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ABSTRACT 

Phenols are ubiquitous in our surroundings including biological molecules such as L-Dopa 

metabolites, food components, such as whiskey and liquid smoke, etc. This dissertation describes 

a new method for detecting phenols, by reaction with Gibbs reagent to form indophenols, followed 

by mass spectrometric detection. Unlike the standard Gibbs reaction which uses a colorimetric 

approach, the use of mass spectrometry allows for simultaneous detection of differently substituted 

phenols. The procedure is demonstrated to work for a large variety of phenols without para‐

substitution. With para‐substituted phenols, Gibbs products are still often observed, but the 

specific product depends on the substituent. For para groups with high electronegativity, such as 

methoxy or halogens, the reaction proceeds by displacement of the substituent. For groups with 

lower electronegativity, such as amino or alkyl groups, Gibbs products are observed that retain the 

substituent, indicating that the reaction occurs at the ortho or meta position. In mixtures of phenols, 

the relative intensities of the Gibbs products are proportional to the relative concentrations, and 

concentrations as low as 1 μmol/L can be detected. The method is applied to the qualitative 

analysis of commercial liquid smoke, and it is found that hickory and mesquite flavors have 

significantly different phenolic composition. 

In the course of this study, we used this technique to quantify major phenol derivatives in 

commercial products such as liquid smoke (catechol, guaiacol and syringol) and whiskey (o-cresol, 

guaiacol and syringol) as the phenol derivatives are a significant part of the aroma of foodstuffs 

and alcoholic beverages. For instance, phenolic compounds are partly responsible for the taste, 

aroma and the smokiness in Liquid Smokes and Scotch whiskies.  
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In the analysis of Liquid Smokes, we have carried out an analysis of phenols in commercial 

liquid smoke by using the reaction with Gibbs reagent followed by analysis using electrospray 

ionization mass spectrometry (ESI-MS). This analysis technique allows us to avoid any separation 

and/or solvent extraction steps before MS analysis. With this analysis, we are able to determine 

and compare the phenolic compositions of hickory, mesquite, pecan and apple wood flavors of 

liquid smoke.   

In the analysis of phenols in whiskey, we describe the detection of the Gibbs products from 

the phenols in four different commercial Scotch whiskies by using simple ESI-MS. In addition, by 

addition of an internal standard, 5,6,7,8-tetrahydro-1-napthol (THN), concentrations of the major 

phenols in the whiskies are readily obtained. With this analysis we are able to determine and 

compare the composition of phenols in them and their contribution in the taste, smokey, and aroma 

to the whiskies. 

Another important class of phenols are found in biological samples, such as L-Dopa and 

its metabolites, which are neurotransmitters and play important roles in living systems. In this 

work, we describe the detection of Gibbs products formed from these neurotransmitters after 

reaction with Gibbs reagent and analysis by using simple ESI‐MS. This technique would be an 

alternative method for the detection and simultaneous quantification of these neurotransmitters.     

Finally, in the course of this work, we found that the positive Gibbs tests are obtained for 

a wide range of para-substituted phenols, and that, in most cases, substitution occurs by 

displacement of the para-substituent. In addition, there is generally an additional unique second-

phenol-addition product, which conveniently can be used from an analytical perspective to 

distinguish para-substituted phenols from the unsubstituted versions.  In addition to using the 
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methodology for phenol analysis, we are examining the mechanism of indophenol formation, 

particularly with the para-substituted phenols.  

The importance of peptides to the scientific world is enormous and, therefore, their 

structures, properties, and reactivity are exceptionally well-characterized by mass spectrometry 

and electrospray ionization. In the dipeptide work, we have used mass spectrometry to examine 

the dissociation of dipeptides of phenylalanine (Phe), containing sulfonated tag as a charge carrier 

(Phe*), proline (Pro) to investigate their gas phase dissociation. The presence of sulfonated tag 

(SO3
-) on the Phe amino acid serves as the charge carrier such that the dipeptide backbone has a 

canonical structure and is not protonated. Phe-Pro dipeptide and their derivatives were synthesized 

and analyzed by LCQ-Deca mass spectroscopy to get the fragmentation mechanism. To confirm 

that fragmentation path, we also synthesized dikitopeparazines and oxazolines from all 

combinations of the dipeptides. All these analyses were confirmed by isotopic labeling 

experiments and determination and optimization of structures were carried out using theoretical 

calculation. We have found that the fragmentation of Phe*Pro and ProPhe* dipeptides form 

sequence specific b2 ions. In addition, not only is the ‘mobile proton’ involved in the dissociation 

process, but also is the ‘backbone hydrogen’ is involved in forming b2 ions.  
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 PHENOLS AND GUIDE TO DISSERTATION 

 Phenol 

Phenols (sometimes called phenolics) are a class of chemical compounds consisting of a 

hydroxyl group (-OH) bonded directly to a phenyl group. These compounds are found in fruits, 

vegetables, nuts, plant-derived beverages such as tea and wine, traditional Eastern medicines, and 

a plethora of herbal dietary supplements.1 Dietary phenols have been consumed by humans since 

the beginning of human history. So far, more than 8000 different naturally occurring phenols have 

been listed, and this list is still growing.1-3 These phenols can be classified into several groups – 

simple phenols, quinones, naphthoquinones, anthraquinones, xanthones, coumarins (including 

furanocoumarins and chromones),  flavonoids,  tannins, and  lignin and lignans.4 These compounds 

have been produced by plants as secondary metabolites in diverse processes, such as growth, 

lignification, pigmentation, pollination, and resistance against pathogens, predators, and 

environmental stressess.4-6 Over the centuries, these compounds have been known as plant 

pigments and are present within a variety of foods that come from plants. Thus, these compounds 

are present in many foods. In North America, people consume around one gram of phenols daily.7 

 History and uses of phenols  

Phenols have been used as deodorants, antiseptics, disinfectants, preservatives, and as 

constituents of aromatic vapors from the earliest antiquity because of their pleasant odor and their 

ability to counteract malodor. During the eighteenth century, phenol and other volatile alkyl 

phenols become available due to coal carbonization, and people started using these compounds as 

deodorants because of their pleasant smells.8 On the other hand, the nonvolatile residue, coal tar, 

from carbonization was used as a substitute for wood tar, especially in the ship-building industry.9   
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Although phenols and similar compounds have always been used, phenol was first isolated 

by a German chemist Runge from coal tar in 1834, and its structure was proved by Laurant in 

1842.9 Around twenty years later, Küchenmeister used pure phenol as a dressing for wounds, and 

coal tar was being used as antiseptic and disinfectant as early as 1815.8, 9 At that time, pharmacists 

and surgeons used these compounds as a disinfectant,10, 11 although it was found later that some of 

these compounds are corrosive and escharotic on open wounds. At this time, a variety of phenol 

homologues came when the procedure for distillation and separation of natural products was 

improving, and their uses were explored by chemists, pharmacists, and surgeons.  Some of them 

are still used today. For instance, the creosote (mixture of cresols, xylenols, and ethylphenol)/soap 

complex has been used as a disinfectant since 1877.9 Later, antibacterial properties of individual 

phenolic compounds and their derivatives were examined. For instance, cresols (1886), β-naphthol 

and polyhalogenated phenols (1906), alkylrecorcinol or alkyl m-dihydroxy benzenes (1921), other 

alkyl phenols (1930), polyhydroxyphenols (1932), and dimethylphenols (1933) were found to have 

more active bactericides and/or more disinfectant than phenol.9 In addition, since introduced, 

chlorocresols (1933), chloroxylenol (1927) in castor oil soap solution have been used as a 

commercial disinfectant, and methylphenols (1929) have been used as preservatives.12, 13 Similar 

to alkylphenol, arylphenols are also being used in variety of applications. For instance, 2-, 4-

phenylphenols used as a pain reducers and halogenated dihydroxydiphenylmethanes are being 

used as antiseptics in soaps and dusting powers.9 An analogue of these compound, 2,2'-dihydroxy-

5,5'-dichlorodephenyl-sulphide, is being used as an antifungal agent both in medicine and in the 

textile industry.9 On the other hand, nitrated phenols (2,4-dinitrophenol, 2,4-dinitro-o-cresol) are 

also widely used for the treatment of obesity or agaricide and ovicide. Complex formulation of 

higher phenols is used as black and white fluids. Over time, the use of phenols has grown and 
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currently phenols are not only being used in household products, but also in industry for making 

plastics, explosives, drugs, etc.  

 Toxic effects of phenolic compounds  

Though phenolic compounds have been used for hundreds of years, they have a significant 

number of toxic effects on humans. The human body can easily absorb most of the phenolic 

compounds through the skin and in the gastrointestinal tract. Once in the system, they are 

transformed into various reactive intermediate through metabolic processes. These intermediates 

interact with proteins to exert toxic effects. Most toxic phenols are chlorophenols, aminophenols, 

chlorocatechols, nitrophenols, methylphenols.14, 15 Apart from these compounds, bisphenol A and 

some alkylphenols can alter mammary glands which may cause of endocrine disruption in  

humans.16, 17 Consumption of high concentrations of phenols may cause a number of problems 

including in the gastrointestinal trac; muscle tremor with difficulty in walking; blisters and burns 

on the skin; heart, kidneys, and liver damage.18, 19 As phenols are readily oxidized to form radicals, 

some proteins can be arylated and/or destroyed, and transportation of electrons in energy 

transducing membranes can be disrupted.14 DNA can also be damaged by phenolic compound in 

the presence of metal ion.20 Burning in the mouth and throat, necrotic lesions in the mouth, stomach 

and oesophagus, abnormal temperature and pulse fluctuation, weak muscles and convulsion may 

be due to  chlorophenol poisoning.21 Poisoning of chlorophenols may result damage to the liver, 

kidneys, lungs, skin and digestive tract.22 Chromosomes can be damaged by hydroquinone. p-

Cresol and 2,4-dimethylphenol are potentially carcinogenic.23        



 

 

26 

 The identification and measurements of phenolics  

There is a wide variety of studies about the improvement of new techniques for 

quantification of phenols.24 Although, high-performance liquid chromatography (HPLC) and gas 

chromatography (GC) coupled with or without mass spectrometry (MS) are the most commonly 

used techniques to analyze them, the classical spectrophotometric assay is still used, even though 

its results are inadequate.25 A few of the currently  used techniques are discussed below.  

1.4.1 Determination of phenolic compounds using classical colorimetric methods 

Among the classical techniques, one widely- used method is spectrophotometry UV/Vis 

for the analysis of total phenolic content.26 In this method, phenolic compounds are reduced 

chemically in an alkaline medium to form a blue solution, which can be quantified by visible-light 

spectrophotometry at a range of 520 to 770 nm.26, 27 Although this technique is easy to perform, 

cost effective, rapid and widely used, it is not accurate. Moreover, the reagents used in this method 

react not only with the targeted phenols but also with any reducing substance in the system like 

ascorbic acid, pigments, aromatic amines, sugars, with some nitrogen-containing compounds such 

as hydroxylamine and guanidine, thiols, many vitamins and some inorganic ions.28-30 Thus, this 

technique is used to get an idea about the total reduction capacity and not for a specific 

quantification of phenolic derivatives. However, it is still considered a useful method for the rapid 

and prior screening of numerous samples for the total phenol  content.25, 31  

1.4.2 Determination of total content of flavonoids and anthocyanins  

Aluminum chloride is usually used to determine total content of flavonoids and flavones. 

The formation of an aluminum-flavonoid complex having an absorptivity maximum at 510 nm is 

the basis of this technique. Total flavonoid content is  measured by comparing with a calibration 
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curve which is done by using rutin (quercetin-3-O-rutinoside) or quercetin (5,7,3′,4′-flavon-3-ol,) 

as an internal standard.32-34  

The most common method for anthocyanins analysis is  a pH differential.24, 35 This analysis 

is based on the formation of a bright red color of the flavilia cation in acidic solutions, which 

becomes  a colorless carbonol when the pH increases. Anthocyanin solution with a pH =1 and pH 

= 4.5 have absorptions of 510 and 700 nm, respectively, and these absorptions are proportional to 

the quantity of anthocyanins.     

1.4.3 Determination of condensed tannins 

Among the all reported methods, the acid-butanol assay and vanilline assay are the most 

commonly used for the quantification of proanthocyanidins (condensed tannins). In the first 

method, acid is used for the oxidative-depolymerization of condensed tannins to yield red 

anthocyanidins.  Proanthocyanidins depolymerize to colored anthocyanidins when treated with 

mineral acid. The products of this process have an absorption maximum around 550 nm.36-39 

Although this method is simple and gives good indication of the presence of condensed tannins, 

the color-intensity can be effected by the acid-butanol ratio, the presence of water in the sample, 

and the chemical characteristics of the analytes.40, 41 Another issue of this method is the choice of 

standard due to the heterogenicity of the condensed tannins. This issue is partially overcome by 

using the plant materials under study as an internal standard.42-44      

Another method involves the reaction of vanillin (4-hydroxy-3-methoxybenzaldehyde) 

with the meta-substituted ring of flavonols to yield a red adduct. Although this method has been 

used for quantifying condensed tannins for a long time, the reaction is not specific for tannins, and 

any appropriately substituted flavonol can react in this assy. Moreover, catechin is using as the 

internal standard, which has different reaction rate that could lead to wrong results.40, 44-47     

https://en.wikipedia.org/wiki/Flavonol
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1.4.4 Determination of total phenolic content  

The Folin Ciocalteu reagent is used to determine the total phenolic content of plant extracts. 

In this technique, phenolic ion is oxidized and coupled with reduced phosphotungstic-

phosphomolybdic reagent to give blue chromophore followed by an absorption maxima 

measurement at 750 nm. A calibration curve is used to express the total phenolic content. Although 

this assay is popular due to the simplicity, rapidity and little interferences by nonphenolic 

compounds, the accuracy depends on the temperature, pH, and order in which the reagents are 

added.24, 45, 48, 49  

1.4.5 Chromatography  

Due to their structural diversity, phenolic compounds vary significantly in their 

physiochemical properties; thus, it is a great challenge to separate and quantify them.31 While 

developing a generalized protocol for analysis of all kinds of phenols is almost impossible, there 

are some advanced analytical techniques to analyze them. Examples include the development of 

new technology and software for more efficient separation, identification and, quantification. The 

main idea behind these techniques is when any mixture passes through two phases, a mobile phase 

(gas or liquid) and a stationary phase (solid, liquid or gel), the components are separated based on 

their interaction with phases. This technique is used for the qualitative and quantitative analysis of 

a mixture. There are many different choices available for the two phases.25  

The first of this class is gas chromatography (GC). GC uses vaporization temperature to 

separate each component from a solution when the sample is passing through a heated column. In 

this process, the compound is separated between an inert gas (helium, nitrogen, etc.) and a 

nonvolatile liquid coated on an inert support inside the column.50 Each molecule has a specific 

affinity to the stationary phase, and that determines the retention time (RT) of that analyte in the 
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column. Each compound has a specific RT in a specific system. When the compounds of a solution 

traveling through the column have nearly the same rate, they will elute within a narrow time band 

according to their retention time. Thus, according to their retention time, the components of a 

solution will be separated physically for presentation to a detector and analyzer. Although GC has 

many advantages, the analysis of phenolic compounds is relatively restricted due to their lack of 

volatility31 Therefore, in order to analyze phenols, it is necessary to improve their vaporization 

capacity by replacing the hydroxyl groups of phenols by other nonpolar chemical groups like 

trimethylsilyl before analysis.51-53 Hence the gas chromatographic analysis of phenolic compounds 

are limited; however, the use of mass spectrometry (MS) with GC  can improve the detection 

stage.31, 54     

Another common  example of this type of technique for phenolic analysis is high-

performance liquid chromatography (HPLC) due to its high selectivity, sensitivity, resolution, 

precision, and sample preparation.25, 55-57 Polarity, solubility, and size properties of each compound 

is the basis of compound separation by using this technique. In addition, combination of a 

photodiode-array detector with HPLC (HPLC-DAD) provides extensive information about 

structures of phenols.58 The most common practice to get the identity of the compounds using this 

method is to compare the retention time (RT) with the standards.59 In addition, for quantitative 

determination a series of standards is analyzed to get a calibration curve for the range of interest 

for each compound and compare with the unknown sample.60 However, HPLC analysis of phenols 

is limited due to the lack of standards for some classes of phenols like flavonoid, glycosides, and 

proanthocyanides. Hydrolyzation of these types of compounds to aglycones prior to analysis is a 

common practice.31 Another limitation of HPLC  is the detection and quantification limit of 

phenols in a crude mixture because UV- based detection and retention time of standards can lead 
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to a wrong identification of the phenols.31 In this context, mass spectrometry (MS) coupled with 

HPLC is considered the better characterization technique.           

Another two techniques for the analysis of phenols are ion exchange chromatography (IEC) 

and affinity chromatography (AC). An IEC separation is done when charged molecules bind with 

the binding site of the stationary phase, whereas in AC the analyte is modified by attaching another 

compound with a specific affinity. The first method is mainly used for purification of biological 

materials, and the latter one is used for advanced processes of purification because of the 

requirement of the analyte to be inert and easily modifiable.  

1.4.6  Mass Spectrometry 

Mass spectrometry (MS) is a widely used method of identifying phenols due to its ability 

to eliminate some of the ambiguity associated with the previously discussed methods. The high 

sensitivity and ability of using chromatography (GC/MS, LC/MS) makes it the most appropriate 

physicochemical method for the analysis of phenols in a matrix. Addition of chromatography with 

MS allows the selective molecular detection of phenols. The molecular ion and characteristic 

fragmentation ions are used to identify the desired components of a sample.  This can be done with 

or without a standard.60-63 

The difference in the mass-to-charge ratio (m/z) of ionized molecules  is used by MS to 

distinguish between ions.52 The commonly used ionization sources to analyze phenolic compounds 

are electron impact (EI), chemical ionization (CI), fast atom bombardment (FAB), atmospheric 

pressure ionization (API includes atmospheric pressure chemical ionization (APCI) and 

atmospheric pressure photo-ionization (APPI)), electrospray ionization (ESI), and matrix-assisted 

laser desorption ionization (MALDI).51-53 Among these, EI and CI are relatively harsh techniques 

involving volatilization of the sample to gas phase. Soft ionization techniques (FBA, MALDI for 
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ionization without evaporation in high vacuum, or ESI, APCI for atmospheric ionization) are used 

for the thermally labile compounds to avoid decomposition at higher temperature.24, 45, 64, 65 Among 

these, ESI and APCI are the most widely used ionization methods for characterization of phenolic 

compounds as they can produce stable ions in both negative and positive ion modes with low 

spontaneous fragmentation.56 For ionizing polar and nonvolatile molecules, tannins and 

anthocyanidins, ESI is used, whereas APCI is suitable for less polar and nonionic compounds – 

flavonols, flavones, flavanones, and chalcones.51, 63, 66 Finally, MALDI is used for the analysis of 

phenols of higher molecular weight and complex matrices. In addition, the use of tandem mass 

spectrometry may help  improve sensitivity and selectivity.66, 67 MS/MS and MS3 give more 

fragmentation of the precursors and daughter ions, thus providing more structural information for 

the identification of phenols in a mixture.31    

1.4.7 NMR Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is the most promising spectroscopic 

technique for the analysis of a complex matrix. Fast (less than 5 minutes for one-dimensional 1H 

and 13C-NMR), simple sample preparation, measurement procedures, instrumental stability, and 

easy spectra interpretation procedure are the advantages of this technique. Moreover, coupling of 

LC with NMR can provide valuable structural information in the analysis of mixed samples. This 

technique can be used for a proper identification of compounds which are indistinguishable using 

other methods.68 Nevertheless, the disadvantages of NMR spectroscopy are low sensitivity 

compared with MS and chromatographic techniques, high cost of the NMR spectrometers. 

Additionally, the sensitivity for direct measurement in the LC-NMR mode is not sufficient due to 

the low  natural abundance of the 13C isotope (1.1%).64, 69, 70     
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 Proposed techniques and guide to dissertation  

Mass spectroscopy (MS) has been used as an important quantitative tool to measure the 

mass-to-charge (m/z) ration of ions for many years, and its use is still growing. For more than a 

decade, our group has used MS to analyze small molecules in the gas phase as well as in a matrix. 

All the experimental results in this thesis were obtained from two commercial MS – Thermo 

Finnigan LCQ-Deca Ion Trap Mass Spectrometer and Waters micromass ultima triple quadrupole 

mass spectrometer. Detail instrumental conditions are explaining in Chapter 3 to Chapter 8. chapter 

2 discusses the history of identification of phenols and the development of the Gibbs reaction. It 

is also discussing the development of the mechanism of this reaction. In addition, this chapter also 

has the detection techniques of the Gibbs product formed by phenolic compounds.    

Chapter 3 discusses the detection of Gibbs products by using simple electrospray-

ionization mass spectrometry (ESI-MS). We found that indophenols are naturally anionic, thus, 

they are readily detected by ESI-MS. Another important advantage of using mass spectrometry for 

the detection of indophenols is that it readily distinguishes between different types of substituted 

phenols. In that chapter, we are reporting ESI mass spectra for indophenols obtained in the Gibbs 

reaction of simple substituted phenols and show its application for simultaneous detection of 

components in a mixture, including quantification. This approach using the Gibbs reagent to form 

indophenols provides an alternative to previously reported derivatization methods, such as 

acetylation or conversion to the imidazolium ether. In the following chapter, the analysis of 

phenols in commercial liquid smoke by using Gibb’s reaction followed by electrospray ionization 

mass spectrometry (ESI-MS) detection is discussed. In this chapter, we quantify the three major 

phenols by using an internal standard. Finally, those three different phenols are analyzed in four 

different commercial liquid smokes and are compared to their taste according to the presence of 

those three compounds. In chapter 5, we analyze the major phenols in four different scotch 
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whiskies using Gibbs reaction. The reaction products are analyzed by ESI-MS and the quantity of 

phenol is measured by using calibration curves. The smokiness of the analyzed scotch whiskeys is 

correlated with the presence of the three major phenols. In the course of this study, we are 

discussing the analysis of L-Dopa and metabolite neurotransmitters after a reaction with the Gibbs 

reagent followed by simple electrospray‐ionization mass spectrometry (ESI‐MS). In addition, L-

Dopa is converted to its methyl ester before reacting with the Gibbs reagent as it does not react 

with Gibbs reagent on its own.  

 There is a debate about the product of the para-substituted phenols with the Gibbs reagent. 

However, we are showing using ESI-MS that there are four different types of reactions showing 

para-substituted phenols. One type of phenol reacts by substituting at the para-position, whereas 

another group gives not only this product but also an additional product. A third group of phenols 

gives this reaction by substituting at the ortho-position. Finally, there is another group of phenols 

who do not undergo this reaction. This observation is discussed in chapter 7.   

