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The deuterium-labeled standards [?Hs]-guaiacol and [2H3]-4-methylguaiacol were synthesized and
utilized in a method employing gas chromatography—mass spectrometry to determine the concentra-
tion of guaiacol and 4-methylguaiacol in wine or extracts of oak shavings. The method was combined
with previously published methods for 4-ethylphenol, 4-ethylguaiacol, cis- and trans-oak lactone and
vanillin, so that all these compounds could be quantified in a single analysis. The method can employ
either liquid—liquid extraction or headspace solid-phase microextraction (SPME) and is rapid, robust,
precise, and accurate. Under certain conditions, there was artifactual generation, to varying degrees,
of guaiacol, 4-methylguaiacol, cis-oak lactone, and vanillin during the analysis of oak extracts,
especially when diethyl ether extraction and injector block temperatures at or above 225 °C were
employed. The most substantial effects were observed for guaiacol, in which results could be
exaggerated by over 10 times. These artifacts could be avoided by using headspace SPME or by
preparing liquid—liquid extracts with pentane or pentane/diethyl ether (2:1) injected at 200 °C providing
spot checks using headspace SPME were performed. Data obtained for previously published
guantitative determination of guaiacol in oak extracts should be reexamined carefully, with special
attention paid to their respective methods of sample preparation and analysis.
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INTRODUCTION derived compounds are formed during the charring or toasting

Although barrels were originally regarded as little more than of oak bqrrels, from thermal degradation of Iignin or cellulose
inert containers, they are now used primarily to enhance wine and hemicellulose (4-10), and extracted durl_ng W'_n_e stprage.
flavor. Wine is often stored in oak barrels or in contact with _ Hundreds of oak compounds have been identified in the
oak chips, staves of oak wood, or other oak products, which litérature, but only several are considered to have an important
are all sources of additional wine aroma and flavor components. &ffect on wine flavor and quality8( 11-18). The relative
After the value of the grapes, the cost of oak is the second concentrations of these important compounds, and the effect
greatest expense in the production of many wines. It has been®n Wine quality and flavor, due to variations in oak origin,
estimated that oak costs the Australian wine industry in the range S€8S0ning, coopering, microbial interaction (such as during
of 89—108 million Australian dollars annually (1). malolactic fermentation), and other winemaking practices have

The oak composition and the condition in which wine DE€n studied by many author<5, 8, 14, 16, 19-23). Seven
maturation takes place are of primary importance to the impact ©f thé most important flavor compounds in wine, associated
of oak on wine quality (e.g., refs 2 and 3). Several aroma with maturation in contact with oak barrels, are guaiacol,
compounds identified in wine are derived principally during the 4-Methylguaiacolcis- andtrans-oak lactone, vanillin, 4-eth-

process of oak barrel maturation of the wine. Some volatile oak- YIPhenol, and 4-ethylguaiacol. The last two compounds are
products ofBrettanomyces/Dekkengeast, which can flourish
+ To whom corespondence should be addressed., @1 8 8303 6600 during barrel maturation. The structures of these seven com-
Wi S snhou . . e
Fax: +61 8 8303 6601. E-mail Alan.Pollnitz@awri.com.au. pounds are shown iRigure 1.
The Australian Wine Research Institute. Guaiacol (2-methoxyphenol) has a smoky, phenolic, aromatic,
* The University of Adelaide. burnt. burnt b a9 24—26). Th threshold of
§ Current address: Orlando Wyndham, P.O. Box 943, Rowland Flat, SA urr] ' ur_n acon aer e . ). The arom‘?‘ res . oldo
5352, Australia. guaiacol in a dry white table wine of unspecified variety has
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© ©\ and in wine 88—45). Recently, SIDA techniques have been
OCH; described for the quantitation of trichloroanisofs), vanillin
OH OH ) (35), ethyl dihydrocinnamate, ethyl cinnamate, methyl anthra-
4-ethylphenol 4-cthylguaiacol nilate and ethyl anthranilatét7), damascenone-ionone and
Figure 1. Structures of the key compounds discussed in this work. p-ionone (44,48, 49, 58), diacetyl §0), oak lactone 33),

. . 4-ethylphenol 86) and linalool, geraniol, nerol, arg-terpineol
been reported as 20g/L (27). Boidron et al. obtained aroma (51) in wine. In an important paper, Guth3) describes the

thresholds for guaiacol at 9&g/L in an Ugni-blanc white wine  4n31vsis and odor contribution of 44 volatile compounds in white
and 75ug/L in a Merlot red wine £9). 4-Methylguaiacol hasa  \yine 41 of which are analyzed using isotopically labeled
smoky aroma and a reported threshold ofi@BL in both the standards.

