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5b.. Unwanted alkylation during direct methylation 
off  fatty (di)acids using tetramethylammonium 
hydroxidee reagent in a Curie-point pyrolysis unit 

TheThe formation of a-methylated and a,a-dimethylated (di)acids during on-
lineline {transmethylation with tetramethylammonium hydroxide (TMAH) in a Curie-
pointpoint pyrolysis unit is studied. The reaction of TMAH with nonanedioic -, 
hexadecanedioic-hexadecanedioic- and octadecanoic acids is investigated to determine the 
contributioncontribution of the solvent system and the amount of TMAH added to this 
phenomenon.phenomenon. The results obtained clearly show a different behaviour of diacids in 
methanolicmethanolic solutions compared to aqueous systems. At least three different 
reactionreaction products were identified f or the acids when using a methanolic solution of 
TMAH.TMAH. Different relative amounts of by-products were formed when varying the 
amountamount of TMAH reagent relative to the normal methylated reaction product. A 
mechanismmechanism is postulated for their formation and a hypothesis is drawn up to 
explainexplain the observed differences in reactivity for both solvents. 

5.55.5 Introduction 

Thee direct methylation of carboxylic acids and their esters using 
tetramethylammoniumm hydroxide (TMAH) in combination with heat is already 
knownn since 1963 by the work of Robb and Westbrook [359]. It is thought that this 
in-situin-situ (trans)methylation takes place in two steps: the strong alkaline TMAH first 
deprotonatess the more acidic functional groups (pKa < 12) , eventually formed 
afterr saponification, to form a tetramethylammonium salt. This salt is subsequently 
thermallyy decomposed in the hot injection port of the gas chromatograph and a 
methyll  ester is formed together with trimethylamine. Other compounds, besides 
carboxylicc acids, that have been derivatised in this way include phenols, 
sulfonamidess and heterocyclic nitrogen compounds. Other functional groups 
knownn to be affected are aliphatic -OH and -NH2, although they are not 
necessarilyy completely deprotonated due to their weaker acidity (pKa 16-25) [362]. 
Initiallyy the sample-reagent combination was injected as an aqueous or methanolic 
solutionn in the hot injection port. Nowadays, the reagent is also used in 
combinationn with pyrolysis GC(/MS). The classes of compounds investigated with 
thiss technique include synthetic polymers, bio(macro)molecules, fats, oils, coals, 
kerogens,, humic acids and microorganisms [336, 360, 368]. 
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Severall  aspects involved in the methylation reaction have been investigated 
inn more detail. The solvent methanol was found to play a modest role as it also 
contributess to the transmethylation of aromatic polyesters by methanolysis and not 
onlyy via hydrolysis/pyrolytic methylation [369]. This was also observed by 
Venemaa et al. (1995) for polyaramide samples. However, it was concluded from 
theirr work on mono- and dibasic aliphatic- and aromatic acids that the direct 
methylationn with methanol, catalysed by TMAH, did not play an important role in 
thee case of these model compounds [370]. The effect of the temperature on the 
conversionn efficiency depends on the type of sample investigated and the 
configurationn of the analytical set-up. For saturated aliphatic acids and - diacids it 
wass found that a pyrolysis temperature of 300 to 600 °C did not influence the 
conversionn [370], whereas for polyunsaturated fatty acids the optimum was 
determinedd to be 350 °C [371]. Octadecyl octadecanoate, a C36 wax ester, was 
"pyrolysed""  at 358 and 610 °C and a clear difference was observed in the gas 
chromatogramss [361]. In the latter case hydrolysis-methylation was the most 
dominantt process leading to higher conversions, whereas evaporation took place at 
thee lower temperature as well. 

Thee work described in this section is part of a larger study on the organic 
chemistryy of chemically dried linseed oil based paint systems. It was in particular 
inspiredd by the finding of a-methylated and a-methoxylated diacids that were 
previouslyy unidentified in pyrolysis-TMAH gas chromatograms of linseed oil paint 
samples.. Initially, these compounds were thought to originate from the polymeric 
networkss upon pyrolysis/methylation with TMAH since they could not be found 
withh traditional on-column GC/MS after methylation of fatty acids, diacids and 
theirr oxidation products [328]. However, tests done on reference material indicated 
thatt some of these compounds can be formed even during the on-line 
derivatisation.. Recently, the same phenomenon was reported by Asperger et al. 
[372]]  who identified a-methylated aliphatic CI7 and C18 fatty acids after pyrolytic 
methylationn of these reference materials. Unwanted methyl incorporation when 
applyingg TMAH for on-line methylation has been observed for other classes of 
compoundss as well [373-375]. 