Finally, chapter 8 is discusses the use of mass spectrometry to examine the fragmentation 

of dipeptides that include para-sulfonated phenyl alanine (PheSO3
- or Phe*) connected with proline 

(Pro) to form Phe*ProOH and ProPhe*OH dipeptides. These dipeptides are similar to Phe*GlyOH 

and GlyPhe*OH with respect to carrying charges such that the dipeptide backbone has a canonical 

structure and is not protonated.  
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 HISTORY AND MECHANISM OF THE GIBBS 

REACTION 

 Background of Gibbs reaction 

One of the oldest methods for the identification of phenolic compounds is the test 

producing the beautiful, intense blue solution of indophenol salts.1 Around 200 years  ago, this 

intense blue color was obtained when cresol, resorcinol, and other phenols were analyzed in 

mixtures without a proper understanding of the reactions involved, or the identity of the colored 

compound.2-4 A few years later, the same color was found when phenols, including phenol, orcinol, 

and thymol reacted with nitrous acid5-7 and fuming sulfuric acid8 in the presence of ammonia, 

which is known as the Liebermann test for phenols.9 Though the Liebermann test was used for the 

analysis of phenols early on, the first approximation of the actual chemical formula of the colored 

compound was found by von Baeyer and Caro10 in 1874. These colorful compounds made useful 

dyes  and were first commercially prepared by Koechlin and Witt in 1881.11 However, the best 

laboratory method for the formation of indophenols is by condensation of quinonechloroimide and 

phenol, which was first described by Hirsch.12 This reaction was developed as a very delicate 

qualitative and  very accurate quantitative method for the estimation of the concentration of phenol 

in a solution by H. D. Gibbs in 1927.1  

Gibbs reported that the chloro- and bromo-substituted quinonechloroimides (2,6-

dichloroquinone-4-chloroimide and 2,6-diboromoquinone-4-chloroimide) gave the most delicate 

results among the different quinonechloroimides tested. He found that the indophenols formed by 

using these reagents were the most stable. In addition, he was also able to quantify at least 1 part 

of phenol in 20,000,000 when reacted with 2,6-dibromoquinonechloroimide. However, not all 

phenols react with quinonecloroimides. Initially, it was believed that the ‘para’ position to the 
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hydroxyl must be unsubstituted.1, 13-15 Later on, when a larger number of phenols were examined, 

it was found that there were several phenols having ‘para’  substitutions that did form indophenol.  

However, several ‘para’ unsubstituted phenols did not form indophenol due to the influence of the 

adjacent substituted groups.1 Gibbs and coworkers monitored these indophenol formations using 

a variety of phenolic compounds in a buffer solution and watching for the intense blue color to 

appear. Spectrophotometric determination of the maximum blue color was used to measure the 

quantity of indophenols (i.e., phenols) and charted of a number of absorption curves for those 

compounds. The absorption experiments were done by detecting between the wavelengths of  600 

– 610 nm.1 Figure 2.1 shows the Gibbs product from the reaction of 2,6-

dichloroquinonechloroimide and phenol in buffer solution..  Lower concentrations are shown in 

the lower left and higher concentrations on the. The reaction gives a light blue color at lower 

concentrations, and the color gets more intense as the concentration increases. The increasing blue 

color with increasing phenol concentration explains why spectrophotometry is used to analyze 

phenols.  

 

Figure 2.1. Formation of Indophenol color (blue) when phenol reacts with 2,6-dichloroquinone-

4-chloroimide. The concentration of phenol increases from left to right and thus the color is 

changing from light blue to deep blue. 
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A buffer solution is essential to obtaining the best results from this reaction. A pH of 9.0 

to 9.5 is typical. To obtain the best results, Palitzsch’s borax buffer solution with a pH value of 

9.24 has been employed. This buffer solution is prepared by following the procedure reported by  

Palitzsch.16 In brief, 19.108 gm of sodium borate (Na2B4O7.1H2O) is dissolved in 1 liter of water 

to get the buffer with desired pH.16  

 Mechanism of the Gibbs reaction 

 

Several studies have been carried out to try establish the mechanism of the Gibbs reaction13, 

17 since it has been introduced. Gibbs reported in his original article that equivalent amounts of 

unsubstituted para phenols reacted with 2,6-dibromobenzoquinone N-chloroimine and 2,6-

dibromobenzoquinone N-chloroimine (TQI) (Scheme 2.1). Gibbs proposed a direct electrophilic 

substitution by TQI on the aromatic nucleus to form the indophenol (Scheme 2.2),  
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and this mechanism has been widely accepted.18-20 However, several studies have been published 

proposing alternate mechanisms.21-24 For instance, for the reaction with benzoquinone N-

chloroimine, Ziegler and Gartler proposed an electrophilic attack by the benzoquinone iminium 

cation (Scheme 2.3).25  

 

On the other hand, Svobodova and coworkers assumed that TQI was hydrolyzed to form 

the more reactive 2,6-dichlorobenzoquinone imine (DQI) (Scheme 2.4),26  and DQI then reacts 

with its phenolic partner, which was studied in detail by Corbett.27  
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Corbett also found that one mole of phenol reacted with two moles of Gibbs reagent to give 

indophenol. Afterwards, Dacre examined the Gibbs reaction using a variety of para-substituted 

phenols and a spectrophotometer. He reported that the Gibbs product has a small range of 

absorption maxima, mostly  between 580 nm to 630 nm., He concluded thatthe Gibbs reaction is 

‘nonspecific’ for phenols.28 In 1984, Josephy and Van Damme analyzed a variety of para-

substituted phenols and reported that all of them formed indophenols by replacing the substituent 

at the para-position, which is  matches the way that indophenol forms from phenol itself (Scheme 

2.5). They also reported that the wide range of molecular extinction coefficients (εmax) of the Gibbs 

products found by Dacre was due to the varying yields of product rather than a difference in molar 

absorptivity.29  
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Despite considerable efforts, none of the proposed mechanisms for indophenol formation 

are conclusive. Pallagi and coworkers22 disproved all of the previously proposed mechanisms for 

the Gibbs reaction. Depending on the para-substituent (R) of phenol, there are two different 

products – either regular indophenol (IX) where R can leave as an electrofugal leaving group (e.g., 

R = H, CH2N(Me)2, CH2OH), or/and 4,4-disubstituted 2,5-cyclohexadien-1-one where R cannot 

leave as a cation (e.g., R = Me) (Figure 2.2). Additionally, when the phenol has a hydroxyl (OH) 

or an amino (NH2) group at para-position, the phenols form the corresponding benzoquinones or 

benzoquinone imines, respectively, after oxidation.22 1:1 stoichiometry was found in all of the 

cases, except the para-substituent (R = halogen, alkoxy) which can only be eliminated as a 

nucleofugal group. In the latter case, the reaction proceeds with a 1:2 stoichiometry to give 

indophenol (IX) and an oxidation product of the second mole of phenol. A second-order kinetics 

(ν = [Gibbs reagent] × [phenoxide]) was found for this reaction and the rate determining step is 

the single electron transfer (SET) from anion of phenol onto N-chloroimine (Gibbs reagent) to 

generate N-chloroimine radical anion ((III) and the neutral phenoxy radical (IV). It was found that 
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the initial rates depend on the reactivity of the phenol – the higher the reactivity, the greater the 

acceleration (pathway ‘A’ of Figure 2.2).21-24 Beyond this direct combination in the solvent cage, 

the deviation of second-order-reaction kinetics was explained by the formation of product in a 

chain reaction. 

The indophenol dye (IX) can be produced from N-chloroimine radical anion (III) in two 

different pathways – either pathway B or pathway C (Figure 2.2). In pathway B, a halogenide ion 

is eliminated form N-chloroimine radical anion (III) and an H-atom is abstracted from the medium 

to produce imine, DQI (VIII). Then, this imine (VIII) reacts with phenoxide (II) to give final 

product, indophenol (IX).21, 22 The other pathway (C) starts a radical chain reaction. At the 

beginning of this chain reaction, a halogen of III is displaced by phenolxide (II) in a bimolecular 

nucleophilic substitution to give the adduct radical (VI). An electron is transferred from N-

chloroimine (I) to the newly formed VI to yield an adduct (VII) and a radical anion (III), which 

can enter the cycle again when substituted with another phenoxide (II). Finally, the adduct VII can 

easily be deprotonated to form indophenol (IX).22 This mechanism is more preferable. During the 

chain propagation step, the chain carrier reacts with the nucleophile in a bimolecular fashion, 

which is the rate determining step. This mechanism is termed SRN2.22  
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Figure 2.2. Mechanism of formation of indophenol by 2,6-Dichloroquinone-4-chloroimide when 

reacts with phenols. Path A is the direct combination reaction, Path B is chloride ion elimination 

and H-atom abstraction from the medium, and Path C is the chain reaction for the formation of 

indophenol.22 
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 Examples of Gibbs reaction 

Since introduced, 2,6-dibromo-or 2,6-dichloroqunone-4-chloroimide (Gibbs’ reagent) has 

been used widely in organic analytical chemistry for the detection of phenol analogues in reaction 

mixtures, biological, commercial matrixes, and in industrial waste. A few examples are shown in 

the following table. 

Table 2.1. Examples of the applications of the Gibbs Reactions 

Type of matrix Analytes Detection 

technique 

References  Reported 

Year  

Vegetation Capsaicinoids in chili 

peppers 

Colorimetric Thompson, R. Q., 

et al30 

2012 

Phenol in 

polluted air  

Phenols HPLC Kuwata, K. et al.31 1950 

Water analysis Phenolic contents  Spectrophotometry  Thoss, V. et al.32 2002 

Treated wood permethrin Spectrophotometry Arip, M. N. M, et 

al.19 

2013 

Rice Aflatoxines spectrophotometry Quintana, M. G., et 

al.20 

1997 

Populus 

trichocarpa 

3-o-

Methyltransferases  

Colorimetric Bhuiya, M, et al.18  2009 

Synthesis 
- 

Chromatography Kang, D., et al.33 2016 

Antioxidant 

BHA  

Butylated 

hydroxyanisole (3-

tert-butyl-4-

hydroxylanisole) 

spectrophotometer Josephy, P.D., et 

al.34 

1984 

Detection  Aromatic amine (1 ˚, 

2 ˚ and 3˚), 

carbazoles, aliphatic 

amines (1 ˚, 2 ˚), enol 

(2,4-pentanedione) 

Thin layer 

chromatography 

(TLC) 

Ross, J.H.35 1968 

Synthesis of β-

galactosidase 

substrate 

7- β-D-

galactopyranosyloxy-

9,9-dimethyl-9H-

acridin-2-one 

NMR Corey, P. F. et al.36 1991 

Pharmaceutical 

formulations 

Propranolol Diffuse reflectance 

spectroscopy  

Gotardo, M. A., et 

al.37 

2008 
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Table 2.1 continued 

Biological fluids 

in pregnant 

women 

Propofol GC and 

colorimetry 

Ragno, G., et al.38 1997 

In pharmaceutical 

preparation 

Thymol Colorimetry Al-Neaimy, U. I. 

S.39 

2009 

Chili peppers Capsaicinoids  Colorimetry  Ryu, W., et al.40 2017 

Tablets Levodopa Spectrophotometry Yi-ping, L.I.S.Y., 

et al.41 

2006 

Pharmaceutical 

products 

Bisoprolol Spectrophotometry Tuljarani, G., et 

al.42 

2010 
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 Conclusion  

Although the Gibbs reaction was introduced a long time ago, the mechanism was unknown 

for a long time. There are two different types of reactions that have been accepted – direct 

combination, and chain reaction. Finally, the reaction has been used for detection of phenolic 

compounds in variety of matrixes.  
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 MASS SPECTROMETRIC DETECTION OF THE GIBBS 

REACTION FOR PHENOL ANALYSIS 

 Introduction 

Phenols are ubiquitous in our world, and are found in all types of natural and non-natural 

systems.  Examples of phenolic compounds that occur naturally include biological molecules, such 

as tyrosine and L-dopa, food components, such as capsaicin or red wine tannins, and even drugs, 

such as morphine and tetrahydrocannabinol.  Alternatively, phenols are present due to 

anthropogenic sources.  In particular, industrial waste can have phenol concentrations as high as 

10 g/L.1  Many methods have been used to detect phenols,2 mostly relying on some sort of 

chromatography (LC or GC) prior to detection.  Mass spectrometric detection has an advantage in 

that it can be used to carry out simultaneous detection of multiple phenol derivatives without 

requiring prior separation.  However, although it is possible to detect phenols directly by using 

mass spectrometry, it is not specific to phenol detection.  Consequently, a common approach used 

for the specific detection of phenols involves the use of reagents to selectivity derivatize the 

phenols prior to detection to make them more amenable for analysis by chromatography,3-10 or for 

direct detection by mass spectrometry.11, 12  

In this work, we describe an approach for the analysis of phenols by using mass 

spectrometric detection of indophenol derivatives.  The conversion of phenols to indophenols can 

be traced back almost 200 years, to the detection of orcinol.13, 14  For example, Liebermann15-17  

showed that phenols, including phenol, orcinol and thymol, can be transformed into dark-blue-

colored indophenol dyes by reaction with sulfuric acid and ammonia. 
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In 1927, Gibbs reported a convenient reagent for the detection of phenols18, 19 by converting 

them to indophenols.  The Gibbs reaction (eq 3.1), utilizing the Gibbs reagent, 2,6-dichloro- or 

dibromo-4-(chloroimino)cyclohexa-2,5-dien-1-one, has since been a standard approach for the 

detection of phenols.20, 21  

 

 

One of the key features that makes the Gibbs procedure a useful approach for the detection 

of phenols is the robust color of the indophenol product,22 which allows for easy spectrophometric 

detection.  In recent years, applications of the Gibbs procedure have been reported for the detection 

of phenol-based pharmaceuticals,23-34 capsaicin,35-37 and for monitoring the presence of phenol.38  

In all of these applications, the indophenol is detected spectrophometrically. 

One of the limitations of the Gibbs approach for detection of phenols is that the absorption 

peak is not very sensitive to substitution of the phenol.  Consequently, while the standard Gibbs 

method is useful for determining total phenol content,37, 39 it is generally not capable of 

distinguishing between individual substituted phenols.  Therefore, a separation step is required for 

the detection of specific phenol derivatives.  It is possible to detect the Gibbs indophenol product 

with other, non-colorometric methods.  For example, Lowe et al.40 have examined and detected 
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the Gibbs reaction using electrochemistry and cyclic voltammetry, and have shown that it can be 

used to detect THC.  Similarly, Josephy and Lenkinski41 have characterized the Gibbs product 

formed from tert-butylhydroxyanisole (BHA) by using electron ionization mass spectrometry, and 

electron-ionization spectra for some protonated indophenols (neutral phenols) are generally 

available.42 

Herein we describe the detection of Gibbs products by using simple electrospray-ionization 

mass spectrometry (ESI-MS).  Considering that indophenols are naturally anionic, they are readily 

detected by ESI-MS.  An important advantage of using mass spectrometry for the detection of 

indophenols is that it readily distinguishes between different types of substituted phenols.  In this 

work, we report ESI mass spectra for indophenols obtained in the Gibbs reaction of simple 

substituted phenols, and show its application for simultaneous detection of components in a 

mixture, including quantification.  This approach using the Gibbs reagent to form indophenols 

provides an alternative to previously reported derivatization methods, such as acetylation11 or 

conversion to the imidazolium ether.12 

 Experimental 

3.2.1 Sample preparation – general procedures 

Samples were prepared by mixing 5 mL of a solution of Gibbs reagent in methanol (60 

mmol/L) with 10 mL of an aqueous potassium phosphate dibasic solution (deionized water, 40 

mmol/L, pH 9.5)43 containing substrate.  After mixing, the solutions were stirred at room 

temperature for the allotted time, after which 50 μL of the solution was diluted to 4 mL in water-

methanol solution (1:1), for ESI-MS analysis.  Solutions for individual samples contained 0.25 

mmol of substrate in the phosphate buffer, similar to the concentration of Gibbs reagent.  Spectra 

are measured 5 minutes after mixing, unless otherwise noted. 
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For the mixture of phenol and o-cresol, 10 mL of the initial solution containing o-cresol 

and phenol were mixed with 5 mL methanol solution of Gibbs reagent (100 mmol/L). The reaction 

mixture was stirred for 5 minutes and 30 minutes before diluting with 1:1 methanol as described 

above, followed by mass spectrometric analysis.  The concentration of o-cresol in the initial 

solution was chosen so to obtain a concentration of 3 μmol/L in the final (electrosprayed) solution.  

Similarly, the concentration of phenol in the initial solution was chosen so to obtain concentrations 

of 1, 2, 5, 10, 25 and 50 µmol/L in the final solution, with an excess of Gibbs reagent.  

3.2.2 Sample preparation – liquid smoke 

K2HPO4 (1 mmol, 174 mg) was added directly to 5 mL of the corresponding commercial 

smoke sample directly and mixed with 10 mL methanol solution of Gibbs reagent (1 mmol, 210 

mg). The reaction mixture was stirred at room temperature for 5 minutes. 200 µL reaction mixture 

was dissolved in 4 mL water-methanol (1:1) solution for MS analysis.  

3.2.3 Spectra collection 

Electrospray ionization mass spectra was obtained on a commercial LCQ-DECA (Thermo 

Electron Corporation, San Jose, CA, USA) quadrupole ion trap mass spectrometer, equipped with 

electrospray ionization (ESI) source, operating in negative ion mode. Substrate solutions in a 

methanol:water mixture (1:1) and introduced into the source directly at a flow rate of 10 μL/min. 

Electrospray and ion focusing conditions were varied so that maximize the signal of the ion of 

interest.  
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3.2.4 Spectral analysis 

One important advantage of using the Gibbs reagent for derivatization is that the chlorine 

atoms make products containing the Gibbs reagent readily detectable by the isotopic pattern.  

Therefore, the spectra are deconvoluted using the isotope pattern for ions containing two chlorine 

atoms (1:0.648:0.105) to eliminate the peaks that cannot contain the Gibbs reagent.  In the 

deconvolution, the maximum intensity of the peak at mass M is set to be the minimum of the 

intensity at mass M, I(M+2)/0.648, or I(M+4)/0.105.  Although this deconvolution approach does 

not identify peaks that must contain two chlorine atoms, as coincidental peak ratios are possible, 

it can be used to explicitly rule out all the signals that cannot have two chlorine atoms.  For example, 

if the signal at mass M is 100 000, but the signal at M + 2 is only 100, then the signal M that 

contains two chlorines (and therefore could be a Gibbs product) is only 952.  Technically, the 

intensities of the peaks remaining after deconvolution are upper limits to the signal for two-

chlorine containing products, as coincidental peak ratios can result in false positives.  The 

difference between the peak height and the Gibbs-product signal is largest when there is extensive 

overlap of product signals. However, the ability to specifically eliminate non-Gibbs products 

where possible makes the Gibbs approach preferable to simple ESI-MS of the mixture.  The 

deconvolution is carried out using Excel.   

3.2.5 Materials 

All the phenols used in this work were obtained from commercial sources, and used as 

received. The methanol was “Reagent Grade” and used without further purification.  
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 Results 

3.3.1 Phenol 

Figure 3.1 shows the ESI-MS obtained for samples of Gibbs reagent (Figure 3.1a) and 

phenol (Figure 3.1b).  In the absence of phenol, the MS of the Gibbs reagent is non-descript, and 

shows a large number of unidentifiable ionic products.  It is possible to detect phenoxide (m/z 93) 

directly under these conditions (Figure 3.1b).  However, in the presence of other acidic substrates, 

the phenoxide product would be expected to be a minor product.  Figure 3.1c shows the spectrum 

obtained 5 minutes after mixing Gibbs reagent and phenol in the buffer solution.  The spectrum is 

dominated by the Gibbs indophenol product, as indicated by the characteristic isotopic pattern.  

Moreover, despite having phenol at the same concentration as in Figure 3.1b, the absolute intensity 

increases by a factor of about 100 for the detection of the Gibbs product, not taking into account 

the fact that signal is distributed over multiple isotope peaks.  Therefore, the total signal of the 

phenol derivative in Figure 3.1c is nearly 200 times greater than that of phenol in Figure 3.1b (the 

peak below m/z 100 in Figure 1c is m/z 96, and not phenoxide, m/z 93).  It has been shown 

previously that the detection sensitivity of phenols in mass spectrometry can be increased by 

derivatization, such as acetylation, before detection.11 Finally, Figure 3.1d shows the spectrum 

obtained after deconvolution, to account for the isotope peaks.  Although the initial spectrum was 

originally very clean, the deconvoluted spectrum is even moreso, with more than 85% of the signal 

attributable to indophenol. 
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Figure 3.1. ESI mass spectra of products of phenol reaction with the Gibbs reagent. a) Gibbs 

reagent alone in buffer; b) phenol alone in buffer; c) phenol and Gibbs reagent mixture in buffer, 

5 minutes after mixing; d) mixture mass spectrum deconvoluted for the 2-chlorine isotope 

pattern. 

3.3.2 Substituted phenols 

Gibbs products are also readily detected by ESI-MS for other substituted phenols, included 

o- and m-cresol (3.1o and 3.1m), o- and m-hydroxyanisole (2o and 2m), catechol (3o), resorcinol 

(3m), 2-aminophenol (4), 1-naphthol (5) and tetrahydro-1-napthol (6) (see Supporting 

Information). 
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Figure 3.2. Structures of phenolic derivatives with ortho- and meta-substituted and bicyclic 

phenols 

 

Figure 3.3. ESI mass spectra of products of o-cresol reaction with the Gibbs reagent. a) Gibbs 

product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum deconvoluted for 

the 2-chlorine isotope pattern. 
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Figure 3.4.  ESI mass spectra of products of m-cresol reaction with the Gibbs reagent. a) Gibbs 

product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum deconvoluted for 

the 2-chlorine isotope pattern 

 

Figure 3.5. ESI mass spectra of products of o-methoxyphenol or guaiacol reaction with the Gibbs 

reagent. a) Gibbs product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum 

deconvoluted for the 2-chlorin 
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Figure 3.6. ESI mass spectra of products of m-methoxyphenol reaction with the Gibbs reagent. a) 

Gibbs product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum deconvoluted 

for the 2-chlorine isotope pattern 

 

Figure 3.7. ESI mass spectra of products of catechol reaction with the Gibbs reagent. a) Gibbs 

product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum deconvoluted for 

the 2-chlorine isotope pattern 
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Figure 3.8. ESI mass spectra of products of o-aminophenol reaction with the Gibbs reagent. a) 

Gibbs product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum deconvoluted 

for the 2-chlorine isotope pattern 

 

Figure 3.9. ESI mass spectra of products of 1-naphthol reaction with the Gibbs reagent. a) Gibbs 

product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum deconvoluted for 

the 2-chlorine isotope pattern 
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Figure 3.10. ESI mass spectra of products of 5,6,7,8-tetrahydro-1-naphthol reaction with the 

Gibbs reagent. a) Gibbs product in buffer reaction, 5 minutes after mixing; b) mixture mass 

spectrum deconvoluted for the 2-chlorine isotope pattern 

While 1 – 6 all lack substitution in the para-position, it is also possible to detect Gibbs 

products for some para-substituted phenols,44, 45 as well, including p-chloro-, fluoro- and 

methoxyphenols (7a-c, respectively).  For these substrates, the para-substituent is replaced to 

  

Figure 3.11. Structures of phenolic derivatives with para-substitution 

form the same indophenol product as obtained with phenol (eq 1).45  In addition. indophenol 

products are also observed with p-cresol (7d) and p-ethylphenol (7e) but in these cases, the 

indophenol products contain the substituent, indicating substitution at a non-para position.  
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Moreover, even in those systems where substitution occurs at the para position, additional 

products are observed that complicate the analysis.  The mechanism of the reaction, including the 

reaction with para-substituted systems, is outside of the scope of this work, and will be described 

in future report.  