Ugni-blanc and Merlot winesl®). In hundreds of analyses done Even the use of SIDA, however, does not guarantee accuracy

?t tiré';'lllakégrnatg)i% \t/)v:tvr\]/:;ﬁ i%sz:]vde(ié%%V;;neun;?;ggleir'% oak of measurement. The generation of an analyte as an artifact of
ypically 9 the analytical conditions is one potential source of error, as we

between 1 and 2@g/L of 4-methylguaiacol, although much have already described for the determination of vanilBg)(

higher values have occasionally been determined. Both gualacoLI.his paper describes the susceptibility of the analyses of other

gng{s'rgﬁ?]yl%ﬁg'?gggﬁr:e f(())fr rgzg gg:ﬁspﬁg ?;Sofé “gunell?aé%l oak components to such problems and the need for extra caution
’ g the 9 . ’ 9 in determining the concentration of guaiacol in oak extracts.
and 4-methylguaiacol produced at higher temperatures. Chaton-

net observed that, of the oak-derived volatile phenols, only these

two compounds and vanillin were present in wine at concentra- MATERIALS AND METHODS

tions above their individual a_ro_ma threshold]s4_615, 29). Materials. All solvents were Mallinckrodt Nanopure grade and
Above 80ug/L, Rapp and Versini (30) found guaiacol to have erified for purity by GC/MS prior to use. Unless stated otherwise, all
a negative effect on wine aroma. In a study of the aroma of model wine was 10% ethanol in water, adjusted to pH 3.4 with
barrel aged wine, Spillmar8() found that the concentration  potassium hydrogen tartrate and tartaric acid.

_Of gua_iaCC" was negatively correlated V_V_ith the perceived aroma  yUnlabeled guaiacol and 4-methylguaiacol were purchased from
intensity of “green apple” and positively correlated with Sigma-Aldrich Australia. Purity of all standards was verified by GC/
“smoky” character in a Chardonnay wine. Other authors have MS prior to use and periodically prior to making stock standard

discussed the importance of oak lactone (32); vanillin (14— solutions.
15,29, 35), and 4-ethylphenol and 4-ethylguaiacé® (36, 37) We have already published analytical methods for 4-ethylphenol and
to wine flavor. 4-ethylguaiacol (36)trans-andcis-oak lactone33), and vanillin 85).

In any analysisl the interna' standard (|S) used Should be asThese pUincatiOnS include details of the Syntheses of the internal
similar as possible to the analyte measured, without being standards and acquisition of the unlabeled reference materials for these

present in the matrix to begin with. Isotopically labeled standards compounds. The structures of the deuterated standards used can be seen

are ideal, as they have virtually identical physical and chemical n :ig;:ei/'l h henol (de-Guaiacol). 4-Methvl-2 6-dit-butvi
properties to their unlabeled analogues. The principle way to “[H]-Methoxyphenol (ds-Guaiacol). 4-Methyl-2,6-dit-butyl-

LT . phenol (250 mg), followed by 1,2-dihydroxybenzene (catechol) (4.97
discriminate between the two compounds and measure the|rg),then PHgl-methyl iodide (2.8 mL), was added to a solution of sodium

concentrations is by mass spectrometry. As the labeled internalisopropoxide (generated with 2.52 g of sodium hydride) in 2-propanol
standard is virtually identical chemically to the substrate being (320 mL) under nitrogen. The mixture was stirred at’25overnight,
assayed, the accuracy of the analysis is not reduced bythen acidified with concentrated aqueous hydrogen chloride te gH
inefficiency in isolation or by analyte decomposition. An and evaporated to dryness in vacuo. Water (50 mL) was added to the
advantage of this is that complete extraction of the analyte of product, which was then extracted with pentanex(50 mL). The
interest from the matrix is no longer a necessity. Another combined pentane extracts were dried (sodium sulfate) and the pentane
advantage is that methods can be streamlined so that severafvaporated in vacuo leaving crude product (2.94 g, 54% yield), which
components can be determined in a single extraction and GC/Was purified by dry column chromatography using acidic alumina

MS run (as done in this paper), even though they have different (activity IV) as the stationary phase and dichloromethane:pentane (1:
chemical properties ’ 1) as the eluant. Column fractions were washed with agueous sodium

S L bisulfite to remove traces of iodine and dried (sodium sulfate). The
The principles, advantages, and applications of SIDA have gqent was removed in vacuo and the product purified by distillation
been discussed before in the literatusé,36, 38—59). Stable  ynder reduced pressure with a Kugelrohr microdistillation apparatus

isotope dilution analysis (SIDA) has been used for over a decadeto yield d-guaiacol as clear oil, which crystallized at low temperature
to determine the concentration of methoxypyrazines in grapes (1.62 g, 30% yield, 100% pure by GC/MS). Mass spectrumiz128
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(7%), 127 (M", 93%), 110 (9%), 109 (100%), 81 (56%), 53 (13%), 52 guaiacol;m/z95, 123,141 for d;—4-methylguaiacol; and/z95, 123,

(10%), 51 (8%), similar to that reported by Cerny and Gro%).( 138for 4-methylguaiacol. MS conditions for the determinationrahs-
2-[?H3]-Methoxy-4-methylphenol (ds-4-Methylguaiacol). A solu- andcis-oak lactone (33), 4-ethylphenol and 4-ethylguaiadé)),(and
tion of [?Hg]-vanillin (500 mg, as made by Spillman et aB5)), vanillin (35) are described elsewhere. The italicized ions were the ones

potassium hydroxide (1.24 g, 15 molar equiv) and hydrazine hydrate used for quantitation (by peak area). Selected ions were monitored for
(>99% pure, 0.54 mL, 7.6 molar equiv) in diethylene glycol (20 mL) 50 ms each.

