relative abundances are controlled by the
source potentials, the analyte itself, and the nature of the
support matrix). The primary advantage to these tech-
niques is that no chemical derivatization is required: the
sample preparation and manipulation are minimal. This
relatively “soft” ionization produces abundant molecular
ions with minimal structural fragmentation.

In one of the earliest enological applications, a xenon
beam FAB-MS was used to obtain molecular weight data
of anthocyanins from port wine cultivars (Bakker and
Timberlake (1985a). Xenon FAB-MS was also used to se-
quence procyandin oligomers from a variety of natural
sources (Karchesy et al. 1986); to identify catechin-gallate,
catechin-catechin-gallate, and ß-1,3,6-tri-O-galloyl-D-glu-
cose in Niagara grapes (Lee and Jaworski 1990); to charac-
terize a variety of dimers and trimers from grape seeds
(Ricardo da Silva et al. 1991); to identify the nonenzymic

autoxidation products of caffeic acid (Cilliers and Single-
ton 1991); and to identify the acetaldehyde-bridged antho-
cyanin/catechin dimer in a model wine (Bakker et al. 1993).
Bakker and colleagues also used xenon FAB-MS to charac-
terize vitisin A and related pigments in wine (Bakker et al.
1997, Bakker and Timberlake 1997).

A disadvantage to these techniques is that the spec-
trum must typically be obtained from relatively pure
samples. While FAB-MS has been applied to complex mix-
tures, it has been the exception rather than the rule (Laza-
rus et al. 2003, Cheynier and Fulcrand 2003). This problem
was successfully circumvented with the development of
matrix-assisted laser desorption ionization (MALDI) mass
spectrometry (Karas et al. 1987, Tanaka et al. 1988). Laser
desorption techniques had existed since the early 1960s;
however, their mass cut-off was relatively low. Low-energy
laser light (typically nitrogen at 337 nm), in conjunction
with a suitable matrix (a UV-absorbing organic molecule or
a metal powder) could protect the analyte from degrada-
tion during the vaporization step, enabling the mass spec-
trometry of large biomolecules. In addition to allowing an
increased mass range, MALDI has proven robust against
sample contamination (Lazarus et al. 2003, Flamini 2003),
although sample clean-up is still recommended (Mano and
Goto 2003). MALDI also primarily produces singly charged
ions, allowing for the analysis of complex samples. When
coupled to time-of-flight (TOF) spectrometers, which have
no m/z limits, MALDI is an especially powerful mapping
tool (Mano and Goto 2003).

While the first enological applications of MALDI were
for protein determinations (Szilágyi et al. 1996, Weiss et
al. 1998), the technique was soon applied to phenolic com-
pounds. Anthocyanins were analyzed from a variety of
grape skin extracts (Sugui et al. 1999) and were studied in
wines and Concord grape juice (Wang and Sporns 1999).
Procyanidins were studied from grape seed extracts (Krue-
ger et al. 2000, Yang and Chien 2000). In both cases oligo-
mers up to nonamers were characterized. MALDI-TOF was
used to analyze grape tannin fractions (Perret et al. 2003);
the spectrum acquired ranged up to 4000 amu, represent-
ing a degree of polymerization up to ~18.

While some authors have speculated that quantitation
should be possible with a judiciously chosen internal
standard (Wang and Sporns 1999), Lazarus and colleagues
have noted that quantitation “remains a challenge” (Laza-
rus et al. 2003). Another inherent disadvantage to MALDI
is the inability to conveniently couple it to chromatogra-
phy. Flow FAB systems have been successfully con-
structed, such as frit-FAB and continuous-flow FAB
(Abian 1999). Techniques to couple liquid chromatography
to MALDI have proven less successful, although various
approaches have been devised (Nagra and Li 1995, Zhang
et al. 2004).

An alternative soft ionization method to MALDI, elec-
trospray ionization, was developed by Yamashita and Fenn
(Yamashita and Fenn 1984a,b). Electrospray techniques
had been developed earlier by Dole and colleagues, who
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had also anticipated ESI-MS (see Dülcks and Juraschek
1999); however, Fenn’s work marks the first successful
coupling of the ionization mode to mass spectrometry.
Fenn shared the 2002 Nobel Prize in chemistry with Koichi
Tanaka for their work on structural analysis of biological
macromolecules.