 

Figure 3.12. ESI mass spectra of products of p-chlorophenol reaction with the Gibbs reagent. a) 

Gibbs product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum deconvoluted 

for the 2-chlorine isotope pattern 
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Figure 3.13. ESI mass spectra of products of p-methoxyphenol reaction with the Gibbs reagent. 

a) Gibbs product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum 

deconvoluted for the 2-chlorine isotope pattern 

 

Figure 3.14. ESI mass spectra of products of p-fluorophenol reaction with the Gibbs reagent. a) 

Gibbs product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum deconvoluted 

for the 2-chlorine isotope pattern 
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Figure 3.15. ESI mass spectra of products of p-cresol reaction with the Gibbs reagent. a) Gibbs 

product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum deconvoluted for 

the 2-chlorine isotope pattern 

 

Figure 3.16. ESI mass spectra of products of p-ethylphenol reaction with the Gibbs reagent. a) 

Gibbs product in buffer reaction, 5 minutes after mixing; b) mixture mass spectrum deconvoluted 

for the 2-chlorine isotope pattern 
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3.3.3 Isomer distinction 

 

Figure 3.17. MS/MS of substituted phenols examined in this work 

A limitation of the mass spectra of the indophenol products of the Gibbs reaction is that it 

cannot distinguish between isomeric phenols, which have the same mass-to-charge ratio.  However, 

for most of the ions examined, the isomers can be distinguished on the basis of their  

  

Figure 3.18. CID spectra of indophenols formed from a) ortho- and b) meta-cresol, with a 

normalized energy of 25%. 
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CID spectrum.  For example, Figure 2 shows the CID spectra of the indophenols formed from 

ortho- (2a) and meta-cresol (2b).  Significant differences are observed between the spectra, with 

methyl loss being a major dissociation pathway for the ortho-isomer, but not observed for meta, 

whereas m/z 252, 208 and 180 are exclusively observed for the meta-isomer.  Although not all 

isomeric pairs show such dramatic differences (see Supporting Information), this shows that CID 

of the indophenols can be used to distinguish between isomeric phenols.  

 

Figure 3.19. CID spectra of indophenols formed from a) ortho- and b) meta-methoxyphenol, 

with a normalized energy of 25%. 
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Figure 3.20. CID spectra of indophenols formed from a) catechol and b) resorcinol, with a 

normalized energy of 25%. 

 

Figure 3.21. CID spectra of indophenols formed from a) ortho- and b) meta-aminophenol, with a 

normalized energy of 32%. 
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3.3.4 Mixture analysis and signal time dependence 

One of the advantages of using mass spectrometry to detect the indophenol products of the 

Gibbs reaction is that it can be used for simultaneous detection of multiple phenol derivatives 

without separation.  This is illustrated by the spectrum of 1:1 mixture of phenol and o-cresol (1o), 

each at 0.25 mmol/L concentration, shown in Figure 3.  The presence of peaks at m/z 266 and m/z 

280 in the deconvoluted mass spectrum indicate the presence of phenol and 1o, respectively. 

 

Figure 3.22. Deconvoluted ESI-mass spectrum of Gibbs products obtained from a 1:1 mixture of 

phenol and o-cresol, taken a) 5 minutes and b) 30 minutes after mixing. The spectrum in Figure 

2a was taken 5 minutes after mixing the phenols with the Gibbs reagent. 

Although the phenol and 1o have equal concentrations, at 5 minutes the signal for the cresol 

is nearly 25 times larger than that for phenol.  However, after 30 minutes, the absolute signal for 

phenol increases by nearly a factor of 5, whereas that for o-cresol increases by less than 5%, which 
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shows that under these buffer conditions, the reaction with o-cresol occurs much faster than that 

with phenol.  The dependence of the rate of the Gibbs reaction on solvent/pH/substrate has been a 

subject of investigation since the original work of Gibbs in 1927.18    

3.3.5 Sensitivity 

To use this method for the quantitative detection of phenol, we have used o-cresol as an 

internal standard.  Calibration curves for the ratio I(m/z 266)/I(m/z 280) vs phenol concentration, 

for samples where the internal standard concentrations is 3.0 μmol/L, at 5 min and 30 min post-

mix are shown in Figure 4.  Under the conditions used in this work, the reaction of the Gibbs 

reagent with o-cresol is faster than that with phenol, such that the relative amount of the Gibbs 

product for phenol, m/z 266, compared to the Gibbs product for phenol, m/z 280, at longer reaction 

time (~ 0.2) is larger than that at short reaction time (~0.05).  Nonetheless, the ratio of phenol 

Gibbs product to o-cresol Gibbs product is essentially linear (r2 = 0.99) over the range of phenol 

concentration from 1 - 50 μmol/L.  Colorometric detection of the phenols by using the Gibbs 

reaction typically have detection limits of approximately 1 µmol/L,19, 46 similar to what we find 

for phenol in this work.  Alternatively, Aberici and co-workers have reported a detection limit near 

0.1 μmol/L or less for acetylated phenols when using trap-and-release membrane introduction 

mass spectrometry.11 
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Figure 3.23. Relative intensities of phenol (m/z 266) and o-cresol (m/z 280) Gibbs products as a 

function of phenol concentration.  The o-cresol is present at a concentration of 3 μmol/L. 

3.3.6 Application: Analysis of “Hickory” and “Mesquite” Liquid Smoke  

The mass spectrometric detection of Gibbs products can be used to analyze any sample that 

contains significant amounts of phenols.  An example of this type of product is “liquid smoke,” a 

common additive used for flavoring47 and preservation,48 which consists of wood smoke 

condensates.  Phenols make up approximately 1/3 of commercially available liquid smoke,49 with 

guaiacol (2o), pyrocatechol (3o) and syringol (8) among the most important components.49-53  As 

an illustration of how this method can be used to analyze mixtures, we have carried out an analysis 

of two commercially-available liquid smoke products, sold by The Colgin Companies (Dallas, TX, 

www.colgin.com), a “Natural Hickory” and “Natural Mesquite” to determine the differences in 

phenolic composition. 
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Figure 3.24. 2,6-Dimethoxyphenol or syringol is found in liquid smoke 

 The deconvoluted mass spectra for the hickory and mesquite flavors of liquid smoke upon 

reaction with the Gibbs reagent, taken 5 minutes after mixing, are shown in Figure 5.  Gibbs 

products formed from guaiacol (m/z 296), pyrocatechol (m/z 282) and syringinol (m/z 326) are 

readily observed in both products, although the relative amounts are very different for the two 

flavorings. Additional signals in the spectrum near masses 349, 351 and 420 are unidentified 

products that are commonly observed in spectra of phenol-containing samples with Gibbs regeants.  

Based on the peak ratios and apparent isotope pattern, they likely contain multiple Gibbs reagent 

structures. 

Figure 3.25. Deconvoluted mass spectrum of the Gibbs products obtained from analysis of a) 

Natural Hickory and b) Natural Mesquite flavors of colgin® brand liquid smoke. 
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For both samples, the Gibbs product for catechol (which could also contain resorcinol) is 

the most abundant.  However, hickory flavor contains relatively higher amounts of the methoxy-

substituted phenols, guaiacol and syringinol. 

In an detailed analysis of Code 10-Poly full-strength liquid smoke, Montazeri et al.49 found 

additional, less abundant products, including isomeric methoxymethylphenols and 3-methoxy-1,2-

benzenediol.  These appear to be present in the spectra in Figure 4, at m/z 310 and 312, respectively.  

However, in both spectra, there is a product at m/z 311 that is similar in abundance to those at m/z 

310 and 312.  The odd m/z value would require a nitrogen containing product, and could, in 

principle, be attributed to an amino-methoxyphenol.  However, as with the products at m/z 349, 

351 and 420, the m/z 311 product is observed in other samples we have examined, and therefore 

is likely a side-product formed from Gibbs reagent.   

Assuming the reactions of hydroxy- and methoxyphenols with Gibbs reagents occur at 

approximately the same rates, then the relative intensities of the peaks in Figure 5 reflect the 

relative concentrations of the phenolic components.  However, that assumption is not necessarily 

true, and proper relative and absolute quantification of the phenols in liquid smoke requires 

measurements with an internal standard and calibration.  Similarly, control experiments are 

required to determine the products of the Gibbs reagent with para-substituted phenols present in 

liquid smoke.49   

 Conclusions 

While the Gibbs reagent has long been used as a phenolic assay, the use mass spectrometry 

to detect the indophenol product allows for a more specific determination of phenol composition.  

The relative yields of Gibbs products additionally allow for quantification of phenol components, 

by measuring intensity against an internal standard.  Mass spectrometric analysis also allows for 
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investigation of the product structures, particularly for the reactions with para-substituted phenols, 

which can react either by direct substitution of the substituent, or at another site within the phenol, 

preserving the para substituent.  Finally, the method is shown to work for the analysis of liquid 

smoke, and is therefore amenable for the analysis of wood-smoke condensates. 
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 RAPID QUANTIFICTION OF PHENOLIC 

COMPOOUNDS IN LIQUID SMOKE BY USING MASS SPECTROSCOPY  

 Introduction 

Phenolic compounds in foods have been getting significant attention due to their 

antibacterial, antioxidant, antimutagenic, anticarcinogenic and antiviral activities.1-8 Phenols are 

used in food products as preservatives,9 and for their organoleptic or sensory,10, 11 and texture 

characteristics.12, 13 Phenols also contribute to other sensory quality attributes, such as flavor, color 

or texture.14-19 

Liquid smoke is a food additive with significant phenolic content.20 Liquid smoke results 

from the liquid condensate obtained upon pyrolysis of the lignin or dry mass of wood, and contains 

a variety of phenolic compounds,16, 21 which, along with other organic compounds,22-24 give the 

liquid smoke its characteristic odor and color. In an early analysis, Baltes, et al, found that liquid 

smoke contains 0.2 – 2.9% phenol derivatives.25 Phenol derivatives in liquid smoke have 

subsequently been characterized by using gas chromatography-mass spectrometry (GC-MS) 

analysis.16, 26-34  

In this work, we have carried out an analysis of phenols in commercial liquid smoke by 

using reaction with Gibbs reagent, 2,6-dicholoro- or dibromo-4-(chloroimino)cyclohexa-2,5-dien-

1-one (eq 1), to form indophenol (Gibbs reaction),35, 36 followed by analysis by using electrospray 

ionization mass spectrometry (ESI-MS). The advantage of this approach is that it gives ionized 

indophenols of the corresponding phenol derivatives in the reaction mixture.37 Moreover, we can 

avoid any separation and/or solvent extraction steps before MS analysis.  Finally, deconvolution 

of the mass spectra to account for the isotopic peaks of the indophenols removes signal from non-
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phenolic products.37-39 With this analysis, we are able to determine and compare the phenolic 

compositions of hickory, mesquite, pecan and apple wood flavors of liquid smoke.      

 

 Materials and methods 

4.2.1 Chemicals 

Catechol, guaiacol, syringol, potassium hydrogenphosphate (KH2PO4), and Gibb’s reagent 

were obtained from commercial sources, and used as received.  Methanol solvent was “Reagent 

Grade” and used without further purification.   

4.2.2 Samples 

The liquid smoke samples were Colgin-brand liquid smoke, purchased as a “Colgin 

Assorted Liquid Smoke Gift Box 4.0 oz,” (Figure 4.1) and used as received. It contains four 

different flavored liquid smokes – Hickory, Mesquite, Pecan, and Apple. Liquid smokes were used 

without any modification.      
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Figure 4.1. Commercially available four different flavored Colgin Assorted Liquid Smoke was 

examined in this work. The four different flavors are – (from left to right) Hickory, Mesquite, 

Apple and Pecan.   

4.2.3 Analysis of Liquid Smoke 

Analysis of liquid smoke was carried out by a small modification of previously described 

method (Chapter 3).37-39 In brief, 2 mL corresponding liquid sample was taken in 8 mL deionized 

water. 87 mg (0.5 mmol) of K2HPO4 was added into it. 50 µL of 10 mmol/L of 5,6,7,8-tetrahydro-

1-napthol was added into the solution as an internal standard. 5.0 mL methanol having 500 µL of 

100 mmol/L Gibbs solution was prepared separately. These two solutions were mixed together 

and stirred at room temperature for 5 minutes. After the reaction time, 100 μL of the solution was 

diluted to 2.0 mL in water-methanol solution (1:1), for ESI-MS analysis. Control experiments were 

done in each condition and the calculations for the compounds were done by subtracting 

corresponding values of the control from the liquid smoke sample experiments. The structures of 

phenol compounds were confirmed by MS/MS and MS3 experiments and compared, if needed, 

with authenticate samples of corresponding compounds. 10 mL liquid smoke was taken for apple 

flavored Colgin Liquid Smoke to improve the signal intensity.   
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4.2.4 Calibration Curve 

Calibration solutions were created by mixing 5 mL of a solution of Gibb’s reagent in 

methanol (80 mmol/L) with 10 mL of an aqueous solution of potassium phosphate dibasic solution 

(50 mmol/L) that contains 30 µL (60 mmol/L) of 5,6,7,8-tetrahydro-1-napthole as internal standard.  

Specific volumes of methanol solutions of catechol, guaiacol, or syringol are added to get to the 

desired concentrations of those substrates. After mixing, the solutions were stirred at room 

temperature for the 5 minutes. 25 μL of the reaction mixture was diluted to 2 mL in water-methanol 

solution (1:1) for ESI-MS analysis. The concentration of 5,6,7,8-tetrahydro-1-napthol in the initial 

solution was chosen so to obtain a concentration of 0.20 mg/L (1.50 μmol/L) in the final 

(electrosprayed) solution. Similarly, the concentration of phenols in the initial solution was chosen 

so to obtain a distribution of concentrations of the analytes.  

4.2.5  Spectra collection 

Electrospray ionization mass spectra were obtained on a commercial LCQ-DECA (Thermo 

Electron Corporation, San Jose, CA, USA) quadrupole ion trap mass spectrometer, equipped with 

electrospray ionization (ESI) source. Substrate solutions in a methanol:water mixture (1:1) and 

introduced into the source directly at a flow rate of 5 μL/min. Electrospray and ion focusing 

conditions were varied so that maximize the signal of the ion of interest.  

4.2.6 Spectral analysis 

One important advantage of using the Gibbs reagent for derivatization is that the chlorine 

atoms make products containing the Gibbs reagent readily detectable by the isotopic pattern.  

Therefore, the spectra are deconvoluted using the isotope pattern for ions containing two chlorine 

atoms (1:0.648:0.105) to eliminate the peaks that cannot contain the Gibbs reagent, as described 
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previously.  It is this ability to specifically detect phenoxides and eliminate non-Gibbs products 

that makes the Gibbs approach preferable to simple ESI-MS of the mixture. 

 Results  

Guillen and co-workers reported GC-MS analyses of liquid smokes from a variety of 

sources, including  aqueous liquid smokes from Vitis vinifera L shoot and Fagus sylvatica L 

wood,27 aqueous smoke from Thymus vulgaris L plant,40 liquid smoke flavoring obtained from 

Salvia lavandulifolia,34 and aqueous oak smoke.33 They  found a wide range of phenolic 

components such as phenol, methoxyphenols, dimethoxypheols, along with other types of 

compounds.14, 27, 33, 34, 40 Similar compounds have been identified in subsequent studies by other 

groups.20, 30 Generally, notable compounds present in liquid smokes include catechol, guaiacol, 

and syringol and their derivatives. In our previous study, we introduced the possibility of analysis 

of phenols in Hickory and Mesquite liquid smokes (Chapter 3).37 In this work, we are 

quantitatively analyze phenol derivatives in commercial liquid smokes.  

4.3.1 Identification of the phenols in liquid smokes 

For the identification of major phenols, we started with colgin® Natural Hickory Liquid 

Smoke. Figure 4.2a and 4.2b show the full mass spectra and deconvoluted mass spectra when it 

reacts with Gibbs reagent having an internal standard (at m/z 320 due to THN, discussed below). 

In addition to internal standard peak, the most noteworthy Gibbs products at m/z 282, 296, and 

326, which are corresponding to the indophenols formed from isomer of dihydroxybenzene, 

methoxyphenol, and dimethoxyphenol, respectively. There are other peaks under 10% of the base 

peak and we did not consider them for the analysis as not only due formation of minor products 

compares to the major indophenols but they also difficult to separate since the liquid smoke 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Guill%C3%A9n%2C+Mar%C3%ADa+D
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contains hundreds of pyrolysis compounds.40 In this work, we have focused on the analysis of the 

most significant product at m/z 282, 296 and 326, and do not consider the other products function.  

The detail studies of initially mentioned indophenol peaks were studied, and the structure 

of the corresponding indophenols was determined by examining their tandem mass spectrometry 

and comparing them with those from authentic samples. For instance, dihydroxybenzene has three 

isomers – ortho-, meta-, and para- and they react with Gibbs reagent to form indophenols.  

 

Figure 4.2. Full MS (top) and deconvoluted MS (bottom) of the Gibbs product of Hickory liquid 

some. 

Figure 4.3 shows full MS and deconvoluted MS of indophenols formed when isomer of 

dihydroxybenzene react with Gibbs reagent. All three isomers form dominantly indophenol at m/z 

282 in 5 minute reaction (Figure 4.3a – 4.3c). However, unlike catechol, additional peaks are 

observed for other two isomers. For instance, resorcinol gives many more indistinguishable 

products and hydroquinone forms additional but small peaks at m/z 312. In both cases, peak at m/z 

349 forms due to the formation of dimer of Gibbs reagent. Moreover, unlike other isomers, 
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hydroquinone gives indophenol at m/z 266 which forms by substituting at para-position in longer 

reaction time (Figure 4.3d).  

 

Figure 4.3. Full MS (top) and deconvoluted MS (bottom) of catechol, resorcinol, and 

hydroquinone, respectively. At 5 minute reaction hydroquinone gives peak at m/z 266, whereas it 

gives an additional peak at m/z 266 in longer reaction time. 

The identification of between isomers was done by tandem mass spectroscopy. Figure 4.4 

shows the tandem mass spectra of m/z 280 and 246 of Hickory and three isomers of 

dihydroxybenzene. MS/MS at 40% CID energy of 280 from catechol gives fragment ions more 

than 5% intensity of the base peak at m/z 218, 246, 254, and 282, whereas resorcinol gives at m/z 

246, 267, 282 and hydroquinone forms at m/z 210, 218, 226, 238, 242, 246, 253, 254, 264, 266, 

267, 282. Thus, the formation of m/z 267 may confirm the presence of resorcinol, whereas 

hydroquinone has its characteristic fragment peaks at m/z 210, 226, 238, 242, 253, 264, and 266. 

Since these distinctive peaks are low in intensity, we may use MS/MS/MS to distinguish between 

isomers. MS3 peaks at 40% CID energy from m/z 246 are at m/z 182, 200, 210, 218, and 246 for 

catechol, m/z 210, 217, 218, 246247, and 325 for resorcinol, and m/z 210, 218 and 246 from 

hydroquinone. Here we can use m/z 182 for distinguishing indophenol form catechol than from 

other two isomers. Figure 4.4a1 and 4.4a2 are the MS/MS and MS3, respectively, of m/z 280 and 
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246 at similar condition. MS/MS gives fragments at m/z 218, 246, 282 and MS3 gives at 210, 218, 

246. These fragment ions match with those from catechol though the m/z 254 peak has intensity 

lower than 5% of the base peak. All the results are listed in Table 4.1.  

 

Figure 4.4. MS/MS of m/z 282 of indophenol from Hickory, ortho-, meta-, and para-

hydroxyphenol, respectively, with CID energy of 45%.  

The peak at m/z 296 is assigned to methoxyphenol. Figure 4.5 shows full MS and 

deconvoluted MS of the indophenol reaction formed by guaiacol (Figure 4.5a1 and 4.5a2), 3-

methoxyphenol (Figure 4.5b1 and 4.5b2), and 4-methoxyphenol (Figure 4.5c1 and 4.5c2). m/z 296 

product is formed by both 2-methoxyphenol and 3-methoxypehnol, whereas 4-methoxyphenol 

gives peak at m/z 266 and 388. The latter peak results from and additional adduct for the para-

isomer (Chapter 3 and Chapter 7)37 and indicates the presence of 4-methoxyphenol in the mixture. 
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The spectra from Hickory liquid smoke does not have any peak at m/z 388, indicating the absence 

of 4-methoxyphenol.     

 

Figure 4.5. (From left to right) Full MS (top) and deconvoluted MS (bottom) of ortho-, meta-, 

and para-methoxyphenol, respectively. All of them give indophenol peak at m/z 296. In 

addition, p-methoxy phenol gives a characteristic peak among these isomers at m/z 388. 

Indophenols forms at m/z 296 from Hickory liquid smoke and two methoxyphenol isomers 

are showing in Figure 4.6. CID having 32% energy is used in each case. Tandem mass of this ion 

from Hickory gives ions at m/z 296 and 281 with more than 5% intensity of the base peak. There 

are couple of peaks at m/z 158, 196, and 223 and 268 though their intensity is lower than 5%. 

Among the isomers, only ortho- gave fragment ions similar to what we have from Hickory. In 

addition of these peaks, meta-isomers gave additional fragment at m/z 122 Daltons. These results 

are summarized in Table 4.1. Thus, we presumably identified m/z 296 of Hickory due to the 

presence of o-methoxyphenol because of the absence of fragment at m/z 122 though we could not 

identify the formation of peaks at m/z 158, 196, and 223 and 268. 
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Figure 4.6. MS/MS of m/z 296 of indophenols formed by Hickory liquid smoke, o-, and m-

methoxyphenol. CID energy of 32% is used for all experiments. m-isomer can be distinguished 

by the appearance of daughter ion at m/z 122.  

The product at m/z 326 in Hickory liquid smoke is assigned to dimetoxyphenol. Figure 4.7 

shows the full MS and deconvoluted MS of 2,6-dimethoxyphenol (a1 and a2), 2,3-

dimethoxyphenol (b1 and b2), 2,5-dimethoxyphenol (c1 and c2), and 3,5-dimethoxyphenol (d1 

and d2). All of them gave indophenols spectra at m/z 326 as base peak when reacted with the Gibbs 

reagent. In addition, there are few more minor peaks which were not important for this work.  
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Figure 4.7. Full MS (top) and deconvoluted MS (bottom) of 2,6-, 2,3-, and 2,5-dimethoxyphenol, 

respectively. 