was heated under nitrogen to 130 for 1 h, then 190C for 3 h. The The analyses by SPME were done in the same manner, except as
solution was cooled, hydrochloric acid (0.3 M, 73.5 mL) was added, follows: the fiber was baked for at least 10 min before retraction; the
and the g-4-methylguaiacol was isolated withpentane (6< 30 mL). liner was resilanised borosilicate glass, direct injection (1.5-mm ID);

The product was purified by distillation under reduced pressure with a the oven temperature was started af6Qheld at this temperature for

Kugelrohr microdistillation apparatus to yield-d-methylguaiacol as 1 min, then increased to 250C at 10 °C/min, and held at this

clear crystals (419 mg, 92% vyield, 100% pure by GC/MS). Mass temperature for 10 min; the injector was held at 220and the transfer

spectrum:m/z142 (10%), 141 (M, 100%), 140 (9%), 123 (77%), 95 line at 280°C.

(19%), 77 (7%), 67 (9%), 55 (5%). Positive ion electron impact spectra ygjigation of the Analytical Methodihe precision of the assay was

at 70 eV were recorded in the rangez50—350, as described below. yjiated by a series of standard addition experiments to red, model,
Quantitative Determination of Guaiacol, 4-Methylguaiacol, 4-Eth- and white wine matrixes. Red and white wines were spiked at 0, 1, 2,

ylphenol, 4-Ethylguaiacol,trans and cis-Oak Lactone and Vanillin 5, 10, 25, 50, and 25@g/L with guaiacol and 4-methylguaiacol.

in One Assay.Preparation of Samples for AnalysiBor analysis of Another red wine and a model wine were spiked at 0, 1, 2, 5, 10, 25,

liquid—liquid extracts of wine or model wine oak extracts, a solution 5g 250 500 and 1000g/L with guaiacol and 4-methylguaiacol and

of [?H]-guaiacol (0.500:9), [*Hg]-4-methylguaiacol (0.5009), [PHq]- the other oak volatiles. Validation of the other oak volatiles was as
4-ethylphenol (2.34(), [*Ha]-trans-oak lactone (3.3@g), [*Ha]-cis- described previouslytrans- and cis-oak lactone (33), 4-ethylphenol
oak lactone (1.9@g) and PHg]-vanillin (2.50«g) in ethanol (10QcL) and 4-ethylguaiacol (36), and vanillin (35).

was added to the sample (5 mL) in a screw cap vial using a glass syringe
(100 uL Hamilton). The organic solvent (ca. 2 mL) was added, and
the mixture was shaken briefly. A portion of the organic layer was
then placed in a vial ready for instrumental analysis.

Reference standards containing 100 of deuterated internal
standards ethanolic solution (as described above) angl160normal
unlabeled analytes ethanolic solution (guaiacol (0.20), 4-meth-
ylguaiacol (0.200ug), cis-oak lactone (0.50@g), trans-oak lactone

Studies on the Artifactual Generation of Oak Volatiles During
the Analysis of Extracts of Oak Shavings-Injector and Solvent
Effects. Fine shavings (1-mm thickness) were taken from six oak wood
samples, two staves @duercus albafine grain (A and B), two of
Quercus alba-medium grain (A and B), and two of Chestnut Gk (
prinus) (A and B) all supplied by a local supplier in South Australia.
The species of the oak samples was assessed by the suppliers, but has

- L . not been independently confirmed by us. Approximately half of the
(0.500ug), and vanillin (0.50Q.g)) in diethyl ethexi-pentane (1:2(v/ shavings from each oak sample were heated in a Carbolite constant

V), approximately 1 mL) were used. It is important that these reference emperature (1 °C) oven fitted with a Eurotherm digital controller
calibrants are concocted on the same day and using the same mix O}Medos Adelaide, Australia) at 175 1 °C for 2 h and then allowed
deuterated standards as that used to spike the wine extracts for analysi cool ‘These sha{vings were heated in the same Schott bottle in which
on that day, with the same glass syringe as that used to add the intern hey were later immersed in model wine. During heating, the bottle
standards to the wine and a separate syringe (preferably of the sam penings were wrapped with alfoil, as best as possible t’o minimize
type and size) to measure the solution of unlabeled compounds use he loss of any escaping volatiles'. The other halves o’f each set of
to make up the reference mix. . shavings were the unheated controls. All twelve samples of shavings
For analysis by solid-phase microextraction (SPME), the deuterated (ca., 100 g each, but each weighed exactly) were soakedLi of
standards solution (as described previously) and sodium chloride (ca model wine at 25C for 1 week, after which time the shavings were

1 g) were added to the wine (5 mL) in a screw cap vial with a Teflon o664 by filtration through glass wool. Separate 5-mL aliquots of
seal. An SPME portable field sampler (Supelco, Bellefonte, PA) fitted six of the extracts@. albafine grain B and Chestnut Oak A and B,