The electrospray process can be succinctly summa-
rized. First, nebulization of the sample produces electri-
cally charged droplets via an electrophoretic mechanism.
Second, ions are liberated from the droplets in a combined
process of solvent evaporation and Coulombic repulsion.
Finally, the ions thus produced are swept from the atmo-
spheric source region into the mass analyzer (Bruins 1998,
Smyth 1999). The gradual thermal desolvation leads to
electrospray being a very “soft” ionization method. Unless
the potential difference between the transfer capillary and
the analyzer is increased (resulting in collision-induced
dissociation,) there is minimal fragmentation of the ana-
lytes (Dülcks and Juraschek 1999). An additional, unique
advantage to ESI is that the process leads to the forma-
tion of both singly and multiply charged ions. Multiple
charging of larger biomolecules results in a distribution of
m/z ratios and allows for accurate determination of mo-
lecular weights (Mano and Goto 2003). As most of the
resulting signals fall below m/z = 2000, less expensive
quadrupole mass filters may be used in place of more ex-
pensive time-of-flight systems (Dülcks and Juraschek
1999). Finally, in contrast with FAB and MALDI, no matri-
ces are required for analysis: ESI allows for direct inter-
facing of the LC to the MS (Kebarle and Tang 1993).

One of the earliest enological applications of HPLC-
ESI-MS was in a study of anthocyanin extracts (Baldi et
al. 1995). It was also used to study reactions of acetalde-
hyde in solution with flavan-3-ols (Fulcrand et al. 1996)
and to characterize flavan-3-ol oligomers and polymers
(Cheynier et al. 1997). In the past 10 years, ESI tech-
niques have dominated the enological literature; as noted
in one study, HPLC-ESI-MS enjoys a contemporary suc-
cess analogous to that of HPLC-DAD in the 1980s (Tomás-
Barberán et al. 2003). A comprehensive review of the litera-
ture through 2002 is available (Flamini 2003), and ESI as a
stand-alone ionization method has been addressed (Chey-
nier and Fulcrand 2003).

Several recent reviews of flavonoid research discuss
the use of tandem mass spectrometry (MS-MS, MS(n))
techniques, in which a parent ion is further fragmented
into daughter ions for improved structural characterization
(Wolfender et al. 2000, Cuyckens and Claeys 2004). Ex-
amples from enology include the study of flavonoids and
stilbenes in wine (Stecher et al. 2001) and oligomeric pig-
ment in grape skins (Vidal et al. 2004).

Nuclear magnetic resonance and electron paramag-
netic resonance spectroscopy. The development of pulse
excitation Fourier transform nuclear magnetic resonance
(FTNMR) by Richard Ernst and Weston Anderson (Ernst
and Anderson 1966) led to increases of sensitivity be-
tween one and two orders of magnitude over continuous

wave instruments. This sensitivity increase in turn enabled
the study of low-abundance isotopes, notably 13C. The
concomitant improvements in magnet designs, computers,
and pulse transmitters further increased the sensitivity
and resolution of the spectra (Ferreira and Brandt 1988).

The combination of these technological improvements
and the availability of FTNMR instruments led to the de-
velopment of the one-dimensional nuclear Overhauser ef-
fect (n.O.e.) difference techniques. Overhauser predicted
that nuclear spin resonance intensity could be altered by
unpaired electrons (Overhauser 1953a,b). It was later dem-
onstrated that the Overhauser effect could occur between
two nuclei because of dipolar interactions (Solomon 1955).
Anet and Bourn (1965) were the first to apply the informa-
tion provided by n.O.e. in their structural analysis of ß,ß-
dimethylacrylic acid. The n.O.e. is dependent on spatial
geometry (that is, the “through space” distance), so it is
possible to obtain information on intramolecular steric re-
lationships. Difference techniques subtract the normal
NMR spectra from the doubly irradiated (enhanced) spec-
tra. Ferreira and Brandt (1988) provide a comprehensive
overview of n.O.e. difference techniques applied to fla-
vonoid structures.