Indophenol formation reactions for other two isomers, 2,4- and 3,4- dimethoxyphenols, are 

snow in Figure 4.8. In both cases, we observed complex reaction patterns. Both of them forms 

indophenols at m/z 296 by substituting at para-position and condensation product (CP) at m/z 488 

(Chapter 7)37 along with additional peaks. The product at m/z 414 from 3,4-dimethoxyphenol 

(Figure 4.9b1 and 4.9b2) is unknown and this could be due to the side reaction. In addition, we 

found minor indophenol m/z 326 only from the later isomer. The could be due to the ortho-

substitution. In both cases, these phenols gave characteristics peaks at m/z 448 Daltons. Thus, the 

formation of this peak tells us about the presence of either of these two phenols. The spectra of 

Hickory liquid smoke do not contain a peak at m/z 488, indicating it does not have these 

compounds.   
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Figure 4.8. Full MS (top) and deconvoluted MS (bottom) of 2,4-, and 3,4-dimethoxyphenol, 

respectively. 

By tandem mass spectrometry, it could be possible to distinguish between indophenols 

(m/z 326) formed by any of the other four dimethyxphenols. Figure 4.9 shows results of MS/MS 

and MS3 experiments of this indophenols at 35% and 30% collision energy, respectively. In all 

cases, we only considered peaks having intensity more than 5% of the base peak of corresponding 

experiment. 2,6- and 2,5-dimethoxyphenol gave product ions at m/z 326 and m/z 311 with 35% 

collision energy (Figure 5.9b1 and 5.9d1, respectively), whereas 2,3- and 3,5-dimethoxyphenol 

gave additional fragments at m/z 296 for the 2,3-isomer and m/z152, and m/z 283 for the 3,5-

isomer (Figure 5.9c1 and 5.9e1). MS3 experiments helped to distinguish individual phenol from 

these pairs. For example, MS3 of 2,6-isomer gave fragments at 232, 260, 268, 283 and 296 Daltons 

(Figure 5.9b2). On the other hand, 189, 260, 268, 280, 282, 296 and 310 Daltons fragments were 

found when doing MS3 in the case of 2,5-dimethoxyphenol (Figure 5.9d2). Similarly, the 2,3- and 

3,5-isomers were characterized by their MS/MS/MS signals. For instance, considering only more 

than 5% intensity of the base peak, 2,3-isomer gave a peak only at m/z 296, but with similar 
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conditions the 3,5-isomer gave a peak at m/z 283 and 310. Though both of them gave additional 

peaks at m/z 275 and 310 for the first case and m/z 268, 275 and 295 for later case, their intensities 

are less than 5% of the corresponding base peaks. These results are listed in Table 4.1. Thus, the 

isomers can be identified by using MS/MS and MS3 experiments.  

MS/MS and MS3 in the case of Hickory gives ions at m/z 311 and 326 in MS/MS and m/z 

232, 260, 268, 283, 296 and 311 in MS3 experiments, respectively (Figure 4.9a1 and 4.9a2, 

respectively). The formation of m/z 311 upon CID is the result from methyl loss, which is the most 

common fragment pathway upon dissociation for all of the isomers. But, the MS3 spectrum has 

characteristic peaks (m/z 232, 260, 268, 283, 296 and 311), with intensities that match those for 

the 2,6-dimethoxy isomer. In contrast, all other isomers give their distinguishable peaks in similar 

condition. For example, 2,3-dimethoxyphenol gives peak at m/z 296 in MS/MS experiment, 2,5-

dimethoxyphenol gives 189, 280, 282, and 310 in MS3 experiment, and finally, 3,5-

dimethoxyphenol gives peak at m/z 152 in its MS/MS experiment. Thus, comparing with all 

MS/MS and MS3 results we conclude the presence of syringol in Hickory liquid smoke as the 

results fairly match with only from this isomer.   
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Figure 4.9. (From top to bottom) MS/MS (left) and MS/MS/MS (right) of indophenols formed 

from m/z 326 from Hickory, 2,6-, 2,3-, 2,5-, and 3,5-dimethoxyphenols, respectively. The 

collision energy for MS/MS is 35% and for MS3 is of 30%. 

The other three liquid smokes were analyzed in the similar way. In case of apple wood 

analysis, 8 mL liquid smoke was taken for a 15 mL reaction mixture to improve signal intensity, 

whereas all other three cases only 2 mL sample was taken for same volume of reaction mixture. 

Figure 4.10 shows the full MS and deconvoluted MS of Mesquite (Figure 4.10a1 and 4.10a2), 
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Pecan (Figure 4.10b1 and 4.10b2), and Apple (Figure 4.10c1 and 4.10c2) liquid smokes having 

internal standard (THN, m/z 320). After deconvolution, we have significant peaks at m/z 282, 296 

and 326. All other peaks have intensity of bellow 10% compare to the base peaks of the 

corresponding spectrum and unanalyzed as those are insignificant in this work. 

 

Figure 4.10. (From left to right) Full MS and deconvoluted MS of Mesquite, Pecan, and Apple 

liquid smokes, respectively. 

Peaks of these liquid smokes also identified by comparing fragment ions with from 

authentic samples as before. In brief, Figure 4.11 shows MS2 and MS3 of m/z 282 from these three 

different liquid smokes and, as before, we are considering peaks having intensity more than 5% of 

the base peak of the corresponding spectra. All three samples give peaks at m/z 246, 282 in MS2 

and 182, 210, 218, 246 in MS3. In addition, Pecan and Apple have fragment ions at m/z 218 in 

MS2 experiment. We have found exactly same fragments in authentic indophenol from catechol 

experiment and other tow isomers gives different fragment ions. In addition of these ions, catechol 

gave more ions (m/z 218, 254 in MS2 and m/z 200 in MS3) over 5% intensity. We had similar 

fragments in the liquid smoke samples though the intensities were lower than our threshold limit. 
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Based on the above findings, we can conclude the presence of catechol in all analyzed liquid 

smokes as all of them were missing all characteristic fragments for resorcinol and hydroquinone.  

 

Figure 4.11. (From top to bottom) MS/MS (left) of m/z 282 (right) of Mesquite, Pecan, and 

Apple liquid smokes, respectively, at CID energy of 32%. 

Figure 4.12 shows the 32% energy CID fragment ions from m/z 296 of Mesquite, Pecan, 

and Apple liquid smokes. All of them give ions at m/z 260, 281, 296 above our threshold level 

(Apple gives additional peak at m/z 268) along with more fragments with less than 5% intensity. 

The low intensity ions could form from the fragmentation of other untreated phenolic compounds. 

However, in all cases we did not see characteristic ion (m/z 122) for 3-methoxyphenol. Also, 

indophenol having m/z 388 Dalton is missing in the full MS and deconvoluted MS, which forms 

from 4-methoxyphenol. Thus, the formation of indophenol at m/z 296 in these three liquid smokes 

is due to the presence of guaiacol.    
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Figure 4.12. (Top to bottom) MS/MS of m/z 296 of Mesquite, Pecan, and Apple liquid smokes, 

respectively, at CID energy of 32%.  

Similarly, MS2 and MS3 of m/z 326 from these three liquid smokes are showing in Figure 

4.13. m/z 311, 326 ions are formed in by each of these liquid smoke in their MS2 experiment with 

35% energy and m/z 232, 260, 268, 283, 296, and 311 ions formed in MS3 with 30% energy. These 

fragmentation ions match exactly with what we had from the similar experiment of 2,6-

dimethoxyphenol or syringol. In addition, the characteristic fragments for all other dimethoxy 

isomers are missing for the liquid smokes (m/z 296 in MS2 for 2,3-dimethoxyphenol, m/z 189, 280, 

282, 310 in MS3 of 2,5-dimethoxyphenol, and m/z 152 and 283 in MS2 of 3,5-dimethoxyphenol). 

Finally, we did not see any formation of indophenols having m/z 488 which rules out the presence 

of para-substituted dimethoxyphenol. Thus, in all of them the peak at m/z 326 is due to the 

presence of indophenols formed by syringol.  
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Figure 4.13. (From top to bottom) MS/MS (left) and MS3 (right) of indophenols formed at m/z 

326 from Mesquite, Pecan, and apple liquid smokes, respectively.  
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Table 4.1. Tandem mass spectrometry of indophenols formed from the reaction of Gibbs reagent 

and dihydroxybenzene, methoxyphenol, and dimethoxyphenol isomers, and four different 

flavours of liquid smoke. CID fragmentation (peaks with intensity of more than 5% of the base 

peak). 

Reactant ion 

(m/z) 
CID energy (%) Fragment ions (m/z) 

 Catechol  

282 40 218, 246, 254, 282 

246 40 182, 200, 210, 218, 246 

 Resorcinol  

282 40 246, 267, 282 

246 40 210, 217, 218, 246247, 325 

 1,4-dihydroxybenzene  

282 40 210, 218, 226, 238, 242, 246, 253, 254, 264, 266, 267, 282 

246 40 210, 218, 246 

 2-Methoxyphenol   

296 32 281, 296 

 3-Methoxyphenol  

296 32 122, 281, 296 

 2,6-dimethoxyphenol  

326 35 311, 326 

311 30 232, 260, 268, 283, 296, 311 

 2,3-dimethoxyphenol  

326 35 296, 311, 326 

311 30 296 

 2,5-dimethoxyphenol  

326 35 311, 326 

311 30 189, 260, 268, 280, 282, 296, 310, 311 

 3,5-dimethoxyphenol  

326 35 152, 283, 311, 326 

311 30 283, 310 

 Hickory  

282 40 218, 246, 282 

246 40 210, 218, 246 

296 32 281, 296 

326 35 311, 326 

311 30 232, 260, 268, 283, 296, 311 

 Mesquite  

282 40 246, 282 

246 40 182, 210, 218, 246 

296 32 260, 281, 296 

326 35 311, 326 

311 30 232, 260, 268, 283, 296, 311 
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Table 4.1 continued 

 Pecan  

280 40 218, 246, 282 

246 40 182, 210, 218, 246 

296 32 260, 281, 296 

326 35 311, 326 

311 30 232, 260, 268, 283, 296, 311 

 Apple  

282 40 218, 246, 282 

246 40 182, 210, 218, 246 

296 32 260, 268, 281, 296 

326 35 311, 326 

311 30 232, 260, 268, 283, 296, 311 

4.3.2 Internal standard for the analysis 

To quantify the concentration of phenols, we include an internal standard in the analysis.  

Though may have a variety of possibility as an internal standard, we started with the phenol (1), 

1-naphthol (2) and 5,6,7,8-tetrahydro-1-napthol (THN) (3) as it reacts with Gibbs reagent with 

about the same efficiency as do guaiacol and syringol, and the indophenol product has a mass that 

is adequately distinct from those of the substrates so to avoid any signal overlap. Figure 4.14 shows 

the full mass spectrum (4.14a) and deconvoluted mass spectrum (4.14b) of the Gibbs product from 

equimolar of these three compounds. Phenols forms indophenol at m/z 266, whereas indophenols 

from 1-naphthol and 5,6,7,8-tetrahydro-1-napthol give peak at m/z 316 and 320, respectively. 

Though the reaction was carried out with an equimolar mixture of these three compounds, THN 

gives more intense (i.e., more sensitive) peak compare to other two and does not overlap with the 

analyte peaks. Thus, it was used as internal standard in this work.    
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Figure 4.14. ESI mass spectra of products of phenol, 1-napthol, and 5,6,7,8-tetrahydro-1-napthol 

(THN) reaction with Gibbs reagent. a) phenol, 1-napthol, and 5,6,7,8-tetrahydro-1-napthol and 

Gibbs reagent mixture in buffer after 5 minutes; b) mixture mass spectrum deconvoluted for the 

2-chlorine isotope pattern. 

4.3.3 Preparation of calibration curves 

After selecting THN as an internal standard, we examined concentration range from 0.1 

mg/L to 1 mg/L to find out optimum concentration given the expected substrate concentration in 

the liquid smoke analysis and found that 0.20 mg/L (1.5 µmol/L) final concentration 

(electrosprayed) gives optimum signal for the analysis of these four liquid smoke samples. Thus, 

this is the concentration that was used for making calibration curves and for analysis of liquid 

smoke samples.  

To create the calibration curves, the ratio of the intensities of the M peak for the Gibbs 

product of the phenol analyte and the m/z 320 signal of the Gibbs product of the internal 

standard after 5 minutes of reaction is plotted against the known concentration of the analyte. For 

example, Figure 4.15a shows the calibration curve for catechol, obtained by plotting 
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I(m/z282)/I(m/z320) vs catechol concentration. The plot of the ratio of catechol Gibbs product to 

the internal standard Gibbs product is essentially linear (r2 = 0.99) over the range of catechol 

concentration from 1.65 – 5.50 mg/L. Similarly, calibration curves for guaiacol and syringol 

have been found by plotting the ratios, I(m/z 296)/I(m/z 320) and I(m/z 326)/I(m/z 320), 

respectively vs concentration, as shown in Figures 4.3b and 4.3c. Again, the plots are essentially 

linear, with r2 values > 0.99, over the analyte concentration ranges of approximately 0.10 – 2.00 

mg/L. 

 

Figure 4.15. Calibration plots for Gibbs product formation compared to the internal standard for 

a) catechol, b) guaiacol and c) syringol obtained 5 minutes after mixing with the Gibbs reagent.  

The internal standard, 5,6,7,8-tetrahydro-1-napthol, s present at a concentration of 0.20 mg/L. 

4.3.4 Limit of detection (LOD) and limit of quantification (LOQ) 

The limit of detection (LOD) and limit of quantification (LOQ) of catechol, guaiacol, and 

syringol were determined as following equations, respectively 

𝐿𝑂𝐷 =
3.3 × 𝜎

𝑆
 

𝐿𝑂𝑄 =
10 × 𝜎

𝑆
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Table 4.2. Limit of detection (LOD) and limit of quantification (LOQ) of catechol, guaiacol, and 

syringol. 

Compound LOD (mg/L) LOQ (mg/L) 

Catechol 0.51 1.54 

Guaiacol 0.11 0.33 

Syringol 0.06 0.20 

 

where σ is the standard deviation of the calibration curve and S is the slope of the curve.41, 42 The 

LOD and LOQ of catechol, guaiacol, an dsyringol with 95% confidence limit was calculated. Table 

4.2 shows the findings of these compounds. Here, we can quantify as low as 1.54 mg/L of catechol, 

0.33 mg/L of guaiacol, and 0.20 mg/L of syringol, respectively. As shown in Table 4.2, the limits 

of detection by this using method are all below 1 mg/L. The difference between the detection limits 

for catechol vs guaiacol and syringol can be attributed to the difference in reactivity due to the 

presence of the stronger electron donating groups for guaiacol and syringol (Chapter 3).37  

4.3.5 Quantification of Colgin Natural Liquid Smoke 

Given the calibration curves shown in Figure 4.15, we can quantify the concentrations of 

the three analytes in a mixture, and our first analysis was applied to commercially available liquid 

smoke.   
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Figure 4.16. Deconvoluted ESI-mass spectra of Gibbs product obtained from Hickory (a), 

Mesquite (b), Pecan (c) and Apple (d) flavored “colgin® All Natural” liquid smokes obtained by 

mixing 0.2 mg/L (1.5 µmol/L) 5,6,7,8-tetrahydro-1-napthol as internal standard.  

We have examined four different flavors of colgin® Natural Liqud Smoke (‘Hickory’, 

‘Mesquite’, ‘Pecan’, and ‘Apple’). The deconvoluted ESI mass spectra of the samples containing 

added internal standard, after mixing with the Gibbs reagent, are showing in Figure 4.16. For all 

four samples, the significant peaks are observed at m/z 282, m/z 296, m/z 326 and m/z 320, which 

correspond to the Gibbs reaction products for catechol, guaiacol, syringol and THN, respectively.  

Differences among the intensities of the analyte peaks, relative to the intensity of that for THN, 

reflect differences in the phenolic composition of the different flavors of liquid smoke.  For 

example, based on the ratios of m/z 282 to m/z 320, it can be seen that the hickory flavored liquid 

smoke has approximately twice as much catechol as the mesquite flavor.  Similarly, the pecan 

flavor has much higher concentration of syringol, and slightly more guaiacol.  The relative 

intensities of the applewood smoke suggest relatively more catechol.  However, in this case the 

difference arises from the fact that four times as much analyte was required to obtain the signal 
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(while the concentration of internal standard was held constant).  Therefore, compared to the other 

three samples, the relative ratios to the internal standard are 4 times smaller. 

The absolute concentrations of the three phenols can be obtained by using the calibration 

curves in Figure 4.15, and the results are listed in Table 4.3, and are the average of 5 measurements.  

Table 4.3. Concentration of catechol, guaiacol, and syringol in mg/L in four different flavored 

colgin® liquid some.     

Compound Pecan Apple Hickory Mesquite 

Catechol 2772.68 

(83.69) 

1486.47 

(45.13) 

3444.20 

(140.81) 

6728.43 

(168.70) 

Guaiacol 71.94 

(2.68) 

3.651 

(0.17) 

23.03 

(2.65) 

61.67  

(3.55) 

Syringol 209.42  

(8.96) 

20.90 

(0.64) 

91.42 

(5.02) 

94.78 

(5.51) 

 

The results show that catechol is the most abundant of the phenols in all four varieties, with 

concentrations on the order of multiple grams/liter. The other phenols are present in much lower 

concentrations (milligram/liter).   

Reflecting the spectra in Figure 4.16, the mesquite flavor has the highest catechol 

concentration, of more than 6 g/L, whereas the pecan flavor has the greatest concentration of 

guaiacol and syringol.  Applewood has the lowest concentrations for all of the phenolic 

components. 

A comparison of the results is shown in the graph in Figure 4.17. The graph clearly shows 

the dramatic difference in the phenolic composition of the applewood flavored liquid smoke.  

Overall, mesquite has the highest total phenolic content, due to the large amount of catechol. In 

comparing flavors, mesquite has more catechol and guaiacol than hickory, but about the same 

amount of syringol. Pecan and mesquite have nearly the same amount of guaiacol, but pecan has 
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much more syringol and less catechol.  Finally, hickory and pecan wood flavors have differences 

in all three phenols. 

 

Figure 4.17. Comparision of the concentrations of catechol (black), guaiacol (red), and syringol 

(green) in mg/L in hickory, mesquite, pecan and apple flavored “Colgon All Natural” liquid 

smoke. For the better comparison, the concentration of guaiacol and syringol makes fifty times in 

the bar-chart. 

 Discussion 

Different research groups reported the presence of high concentration of these three phenol 

derivatives in variety of commercial liquid smoke samples. Among them, Soldera and coworker 

reported their findings in twelve unknown commercial liquid smokes. She also found that catechol, 

guaiacol, and syringol were in the top three phenols in those sample.29 To our knowledge, no work 

has been published of colgin® Natural Liquid Smoke flavored so far. Thus, it may not be an ideal 

comparison with the published data. Nonetheless, the catechol concentration of pecan (2772.68 ± 

83.68 mg/L) and hickory (3444.20 ± 140.81 mg/L) flavored sample are close to that concentration 
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of sample S2 (3620 ± 55 mg/L); apple flavored (1486.47 ± 45.13 mg/L) has same of sample S1 

(1326 ± 224 mg/L). Only the mesquite flavored (6728.43 ± 168.70 mg/L) has at least double the 

amount of catechol than the highest amount in those twelve sample. However, Guillen, et al, 

reported no presence of catechol in the dichloromethane extracted part of Salvia lavandulifolia 

flavored liquid smoke.34  

The syringol concentration of all four different flavored liquid smoke is lower than their 

reported values except S8 and S12 samples. The big difference in the amount of guaiacol. All of 

our guaiacol findings are one-third or lower than reported by Soldera, et al.29  

 Conclusion  

While conventional time consuming solvent extraction and spectroscopy has been used for 

the detection and quantification of phenol derivatives in liquid smoke, the use of the Gibbs reagent 

gives us indophenol when reacts with phenols followed by mass spectroscopic detection. In 

addition, the advantage of using deconvolution of mass spectra removes spectra contains only two 

chlorine atoms and removes all other spectra. Finally, using internal standard we generate 

calibration curves for the mostly present phenolic compounds, which is using to quantify phenolic 

compounds in the liquid smoke.  
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 HOW SMOKEY THE WHISKEY IS: A QUANTITATIVE 

APPROACH ON CHEMISTRY ASPECT  

 Introduction 

Phenolic compounds are a significant part of the aroma of foodstuffs and alcoholic 

beverages. For instance, it is known that the presence of phenolic compounds is high in roasted 

and smoked products.1-3 Alcoholic beverages, beers, wines, and matured, distilled spirits also 

contain those type of compounds.4, 5 In particular, phenolic compounds are partly responsible for 

the aroma and the smokiness in Scotch whiskies.1 The phenolic compounds in whiskies originate 

from various sources including yeast. During fermentation a great number of different compounds 

of this type are synthesized by the yeast or are formed as cleavage products.6, 7 The formation of 

these phenolic is influenced by the kind of yeast and the fermentation temperature,  which effects 

the taste and flavor of the final product, whiskey. Another profound effect on the aroma and taste 

of alcoholic beverages is the distillation in the second production stage. The new compounds 

formed during distillation and the pyrolysis steps have their own individual effects on the aroma.6 

A third important factor that can modify the aroma is maturing. Some new aroma compounds are 

formed and others are consumed in chemical reactions during the ageing process.8-10 The notable 

phenolic compounds produced in the above mentioned steps are phenol, cresol, guaiacol, syringol, 

and eugenol1, 6, 11-15 and the concentration of these species  is between 2 ppm to 54 ppm in total. 

The source of particularly strong, smokey and bitter flavors and aromas found within whiskey 

depends on the type of phenols present and their amount.  