Wi.th eithef a 65'/““, Carbowax-DVB or a 100m PDMS (poly- heated and unheated) were extracted and analyzed in triplicate by
(dimethylsiloxane)) fiber as_sembly_ (Supelco) was used to sample the headspace SPME, and also by liqulijuid extraction with pentane
headspace a_bove Fhe stlrr'ed wine sample for 2Q min at room (~2 mL), pentane-diethyl ether (2:1) (~2 mL) and diethyl ether (~2
temperature, immediately prior to instrumental apalyels. mL), and each liquietliquid extract was analyzed by the method at
Instrumental AnalyseSamples were analyzed with either a Hewlett-  ree different injector block temperatures; 200, 225, and Z50in
Packard (HP) 5890A Series Il gas chromatograph coupled to an HP yipjicate, giving a total of thirty determinations for each model wine
5971 mass spectrometer or with an HP 6890 gas chromatograph °°“p|e%olution of Q. albafine grain B and Chestnut Oak A and B, heated
to an HP 5973 mass spectrometer. The analytical method was the same,4 unheated. Aliquots (5 mL) from the remaining six solutions were
for both gas chromatograph/mass spectrometer syetems, except that thgyiracted and analyzed in triplicate by headspace SPME and also by
6890 gas chromatograph was run in the pulse splitless mode. The gasjquid—liquid extraction with pentane-diethyl ether (2:32 mL), and
chromatograph was fitted with an approximately 30<.25-mm J&W the liquid extracts were injected at two different injector block
fused silica capillary column DB-1701, 0.26n film thickness. The temperatures; 200 and 25, in triplicate, giving a total of nine

carrier gas was helium (Air Liquide or BOC Gases, high purity). On  geterminations for each model wine solution®f Albafine grain A
the 5890A Series Il, linear velocity was 31 cm/sec, flow rate was 0.72 andQ. Albamedium grain A and B, heated and unheated.

mL/min. On the 6890, linear velocity was 50 cm/sec; flow rate was
1.2 mL/min. All flow rates were vacuum compensated at the mass
spectrometer interface. The oven temperature was started® @t 5eld

at this temperature for 1 min, increased to 2&8at 10°C/min, and

held at this temperature for 20 min. The injector temperature was varied

(see text), and the transfer line was held at 2B0For liquid injections, oak lactone, and 500g/L vanillin) and extracted with 2:1 pentane/

the sample volume injected wagR. The splitter, at 30:1, was opened . A
after 36 s, and the liner used was resilanised borosilicate glass, tapereddlethyl ether, and also with diethyl ether, and analyzed by the method

. o - at three injector temperatures, 200, 225, and 250giving a total of

with a plug (2-4 mm) of resilanised glass wool at the column interface. . T : h
X ! . S six determinations for each of the three model wine solutions.

The residence time for the needle in the injector block was ap-
proximately 100 ms. Positive ion electron impact spectra at 70 eV were
recorded in the rangm/z50—350 for scan runs. RESULTS AND DISCUSSION

For quantification of the oak volatiles, mass spectra were recorded o o ]
in Selective lon Monitoring (SIM) mode. The ions monitored in SIM Quantitative Determination of Guaiacol and 4-Meth-
runs werem/z 81, 109,127 for ds-guaiacol;m/z 81, 109, 124 for ylguaiacol. The precision of the multicomponent analysis for

At the same time that the extractions and analyses of the twelve
oak extracts above were performed, model wines were spiked in
triplicate with the unlabeled oak compounds (to concentrations of 200
ug/L guaiacol, 20Qug/L 4-methylguaiacol, 50@g/L 4-ethylphenol,
500 ug/L 4-ethylguaiacol, 50@g/L trans-oak lactone, 50Qg/L cis-
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Table 1. Correlation Coefficients (r?) of Standard Additions of Guaiacol
and 4-methylguaiacol to Red, White, and Model Wine Matrices?
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Table 3. Repeatability of the Oak Volatiles Assay at Lower
Concentrations?

12

amounts measured in ug/L — septuplicate determinations

compound red wine white wine model wine spike level mean SDb SD/mean
guaiacol 0.9990¢ 1.000° 1.0000¢ model wine
4-methylguaiacol 1.0000¢ 1.000° 1.0000¢ guaiacol 10 9.7 0.1 1.3%
4-methylguaiacol 10 9.7 0.2 1.7%

2 Validation data for cis- and trans-oak lactone (33), 4-ethylphenol and bag-in-box dry white wine
4-ethylguaiacol (36), and vanillin (35) have already been published. The data shown guaiacol 10 10.6 0.1 1.3%
in this table is for injections at 200 °C. The same pentane/diethyl ether (2:1) extracts 4-methylguaiacol 10 9.9 01 13%
were also run at 220 and 250 °C giving similar results. Thus, there were no injector bag-in-box red wine (Claret)
block artifact generation effects observed for these wine extracts. This is not the guaiacol 10 14.8 0.5 3.2%
case, however, for all extracts of oak shavings as explained in detail elsewhere in 4-methylguaiacol 10 10.7 0.2 1.9%

this paper. ® Range 0250 ug/L, n = 8 x 2. ©Range 0-1000 ug/L, n = 10 x 2.