Thiss chapter reports of the influence of several parameters on the a-
methylationn of fatty acids and diacids. First, the type of solvent is monitored since 
thiss proved to be an important parameter before. Previous oil paint analyses were 
performedd using an aqueous TMAH solution and almost no side reactions were 
observed.. However, when using methanolic solutions because of the advantageous 
shorterr drying times, increased amounts of unwanted products were observed. A 
secondd factor tested is the amount of TMAH reagent relative to the material 
investigated.. A mechanistic explanation is postulated to explain the formation of a-
methylatedd fatty acids and diacids and the differences observed between the 
differentt analytical conditions. 
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5.65.6 Experimental 

5.6.15.6.1 Material 

Tetramethylammoniumm hydroxide pentahydrate (minimum 97%), stearic 
acidd (> 99%) and nonanedioic acid (approximately 98%) and hexadecanedioic acid 
(96%)) were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). 
Deuteratedd tetramethylammonium hydroxide pentahydrate (98%) was supplied by 
Cambridgee Isotope Laboratories (Andover, MA, USA). Stand oil (prepolymerised 
linseedd oil) was purchased from Talens (Apeldoorn, The Netherlands) and lead 
whitee was obtained from Old-Holland Classis Oil Colours, Driebergen, The 
Netherlands.. A film of about 0.5 mm thickness was made by spreading out the 
pigment/oill  mixture on a glass slide. This test paint was stored under room 
conditionss for 5 years. 

5.6.25.6.2 Curie-point Py-TMAH-GCI MS 

Curie-pointt pyrolysis was performed with a modified FOM 4-LX pyrolysis 
unitt [376]. In this new set-up (FOM 5-LX) an new inlet system has been 
incorporatedd (see Fig. 1) which makes it is possible to flush the glass-liner in a 
cooll  zone to remove any traces of air prior to insertion into the heated zone of the 
pyrolysiss unit. A big advantage of this set-up is that it is possible to pull back the 
glass-linerr after pyrolysis from the heated zone into the cool zone again. This is 
usefull  since multiple step pyrolysis experiments can be done easily on the same 
samplee with increasing temperatures without major loss of sample in between two 
runs. . 

Ann aliquot of 5 pi of a methanolic solution of the reference material was 
appliedd onto a rotating Curie-point wire and 2, 4, or 8 ul of a 2.5% aqueous (268.6 
nM/uI)) or methanolic (217.6 nM/ul) solution of TMAH were added before the 
samplee was dried in vacuo. The absolute molar amounts of nonanedioic-, 
octadecanoic-- and hexadecanedioic acid applied, either mixed or as single 
compound,, were 0.236, 1.45, and 1.31 nM, respectively. The ferromagnetic wire 
wass inserted in a glass liner and subsequently placed into the pyrolysis unit. The 
samplee was flushed with helium for 45 s, lowered and after 35 s the ferromagnetic 
wiree was inductively heated for 6 s in a 1 MHz Rf field to its Curie-point 
temperaturee (610 °C). After two minutes, the glass-liner was withdrawn from the 
heatingg zone. Pyrolysis fragments were flushed into a SGE BPX5 column (25 m, 
0.322 mm i.d., 0.25 um film thickness) mounted in a Carlo-Erba gas chromatograph 
(seriess 8565 HRGC MEGA 2) which was coupled directly to the ion source of a 
JEOLL DX-303 double focussing (E/B) mass spectrometer via a home built 
interfacee which was kept at 180 °C. Helium was used as carrier gas at a flow rate 

155 5 



ChapterChapter 5 

Moveablee Holder 

Figuree 1. Design of the FOM 5-LX pyrolysis injector. 

off  approximately 2 ml/min as regulated with a CP-CF 818 pressure/flow control 
boxx (Fisons Instruments). The initial temperature of the gas chromatograph was 50 
°C,, which was maintained for 2 minutes. The oven temperature was programmed 
att a ramp of 6 °C to an end temperature of 320 °C (50(2)-6-320). Ions were 
generatedd by electron impact ionisation (70 eV) or chemical ionisation using 
isobutanee at a pressure of 10"3 Pa in the ionisation chamber (180 °C), accelerated to 
33 keV, mass separated and postaccelerated to 10 keV before detection. The mass 
spectrometerr was scanned from m/z 40-700 with a cycle time of 1 s. A Jeol MP-
70000 data system was used for data acquisition and processing. 
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5.75.7 Results and Discussion 

5.7.15.7.1 On-line (transmethylation of a linseed oil paint sample 

Figuree 2 depicts the typical chromatogram of a pyrolysis GC/MS run of a 
driedd linseed oil paint pigmented with lead white, which was analysed after 
(trans)methylationn with a 2.5 % methanolic solution of TMAH. The identified 
compounds,, based on their 70eV electron impact mass spectrum, can be found in 
Tablee 1. Most of these compounds are detected when analysing aged oil paint 
sampless [10, 13, 244]. They arise from the breakdown of the initial highly 
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Figuree 2. TIC of lead white pigmented linseed oil paint after 610 °C Curie-point 
pyrolysiss assisted with on-line methylation using 2.5 % methanolic TMAH. 
Temperaturee program: 50(2)-6-320. Peak numbers correspond to Table 1. 
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unsaturatedd triacylglycerols upon autoxidation. However, the identity and origin of 
somee of the compounds was not clear and it was questionable whether they were 
presentt as such in the paint film. In this case it was uncertain whether compounds 
188 and 20b were ethyl or propyl esters, respectively, or branched analogues of 
nonanedioicc acid. In order to verify this, the analysis was repeated using A. a 
solutionn of deuterated TMAH reagent and B. chemical ionisation with isobutane. 