Several methods have been used for the determination and quantification of phenols in 

whiskies. Masuda, et al. used column and paper chromatography, ultraviolet absorption 

spectroscopy, and gas chromatography to analyze phenolic aromatic hydrocarbons in different 
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commercial whiskies.16 Later on, a few articles were reported on the analysis of whiskey and wine 

samples by HPLC using a reversed phase C18 column, and phenols were monitored over a range 

of wavelengths from 250 to 390 nm.17, 18 A couple of the limitations of detecting phenols by using 

this approach is the short absorption range for hundreds of compounds, and the absorption peaks 

are not very sensitive to substituent groups and isomers of phenol.19, 20 In addition, although HPLC 

is useful for determining phenols it requires a lot of time, money, effort, and equipment. Thus, it 

may not be an efficient technique in the quality control to processed a large quantity of product 

samples quickly.21, 22 Another requirement of this technique is to have an enormous number of 

standards to compare with, and it needs a separation step.23 On the other hand, LC-MS has been 

used for the analysis of phenolic compounds in whiskey for many years.24-26 For instance,  

atmospheric-pressure photoionization (APPI) LC-MS was used to analyzed different components, 

including phenols, in whiskey to avoid using ionization by ESI and APCI of relatively nonpolar 

compounds.24 In addition, Heller, et al. reported using capillary electrophoresis along with LC-MS 

to study phenolic aldehydes in a whiskey sample.27  

Chromatography is commonly used with derivatization techniques to separate free phenols 

from their isomers. In addition, derivatization of phenols also has an improved sensitivity in 

detection. For instance, Lehtonen used gas chromatography-mass spectroscopy (GC-MS) to 

analyze phenols in whiskies after derivatization by 2,4-dinitrophenyl to ethers.1, 28 Detection of 

phenols by derivatization with 2,6-dicholor- or diboromo-4-(chloroimino)cyclohexa-2,5-dien-1-

one (Gibbs reagent) to indophenol (eq. 5.1) has been known as a standard technique for a long 

time.29-32 An important feature of the formation of indophenols is the robust color and, thus, it is a 

common practice to use spectrophotometry to analyze phenols.21, 33-46 Though spectrophotometry 

has been used to detect Gibbs products, it carries a major limitation – the absorption peak is not 
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very sensitive to substitution of phenol. Thus, it may not be capable of distinguishing between 

individual substituted phenols.21, 22 Therefore, an additional separation step is required for the 

detection of specific phenol derivatives. However, we may improve the specificity of the Gibbs 

product by using mass spectrometry (MS) (Chapter 3).23       

 

Herein, we describe the detection the Gibbs product of in four different commercial Scotch 

whiskies containing phenols by using simple electrospray-ionization mass spectrometry (ESI-MS). 

ESI-MS is useful due to the natural anionic characteristics of indophenols. In addition, the great 

advantage of using MS for the detection of indophenols is that it readily distinguishes between 

different types of substituted phenols. In this work, we report ESI-MS for indophenols obtained in 

the Gibbs reaction of simple substituted phenol from Tomintoul, Johnnie Walker, Laphroaig, and 

Gordo Graham’s whiskies and show the quantity of the mostly present components and their effect 

on taste, flavor, and aroma. The approach of using the Gibbs reagent to form indophenols from 

phenols in whiskies provides an alternative to previously reported derivatization methods, such as 

ether from phenols in whiskies,1, 6, 28 acetylation of the phenols in water sample47 or conversion to 

the imidazolium ether of phenols in jet fuel.48 Addition of an internal standard, 5,6,7,8-tetrahydro-

1-napthol (THN), concentrations of the mainly present phenols in the whiskies are readily obtained. 

In addition, an important advantage of this approach is that because it has characteristic isotopic 

patterns, non-phenolic components can be removed by deconvolution. In this work, we report ESI-
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MS spectra for indophenols obtained from the Gibbs reaction of phenol derivatives present in four 

different commercial whiskies and show the simultaneous quantification of multiple compounds 

in them. With this analysis we are able to determine and compare the composition of phenols in 

them and their contribution in the taste, smokey, and aroma to the whiskies. 

 Materials and methods 

5.2.1 Chemicals 

o-Cresol, guaiacol, syringol, p-ethylphenol, phenol, 2-aminophenol, potassium 

hydrogenphosphate, and Gibb’s reagent were obtained from commercial sources and used as 

received. Absolute ethanol and methanol were “Reagent Grade” and used without further 

purification. Deionized water was used for the experiment.   

5.2.2 Scotch Whiskey Samples 

Four different brands of scotch whiskey were purchased from local liquor store and 

analyzed as received. These are Tomintoul 10 years Scotch Whisky (The Tomintoul Distillery 

Company Ltd., Ballindalloch, Banffshire, Speyside, Scotland); Johnnie Walker Double Black 

Blended Scotch Whisky (John Walker & Sons, Kilmarnock, Scotland); Laphroaig Aged 10 Years 

Islay Single Malt Scotch Whisky (D. JOHNSTON & CO., Laphroaig Distillery, Isle of Islay, 

Scotland); and Gordon Graham’s Black Bottle Blended Scotch Whiskey (Gordon Graham & Co 

Ltd., Scotland (Figure 5.1).   
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Figure 5.1. Four different brands of whiskey: (from left to right) Tomintoul 10 years aged; 

Johnnie Walker Double Black Blended Scotch Whiskey; Laphroaig Islay Single Malt Scotch 

Whiskey, 10 years aged; and Gordon Graham’s Black Bottle Blended Scotch whiskey.  

5.2.3 Calibration Curve 

10 mmol/L of 5,6,7,8-tetrahydro-1-napthol, 500 mmol/L of Gibbs reagent (2,6-

dichloroquinone-4-chloroimide); and 20 mmol/L of each of o-cresol, guaiacol, and syringol were 

prepared in methanol as standards. Experiments were carried out by adding the required amount 

of solvent to get final solutions with the desired concentrations.  

For calibration reactions, samples were prepared by mixing 100 µL of Gibbs solution (500 

mmol/L) into 10 mL of ethanol with 10 mL of an aqueous solution of potassium phosphate dibasic 

solution (87 mg, 0.5 mmol) contains 50 µL (20 mmol/L) methanol solution of 5,6,7,8-tetrahydro-

1-napthole as internal standard and specific volume of methanol solution of any of o-cresol, 

guaiacol, or syringol to get desire concentrations of them. After mixing, the solutions were stirred 

at room temperature for the 5 minutes, after which 100 μL of the reaction mixture was diluted to 

2.0 mL in water-methanol solution (1:1) for ESI-MS analysis. The concentration of 5,6,7,8-

tetrahydro-1-napthol in the initial solution was chosen so to obtain a concentration of 0.20 mg/L 

(1.25 µmole/L) in the final (electrosprayed) solution.  Similarly, the concentration of phenols in 

the initial solution was chosen so to obtain final concentrations of 0.11, 0.22, 0.24, 0.54, and 1.10 

mg/L (1.0, 2.0, 2.25, 5.0, 10.0 mmol/L, respectively) of o-cresol; 0.03, 0.06, 0.12, 0.25, 0.62, 1.24 

mg/L (0.25, 0.50, 1.00, 2.00, 5.00, and 10.00 mmol/L, respectively) of guaiacol; and 0.04, 0.08, 
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0.15, 0.31, 0.46, and 0.77 mg/L (0.25, 0.50, 1.00, 2.00, 3.00, and 5.00 mmol/L, respectively) of 

syringol in the final concentration. The regression analysis was done in excel.  

5.2.4 Analysis of Whiskey  

The analysis of whiskey was carried out by modifying the procedure described previously 

(Chapter 3 and Chapter 4).23, 49, 50 In brief, 87 mg (0.5 mmol) of potassium phosphate dibasic was 

dissolved in 10.0 mL of the corresponding whiskey and 50 µL of 10 mmol/L of 5,6,7,8-tetrahydro-

1-napthol was added into the solution as an internal standard. In another portion of 10.0 mL of the 

same whiskey, 100 µL of 500 mmol/L Gibbs solution was added. These two solutions were mixed 

and stirred at room temperature for 5 minutes. After the specific time, 100 μL of the solution was 

diluted to 2.0 mL in water-methanol solution (1:1), for ESI-MS analysis. Control experiments were 

done in each condition and the calculations for the compounds were done by subtracting 

corresponding values of the control from the whiskey sample experiments. The structures of 

phenol compounds were confirmed by MS/MS and MS3 experiments and compared, if needed, 

with authenticate samples of corresponding compounds.  

5.2.5 Spectra collection 

Electrospray ionization mass spectra were obtained on a commercial LCQ-DECA (Thermo 

Electron Corporation, San Jose, CA, USA) quadrupole ion trap mass spectrometer, equipped with 

electrospray ionization (ESI) source. Substrate solutions in a methanol:water mixture (1:1) and 

introduced into the source directly at a flow rate of 5 μL/min. Electrospray and ion focusing 

conditions were varied so that it maximized the signal of the ion of interest.  
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5.2.6 Spectral analysis 

Important advantages of using the Gibbs reagent for derivatization are: (i) the indophenol 

product is readily ionized and (ii) it can be easily detectable by the isotopic pattern. Therefore, no 

sample preparation or purification is required for the analysis of the indophenol by ESI-MS. 

Moreover, the deconvolution of the isotopic pattern for ions containing two chlorine atoms 

(1:0.648:0.105) can eliminate the peaks that do not contain the Gibbs reagent.23  

 Results 

5.3.1 Identification of the phenols in whiskey 

We start with one of the smokiest commercial whiskeys, Laphroaig Islay Single Malt 

Scotch Whiskey (LISMSW), Aged 10 Years (third of Figure 5.1). Figure 5.2a shows the full mass 

spectra of the Gibbs product of this whiskey including internal standard at m/z 320 (due to the 

formation of indophenol from 5,6,7,8-tetrahydro-1-napthol). Figure 5.2b is the deconvoluted 

product of it. In addition to the internal standard peak (m/z 320), the most noteworthy peaks are 

m/z 280, 281, 294, 296, 326 and 329. Among these peaks, m/z 280, 296 and 326 are correspond 

to the indophenols formed from isomers of cresol, methoxyphenol, and dimethoxyphenol, 

respectively. Among the other peaks, m/z 281 and 294 could be due to the indophenols formed 

from isomer of aminophenol and ethylphenol or dimethylphenol, respectively. But we could not 

get any phenol related structure for m/z 329. In this work, we have focused on the analysis of the 

most significant product at m/z 280, 296 and 326, and do not consider the other products function.  
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Figure 5.2. Full MS (top) and deconvoluted MS (bottom) of the Gibbs product of Laphroaig 

Islay Single Malt Scotch Whiskey, Aged 10 Years. 

The peak at m/z 280 likely corresponds to the indophenol forms from cresol. The full MS 

and deconvoluted MS of indophenols from three isomers of cresol (o-, m- and p-) are shown in 

Figure 5.3. All three isomers give indophenols having m/z 280. Among these three, ortho- and 

meta-isomers form exclusively indophenols, while para-isomer gives a dominating indophenol 

peak with low signals of significant number of other products. By using deconvolution, we are 

able to get almost only m/z 280 for ortho- and meta-isomers, whereas deconvolution process could 

not eliminate all of the other peaks for p-cresol.  
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Figure 5.3. Full MS (top) and deconvoluted MS (bottom) of ortho-, meta-, and para-cresol, 

respectively. 

The MS/MS with 45% collision induced dissociation (CID) energy of m/z 280 

(indophenols) from Laphroaig and three cresol isomers are shown in Figure 5.4. and Table 5.1 lists 

the peaks equal to or above 5% of the base peak. Significant signals above that intensity of the 

base peaks from o-cresol are m/z 208, m/z 244, m/z 265 and m/z 280 (Figure 5.4b). Similarly, 

Figure 5.4c and 5.4d are from m-cresol, and p-cresol, respectively. With the same CID energy, m-

cresol gave peaks at m/z 180, 198, 202, 208, 212, 216, 243, 244, 252, 264, 265, 278 and 280 

Daltons and p-cresol gave peaks at m/z 180, 198, 202, 208, 216, 242, 243, 244, 250, 252, 264 and 

280 Daltons. Among these three isomers, only ortho-isomer fragments gave the least number of 

product ions upon dissociation. On the other hand, Figure 5.4a shows fragments of indophenol of 

m/z 280 for Laphroaig with 45% of CID energy. MS/MS of m/z 280 gave fragment ions of more 

than 5% intensity of the base peak including not only m/z 208, 244, 265, and 280. In addition, 

there is a product ion peak at m/z 180 though below 5% intensity. The presence of m/z 208, 244, 

265, and 280 product ions match with what we have from o-cresol of same experimental condition. 
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However, the presence of m/z 180 product ion implies the existence of m-cresol and/or p-cresol. 

However, in both cases, two characteristics product peak at m/z 198 and 243 (Figure 5.4c and 5.4d) 

are missing in Laphroaig spectra (Figure 5.4a, Table 5.1). For the above discussion, the can 

conclude that the Laphroaig’s peak at m/z 280 is mostly due to the formation of indophenol of o-

cresol and there could be a little (< 5%) presence of either m-cresol, p-cresol, or a mixture of both.   

 

Figure 5.4. (From top to bottom) MS/MS of m/z 280 of indophenol from Laphroaig, o-cresol, m-

cresol, p-cresol with CID energy of 45%.  
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The peak at m/z 296 is assigned to methoxyphenol. Figure 5.5a1, Figure 5.5b1, and Figure 

5.5c1 are the full MS and Figure 5.5a2, Figure 5.5b2, and Figure 5.5c2 are the corresponding 

deconvoluted MS of 2-methoxyphenol (guaiacol), 3-methoxyphenol, and 4-mehtoxyphenol, 

respectively. 2-Methoxyphenol and 3-methoxyphenol gave indophenols at m/z 296 Daltons, 

whereas 4-methoxyphenol gives peak at m/z 266 and 388. The peak at m/z 388 results from an 

additional adduct for the para-isomer (Chapter 7) and indicates the presence of p-methoxyphenol 

in the matrix. The spectrum from Laphroaig does not have any peak at m/z 388, indicating that p-

methoxyphenol is not present.    

 

Figure 5.5. (From top to bottom) Full MS (top) and deconvoluted MS (bottom) of ortho-, meta-, 

and para-methoxyphenol, respectively. The first two isomers give indophenol peak at m/z 296 

and p-methoxyphenol gives a characteristic peak among these isomers at m/z 388 along with 

another indophenol at m/z 266. 

Figure 5.6 shows the tandem mass spectrometry of m/z 296 from Laphroaig and two 

methoxyphenol isomers. CID having 32% energy is used in every case. Tandem mass of this ion 

from Laphroaig gives fragment ions at m/z 296 and 281 with more than 5% intensity of the base 
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peak. There are couple of peaks at m/z 258 and 260 though the intensity is less than 5% of the base 

peak. On the other hand, ortho-isomer gave product ions having more than 5% intensity of the 

base peak which were m/z 296 and 281 Daltons, whereas the meta- and para-isomers gave an 

additional fragment at m/z 122 Daltons. These results are summarized in Table 5.1. Though we 

could not identify the formation of peaks at m/z 258 and 260, by comparing CID ions of authentic 

methoxyphenol isomers with the fragments of m/z 296 from Laphroaig whiskey reactions, we can 

conclude the presence of guaiacol in it since it is missing peak at m/z 122.   

 

Figure 5.6. (From top to bottom) MS/MS of m/z 296 of indophenols formed by Laphroaig, o-, 

and m-methoxyphenol. CID energy of 32% is used for all experiments. m-isomer can be 

distinguished by the appearance of daughter ion at m/z 122.  

The product at m/z 326 in the Laphroaig is assigned to dimethoxyphenol. Figure 5.7 shows 

the full MS and deconvoluted MS of 2,6-dimethoxyphenol (a1 and a2, respectively), 2,3-
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dimethoxyphenol (b1 and b2, respectively), 2,5-dimethoxyphenol (c1 and c2, respectively), and 

3,5-dimethoxyphenol (d1 and d2, respectively). All of them gave indophenols spectra at m/z 326 

as base peak when reacted with the Gibbs reagent. In addition, there are few more unidentified 

small peaks.  

 

Figure 5.7. (From left to right) Full MS (top) and deconvoluted MS (bottom) of 2,6-, 2,3-, and 

2,5-dimethoxyphenol, respectively. 

In the case of other two isomers, 2,4- and 3,4- dimethoxyphenol, we observed complex 

reaction patterns (Figure 5.8). For instance, the first isomer gives mostly peak at m/z 296 and m/z 

448. However, 3,4-dimethoxyphenol gives additional products at m/z 326 and 414. In both cases, 

the base signal was m/z 296, which is believed to be the formation of indophenol by replacement 

of the methoxy group at the para-position (Chapter 7).23 Interestingly, both of these phenols also 

gave characteristics peaks at m/z 448 Daltons. Thus, the presence of this peak tells us about the 

presence of either of these two phenols. The spectrum of Laphroaig does not contain a peak at m/z 

488, indicating it does not have these compounds.  
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Figure 5.8. Full MS (top) and deconvoluted MS (bottom) of 3,5-, 2,4-, and 3,4-dimethoxyphenol, 

respectively. 

By tandem mass spectrometry, it could be possible to distinguish between indophenols 

(m/z 326) formed by any of the other four dimethoxyphenols. Figure 5.9 shows the MS/MS (with 

35% CID energy) and MS3 (with 30% CID energy) of indophenols from Laphroaig, and authentic 

samples of 2,6-, 2,3-, 2,5-, and 3,5-dimethoxyphenol. 2,6- and 2,5-dimethoxyphenol gave product 

ions at m/z 326 and m/z 311 with 35% collision energy (Figure 5.9b1 and 5.9d1, respectively), 

whereas 2,3- and 3,5-dimethoxyphenol gave additional fragments at m/z 296 for the 2,3-isomer 

and m/z152, and m/z 283 for the 3,5-isomer (Figure 5.9c1 and 5.9e1). MS3 experiments helped to 

distinguish individual phenol from these pairs. For example, MS3 of 2,6-isomer gave fragments at 

232, 260, 268, 283 and 296 Daltons (Figure 5.9b2). On the other hand, 189, 260, 268, 280, 282, 

296 and 310 Daltons fragments were found when doing MS3 in the case of 2,5-dimethoxyphenol 
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(Figure 5.9d2). Similarly, the 2,3- and 3,5-isomers were characterized by their MS/MS/MS signals. 

For instance, considering only more than 5% intensity of the base peak, 2,3-isomer gave a peak 

only at m/z 296, but with similar conditions the 3,5-isomer gave a peak at m/z 283 and 310. Though 

both of them gave additional peaks at m/z 275 and 310 for the first case and m/z 268, 275 and 295 

for later case, their intensities are less than 5% of the corresponding base peaks. These results are 

listed in Table 5.1. Thus, the isomers can be identified by using MS/MS and MS3 experiments.   

Figure 5.9a1 and 5.9a2 are the MS2 and MS3 of m/z 326 and m/z 311, respectively, from 

the indophenol formed from Laphroaig whiskey. The only product observed upon CID of m/z 326 

is m/z 311, resulting from methyl loss, and is the most common fragment pathway upon 

dissociation for all of the isomers. However, the MS3 spectrum has characteristic peaks at m/z 232, 

260, 268, 283 and 296, with intensities that match those for the 2,6-dimethoxy isomer. Although 

many similar products are observed upon MS3 of 2,5-dimethoxyphenol, the intensities in the 

Laphroaig spectra are inconsistent with what was found for that isomer. Thus, the fragmentation 

patterns from Laphroaig exactly matched with those of 2,6-dimethoxyphenol (syringol), and we 

conclude the peak at m/z 326 was due to the presence of syringol in this whiskey. 
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Figure 5.9. (From top to bottom) MS/MS (left) and MS/MS/MS (right) of indophenols formed 

from 2,6-, 2,3-, 2,5-, and 3,5-dimethoxyphenols, respectively. The collision energy for MS/MS is 

35% and for MS3 is of 30%. 
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Figure 5.10. (From left to right) Full MS (top) and deconvoluted MS (bottom) of Tomintoul 

Scotch Whiskey, Gordon Graham’s Black Bottle Blended Scotch whiskey and Johnnie Walker 

Double Black Blended Scotch Whiskey, respectively. 

The other three whiskies were analyzed by using the same approach, and the full MS and 

deconvoluted MS are shown in Figure 5.10. The Tomintoul whiskey forms significant peaks are 

m/z 281, 296, 326 and 329 (Fig. 5.10a1 and 5.10a2). Gordon Graham’s Black Bottle Blended 

Scotch Whiskey gives significant peaks at m/z 296, 326 and 329 (Figure 5.10b1 and 5.10b2). 

Finally, Johnne Walker Double Black Blended Scotch Whiskey gives peaks at m/z 281, 296, 326, 

327, and 329 (Figure 5.10c1 and 5.10c2). Among these peaks only m/z 296 and 326 were identified 

as methoxyphenol and dimethoxyphenols. Other peaks were unidentifiable due to either low signal 

intensity or could appear due to the isotopic peaks. In all three cases, internal standard gives peak 

at m/z 320.      
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Figure 5.11. (From top to bottom) MS/MS of m/z 296 of Tomintoul Scotch Whiskey, Gordon 

Graham’s Black Bottle Blended Scotch whiskey and Johnnie Walker Double Black Blended 

Scotch Whiskey, respectively, at CID energy of 32%. 

Figure 5.11 shows the CID of the whiskey indophenols at m/z 296 with 32% energy of 

other three whiskies (Figure 5.11a, 5.11b and 5.11c for Tomintoul, Gordon Graham’s Black Bottle 

Blended, and Johnnie Walker Double Black Blended Whiskey, respectively). In all cases, we got 

fragment ions peaks at m/z 281 and 296 (Table 5.1), which indicates the structure of guaiacol. 

Similarly, MS/MS of m/z 326 formed from other three whiskies are shown in Figure 5.12a1, 

5.12b1, and 5.12c1 and MS3s of m/z 311 are shown in Figure 5.12a2, 5.12b2, and 5.12c2. 

Considering more than 5% intensity of the base peak, in MS/MS and MS3 experiments all of them 

gives fragment ions at m/z 311 and 326, and 232, 260, 268, 283, 296 and 311, respectively (Table 

5.1). Thus, in all of them the peak at m/z 326 is due to the presence of indophenols formed by 

syringol.  
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Figure 5.12. (From top to bottom) MS/MS (left) and MS3 (right) of indophenols at m/z 326 from 

Tomintoul, Gordon Graham’s Black Bottle Blended, and Johnnie Walker Double Black Blended 

whiskeys, respectively.  
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Table 5.1. Tandem mass spectrometry of indophenols formed from the reaction of Gibbs reagent 

and cresol, methoxyphenol, and dimethoxyphenol isomers, and four different brands of whiskey.   

CID fragmentation (peaks with intensity of more than 5% of the base peak). 

Reactant ion (m/z) CID energy (%) Fragment ions (m/z) 

 o-Cresol  

280 45 208, 244, 265, 280 

 m-Cresol  

280 45 
180, 198, 202, 208, 212, 216, 243, 244, 252, 264, 

265, 278, 280 

 p-Cresol  

280 45 
180, 198, 202, 208, 216, 242, 243, 244, 250, 252, 

264, 280 

 2-Methoxyphenol  

296 32 281, 296 

 3-Methoxyphenol  

296 32 122, 281, 296 

 2,6-dimethoxyphenol  

326 35 311, 326 

311 30 232, 260, 268, 283, 296, 311 

 2,3-dimethoxyphenol  

326 35 296, 311, 326 

311 30 296 

 2,5-dimethoxyphenol  

326 35 311, 326 

311 30 189, 260, 268, 280, 282, 296, 310, 311 

 3,5-dimethoxyphenol  

326 35 152, 283, 311, 326 

311 30 283, 310 

 Lephroaige  

280 45 208, 244, 265, 280 

296 32 281, 296 

326 35 311, 326 

311 30 232, 260, 268, 283, 296, 311 

 Tomintoul  

296 32 281, 296 

326 35 311, 326 

311 30 232, 260, 268, 283, 296, 311 

 
Black Bottle Blended 

Scotch Whiskey 
 

296 32 281, 296 

326 35 311, 326 

311 30 232, 260, 268, 283, 296, 311 
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Table 5.1 continued 

 
Johnnie Walker Black 

Label Whiskey 
 

296 32 281, 296 

326 35 311, 326 

311 30 232, 260, 268, 283, 296, 311 

5.3.2 Preparation of calibration curves 

Using an internal standard, we made calibration curves for o-cresol, guaiacol, and syringol. 