Table 2. Repeatability of the Oak Volatiles Assay at Higher
Concentrations?

amounts measured in ug/L — septuplicate determinations

spike level mean Spb SD/mean
model wine
guaiacol 200 204 3 1.6%
4-methylguaiacol 200 194 10 5.4%
oaked white wine (1996 Semillon)
guaiacol 200 212 6 2.8%
4-methylguaiacol 200 203 6 2.9%
oaked red wine (1995 Cabernet Sauvignon/Shiraz/Malbec)
guaiacol 200 229 6 2.5%
4-methylguaiacol 200 201 8 3.8%

2 Model, white, and red wines were spiked and analyzed in septuplicate to
show the repeatability of the extraction and analysis. Extracts were all run on the
HP 5890 11/5971 GC/MS. Validation data for cis- and trans-oak lactone (33),
4-ethylphenol and 4-ethylguaiacol (36) and vanillin (35) have already been published.
The red and white wines give higher values than that added because they contained
unlabeled analytes of interest prior to spiking (the wines were made in contact
with oak). ® SD, standard deviation; SD/mean, coefficient of variance, relative
standard deviation.

@ Model, white and red wines were spiked and analyzed in septuplicate to show
the repeatability of the extraction and analysis. Extracts were all run on the HP
5890 1I/5971 GCIMS. Validation data for cis- and trans-oak lactone (33),
4-ethylphenol and 4-ethylguaiacol (36) and vanillin (35) have already been published.
The red and white wines gave higher values than that added because they contained
unlabeled analytes of interest prior to spiking, indicating that possibly some contact
with oak had occurred during winemaking, or that a small amount of guaiacol and
4-methylguaiacol came from the fruit, as guaiacol has been observed in glycoside
hydrolysates of red grape juice (72). ® SD, standard deviation; SD/mean, coefficient
of variance, relative standard deviation.

analyzed, replicate reference standards were made containing
known amounts of each deuterium labeled internal standard (1S)
and each unlabeled analyte. Also, with each batch, a reference
standard was run that contained just the deuterium labeled
standards portion, to account for ions common to both labeled
and unlabeled compounds. This is especially relevantszto d
guaiacol and ¢i4-methylguaiacol, as the isotopic labels are the
three deuteriums on their methoxy groups. The major cleavage
is the loss of this methyl group; hence, the labeled standard
and the unlabeled analyte give subsequent fragments of the same
mass-to-charge ratio (i.e., guaiacol angdgdaiacol have the
same qualifier ions ofm/z81 and 109). These qualifier ions
can nevertheless be useful in confirming the identity of guaiacol