The development of FTNMR also allowed for the devel-
opment of the so-called two-dimensional (2-D) techniques.
Inspired by a lecture of Jean Jenner, Ernst and colleagues
outlined a general approach to 2-D NMR (Aue et al. 1976).
The experiment is defined by a series of radio-frequency
pulses and four distinct intervals: preparation (initial pulse
distortion), evolution (the period of which changes experi-
ment to experiment), mixing (the next series of pulses), and
detection. The detected signal intensity depends on the
length of the evolution period and the point in time during
the detection period. The Fourier transform is performed
on both of these parameters, yielding a 2-D frequency
spectrum in which both axes depict chemical shifts and
the intensity is topographically represented. Three impor-
tant 2-D techniques to result from this work are correlation
spectroscopy (COSY), nuclear Overhauser effect spectros-
copy (NOESY), and exchange spectroscopy (EXSY). COSY
determines all first-order couplings in a single experiment;
NOESY provides a diagram of the Overhauser interactions;
and EXSY provides a diagram of those sites undergoing
chemical exchange (Lambert et al. 1987). More recent ad-
vancements in 2-D NMR include heteronuclear correlated
spectroscopy methods. Heteronuclear single quantum co-
herence (HSQC) and heteronuclear multiple quantum co-
herence (HMQC) experiments produce 2-D spectra in
which the 1H and 13C (or 15N, and so on) spectra repre-
sent the axes (that is, a 1H – heteronuclei COSY). Correla-
tion between protons and their attached heteronuclei is
obtained. Heteronuclear multiple-bond correlation spec-
troscopy (HMBC) diagrams the long-range coupling of 1H
and heteronuclei signals through two or more bonds.

Finally, proton NMR has been successfully coupled to
LC to provide a very powerful tool for separating and
characterizing compounds. A comprehensive review of this
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technique as it applies to polyphenol analysis has re-
cently been published (Wolfender et al. 2003), and multi-
hyphenated techniques have also been reviewed (Wilson
2000).

There are numerous reports on one-dimensional FT-
NMR. It has been used at 200 MHz to study a malvidin
3,5-diglucoside/catechin condensation product (Bishop
and Nagel 1984); at 300 MHz to elucidate the structure of
grape reaction product, 2-S-glutathionylcaftaric acid
(Cheynier et al. 1986); at 360 MHz to characterize the fla-
vonols in Cinsault skins (Cheynier and Rigaud 1986); also
at 360 MHz to study the nonenzymic autoxidation prod-
ucts of caffeic acid (Cilliers and Singleton 1991); at 400
MHz to characterize grape seed procyanidin dimers and
trimers (Ricardo da Silva et al. 1991); and 13C NMR spec-
troscopy was used to determine procyanidin structural
unit composition for a variety of plant materials, including
Gamay Beaujolais fruit (Czochanska et al. 1979, 1980).

Although Cui and colleagues first applied 2-D tech-
niques to procyanidins (Cui et al. 1991), it was the work of
Balas and Vercauteren (1994) that unambiguously deter-
mined the correct interflavan linkages for the catechin-(4a-
8)-catechin and catechin-(4a-6)-catechin dimers. One-di-
mensional (1-D) and 2-D NMR (COSY, HMQC, and HMBC)
were used to propose a structure for vitisin A (Bakker et al
1997). Fulcrand and colleagues also used 1-D and 2-D
techniques to characterize this reaction product of pyruvic
acid and anthocyanins; they used 2-D heteronuclear tech-
niques (HSQC and HMBC) in addition to 1-D NMR and
1-D n.O.e. to propose an alternative structure for vitisin A
(Fulcrand et al. 1998). A malvidin 3-glucoside dimer
bridged via acetaldehyde that formed in winelike model
solution was characterized with 1-D and 2-D techniques
(COSY, NOESY, HSQC, and HMBC) (Atanasova et al.
2002). Mateus and colleagues used 1-D and 2-D NMR to
identify three new pigments from port wines (Mateus et al.
2002); they ran COSY, HSQC, and HMBC experiments to
characterize malvidin 3-glucososide-vinyl-(+)-catechin-(+)-
catechin, malvidin 3-glucoside-vinyl-(+)-catechin, and
malvidin 3-glucoside-vinyl-(-)-epicatechin. Recently, the
structures of malvidin 3-glucoside/catechin pigments
bridged via a variety of aldehydes were elucidated with
COSY, HSQC, HMBC, and NOESY (Pissarra et al. 2004).

The electron analog to proton NMR, electron paramag-
netic resonance (EPR), discovered in 1944 (Zavoisky
1945), has also been applied to phenolics analysis. The
technique has been used to monitor the oxidative
changes in seed polyphenols during development (Ken-
nedy et al. 2000), to study the radical chemistry of poly-
phenolics (Bors et al. 2000, Hagerman et al. 2003), and to
study oxygen-induced phenolic radical formation in wine
(Laurie et al. 2004).

 Infrared spectroscopy. With the development of fast
Fourier transform (FT) algorithms and advances in multi-
variate calibration techniques, most notably partial least
squares regression analysis (Martens and Næs 1992), the
ability to perform high-speed IR analyses became feasible.