Previously, our lab showed that 5,6,7,8-tetrahydro-1-napthol (THN) gave a better intensity in the 

Gibbs reaction (Chapter 3), so it was used as an internal standard for the quantification of 

phenols.23 Herein, we used 1.25 µmol/L or 0.2 mg/L THN for five minutes reactions to form the 

calibration curves by varying the concentration of either o-cresol, guaiacol, or syringol. Figure 

5.13a shows the calibration curve of o-cresol by plotting I (m/z 280)/I (m/z 320) vs o-cresol 

concentrations. The ratio of the o-cresol Gibbs product to the internal standard Gibbs product is 

linear (r2 = 0.99) over the range of of 0.11 – 1.40 mg/L o-cresol. Similarly, the calibration curves 

are made for guaiacol (Figure 5.13b) and syringol (Figure 5.13c) by plotting I(m/z 296)/I(m/z 320) 

vs guaiacol concentrations and I (m/z 326)/I(m/z 320) vs syringol concentrations, respectively. 

The ratios of guaiacol and syringol Gibbs products to internal standard Gibbs product are linear 

(r2 = 0.99 for guaiacol, and r2 = 0.99 for syringol) over the range of 0.29 to 1.50 mg/L for guaiacol 

and 0.04 to 1.00 mg/L for syringol concentrations.  
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Figure 5.13. Relative intensities of each of o-cresol (m/z 280) (a), guaiacol (m/z 296) (b), 

syringol (m/z 326) (c) to 5,6,7,8-tetrahydro-1-napthol (m/z 320) Gibbs products as a function of 

concentration of the compounds. The 5,6,7,8-tetrahydro-1-napthol is present at a concentration 

of 1.25 µmole/L or 0.20 mg/L. 

5.3.3 Limit of quantification (LOQ) 

The limit of detection (LOD), and limit of quantification (LOQ) of o-cresol, guaiacol, and 

syringol were determined using the following equations, respectively: 

𝐿𝑂𝐷 =
3.3 × 𝜎

𝑆
 

𝐿𝑂𝑄 =
10 × 𝜎

𝑆
 

where σ is the standard deviation of the calibration curve and S is the slope of the carve.51, 52 The 

LOD and LOQ of o-cresol, guaiacol, and syringol with 95% confidence limit were calculated. In 

our previous article, we have shown that the electron donating group containing phenols reacts 

with the Gibbs reagent faster than the others.23 The LOD and LOQ of o-cresol, guaiacol, and 

syringol supports our previous claim. Here, we can quantify as low as 0.11 mg/L of o-cresol, 0.03 

mg/L of guaiacol, and 0.04 mg/L of syringol (Table 5.2). In addition, the lower of quantifications 

were 0.34 mg/L, 0.09 mg/L, and 0.13 mg/L for o-cresol, guaiacol, and syringol, respectively (Table 

5.2). 
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Table 5.2. Limit of detection and limit of quantification of catechol, guaiacol, and syringol. 

Compound LOD (mg/L) LOQ (mg/L) 

o-Cresol 0.11 0.34 

Guaiacol 0.03 0.09 

Syringol 0.04 0.13 

5.3.4 Quantification of Phenols in Whiskeys 

Quantification of the above three compounds in commercial whiskey samples (Figure 5.1) 

were carried out using the internal standard, 5,6,7,8-tetrahydro-1-napthol (THN). The signal of the 

Gibbs product of the corresponding molecule was used for quantification by comparing it with the 

corresponding calibration curves. Table 5.3 shows the concentration of phenols in four different 

whiskeys in mg/L. These results were calculated by averaging of at least five sets of experiments 

and showing the most detectable compounds in all four- scotch whiskeys. The noticeable 

compounds were o-cresol, guaiacol, and syringol. Among these three compounds, o-cresol was 

found only in Laphroaig whiskey and the other two compounds were seen in all four whiskeys.  

All of these compounds were found on a milligram scale. Among these four whiskeys, Laphroaig 

contains the most phenolic compounds with 3.48 mg/L (±0.03 mg/L) of o-cresol, 2.25 mg/L (±0.02 

mg/L) of guaiacol, and 6.82 mg/L (±0.08 mg/L) of syringol. The second highest phenols are in 

Gordon Graham Black Bottle Blended (GGBBB) scotch whiskey with 1.24 mg/L (±0.02 mg/L) of 

guaiacol and 11.86 mg/L (±0.36 mg/L) of syringol. The other two brands contain least and 

approximately same amount of phenols. 0.87 mg/L (±0.01 mg/L) of guaiacol and 3.76 mg/L (±0.20 

mg/L) of syringol were present in Johnnie Walker Double Black (JWDB) scotch whiskey, whereas 

0.92 mg/L (±0.01 mg/L) and 2.24 mg/L (±0.01 mg/L) of guaiacol and syringol, respectively, were 

found in Tomintoul 10 years scotch whiskey. Among these three phenols, syringol was present in 
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the highest concentration in all types of whiskeys. These results are shown in Table 5.3 and Figure 

5.16 as bar a chart. 

Table 5.3. Concentration of o-cresol, guaiacol, and syringol in Johnnie Walker Double Black, 

Tomintoul, Laphroaig, and Gordon Graham Black Bottle Blended Whiskey in mg/L (or ppm).  

Whiskey  
o-Cresol 

(mg/L) 

SD 

(mg/L) 

Guaiacol 

(mg/L) 

SD 

(mg/L) 

Syringol 

(mg/L) 

SD 

(mg/L) 

Johnnie Walker Double 

Black 
<LOD - 0.87 0.01 3.76 0.20 

Tomintoul 10 years Whiskey <LOD - 0.92 0.01 2.24 0.01 

Laphroaig Whiskey 3.48 0.03 2.25 0.02 6.82 0.08 

Gordon Graham Black Bottle 

Blended 
<LOD - 1.24 0.02 11.86 0.36 

 

 

Figure 5.14. Amount of different phenols in all four different whiskies. Laphroaig contains all 

three phenols: o-cresol, guaiacol, and syringol, whereas other three whiskies contain only 

guaiacol and syringol.  
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 Discussion 

A number of phenol derivatives have been identified in different brands of whiskey, though 

the constituents and quantities vary in brands, location, malt number, and age.1, 6, 9, 11, 13-17, 53-57 

According to Lehtonen, the most prevalent phenols in commercial whiskey are phenol, o-cresol, 

guaiacol, and eugenol.1, 13-15, 53 In addition, the presence of syringol in whiskey was reported by 

Harrison and Priest,11 MacNamara, et al,12 and Cullere, et al.58 There are multiple ways to get these 

phenols in whiskey.12 In those processes, not only these compounds but also a variety of phenols 

can come to the whiskey. The specific type of phenols and their quantities varies from one batch 

to another. 

In the barley-malting process, the introduction of peat smoke is known as ‘Peating’. 

‘Peating’ contributes to the characteristic peaty flavor of many Scotch malt whiskies. The peaty 

(or phenolic) characteristic is very distinctive and easily identified and described as the level of 

‘peatiness - that is, the phenolic character of the finished product determined by the amount of peat 

smoke adsorbed by the barley. In the whiskey industry, the concentration of phenols is reported in 

parts per million (ppm). The higher the ppm, the peatier and smokier the taste of the drink.13 A 

lightly peated malt contains 1 – 5 ppm total phenol, whereas 5 – 15 ppm of total phenols contained 

is known as medium peated, and finally, heavily peated malt contains total phenols of 15 – 50 

ppm.59, 60 On the other hand, Lee, et al,14 used Quantitative Descriptive Analysis (QDA) as an 

important sensory analysis technique which allows communication of data on flavor characters in 

a specific product. She found that, for an example, guaiacol is generally described as evoking a 

smokey taste (39%). Also, it was characterized as rubbery (15%) and medicinal (19%) and it could 

possibly be related to knowledge of the malt pleating process. Moreover, it was reported that the 

heavily-peated malt whiskies mostly contain guaiacol, phenol, cresol, and eugenol.1, 61  
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Different research groups have used a variety of techniques to measure the concentration 

of different phenols including o-cresol, guaiacol, and syringol. For instance, Lehtonen1 studied a 

variety of whiskies originating in different countries and reported as an average concentration of 

volatile phenols. The notable compounds he reported for Scotland Scotch whiskies were phenol 

(0.12 mg/L), o-cresol (0.09 mg/L), guaiacol (0.08 mg/L). Masuda, et al,16 reported the presence of 

syringol (2,6-dihydroxyphenol) (1 µg/L), guaiacol (2-methoxyphenol) (1 µg/L), phenol (6 µg/L) 

and other compounds. Lee, et al,62 reported the presence of guaiacol (burnt smokey) concentration 

in whiskey as high as 27 mg/L. Thus, concentrations of phenolic compounds are different not only 

in different brands of whiskies but also one batch of whiskey from one particular brand may differ 

in phenolic concentration from another batch of the same type. The whiskeys examined in the 

work were chosen for being smokey.  

Based on the manufacturing procedure, there are three types of whiskies- blended whiskey, 

grain whiskey, and malt whiskey. Blended whiskey is made up via the mixing of grain whiskey 

and single malt whiskey. Grain whiskey is made from a mash consisting of different grains. The 

common grains used for this type of whiskey are mostly barley, wheat and corn. It is produced via 

continuous distillation in a column still. The final type is malt whiskey which is made from malted 

barley. Its distillation takes place in copper pot stills, following by maturation in oak barrels. 

Johnnie Walker Double Black is a Scottish blended whiskey.25, 63 Guaiacol and cresol are formed 

from roasted barley and are responsible for the unique taste of whiskey.25 Thus, they are expected 

to be present in Johnnie Walker Double Black whiskey. Although we detected guaiacol in a 

significant amount (0.87±0.01 mg/L), we did not see any presence of cresol. The other compound 

we found was 2,6-dimethoxyphenol (syringol) with a concentration of 3.76±0.20 mg/L. Relatively 
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higher amounts of guaiacol makes its smokey taste,64 and syringol creates the characteristic aroma 

of Johnnie Walker Double Black scotch whiskey. 

Tomintoul whiskey is a Scottish whiskey and is made by the use to peat from Tomintoul. 

Tomintuol peat is similar to Islay peat and this whiskey is similar peaty of Mackinlay whiskey.65 

Both of these whiskies were classified as light, medium-sweet, lot peat, with flora, malty notes and 

fruity, spicy, honey hints. The phenolic concentration of Tomintoul whiskey has not been reported 

previously.65 However, one report was published on the volatile phenols of the peat of Islay by 

using Curie point pyrolysis. According to that report, the concentration of the compounds in peat 

smoke were phenol (1.03±0.02 mg/L), guaiacol (0.45±0.06 mg/L), m- or p-cresol (0.58±0.02 

mg/L), o-cresol (0.58±0.03 mg/L), 4-methylguaiacol (0.23±0.02 mg/L), 4-ethylphenol (0.55±0.05 

mg/L), 4-ethyl guiacol (0.10±0.00 mg/L).65 Since peat used for firing is an important source of 

phenols in whiskey, we may use it to compare our findings. In our experiments, only guaiacol and 

syringol were found in Tomintoul whiskey. The guaiacol level was 0.92±0.01 mg/L which is nine 

times higher than what was reported by Pryde, et al.65 The extra guaiacol could be added to the 

whiskey in the aging process. In addition, we found the syringol concentration of 2.24±0.01 mg/L 

in this whiskey. Harrison, et al,11 examined the presence of phenols in peat of different 

geographical locations including Tomintoul and reported the presence of guaiacol and syringol, as 

lignin derivatives, as a ratio to phenol and it was as much as 0.30 in the Tomintol.11 This report is 

an evidence of the source of syringol from Tomintoul peat, but it may be difficult to compare the 

amount of it. Our analysis did not show the presence of m- or p-cresol, phenol and other reported 

compounds. This could be due to the limitation of our technique using ion-trap MS and/or the 

slower kinetics of the Gibbs reaction with those compounds. However, even upon running the 

reaction for a longer time (30 minutes), we did not see any peak corresponding to those compounds 
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(data not shown). Interestingly, the total phenolic compounds present in Mackinlay whiskey is 

3.48 ± 0.18 mg/L,66 which is close to our finding value in Tomintoul whiskey.  

Wishart used 0 to 4 scale to classify smokiness of whiskey having 0 is for ‘not present’, 1 

for ‘low hints’, 2 for ‘medium notes’, 3 for ‘definite notes’ and finally 4 for ‘pronounced’ in his 

book named “Whisky Classified: Choosing Single Malts by Flavour”.67 In that book, he pointed 

out Tomintoul 10 years aged whiskey as ‘low hints’ smokey, and no medicinal taste.67 The findings 

of low guaiacol level in our experiment supports the low smokey property of this whiskey. Also, 

the absence of o-cresol justified its medicinal taste of ‘not present’.   

Though Gordon Graham Black Bottle Blended (GGBBB) is a blended whiskey like 

Johnnie Walker Bouble Black, it is more peaty whiskey than the latter. The higher smokiness 

property comes from the presence of 40% more guaiacol (1.24±0.02 mg/L) than the latter whiskey. 

Also, its smokey aroma is due to the significantly higher presence of syringol (11.86±0.36 mg/L). 

We have not found any reference to the amount of phenols in GGBBB whiskey. 

Laphroaig Single Islay Malt (LSIM) is an Islay scotch whiskey. It epitomizes smokey, 

peaty whiskey.67 In 1996, Withers, et al.56 found that both the mature and new distillate of 

Laphroaig were one of the heavily-peated whiskies. In his book about whiskey distillery, named 

“Raw Spirit – In Search of the Perfect Dram,” Iaian Banks mentioned the ten-years-old of 

Laphroaig as one of the flagships among the peat whiskeys. He also mentioned that it was “busted 

with smells straight out of the cabinet”.68 Wishart69 made a ‘Single Malt Whisky Flavor Map’ 

based on their taste, smokiness, and aroma and described Laphroaig ten-years-old whiskey as 

having a smokey, medicinal, dry smoke pepperiness. Moreover, he described Laphroaig as 

‘pronounced smokey’ (smokey: 4), ‘pronounced medicinal taste’ (medicinal: 4) in his book.67 
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Finally, peatiness of Laphroaig whiskey was correlated with phenol, cresols, and guaiacols, which 

are derived from peat smoke, and a peaty characteristic is also associated with eugenol, which is 

oak-derived. The medicinal quality of whiskeys is correlated with o-cresol.70 All of the above 

claims were supported by our finding reported in Table 5.3. Among the four whiskies, only 

Laphroaig had medicinal property due to the presence of a high amount of o-cresol (3.48±0.03 

mg/L). The ‘pronounced smokey’ property was due to the highest amount of guaiacol (2.25±0.02 

mg/L) among the four whiskies, which was at least twice as much as any other brand. Finally, the 

smokey aroma was due to the 6.82 mg/L (±0.08) of syringol, which was almost half the amount in 

GGBBB whiskey and more than twice as much as the other two. The whiskey’s total phenolic 

concentration contributes to its distinctive characteristics and separates it from other tested brands.   

 Conclusion  

While conventional time consuming and expensive solvent extraction, GC-MS, or LC-MS 

and insensitive colorimetry have been used for the detection and quantification of phenols in 

whiskies, we used the Gibbs reaction to derivatize followed by MS analysis of those compounds 

in four different brands of whiskies within few minutes. Though the Gibbs reaction cannot 

derivatized all phenols present in whisky to corresponding indophenols, this technique was 

successful detected and quantified the major phenolic compounds in them. In addition, the isotopic 

deconvolution of mass spectra confirmed the presence of corresponding indophenols having at 

least two chlorine atoms. Finally, by using internal standard we were able to quantify o-cresol, 

guaiacol and syringol in whiskies and our findings are comparable with previously reported.  
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 MASS SPECTROSCOPIC ANALYSIS OF L-DOPA 

NEUROTRANSMITTER AND IT’S METABOLITES BY USING GIBBS 

REACTION 

 Introduction 

Neurotransmitters such as L-3,4-dihydroxyphenylalanine (levodopa, or L-DOPA) (I), 3,4-

dihydroxyphenylacetic acid (DOPAC) (II), dopamine (III), 4-(2-amino-1-hydroxyethyl)benzene-

1,2-diol (norepinephrine) (IV), 3-methoxytyramine (3-MT) (V) and 2-(3-hydroxy-4-

methoxyphenyl)acetic acid (iso-homovaniclic acid) (VI) have been attracting substantial interest 

for a long time due their multiple functions in biological system and their use as drugs.1, 2 For 

instance, in the clinical treatment of Parkinson’s disease (PD), a neurodegenerative disorder, L -

dopa is widely used to improve motor functions.3-5 In addition, L-Dopa is the precursor of 

dopamine and it converts to dopamine in the central nervous system, which is responsible for the 

dopamine-responsive dystonia.5 This dopamine converts to many other neurotransmitters in the 

presence of enzymes. For instance, dopamine converts to norepinephrine by dopamine β-

monooxygenase inside neurotransmitter vesicles,6 to 3-methoxytyramine by the enzyme catechol-

O-methyl transferase (COMT),7 and to 3,4-dihydroxyphenylacetic acid (DOPAC) by monoamino 

oxidase (MAO).8, 9 The last compound of this series, iso-homovanillic acid (VI), is formed in the 

metabolism of catecholamines by catechol-O-methyltransferase (COMT) and it is found in the 

urine of human patients having neural crest tumors and those receiving L-DOPA for PD.10 Due to 

the substantial interest of these neurotransmitters, numerous methods have been published for their 

analysis in serum and urine samples.  
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Currently used techniques for the analysis of these compounds are spectrophotometry,3, 4, 

10-12 flow injection analysis,13, 14 HPLC,15-21 gas chromatography,22, 23 mass spectroscopy (MS),24-

26 electrochemical methods,1, 27-38 and separation technique such as capillary electrophoresis.39-41 

All of these methods have either lack of sensitivity, specificity, low detection limit, long analysis 

time, and/or simplicity for routine analysis. Derivatization is a common practice to improve 

sensitivity of these compounds.42 The common techniques of phenol derivatizations are (i) 

conversion to a colored compound by reaction with an amine and a suitable oxidant (oxidative 

coupling),43-45 (ii) formation of an azo dye,46 and (iii) formation of a colored metal complex.47 

Among these three derivatization methods, the most commonly used technique is to convert 

phenols into a colored compound by reaction with 2,6-dihalobenzoquinone-4-chloroimine(Gibbs 

reagent) and a suitable base before their analysis using a visible spectrophotometer (eq 1).48, 49 

Moreover, the introduction of electrospray mass spectrometry (ESI-MS) to analyze indophenols 

may increase specificity and low detection limit within short period of time.     
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Herein, we describe the detection of Gibbs products, indophenols, formed from these 

neurotransmitters after reaction with Gibbs reagent, by using simple electrospray‐ionization mass 

spectrometry (ESI‐MS) as the naturally anionic indophenols are readily detected by ESI-MS. In 

addition, a significant benefit of using mass spectrometry for the detection of the Gibbs product is 

that we can easily distinguish between substituted phenols by using tandem mass spectroscopy. In 

this work, we report the formation of indophenol after reaction of these neurotransmitters with 

Gibbs reagent followed by ESI-MS analysis as an alternative method for the detection and 

simultaneous quantification.     

 Experiment 

6.2.1 Chemicals  

L-3,4-dihydroxyphenylalanine or levodopa (L-DOPA), dopamine, norepinephrine 

(noradrenaline), 3,4-dihydroxyphenylacetic acid (DOPAC), 3-methoxytyramine (3-TM), iso-

Homovanillic acid (iso-HVA), 5,6,7,8-tetrahydro-1-naphthol (THN) and Gibb’s reagent were 

obtained from commercial sources and used as received. Methanol was “Reagent Grade” and used 

without further purification. Deionized water was used for the experiment.   
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6.2.2 Stock solution 

10 mmol/L stock solutions of L-DOPA, dopamine, norepinephrine, DOPAC, 3-MT, iso-

HAV and THN were prepared in methanol. Gibbs reagent (500 mmol/L) and potassium phosphate 

dibasic (K2HPO4) (2 mol/L) solutions were prepared in methanol and water, respectively. Fresh 

solutions were prepared every week and stored in refrigerator.       

6.2.3 Sample preparation – general procedures 

The reaction was done by modifying  our previously reported procedure.42, 50, 51 In brief, 

samples were prepared by mixing 2 mL of Gibbs reagent in 5 mL methanol with 155 µL of K2HPO4, 

25 µL of THN, and required volume of the analyte in deionized water to make total volume of 5 

mL. The reaction mixture was stirred at room temperature for 5 minutes. 200 µL of reaction 

mixture was dissolved in 4 mL water-methanol (1:1) solution for MS analysis.  

6.2.4 L-DOPA methyl ester formation 

A sample of 0.2 mmol (40 mg) of L-Dopa was dissolved in 5 mL methanol and cooled to 

0˚C. 200 µL thionyl chloride (SOCl2) was added dropwise and brought to room temperature. The 

solution was refluxed for an hour and cooled to room temperature. The solvent was removed by 

reduced pressure and the formed methyl ester was used without purification.    

6.2.5 Spectra collection 

Electrospray ionization mass spectra was obtained on a commercial LCQ-DECA (Thermo 

Electron Corporation, San Jose, CA, USA) quadrupole ion trap mass spectrometer, equipped with 

electrospray ionization (ESI) source. Substrate solutions were made in a methanol:water mixture 
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(1:1) and introduced into the source directly at a flow rate of 10 μL/min. Electrospray and ion 

focusing conditions were varied to maximize the signal of the ion of interest.  

6.2.6 Spectral analysis 

One important advantage of using the Gibbs reagent for derivatization is that the chlorine 

atoms make products containing the Gibbs reagent readily detectable by the isotopic pattern.  

Therefore, the spectra are deconvoluted using the isotope pattern for ions containing two chlorine 

atoms (1:0.648:0.105) to eliminate the peaks that cannot contain the Gibbs reagent by Microsoft 

Excel. It is this ability to specifically detect phenoxides and eliminate non-Gibbs products that 

makes the Gibbs approach preferable to simple ESI-MS of the mixture. The spectra were 

regenerated by using Sigmaplot 11.0.  