guaiacol and 4-methylguaiacol was validated by duplicate spiked and 4-methylguaiacol in wine and oak extracts, but only the
standard additions to red, white, and model wine matrixes. All molecular ions can be appropriately used for quantification,
of the calibration functions obtained were linear throughout the unless impractically slow GC programs are used to resolve the
concentration rangeTable 1 shows the correlations for the labeled IS and unlabeled analyte peaks.
compounds in model, white, and red wine matrixes. The method As areas of the extracted chromatograms fofz(124)/(m/z
was also precise and repeatable, as shown by the datbies 81) and (m/Z27)/(m/z81) are virtually identical, that isn{/z
2 and3. 124)/(m/z81) = (m/z127)/(m/z81) = k= (m/z124+ m/z127)/
Although DB-1701 was the GC column of choice, the method (m/z81) = Kk, this was one of the factors used to ensure peak
worked equally well on DB-5 and Carbowax columns, although homogeneity was checked thoroughly.
4-methylguaiacol had similar retention timns-oak lactone on Studies on the Artifactual Generation of Oak Volatiles
Carbowax, and sometimes coeluted. During the Analysis of Oak Extracts—Injector and Solvent
The analysis could be performed equally well by headspace Effects. Guaiacol and 4-methylguaiacol are known to be formed
SPME. Good results were obtained for both types of fibers by the pyrolysis of lignin §, 9, 31). Therefore, to test the
trialed (65um Carbowax-DVB and 10@m PDMS). Optimum possibility that oak volatiles were released from precursor forms
conditions were 10@m of PDMS fiber 1 g of sodium chloride by thermal degradation of soluble lignin in the gas chromato-
per 5 mL of wine sample, and 20-min extraction time at'25 graph injector block during the analysis, duplicate model wine
(data not shown). extracts of untoasted and toasted oak shavings were analyzed
Relative Intensity of Mass Spectral Fragments and Ratio under a variety of conditions. As controls, model wine (with
Drift. The relative intensity of mass spectral fragments for fixed no contact with oak shavings) was spiked in triplicate with the
concentrations for each internal standard versus its correspondunlabeled oak compounds of interest and extracted in triplicate
ing analyte (e.g., flguaiacol vs unlabeled guaiacol) varied for each extraction condition tested, at the same time, the
slightly (up to + 10% over 12 months), according to the extractions and analyses of the oak extracts were performed.
instrumental operating conditions. It is therefore important to Under all analysis conditions, these controls gave the expected
determine the relative molar ion response factors for standardvalues with< 4% relative standard deviation (RSD).
solutions of all compounds under the same instrumental If the same concentration of an oak volatile is measured,
conditions as employed for the analyses of each set of wineindependent of whether the wine is extracted by headspace
samples. Thus, every time a batch of wine or oak extracts wasSPME or liquid/liquid extraction and independent of injector
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Table 4. Summary—Significant Effects on Guaiacol Determination of Table 6. Summary—Significant Effects of Liquid Injection at 250 °C vs
Liquid Injection at 200 °C vs SPME? SPME?
solvent  guaiacol solvent
oak sample system  concn  LIL:SPME®  significanced oak sample system analyte® concn L/L:SPME®  significanced
QAbmegantaw  zipe 0z Mk - SAMmewmame  Gige g on oo o
Q. Alba fine grain B-raw ether 029 144?) ::: Q: Alba fine grain B—raw 2;1 p;e cis-OL 90:0 107% i
chestnut oak A-raw ther 083 107% . Q. Alba fine grain B-raw ether guaiacol  1.55 768% ok
chestnut oak B—raw Zlple 081 107% Q.Abafine grain B-raw ~ ether  4-MeG 034  106% o
chestnut oak B-raw ether 0.86 113% - Q. Alba fine grain B—raw ether cis-OL 945 112% ok
Q. Alba fine grain B—heated ether 0.33 139% o Q. Alba med. grain A-raw 2:1pe guaiacol 0.17 271% *
Q. Alba med. grain A-heated®  2:1 ple 011 110% o Q. Albamed. grain B-raw ~ 2:1p:e  guaiacol 0.0  193% *
Q. Alba med. grain B-heated ~ 2:1pfe 0.09 117% o chestnut oak A-raw 21pe guaiacol 089  115% *
chestnut oak A-heated ether 115 221% o chestnut oak A-raw ether  guaiacol 177  227% i
chestnut oak B-heated pentane 051 130% b chestnut oak A—raw ether  4-MeG 005  188% bid
chestnut oak B-heated ether 0.69 178% bl chestnut oak B—raw 21pe guaiacol 085  110% ok
chestnut oak B-raw ether guaiacol  1.80 234% ok
a All guaiacol concentrations are in uglg (weight of unheated sample prior to chestnut oak B—raw ether  4-MeG 007 1642”’ -
heating) of oak and show the mean of triplicate determinations. Guaiacol was the 8 ﬁ:gg 222 g:::g g:u::ig Eéln?éﬁe gﬂ:::zg: 8:%; 13202 -
only analyte that gave significant artifactual formation at 200 °C. Statistically Q. Alba fine grain B-heated ~ ether guaiacol  2.28 750% .
significant increases of less than 5% were also observed for other samples but Q. Albamed. grain A-heated 2:1p:e  guaiacol  0.14 128% ok
are not included in the table. ® L/L:SPME denotes the ratio of the amount of the Q. Alba med. grain B-heated 2:1p:e  guaiacol  0.10 126% i
analyte measured by liquid—liquid extraction (using the solvent system in the second chestnut oak A-heated 21pe guaiacol 077  145% b
column) over the amount of the analyte measured by SPME, expressed as a chestnut oak A-heated ether  guaiacol 589 11102“ :**
percentage. ¢ Italics indicate that the oak wood extract was only analyzed by 2:1 gﬂg:m; ggt g:ﬂgg:gg ggln:)a}ge gﬁ:::gg: ggé 12‘;’02 .
pentane/diethyl ether (2:1 ple) liquid—liquid extraction and SPME. ¢ ***, (p < 0.001). chestnut oak B—heated ether  guaiacol 317  818% ok
chestnut oak B—heated ether 4-MeG 0.54 106% o
Table 5. Summary—Significant Effects of Liquid Injection at 225 °C vs
SPME? 2 All concentrations are in ug/g (weight of unheated sample prior to heating) of
oak, and show the mean of triplicate determinations. Statistically significant increases
oak sample sS;s|¥§an’ analyte conen  ULSSPMES  significances of less than 5% were also observed for other samples, but are not included in the
table. ® 4-MeG, 4-methylguaiacol; cis-OL, cis-oak lactone. ¢ L/L: SPME denotes
Q. Albafine grain B—raw ~ 2:1p:e  guaiacol 024 116% e the ratio of the amount of the analyte measured by liquid—liquid extraction (using
Q. Albafine grain B-raw  ether  guaiacol ~ 0.58  287% - the solvent system in the second column) over the amount of the analyte measured
Q. Alba fine grain B—raw ether cis-OL 900 106% b by SPME d 0x (5 < 0.05) * (0 < 001) ** (p <
chestnut oak A-raw 2:1p:e  guaiacol  0.85 109% b Y ' gxpresse as a percentage. °*, (p < 0.05); *, (p < 0.01); ™, (p
chestnut oak A—raw ether guaiacol  1.05  135% ok 0.001). © ltalics mean that the oak wood extract was only analyzed by 2:1 pentane/
chestnut oak A-raw ether 4-MeG 0.04  150% ok diethyl ether (2:1 p/e) and SPME.
chestnut oak B-raw 2:1p:e  guaiacol  0.81 107% *
chestnut oak B—raw ether guaiacol  1.11 147% b 8.0 -
chestnut oak B-raw ether 4-MeG 0.06 136% ok
Q. Alba fine grain B—heated ether guaiacol  0.97 315% ok O Guaiacol
chestnut oak A—heated 2:1pe guaiacol 065  122% * 7.0 - o
chestnut oak A-heated ether guaiacol  2.48 467% ok 04-MeG
chestnut oak B—heated pentane gua@acol 0.63 164% b 6.0
chestnut oak B—heated 2:1pe  guaiacol  0.44 113% * :
chestnut oak B—heated ether guaiacol  1.25 321% b