The renaissance of near infrared (NIR) since Karl Norris’
groundbreaking research has been reviewed (McClure
1994). Current NIR technology, whether FT or dispersive,
allows for rapid, nondestructive, multicomponent analysis
of samples with minimal or no sample preparation (Herrera
et al. 2003; Versari et al. 2004). Even given the power of
multivariate statistics to simplify complex spectra, wine
analyses present unique difficulties. High concentrations
of water, ethanol, and occasionally sugars are particularly
problematic, as their absorbance masks signals from other
constituents (Patz et al. 1999).

Patz and colleagues attempted a multivariate calibration
of FTIR versus the Folin assay to measure wine phenolics
(Patz et al. 1999). However, the accuracy and repeatability
of the derived model were unacceptable, which the au-
thors speculated was due to the nature of the reference
method and/or the multiplicity of wine types examined.
More likely the 83 wines used did not sufficiently span
product variability, so that a stable model could not be
derived. The success of these analyses is highly depen-
dent upon the training set (Pasquini 2003). A later study
with a larger sample set resulted in a predictive model of
total phenolics with R2 = 0.96 (Patz et al. 2004). Edelmann
and colleagues used MIR spectroscopy of phenolic wine
extracts to build a discriminant model which could classify
wines based upon cultivar (Edelmann et al. 2001) and later
reported the binding of tannins with proline-rich proteins
with FTIR (Edelmann and Lendl 2002).

NIR reflectance spectroscopy was used to develop pre-
dictive models for color (red wine only) and phenolics
(red, rosé, and white wines); predictive equations were R2

= 0.82 and 0.97, respectively, with standard errors close to
the reference methods (spectrophotometric absorbance
and Folin) (Urbano-Cuadrado et al. 2004). NIR was also
used to develop predictive models of malvidin 3-gluco-
side, polymeric pigment, and tannins in red wine fermenta-
tions, with R2 = 0.83 for tannin and R2 = 0.91 for malvidin;
the reference method was analysis by HPLC (Cozzolino et
al. 2004). MIR spectroscopy was used to develop models
for total color, total anthocyanins, copigmented color, and
polymeric pigment; R2 ranged from 0.89 to 0.97 (Versari et
al. 2004). Both NIR and FT-MIR data were used to de-
velop predictive models for total polyphenols; for the
NIR, MIR, and mixed model (NIR/MIR), R2 = 0.92, 0.89,
and 0.89, respectively (Urbano-Cuadrado et al. 2005).

Conclusion
It is important to revisit the quotation in the abstract of

this article (Brown 1964); the fact that the techniques de-
scribed here have been applied so successfully, and have
resulted in such an extensive literature, indicates that
these are, in a sense, yesterday’s methods. That is not to
suggest that there is no longer a place for these tech-
niques: paper chromatography can still play an important
role in a research laboratory, as can LC-ESI-MS-MS. The
discovery of new analytical techniques is a continuous
process, however, and the industry should both antici-
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pate and welcome the application of these techniques to
enological and viticultural problems.

For each technique described, there were techniques
that were left out, either because of the sparseness of
enological literature or the insufficiency of space. These
tools available to enologists will undoubtedly find appli-
cation in the future, and include advanced hyphenated
techniques, such as HPLC-NMR-MS, SEC-NMR-IR (Wil-
son 2000) and CE-MS (Schmitt-Kopplin and Frommberger
2003); new variations on old techniques, such as ESI-FT-
ICR (Cooper and Marshall 2001) and SNIF-NMR, IRMS
(Ogrine et al. 2003); new technologies, such as monolithic
LC columns (Castellari et al. 2002); and wholly new devel-
opments (Borman 2005, Stevenson 2005).

Over 50 years ago Bate-Smith (1948) first separated an-
thocyanins on sheets of paper. Today the advanced ana-
lytical techniques available to researchers are being ap-
plied to a variety of questions, whether qualitative (the
phenolic composition of Champagnes; Chamkha et al.
2003), applied (the evolution of phenolics during aging;
Pérez-Magariño and González-San José 2004), or basic (the
chemistry of red wine color; Brouillard et al. 2003). These
advances are not an excuse for complacency, however.
The conclusions of Singleton and Esau in the late 1960s
remain true today: “Much remains to be done in determin-
ing the effects of various agronomic and processing vari-
ables on both the specific classes and individual phenols.
Complex as the potential phenol reactions in grapes and
wines are . . . probable dividends of such study would be
better color, longer shelf life, quicker aging, and optimum
quality” (Singleton and Esau 1969).
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