 Results  

6.3.1 L-Dopa 

L-DOPA does not form indophenol when mixed with Gibbs reagent in buffer solution. We 

tried different reaction conditions by changing the ratio of reactants, pH of the solution and buffer 

system, but no product was observed. This is probably due to the formation of zwitterion by the 

amine and acid groups. Thus, protecting either of the amine or acid groups may prevent the 

formation of zwitterion. The amine was protected by tert-butyloxycarbonyl (boc) group. The 

conversion was poor due to the poor solubility of L-dopa in aprotic solvents. However, the 

protection of the acid group by esterification was successful and almost the entire acid was 

converted to ester (eq 6.2). Figure 6.1 shows the full mass spectrum of the L-DOPA methyl ester 

(L-Dopa-OCH3) reaction mixture in positive ionization (+ESI). The spectrum is dominated by the 

peak at m/z 212. This is due to L-Dopa-OCH3. We did not see any peak at m/z 198 [L-Dopa + H]+. 
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This is because of the conversion of L-Dopa to methyl ester. However, there are few more peaks 

at m/z 152 and 192 and we did not characterize them. The L-Dopa-methyl ester formed in this 

reaction was used for the Gibbs reaction without purification. 

 

 

Figure 6.1. Full MS of L-DOPA methyl ester 

Figure 6.2 shows full mass spectra (6.2a) and deconvoluted mass spectra (6.2b) in negative 

ionization of the reaction mixture of the L-Dopa-OCH3 with Gibbs reagent after a five minute 

reaction. The spectra are dominated by the peak m/z 383. Thus, mass spectroscopic analysis of 

indophenol of L-dopa methyl ester is a viable technique for the analysis of this neurotransmitter 

and this is the characteristic peak of L-Dopa-OMe analysis. The other notable peaks are at m/z 
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280, 352, 400, and 417. Though we know from our previous work that the peak at m/z 280 is due 

to the indophenol formed by cresol (Chapter 3),42 we could not identify the mechanism of the 

formation of this product in this reaction. The peak at m/z 352 is from the dimer of the Gibbs 

reagent. Finally, the structures of the other two products were unknown.   

 

 

Figure 6.2. (a) Full MS and (b) deconvoluted MS of the Gibbs products from L-DOPA-methyl 

ester. 

6.3.2 iso-Homovanillic acid (iso-HVA)  

The reaction of iso-homovanillic acid (iso-HVA) with Gibbs reagent gives two indophenol 

products with m/z 354 and 310 (eq 6.3). The first product forms when iso-HVA directly adds with 

Gibbs reagent without any loss of side chain, specifically the carboxylic group, whereas the other 

indophenol has mass lower by 44 Dalton than the previous product. This is believed to happen 

because of the loss of CO2 at the carboxylic acid side chain of iso-HAV either before or after 
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formation of indophenol. Figure 6.3a shows the Full MS after a 5 minutes reaction and 6.3b shows 

the deconvoluted spectra. In addition of these two peaks, there is another product at m/z 295. We 

could not identify the structure of this product. The base peak is due to the decarboxylated 

indophenol at m/z 310 and it does not overlap with any other peaks of the reaction mixture. Thus, 

the formation of m/z 310 is a characteristic peak for iso-HVA, along with m/z 354.  

 

 

Figure 6.3. (a) Full MS and (b) deconvoluted MS of the Gibbs products from iso-Homovanillic 

acid. 
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6.3.3 Dopamine  

 

Figure 6.4 shows the full mass spectrum (6.4a) and deconvoluted mass spectrum (6.4b) of 

the Gibbs products from the reaction of dopamine (eq 6.4). The spectra show the main indophenol 

product at m/z 325 Dalton. There is a small product at m/z 294. This is probably due to the 

formation of ethyl group containing indophenol (Chapter 3). This indophenol may form when the 

substitution occurs by replacing hydroxy group at ortho position followed by a removal of 

ammonia (NH3). No other significantly relative product was seen. Thus, this peak may be used as 

the characteristic peak for dopamine.  

Figure 6.4. (a) Full MS and (b) deconvoluted MS of the Gibbs products from dopamine. 

Dopamine gives only indophenol at m/z 325.  
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6.3.4 3,4-Dihydroxyphenylacetic acid (DOPAC) 

 

Figure 6.5 shows the full mass spectra (Figure 6.5a) and deconvoluted mass spectra (Figure 

6.5b) of the Gibbs product of 3,4-dihydroxyphenylacetic acid (DOPAC). m/z 340 is due to the 

formation of expected indophenol of DOPAC. However, the base peak is m/z 296 which forms 

after decarboxylate. Though m/z 296 is the base peak for DOPAC, dimethoxyphenols (Chapter 4 

and Chapter 5) also forms indophenols at m/z 296. Thus, we may use m/z 296 as the characteristic 

peak for the identification of this compound along with m/z 340.   

 

Figure 6.5. (a) Full MS and (b) deconvoluted MS of the Gibbs products from DOPAC. 
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6.3.5 3-Methoxytyramine (3-MT) 

 

In the case of 3-methoxytyramine (3-MT), we have indophenols at m/z 339 and 296 (eq 

6.6 and Figure 6.6). The first product is believed to form due to substitution at ortho position and 

the later due to the replacement of substituent at para-postion.42 Unfortunately, the para-

substituted product may not be used for analyzing this compound identification peak as couple of 

other discussed neurotransmitters also gave the same indophenol. However, formation of m/z 296 

along with m/z 339 can be used to identify 3-MT.  

 

Figure 6.6. (a) Full MS and (b) deconvoluted MS of the Gibbs products from 3-

methoxytyramine. 
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6.3.6 Norepinephrine (noradrenaline) 

 

Finally, norepinephrine or noradrenaline gives indophenol at m/z 341 and 311 (eq 6.7). 

The mass spectra are shown in following figures (Fig. 6.7a for full MS and 6.7b for deconvoluted 

MS). The only significant indophenol formed here is at m/z 341 and we did not see any loss of 

ammonia (NH3). Here also we could not identify the structure of m/z 311. The peak at m/z 341 

Dalton can be used as characteristic peak for the analysis of noradrenaline.    

 

Figure 6.7. (a) Full MS and (b) deconvoluted MS of the Gibbs products from norepinephrine or 

noradrenaline.  
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 Discussion 

Though few of the analyzed neurotransmitters gave multiple indophenols, each of them 

had a characteristic peak regardless of the dominant product. In some cases, the dominant product 

can be used as a characteristic peak. For instance, m/z 310 for iso-homovanillic acid. On the other 

hand, there were few analytes where the dominant peaks and characteristic peak were different. 

Examples of this type are DOPAC and 3-MT. Both of these compounds form major product at m/z 

296, but the characteristic peaks are different, at m/z 340 and m/z 339 for DOPAC and 3 -MT, 

respectively. We saw only one indophenol product in each of the other three analytes. Thus, we 

may use m/z 383, 310, 325, 340, 339 and 341 Dalton for the identification of L-Dopa (methyl 

ester), iso-HVA, dopamine, DOPAC, 3-MT, and norepinephrine, respectively. This result is shown 

in the following in Table 6.1. In addition, there is a scope to optimized the reaction conditions to 

improve intensity of the characteristic peak of these neurotransmitters.       

Table 6.1. Indophenol peak analysis of L-Dopa and it’s metabolites 

Analyte Indophenol 

peaks 

Dominated 

peak 

Characteristic 

peak 

L-Dopa-methyl ester 383 383 383 

iso-Homovanillic acid (iso-HVA) 310, 354 310 310 

Dopamine 325 325 325 

3,4-Dihydroxyphenylacetic acid 

(DOPAC) 

296, 340 296 340 

3-Methoxytyramine (3-MT) 296, 339 296 339 

Norepinephrine (noradrenaline) 341 341 341 
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 Conclusion  

Though spectrophotometry has been used in the analysis of L-DOPA metabolites even in 

biological samples by Gibbs reaction, we have shown that introduction of mass spectrometry 

would be a better alternative for these types of analysis. ESI-MS is capable of distinguishing 

between the different neurotransmitters. Finally, L-Dopa, which is unreactive with the Gibbs 

reagent, gives Gibbs reaction after esterification and can be analyze using ESI-MS.      
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 SPECIFICITY OF PARA-SUBSTITUTED PHENOLS IN 

GIBBS REACTION 

 Introduction 

The Gibbs reaction is a longstanding assay used for the detection of phenols.1-17  In the 

presence of base and the “Gibbs reagent,” (2,6-dibromo- or 2,6-dichloro-4-

(chloroimino)cyclohexa-2,5-dien-1-one), phenols are converted to highly colored indophenols (eq 

7.1).  Total phenol content can consequently be determined by using spectrophotometry. 

 

 Early studies of the Gibbs reaction of substituted focused on those without substitution in 

the para-position. 1, 2, 18  However, Dacre19 and Josephy and Van Damme20 ultimately showed that 

the Gibbs reaction occurs with a wide variety of para-substituted phenols, in addition to those 

without para-substitution, and that the indophenol is formed by displacing the para substituent.20  

Consequently, while the Gibbs reagent is useful for the detection of total phenolic content, it lacks 

specificity in terms of reactivity.  Moreover, because the absorption wavelengths of the substituted 

indophenols are not highly sensitive to phenol substitution, the Gibbs method is not specific in 

colorimetric detection, either. 

In a recent study, we described an approach for the detection of Gibbs indophenol products 

by using electrospray ionization- mass spectrometry (ESI-MS), which allows for simple 

differentiation of phenols with different substituents according to their mass-to-charge ratio.  It 

was shown that this approach is essentially as sensitive as the colorometric approach, but provides 

detection specificity.  In the course of that work, it was shown that, as reported by Dacre19 and 
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Josephy and Van Damme,20 positive Gibbs tests are obtained for a wide range of para-substituted 

phenols, and that, in most cases, substitution occurs by displacement of the para-substituent.  

Herein, we describe a more detailed study of the Gibbs reaction of para-substituted phenols, as 

assayed by using ESI-MS.  An advantage of use MS for detection of this process is that it is readily 

possible to determine the site of substitution, without requiring chemical isolation.  In this work, 

we confirm the results of Josephy and Van Damme20 showing it is possible to displace the para-

substituents in reaction with the Gibbs reagent, leading to the formation of the same indophenol 

formed in the reaction with phenol (eq 7.1)  However, in select cases (particularly, with alkyl 

substitution), the substituent is not displaced, and the substitution appears to occur at the ortho 

position to form a short-lived iso-indophenol.  Moreover, we show that, even in cases where 

substitution occurs at the para position, there is generally an additional unique second-phenol-

addition product, which conveniently can be used from an analytical perspective to distinguish 

para-substituted phenols from the unsubstituted versions. 

 Experimental 

7.2.1 Chemicals 

4-Fluorophenol, 4-chlorophenol, 4-bromophenol, 4-methoxyphenol, p-cresol, 4-

ethylphenol, 4-aminophenol, 1,4-dihydroxybenzene, 4-nitrophenol, 4-hydroxybenzaldehyde, 4-

hydroxybenzonitrile and 2,6-dichlorobenzoquinone-4-chloroimine (Gibbs reagent) were were 

obtained from commercial sources and used as received. Ethyl acetate, hexane and methanol were 

“Reagent Grade” and used without further purification. Deionized water was used for the 

experiments.  
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7.2.2 Sample preparation 

105 mg (0.5 mmole) of Gibbs reagent and 112 mg (1 mmole) p-fluorophenol were 

dissolved in 10 mL methanol and added into a 10 mL water solution of 87 mg (0.5 mmol) 

K2HPO4 at room temperature. The whole reaction mixture was stirred at room temperature for 5 

minutes. 25 µL of the reaction mixture was dissolved in 2 mL water-methanol (1:1) solution for 

ESI-MS analysis.  

7.2.3 Purification of the Gibbs product 

Only the Gibbs products with p-fluorophenol were isolated. In brief, after the 5 minutes 

reaction, 1g NH4Cl and 20 mL ethyl acetate was added into the reaction mixture and shaken 

vigorously. The organic layer was separated, washed with 10 mL brine (×2), dried by MgSO4 

and filtered. Finally, the solvent was removed below 30˚C under reduced pressure and silica 

slurry was prepared for column chromatography. The silica slurry was loaded into a 12-inch-long 

silica column and 10% ethyl acetate in hexane was to isolate the compounds initially. Selected 

collections were combined and dries to make another silica slurry and used about 10-inch silica 

column and 10% ethyl acetate in hexane to separate compounds.         

7.2.4 Spectra collection 

Electrospray ionization mass spectra were obtained on a commercial LCQ‐DECA 

(Thermo Electron Corporation, San Jose, CA, USA) quadrupole ion trap mass spectrometer, 

equipped with ESI source, operating in negative ion mode. Substrate solutions were in methanol: 

water mixture (1:1) and introduced into the source directly at a flow rate of 5 μL/min. 

Electrospray and ion focusing conditions were varied to maximize the signal of the ion of 

interest. 
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7.2.5 Spectral analysis 

The advantages of using Gibbs reagent for derivatization are the readily ionizable product, 

indophenol, and it can be easily detectable by the isotopic pattern. Therefore, no sample 

preparation and purification are required for the analysis of the indophenol by ESI-MS. Moreover, 

the deconvolution of the isotopic pattern for ions containing two chlorine atoms (1:0.648:0.105) 

can eliminate the peaks that do not contain the Gibbs reagent21-23. We used Mircosoft Excel for 

the analysis of the MS data and for the deconvolution of two chlorine atoms. The MS spectra were 

plotted by using Sigma Plot 11.   

 Results 

In the previous work,21 we reported positive Gibbs reactions with para-substituted phenols 

1c, d, f, g, i. The substituents range from halogens to alkyl groups, and therefore have a wide 

variety of electronic and chemical properties.  
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Table 7.1. List of para-substituted phenols that were analyzed 

 

a: X = NH2 b: X = OH 

c: X = CH3 

d: X = C2H5 

e: X = OC6H5 

f: X = F 

g: X = Cl 

h: X = Br 

i: X = OCH3 

j: X = OC2H5 

k: X = OCH2CH2CH3 

l: X = OCH2CH2CH2CH3 

m: X = NO2 

n: X = CHO 

o: X = CN 

p: X = COOH 

q: X = CH2CH2CH3 

 

In this work, we have added phenols to get all phenols listed in Table 7.1 (1a – q). The 

results can be broken down into four classes of reactions. Although all substrates give a mixture 

of products, the phenols with amine substituted (1a) gives indophenol by substituted at the para-

position. In the second class, phenols (X = hydroxy, methyl, ethyl, phenoxy), 1b-e, may react 

without any substitution of X and give products that include the substituent, indicating that the 

reaction occurs at a different site within the phenol. In the following group (1f – k), phenols contain 

halogen (F, Cl, and Br) or alkoxy (methoxy, ethoxy, propoxy, and butoxy) substituted react to give 

indophenols that result from the substitutions of X (eq 7.2) and an additional product. The fourth 

group does not substitute at the para-position and does not give additional product. The four 

reactions are addressed separately below. In every case, the upper figure is the full MS and the 

lower one is the deconvolution of the corresponding full MS.  
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7.3.1 Direct substitution of X 

 

Reaction of 4-aminophenol (1a) with Gibbs reagent for 5 minutes does not give any 

indophenol of m/z 266, which is the indophenol product observed in the reaction with phenol (eq 

7.1) and would result from replacing the amino group (Figure 7.1a). We also did not see any peak 

at m/z 281, which might form by ortho-substitution. But the spectra show peaks of unknown 

compounds at m/z 318, 336, and 386.  

When we observed reaction after 30 minutes, it gave product resulting from the 

replacement of amine group (-NH2) at para-position (m/z 266) according to eq. 7.2 (Figure 7.1b1 

and 7.1b2). In the latter case, as the shorter reaction, we did not see any formation of ortho-

substituted indophenol. Like previous observation, the reaction gave few peaks having unknown 

structures (at m/z 279, 318, 336, and 386). 
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Figure 7.1. The Gibbs reaction of 4-aminophenol after (a) 5 minute and (b) 30-minute reaction. 

a1 is the full MS and a2 is corresponding deconvoluted MS. After 5-minute reaction, 4-

aminophenol gives no substitution product and no condensation product. The peak formed at 

ortho-substitution (at m/z 281) is also missing. However, after 30-minute reaction, it gives only 

substitution product at m/z 266 (b1 and b2). The peak formed by ortho-substitution (at m/z 281) 

is also missing even after 30-minute reaction.  

7.3.2 Substitution at ortho position 

p-Methylphenol (p-cresol), p-ethylphenol, hydroquinone (p-hydroxyphenol) and p-

phenoxyphenol are belong in this group. We can divide this group into two subgroups – (i) 

compound gives absolutely no substitution at para-position and (ii) compounds give both 

substitution at para-position and ortho-position. The first subgroup contains only p-cresol. When 

this compound reacts with Gibbs reagent, only a product with m/z 280 formed (Figure 7.2). This 

indophenol formed while the new bond formed at presumably the ortho-position of p-cresol and 

keeping methyl substituent (-CH3) at para-position. Unlike in the previous cases, we did not see 

the direct replacement at para-position. Here, we propose that reacts at ortho-position as the bond 

formation at para-position would give m/z 266. The meta-substituted product has not been 
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reported. We did not see any peak at m/z 266 even at longer time reaction (data not shown). 

However, Josephy and Damme reported the formation of indophenol for this reaction.24 In that 

case, the mass of the indophenol should be 266 instead of 280. Previously, Pallagi, et al. mentioned 

about the formation of indophenol at ortho-position25 and thus the structure might be as in eq. 7.3.    

 

 

Figure 7.2. The Gibbs products of 4-methylphenol or p-cresol after 5 minute reaction. (a) is the 

Full MS of the reaction solution and (b) is the deconvoluted MS. 4-Methylphenol gives neither 

the substitution product nor the condensation product. It is proposed that the peak at m/z 280 is 

formed from the substitution of ortho-position instead of para-substitution.  
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The other subgroup contains -OH, -C2H5 and -OC6H5 at the para-position. Hydroquinone 

and para-ethylphenol give corresponding ortho-substituted indophenol at m/z 282 and m/z 294, 

respectively, in the 5 minute reactions (Figure 7.3a1, 7.3a2 for hydroxyquinone and Figure 7.4a1 

and 7.4a2 for p-ethylphenol). However, in longer reaction time (30 minute), both give indophenol 

at m/z 266 after replacing groups at para-position (Figure 7.3b1, 7.3b2 for hydroxyquinone and 

Figure 7.4b1 and 7.4b2 for p-ethylphenol). 

    

 

Figure 7.3. The Gibbs products of hydroxyquinone after 5 minute reaction (a1 and a2) and 30 

minute reaction (b1 and b2). Only ortho-substituted product forms after 5 minutes and both 

ortho- and para-substituted products form in longer reaction time.  
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Figure 7.4. The Gibbs products of p-ethylphenol after 5 minute reaction (a1 and a2) and 30 

minute reaction (b1 and b2). Only ortho-substituted product forms after 5 minutes and both 

ortho- and para-substituted products form in longer reaction time.  

The last compound of this group is p-phenoxyphenol. Figure 7.5 shows the full MS and 

deconvoluted MS of the Gibbs product of this compound after 5 minute reaction. Both ortho- and 

para-substituted indophenols form in 5 minutes and we did not see any change in longer reaction 

time.  
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Figure 7.5. The Gibbs products of p-phenoxyphenol after 5 minute reaction. (a) is the Full MS of 

the reaction solution and (b) is the deconvoluted MS. 4-phenoxyphenol gives ortho-substituted 

indophenol at m/z 266 and para-substituted indophenol at m/z of 358.  

7.3.3 Substitution and second addition of X 

Phenols having fluorine, chlorine, bromine, methoxy, ethoxy, n-propoxy, and n-butoxy 

groups at para-position (1f-l) belong in this class. These compounds give indophenol at m/z 266 

by replacing substituents at para-position. In addition, these compounds give another product at 

higher mass than the indophenol. In every case, we saw the second product has mass of one 

corresponding phenol more than the first indophenol. The mass of the second product can be 

calculated by subtracting two hydrogen atoms from indophenol and adding corresponding phenol 

(m/z 266 + M – 2). Since it forms by the condensation of indophenol and a phenol molecule, we 

are calling it condensation product (CP). The formation of condensation product is shown in eq. 

7.4. For instance, Figure 7.6 shows the full MS and deconvoluted MS of the products when 4-
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fluorophenol reacts with Gibbs reagent. It forms both indophenol at m/z 266 and CP product at 

m/z 376. 

 

 

Figure 7.6. The Gibbs products of 4-fluorophenol after 5 minutes reaction. (a) is the Full MS of 

the reaction solution and (b) is the deconvoluted MS. 4-fluorophenol gives both substituted 

product, indophenol, at m/z 266 and an adduct at m/z 376.   

Similarly, all other phenols in this group gave indophenol at m/z 266 by substituting at 

para-position and a condensation product. For example, the CP products of p-chlorophenol, p-

bromophenol, p-methoxyphenol, p-ethoxyphenol, 4-n-propoxyphenol, and 4-n-butoxyphenol are 
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at m/z 292, 436, 388, 402, 416, and 430, respectively. These are shown in following figures (Figure 

7.7 to Figure 7.12). Interestingly, for halogen containing substituents, with decreasing 

electronegativity or increasing the length of side chain result lower CP amount. In nucleophilic 

aromatic substitution leaving group stability apparently plays a crucial role in the reaction 

kinetics.26    

 

Figure 7.7. The Gibbs products of 4-chlorophenol after 5 minutes reaction. (a) is the Full MS and 

(b) is the deconvoluted MS. 4-chlorophenol gives both substituted product, indophenol, at m/z 

266 and an adduct at m/z 392.   
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Figure 7.8. The Gibbs products of 4-bromophenol after 5 minutes reaction. (a) is the Full MS and 

(b) is the deconvoluted MS. 4-bromophenol gives both substituted product, indophenol, at m/z 

266 and an adduct at m/z 436.   

 

Figure 7.9. The Gibbs products of 4-methoxyphenol after 5 minutes reaction. (a) is the Full MS 

and (b) is the deconvoluted MS. 4-methoxyphenol gives both substituted product, indophenol, at 

m/z 266 and an adduct at m/z 388.   
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Figure 7.10. The Gibbs products of 4-ethoxyphenol after 5 minutes reaction. (a) is the Full MS 

and (b) is the deconvoluted MS. 4-ethoxyphenol gives both substituted product, indophenol, at 

m/z 266 and an adduct at m/z 402.   

 

Figure 7.11. The Gibbs products of 4-n-propoxyphenol after 5 minutes reaction. (a) is the Full 

MS and (b) is the deconvoluted MS. 4-n-propoxyphenol gives both substituted product, 

indophenol, at m/z 266 and an adduct at m/z 416.   
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Figure 7.12. The Gibbs products of 4-n-butoxyphenol after 5 minutes reaction. (a) is the Full MS 

and (b) is the deconvoluted MS. 4-n-butoxyphenol gives both substituted product, indophenol, at 

m/z 266 and an adduct at m/z 430.   