5.0

2 All concentrations are in uglg (weight of unheated sample prior to heating) of
oak, and show the mean of triplicate determinations. Statistically significant increases
of less than 5% were also observed for other samples, but are not included in the
table. ® 2:1 ple, 2:1 pentane/diethyl ether; 4-MeG, 4-methylguaiacol; cis-OL, cis-
oak lactone. ¢ L/L:SPME denotes the ratio of the amount of the analyte measured
by liquid—liquid extraction (using the solvent system in the second column) over
the amount of the analyte measured by SPME, expressed as a percentage. ¢*, (p 20 -
< 0.05); *, (p < 0.01); ** (p < 0.001).

4.0

3.0

Concentration (ug/g wood).

1.0
block temperature, then it can be concluded that artifactual
formation of the compound of interest from precursors as a result 0.0 . .
of the analysis is highly unlikely. This was the case for the SPME Inj 200C Inj 225C Inj 250C

spiked model wine controls (with no oak wood extraction) and  figyre 3. Guaiacol and 4-methylguaiacol (4-MeG) concentrations mea-
for some of the real oak extracts, but not all. Results are shownsyreq in a model wine extract of toasted Chestnut oak-SPME and diethyl
in Tables 4—6. _ . _ ether liquid-liquid extraction injected at different injector block tempera-

The effect of artifactual oak volatile formation varied ac-  yyres. Al determinations were done in triplicate.
cording to the analyte. The largest effects were observed for
guaiacol, with more than 10-fold increases observed when theformation when diethyl ether was the extracting solvent at higher
higher injector temperature (250C) and the polar solvent injector temperatures.
diethyl ether were used{gures 3 and 4). In general, there Highly significant (P < 0.001) artifactual generation of
was much more guaiacol found in the heated wood as comparedguaiacol for diethyl ether extractions of the model wine extract
to the unheated, which is in agreement with published data andof heated Chestnut Oak, especially at higher injector block
our own observations. In contrast to guaiacol, 4-methylguaiacol temperatures, can be seenhigure 3. The result (0.53ug
usually had low 0—6% (but statistically significant) artifact guaiacol/g oak) obtained by headspace SPME can be exag-
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8.0 - It must be stressed that the results reported here are derived
from few American oak samples that were studied in detail. It
7.0 - ool © is not known whether other samples, species, seasoning factors,
guaiaco

etc. would increase or decrease the propensity for artifactual
generation of guaiacol and other oak volatiles as a result of the
analysis. It is entirely possible that much greater artifactual
generations of analytes could occur for some samples.

Alternative Methods for Determination of Guaiacol,
4-Methylguaiacol, 4-Ethylphenol, 4-Ethylguaiacol, Oak Lac-
tone and Vanillin. In the literature, there is an abundance of
analytical methods for the oak volatiles discussed here. For the
most part, the determination of these compounds has been
carried out in concert with the determination of other oak
volatiles. The accuracy of most of these methods, including

o
=3
|

< Guaiacol
O4-MeG

o
=

Concentration (ug/g wood)
£
o

103 -————=——=-—————-— % ———————————— a methods used previously in our laboratory, is open to question.
> Some authors (e.g.2, 60, 61) use only one ion for the
0.0 . ‘ identification and quantitation of their analytes and internal
SPME pentane  2:1 ether standards, thus no additional confirmation of identity apart from
Figure 4. Guaiacol and 4-methylguaiacol (4-MeG) concentrations mea- retention time is possible, and coeluting peaks could remain
sured in a model wine extract of toasted Chestnut oak—SPME and liquid— undetected (33). Other authors use flame ionization detection
liquid extraction with different solvent systems, injection temperature 250 (FID) (29, 62). FID also gives no further confirmation of
°C. All determinations were done in triplicate. identity, although some authors use FID to quantitate, but

confirm identities via GC/MS (e.g4, 63). Some authors (e.g.