7.3.4 No reaction 

 We also tested few other substituents (X = -NO2, -CHO, -CN, -COOH, -CH2CH2CH3) (1m-

q) at para-position in this reaction and did not see any Gibbs product even in longer reaction time 

(data not shown). Interestingly, unlike F, and Cl these electron-withdrawing groups did not give 

any product. Non reactivity of this class of compounds is also reported by Josephy.24, 27  
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7.3.5 Structure of the condensation product (CP) 

Though the reaction of 4-fluorophenol with Gibbs reagent was done on a large scale, we 

found that the condensation product (CP) is short lived as it breaks down within two to three weeks 

at room temperature, whereas the indophenol is stable. We were able to purify 23 mg of CP along 

with indophenol after doing column chromatography with increasing gradient of ethyl acetate in 

hexane from 1% to 30% (Figure 7.13). Both compounds gave single spot in thin layer 

chromatography (TLC) where the mobile phase was 30% ethyl acetate in hexane. In addition, we 

got a single compound at m/z 376 in negative electron spray mass spectrometry ((-) ESI-MS)) for 

CP and m/z 266 for indophenol in same condition. The Figure 7.14 shows the full MS (top) and 

deconvoluted MS (bottom) of the CP shows that compound was fairly pure. However, in the 1H-

NMR and 13C-NMR we did not see any signal except for the solvent peaks. This could be due to 

the presence of different isomers and/or the formation of polymers. We tried experiments to get 

crystals from it. The solvent compositions were dichloromethane-hexane, ethyl acetate-hexane, 

ethyl acetate-pet ether, methanol-hexane, ethyl acetate-pentane. Unfortunately, none of these cases 

yielded even a single crystal. This could be due to the formation diastereomers. Other possibilities 

could be the formation polymer over time and/or decomposition before the formation of crystal.   
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Figure 7.13. Solution of pure indophenol (m/z 266) and pure condensation product (m/z 376) in 

ethyl acetate. Indophenol gives brawn colored solution, whereas condensation product gives 

orange colored solution in ethyl acetate. 

 

Figure 7.14. The Gibbs products of 4-fluorophenol after separation of the second product. (a) is 

the Full MS of the reaction solution and (b) is the deconvoluted MS.  

  On the other hand, we had nice crystal for indophenol and the crystal structure is shown in 

Figure 7.15.   
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Figure 7.15. Crystal structure of indophenol 

 Conclusion 

While the Gibbs reagent has long been used as a phenolic assay by spectrophotometry, it 

could not distinguish para-substituted phenols from their corresponding ortho- and meta-isomers. 

ESI-MS allowed us to distinguish para-substituted phenols from other isomers. In addition, we 

have shown that few para-substituted phenols give indophenols by replacing the groups at para-

position. Few other compounds gave additional condensation products. The third class of 

compounds gave indophenol while retaining the substituent at para-position. We propose that 

substitution occurs at the ortho-position. Finally, there are a few more compounds where we have 

not seen any indophenol formation.  
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 FRAGMENTATION MECHANISM OF PROLINE 

CONTAINING DIPEPTIDES  

 Introduction  

Mass spectrometry (MS) has been used for sequencing proteins and peptides for decades 

because of its ability for rapid, accurate analysis.1, 2 In addition, tandem mass spectrometry (MSn) 

is an important tool for differentiating isoberic ions and determining their sequence. Thus, it is 

common to use a mass spectral library to identify unknown protein fragments. For instance, mass 

spectrometry can be used to sequence the C- and N-terminus of a peptide by matching the results 

with known b- and y-type ions in a library.3-7 A better understanding by MS is required for b- 

 

ions from peptides to improve peptide sequencing algorithms and the current models for peptide 

fragmentation because those ions are common and stable.8 To better understand the b2 ion 

structures and their formation mechanisms, several experimental and theoretical studies have been 

carried out.9-28 In previous work, we examined the fragmentation of dipeptides that contains 

phenylaniline with a sulfonated tag in the benzene ring (PheSO3
- or Phe*) connected with glycine 

(Gly) to form Phe*GlyOH and GlyPhe*OH dipeptides. These two dipeptides were anionic which 

are different from the protonated ions used in other studies. The advantages of using anions is that 

the sulfonate charge is more stable than a carboxylic acid  Also, the charge is localized, and the 

canonical structures can be predicted.29 Thus, the fragmentations of our anionic dipeptides were 

similar to previously studied protonated dipeptides containing histidine (His)30-34 or arginine 
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(Arg)20, 21, 28, 35 which have basic side chains with a localized positive charge. We reported that the 

dipeptides fragmented after rearranging to a common structure36 which was similar to previously 

reported ArgGly and other dipeptides. However, in that study we showed that not only is a ‘mobile 

proton’ involved in the dissociation process to form a b2 ion but also a ‘back bone hydrogen atom’.8, 

36-39 

In this study, we have focused on a dipeptide with a proline residue. Proline occupies a 

unique position among the twenty amino acids. For instance, it imposes strong restraints on the 

conformation of a peptide chain due to the α-nitrogen atom being part of the rigid pyrrolidine ring 

Additionally, the nitrogen atom forms secondary amide bond to the preceding amino acid.40, 41 

Furthermore, when proline is present inside an α-helix, proline prevents the amide nitrogen of its 

C-terminal neighbor from making a hydrogen bond with a carbonyl in the preceding turn.42 Proline 

can also  introduce heterogeneity when bonded with another amino acid, such as phenylalanine, in 

proteins and peptides.43 Finally, it is known that  peptides containing proline exhibit very distinct 

fragmentation upon CID because of its high basicity.44, 45 A wide variety of collision conditions 

have been studied on protonated peptides having a proline residue.46-48 However, no  studies of 

proline peptides with remote charges have been reported.  

 

Here, we have used mass spectrometry to examine the fragmentation of dipeptides that 

include para-sulfonated phenyl alanine (PheSO3
- or Phe*) connected with proline (Pro) to form 



 

 

188 

ProPhe*OH (A) and Phe*ProOH (B) dipeptides. These dipeptides are similar to Phe*GlyOH and 

GlyPhe*OH with respect to charge such that the dipeptide backbone has a canonical structure and 

is not protonated.  

 Experimental 

8.2.1 Mass spectrometric analysis 

Mass spectrometric analysis was carried out as written  in our previous work.36 In brief, 

LCQ-DECA (Thermo Electron Corporation, San Jose, CA) quadrupole ion trap mass 

spectrometer, equipped with an electrospray ionization (ESI) source was used for the analysis. 

Methanol:water mixture (1:1) was used to dissolve samples and introduced into the source at a 

flow rate of 5 µl/min. For the ion of interest, electrospray and ion focusing conditions were 

adjusted to maximize the signals. MSn experiments with mass-selected ions in the cell were 

carried out for the ion dissociations. Helium buffer was used as the collision target. qz = 0.250 

was set as isolation window for the CID of the reaction ions. Also, to avoid off-resonance 

excitation a mass-width sufficient was used. In the cell, the energy of collision-induced 

dissociation (CID) is reflected in the “normalized collision energy,” which ranges from 0 – 

100%. 

8.2.2 Computational methods  

Geometries and electronic energies were calculated at the B3LYP/6-31+G* level of 

theory. Low-energy conformations were initially identified by using the Monte Carlo multiple 

minimum search method, with the Merck molecular force field (MMFF) as implemented in 

ChemAxon’s MarvinSketch ver. 19.20.0,49 and unique conformations were used as starting 

points in B3LYP optimizations. Single point energies for selected optimized structures were 
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carried out at the MP2/6-311+G** level of theory in order to obtain a better description of van 

der Waals interactions and charge polarization. Energies are not corrected for zero-point energies 

or thermal energy contributions. B3LYP calculations were carried out using QCHEM ver 4.0.50 

8.2.3 Synthesis of amino acid esters  

 Amino acid esters were synthesized by modifying published articles.36, 51, 52 In brief, 30 

mg amino acid was dissolved in 10 mL methanol and cooled to 0° C. 500 µL of SOCl2 was 

added dropwise into the cold amino acid solution. Finally, the solution was warmed to room 

temperature and was refluxed overnight to get desired product (Scheme 1). The prepared esters 

were analyzed without further purification.  

 

8.2.4 Synthesis of Boc protected amino acid 

 The procedure reported by Jahani F, et al. was modified to get better yield for our case.53 

Briefly, 0.1 mmol amino acid sample was taken in a 50 mL round bottle flask with 10 mL DCM. 

0.2 mmol (2 equivalent) triethylamine was added dropwise and 0.11 mmol (1.1 equivalent) di-

tert-butyl dicarbonate was added into it and the reaction mixture was stirred for 3 – 7 hours at 

room temperature (Scheme 2). The reaction was monitored by TLC and was stopped once all the 

reactant had disappeared. The solvent was removed by evaporation and the mixture was used 

without further purification.  
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8.2.5 Synthesis of Pro-Phe*OH and Phe*-ProOH dipeptides and their methyl ester 

0.1 mmol of corresponding Boc-amino acid (Boc-R1) was dissolve in 10 mL 

tetrahydrofuran (THF) at 0˚C and 100 µL N, N-diisopropylethylamine was added dropwise into 

it. Hydroxybenzotriazole (HOBt) (46 mg, 3 equivalent) and 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC) (47 mg, 3 equivalent) were added into the solution mixture and stirred at 

0˚C for 5 minutes. Finally, 0.1 mmol amino acid (or it’s methyl ester derivatives) (R2) was added 

into it and was bring the reaction mixture at room temperature. The reaction mixture was stirred 

at room temperature for overnight to get the dipeptide. After stirring for overnight, the excess 

THF was evaporated under vacuum. Formation of the dipeptide product (BocR1-R2OH and 

BocR1-R2OMe) was confirmed by mass spectrometry. The Boc group was removed by 

dissolving the product in excess trifluoroacetic acid (TFA) in toluene or methylene dichloride 

(DCM) for 20 min, followed by evaporation of the TFA and toluene (or DCM) under vacuum, 

resulting in formation of desire product. The ester, R1-R2OMe, can be hydrolyzed to R1-R2OH by 

treating their aqueous solution with concentrated sulfuric acid.  The synthesis of GlyPhe*OMe is 

shown in Scheme 3 as an illustration. 
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8.2.6 Synthesis of Diketopiperazine 

The synthesis of diketopiperazine (I) was carried out by following approach previously 

published.54 In brief, 10 ml formic acid (98%) was added into a 50 mg of Boc-Phe*Pro 

containing solution and the solution was stirred at room temperature for 2 hours. Unreacted 

formic acid was removed under vacuum. The crude product formed was dissolved in 15 ml of 

sec-butyl alcohol and 10 ml of toluene. This solution was boiled for about three hours and fresh 

butanol was added to maintain the solvent level. The solution was cooled to 0º C after boiling off 

solvent to 5 ml. The final product was obtained by filtration.  

 
 

8.2.7 Synthesis of oxazolone (from ProPhe*) 

 The approach previously published by Uraguchi, et al, was used for the syntheses of the 

oxazolones.55  In briefly, the solution containing 10 umol of Boc-ProPhe*OH and 15 umol of 1, 

3,-Dicyclohexylcarbodiimide (DCC) were dissolved in 10 ml of dichloromethane. The solution 



 

 

192 

was stirred at room temperature for 3 hr. Excess solvent was removed in vacuum and the 

resulting crude product was dissolved in 3 ml TFA to produce ProPhe*-oxazolone (II) and 

oxazolone-enol (III).  

 

 Result 

8.3.1 Formation of Phe*-ProOH and Pro-Phe*OH  

Figure 8.1 shows the full MS of the reaction mixture of sulfonate containing phenylaniline 

(Phe*) and proline (Pro) dipeptide. The top spectrum (Figure 8.1a) is Phe*-Pro having Boc on Phe 

to protect the amine group of phenylalanine. The bottom figure (Figure 8.1b) shows the product 

after deprotection. The major peak in the top spectrum is m/z 441 due to formation of Phe*(Boc)-

Pro. Other significant minor peaks are m/z 344 due to Boc protected phenylalanine (Phe*-Boc), 

and m/z 244 from unreacted phenylalanine (Phe*). The base peak in the bottom spectra is due to 

the formation of Phe*-Pro (m/z 341) from Phe*(Boc)-Pro. There is also some unreacted 

Phe*(Boc)-Pro and Phe*. However, in both cases the targeted products are dominating.  
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Figure 8.1. Dipeptide formed by phenylalanine with sulfonated tag and proline (Phe*-Pro). (a) 

dipeptide having ‘Boc’ as protecting group (Phe*(Boc)-ProOH), whereas (b) is after deprotected 

(Phe*-ProOH).     

Figure 8.2a shows the full mass spectrum of the reaction mixture of dipeptides of proline 

having a Boc protecting group (Pro-Boc) and sulfonated phenylaniline (Phe*), and Figure 8.2b 

shows the deprotected Pro-Phe* dipeptide reaction mixture. The top spectrum is dominated by the 

targeted compound although there is a small amount of unreacted sulfonated phenylaniline present 

(Phe*, m/z 244). However, the bottom spectrum is dominated by Pro-Phe* at m/z 341. Similar to 

previous compounds, Pro(Boc)-Phe* and Pro-Phe* are also dominant here.  
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Figure 8.2. Dipeptide formed by proline and phenylalanine with sulfonated tag (Pro-Phe*). (a) 

dipeptide having ‘Boc’ as protecting group (Pro(Boc)-Phe*), whereas (b) is after deprotected 

(Pro-Phe*). 

8.3.2 Analysis of Phe*-ProOH and Pro-Phe*OH  

Figure 8.3 shows the MS/MS mass spectra of Phe*ProOH and ProPhe*OH dipeptides (m/z 

341) with 35% collision energy. Both of the peptides gave the same fragmentation ions with similar 

intensity. The primary fragmentation products are m/z 324 (M-NH3), m/z 323 (M-H2O), m/z 297 

(M-CO2), and m/z 244 (M-C5ONH7, net loss of proline – H2O). The additional peaks (i.e., products) 

can be attributed to secondary fragmentation of the primary products. Formation of the same 

fragment results from Phe*ProOH and ProPhe*OH dipeptides indicates a rearrangement to a 

common structure occurred before fragmentation. A similar type of rearrangement of Arg-Gly and 

Gly-Arg dipeptides was reported by O’Hair and co-workers in 2003,20 and more recently with Phe-

Gly and Gly-Phe.36 Thus, the ProPhe*OH and Phe*ProOH rearrangement process is similar to 

those reported before, and a proton transfer is involved within the dipeptide to form zwitterionic 
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structures. Figure 8.4 shows the proposed mechanism for the rearrangement, with a zwitterionic 

structure rearranging to form a common cyclic anhydride intermediate. It is expected that any of 

these structures of this figure can dissociate to give fragment products by following lowest energy 

pathway.56 

      

Figure 8.3. MS/MS mass spectra for Full MS of the reaction mixtures of (a) Phe*-Pro dipeptide 

and (b) Pro-Phe* 
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Figure 8.4. Proposed mechanism for formation of common structure from ProPhe*OH and 

Phe*ProOH. Both of the dipeptides rearranged to a common structure before fragmentation.  

8.3.3 Analysis of Phe*ProOMe and ProPhe*OMe  

The rearrangement mechanism is supported by the analysis of dipeptide methyl esters, as 

the methylation at the C-terminus carboxylic acid inhibits the rearrangement reaction by blocking 

the initial proton transfer step of Phe*ProOH and ProPhe*OH.20 Figure 8.5 shows the CID spectra 

of the methyl esters of these two dipeptides. The CID spectra of Phe*ProOCH3 and ProPheOCH3 

are significantly different in both identities of the products and the intensities. Even though both 

of them are giving products of m/z 323 (M – CH3OH), m/z 295 (M – CH3OH - CO), and m/z 170, 
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the relative intensities are very different. For instance, the b2 ion (m/z 323, M – CH3OH) is the 

base peak upon CID of Phe*ProOMe, whereas it is not the base peak upon CID of ProPhe*OMe. 

Moreover, peaks at m/z 171, m/z 225, m/z 251, m/z 266, and m/z 338 are observed solely on CID 

of Phe*ProOMe spectra, whereas m/z 197, m/z 241, m/z 279, and m/z 306 are observed solely on 

CID of ProPhe*OMe spectra.  

  

Figure 8.5. a) CID of Phe*ProOCH3 and b) ProPhe*OCH3 with 35% energy. Formation of 

methyl esters block the rearrangement of the dipeptides  

Although b2 ions formed from peptides are significant in peptide sequencing,36 the methyl 

esters of the dipeptides is of equal importance because they are not dependent on the substitution 

at the carboxyl end. 
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Figure 8.6 shows the CID spectra of b2 ions (m/z 323) obtained from Phe*ProOMe (8.6a) 

and from ProPhe*OMe (8.6b). The MS3 of these two esters are also different. This reveals that the 

different isomers are giving different products without going through a common structure.       

 

Figure 8.6. CID of b2 ions from dipeptides methyl ester. (a) is MS3 spectra of Phe*ProOCH3 and 

(b) is MS3 spectra of ProPhe*OCH3. The different isomers give different products in MS3, which 

revels that the isomers fragment without going through a common structure.    

8.3.4 Comparison to Authentic Diketopiperazine and Oxazolones 

The possible structures of the b2 ions are diketopiperazine and oxazolones.20, 36 Thus, to 

determine the b2 ion structure, the CID spectra of them are compared with the authentic 

diketopiperazine and oxazolone. The CIDs with 35% energy of authentic diketopiperazine (from 

Phe*Pro) and oxazolone (from Pro-Phe*) are showing in Figure 8.7.  
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Comparison of fragmentation between the b2 ions from Phe*ProOCH3 and Pro-Phe*OCH3 

(Figure 8.6) and the authentic samples of Phe*Pro diketopiperazine and Pro-Phe* oxazolone 

(Figure 8.7) reveals an agreement. For instance, m/z 170 fragment ions form from the CID of both 

b2 ions from Phe*-ProOMe and Phe*Pro diketopiperazine though the intensities are not same. 

Therefore, the CID spectra of the b2 ion obtained from Phe*ProOMe is consistent with that for 

diketopiperazine. 

 

Figure 8.7. CID spectra of authentic structures of m/z 323 ions derived from the dipeptide (a) 

diketopiperazine is from Phe*Pro and (b) oxazolone is from Pro-Phe*. 

On the other hand, the CID spectra of b2 spectra from ProPhe*OMe agrees very well with 

that for oxazolone prepared from ProPhe*OH. The peaks present in Figure 8.6b exactly match 

with the peaks in Figure 8.7b. However, there are a few additional peaks in the later spectra with 
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very low intensity, and the relative intensity of m/z 323 (b2 ions) does not match. Based on the 

above-discussed results, we can conclude that the b2 ion from ProPhe*OMe is mostly the expected 

oxazolone.    

8.3.5 Deuterium labelling 

 Additional insight into the products structure of b2 ion may be found by deuterium labelling 

experiment. 50:50 D2O and CH3OD solution was used to execute of H/D exchange of two labile 

protons of Phe*ProOH and ProPhe*OH. Formation of m/z 343 is due to the exchange of two labile 

protons with deuterium atoms. Upon CID, both of the ions give b2 ion with m/z 323 (M – D2O), 

m/z 324 (M – DOH), and m/z 325 (M – H2O). The formation of m/z 323 indicates the carboxylic 

OD takes one deuterium to form D2O, whereas one H atom is added to the carboxyl OD to form 

DOH. This observation depicts that there are two different options for transferring protons, which 

is shown in Figure 8.9 for deuterium labelling of ProPhe*OH.    
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Figure 8.8. MS/MS spectra of deuterated a) Phe*ProOH and b) ProPhe*OH. The removal of 

D2O (formation of m/z 323, M – D2O) and DOH (formation of m/z 324, M – DOH) depict that 

there are two different options for transferring protons. 
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Figure 8.9. Proton transfer mechanism for the b2 ion formation from ProPhe*OH 

The transfer of two labile protons are shown in Figure 8.9 by deuterium labelling of 

ProPhe*OH. Initially, the labile protons are exchanged by deuterium shown in A (Pro-Phe*-OD). 

Five-membered ring formed through the removal of deuterium atom (Da) from nitrogen atom to 

carbonyl oxygen (Ob) followed by the attack of oxygen (Oa) on carbonyl carbon to give five 

membered intermediate structure, A2.  The oxazolone, II, may form by the removal of DcObDa, 



 

 

203 

whereas oxazolone-enol, III, formed by the removal of HdObDa. Our previous work on Gly-Phe 

dipeptide36 supports the oxazolone and oxazolone-enol formation mechanism.  

The relative energies of possible isomeric b2 ion structures obtained from Phe*-Pro and 

Pro-Phe* are shown in Table 8.1. the most stable product is predicted to be the diketopiperazine 

(I). Oxazolone b2 ions II and III are calculated to be 25.2 and 72.8 kcal/mol higher in energy, 

respectively. This relative energies of the diketopiperazine and oxazolones are consistent with 

what was published previously.30, 31, 36, 57  

Table 8.1. Calculated Relative Energies of b2 ions in kcal/mol at B3LYP/6-31+G* optimized 

geometries. 

Ion MP2/6-31+G* 

Pro-Phe* Oxazolone-enol (III) 72.8 

Pro-Phe* Oxazolone (II) 25.2 

(Phe*-Pro) Diketopiperazine (I) 0 

 

Aside from diketopiperazine, the lowest energy structure is predicted to be the oxazolone 

(II) at the B3LYP/6-31+G* level of theory (Figure 8.9). The stability of the oxazolone (II) 

structure for the Pro-Phe* b2 can be attributed to a favorable hydrogen bond interaction between 

the N-H and the sulfonate group, as shown in Figure 8.10. Whereas, oxazolone-enol (III) structure 

for the Pro-Phe* b2 ion is linear and lack of formation of hydrogen bond between sulfonate group 

and any between O-H and N-H. All the optimized geometry for b2 ions is shown in Figure 8.10.   

 
Previously, our lab found that the simple oxazolone is computed to be 15.4 kcal/mol lower 

in energy than hydroxyoxazole at the MP2/6-31+G*//B3LYP/6-31+G* level of theory (eq 11).36 
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The stability of keto form over the enol supports our findings. Moreover, the stabilization of b2 

ion by intramolecular hydrogen bonding was previously observed for His-Pro,57 and in our studies 

we have found that the hydrogen bonding preferentially stabilizes the diketopiperazine structure 

by almost 73 kcal/mol.   

 

Figure 8.10. Lowest energy structures of possible b2 ion structures. 

 Conclusion 

Collision induced dissociation (CID) was used to study the Phe*Pro and ProPhe* 

dipeptides to form sequence specific ions such as b2 ions. This b2 ion is typically formed by 

protonated dipeptides. However, the exceptionality of our study is that dipeptides have a localized 

anionic charge on the phenyl ring of phenylalanine; thus, the studied site is unaffected by the 

remote charge. In this study, we have found that not only is the ‘mobile proton’ involved in the 

dissociation process, but also the ‘backbone hydrogen’ is involved in forming b2 ions, which is 

similar to our previous studies. Finally, this study also supports our previous claim that modified 

amino acids can be used to find out the effect of the peptide structure and the effect on the products.  
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