19, 21, 60, 61, 63—69) do not determine recoveries, and use
0 ; ; inappropriate internal standards, which are quite different in
1110% factor of increase, whereas 4-methylguaiacol only g hijity and other chemical properties to their analytes of

incr%ased :% to l..(f)Ag/ 9 meﬁjn,bfor dig(tjh):jl (ta)ther ?nje(r:]tior(ljs al interest, and yet assume they are extracted at the same rate from
250°C). These artifacts could be avoided by using headspaceine marix for all the matrixes they analyze. Pérez-Coello et al.

SPME, or. minimized in most cases by using quul_m_uid (64) show one chromatogram with many coeluting peaks and
extracts with pentane or pentane/diethyl ether (2:1) injected aty\, yegcription of how they estimated areas of these coeluting
200 °C, providing spot checks using headspace SPME were peaks.

done. . . . .
P L . . Generally, little or no consideration is given to the possibility

Note that inFigure 3, the precision of the replicates is good ’ . . X
9 P P 9 that extraction methods could increase the risk of artifact

for all conditions except the injection at 25€. Even for formation during analyses. The relatively polar solvents (e.g
injecti t2258C, th isi tability) of th lysi . ) ol
injections a . the precision (repeatability) of the analysis dichloromethane, ethanol/toluene) used by some authors (e.qg.,

is excellent, though the accuracy is poor, with the result
exaggerated by more than 450%! It should be emphasized that60’ 6.1’ 63'.64’ 66, 69) could well extract precursors to the_
olatiles of interest that may then generate those volatiles during

the accuracy of analyses is commonly presumed from standard” )
curve data, obtained by spiking matrixes with pure samples of the ana_ly5|s. ) ) )
analytes. It is clear that had the standards showfigurre 3 Despite earlier reports by us demonstrating the potential for
been analyzed by diethyl ether extraction and injection at 225 artifact formation as a result of the determination of vanillin
°C, a high correlation coefficient?) and good precision would ~ (35), other authors persist in using conditions conducive to
have been obtained, giving no indication of the inherent artifactformation, such as high pH (Cutzach etal)(use initial
inaccuracy of the method. adjustment of the pH to 8.5 and several washes at pHs from

As reported previously, although the artifactual formation of 8.5 to 13!) and inappropriate internal standaréig, 68). Even
cis-oak lactone observed was often extremely statistically When higher variance for vanillin is reporte@8) it is still not
significant, the total increase was only-02% and was highest ~ attributed to possible problems with the analytical methodology.
when more polar solvents (diethyl ether), higher injector Boidron et al. {9) does not mention any quantitative results
temperature (250C), and unheated wood were factoBS). for vanillin, despite stating its importance to oak-derlve(_i wine
No 4-ethylphenol and very little 4-ethylguaiacol were formed flavor. Related papersl(5, 29,70) also omit data on vanillin.
by heating the oak, and no significant artifact formation of either This implies that at least some of these authors had problems
compound was observed. in measuring vanillin.

Headspace SPME determinations of vanillin generally had Some authors demonstrate an awareness that the possibility
relatively poor precision and sensitivity, presumably, due to the of artifactual generation of some analytes could be a concern
relatively low volatility of vanillin and its preference for the and take measures to avoid potential problems by the use of
liquid phase. Thus guantitative comparisons of vanillin obtained on-column injection §3) or static headspace analysiglj.
from liquid—liquid extracts with SPME were uninformative. = Nevertheless, few papers (35) show experimental evidence
Comparisons of liquietliquid extracts injected at 20TC versus that the artifactual generation of oak volatiles actually occurs
injection at 225 and 250C demonstrate that in the case of and the extent to which it can occur under typical extraction
untoasted oak samples a small degree of formation of vanillin techniques, verified by accurate analysis of the same samples
in the injector could be observed, with the largest artifactual under fully robust conditions. In the majority of cases investi-
generation of vanillin being just 7% for an untoasted American gated by us, liquid—liquid extraction of oak extracts gives
oak sample (data not shown). However, when oak extracts areacceptable accuracy (%%), provided that factors conducive
pH adjusted, much greater artifactual generation can be obtainedo artifact formation are minimized. Hence, the extraction should
(35). be rapid (minutes) and not involve any adjustment of the pH of

gerated by more than an order of magnitude when liquid/liquid
extracts are analyzed (e.g., mean of 5/8§g guaiacol, an
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the matrix, a relatively nonpolar solvent system should be used
(e.g., 2:1 pentane/diethyl ether), and the injector temperature
should be kept to 200C. These conditions do not generate

artifacts during the analyses of red and white wines that have
been aged in contact with oak products (as observed by us

performing hundreds of these analyses over several years).

However, in model wine extracts of oak shavings, it is still
necessary to do “spot checks” with SPME to ensure that no
significant artifactual generation is occurring as a result of the
analyses.

As demonstrated here, no analysis is foolproof. Even SIDA
may yield precise but inaccurate data, and constant vigilance is

necessary to eliminate as many potential sources of error as

possible.

ABBREVIATIONS USED

GC, gas chromatography; MS, mass spectrometry; SPME,
solid-phase microextraction; SIDA, stable isotope dilution
analysis
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