Tablee 1. Identified compounds in the chromatogram of a lead white pigmented 
linseedd oil paint sample after 610 °C Curie-point pyrolysis-TMAH-GC/MS 

Peak k 
No. . 

1. . 
2. . 
3. . 
4. . 
5. . 
6. . 
7. . 
8. . 
9. . 
10. . 
11. . 
12. . 
13. . 
14. . 
15. . 
16. . 
17. . 
18. . 
19. . 
20.. a 
21.. b 
22. . 
23. . 
24. . 
25. . 
26. . 
27. . 
28. . 
29. . 
30. . 
31. . 
32. . 
33. . 

M.W. . 

142 2 
144 4 
144 4 
146 6 
156 6 
158 8 
158 8 
160 0 
172 2 
174 4 
186 6 
188 8 
202 2 
194 4 
216 6 
216 6 
232 2 
230 0 
242 2 
228 8 
244 4 
230 0 
246 6 
244 4 
244 4 
260 0 
256 6 
258 8 
270 0 
284 4 
298 8 
326 6 
326 6 

Compound d 

heptenoicc acid, methyl ester 
heptanoicc acid, methyl ester 
butenedioicc acid, dimethyl ester 
butanedioicc acid, dimethyl ester 
octenoicc acid, methyl ester 
octanoicc acid, methyl ester 
pentenedioicc acid, dimethyl ester 
pentanedioicc acid, dimethyl ester 
nonanoicc acid, methyl ester 
hexanedioicc acid, dimethyl ester 
decanoicc acid, methyl ester 
heptanedioicc acid, dimethyl ester 
octanedioicc acid, dimethyl ester 
1,2-benzenedicarboxylicc acid, dimethyl ester 
a-methyll  octanedioic acid, dimethyl ester 
nonanedioicc acid, dimethyl ester 
a-methoxyy octanedioic acid, dimethyl ester 
a-methyll  nonanedioic acid, dimethyl ester 
a,aa -dimethyl nonenedioic acid, dimethyl ester 
a-methyll  nonenedioic acid, dimethyl ester 
a,aa -dimethyl nonanedioic acid, dimethyl ester 
decanedioicc acid, dimethyl ester 
a-methoxyy nonanedioic acid, dimethyl ester 
a-methyll  decanedioic acid, dimethyl ester 
undecanedioicc acid, dimethyl ester 
a-methoxyy decanedioic acid, dimethyl ester 
pentadecanoicc acid, methyl ester 
dodecanedioicc acid, dimethyl ester 
hexadecanoicc acid, methyl ester 
heptadecanoicc acid, methyl ester 
octadecanoicc acid, methyl ester 
8-methoxy-9-octadecenoicc acid, methyl ester 
11 l-methoxy-9-octadecenoic acid, methyl ester 
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34. . 

35. . 

36. . 
37. . 
38. . 
39. . 

326 6 

312 2 

312 2 
326 6 
358 8 
354 4 

9-methoxy-10-octadecenoicc acid, methyl ester 
10-methoxy-8-octadecenoicc acid, methyl ester 
9-oxo-octadecanoicc acid, methyl ester 
10-oxo-octadecanoicc acid, methyl ester 
9-epoxy-octadecanoicc acid, methyl ester 
icosanoicc acid, methyl ester 
9,10-dimethoxy-octadecanoicc acid, methyl ester 
docosanoicc acid, methyl ester 

Figuree 3a presents the EI spectrum of nonanedioic acid dimethyl ester (16) 
obtainedd when using TMAH. The 70 eV mass spectrum of this compound has been 
extensivelyy described by Ryhage [348]. In Figure 3b the mass spectrum of the 
samee compound is depicted when using deuterated TMAH reagent for the 
methylation.. The fragment ions m/z 74, 143, 156 and 185 that still should contain 
onee deuterated methyl group, are expected to increase in mass with 3 amu, as 
indicatedd in Figure 3b. However, from the mass spectrum it is clear that all ions, 
includingg those that aren't expected to contain a deuterated methyl group, have 
obtainedd a higher mass. This indicates that some H-D exchange has occurred. 
Whenn looking in detail at the observed fragment ions in this spectrum and other 
spectraa of the same compound (not shown), it can be clearly seen that for most of 
thee fragment ions the exchange of up to four protons atoms has occurred on the 
carbonn chain in between the carboxylic acid groups. The only exception are the 
ionss originally found at m/z 55, 59, 74, 83, 111, and 143 which only exchanged up 
too a maximum of two hydrogens. This indicates that the H-D exchange is taken 
placee preferentially on the a-positions, since these particular fragment ions are the 
onlyy ones having one a-carbon with only 2 exchangeable protons. This process can 
bee understood when the acidity of the protons next to the carbonyl group is 
considered.. Protons on the alpha position of a carbonyl group are acidic (pKa=19-
20)) in contrast to the protons beta, gamma, delta and so on, which are not acidic 
(pKa=40-50)) [377, 378]. Strong bases like tetramethylammonium hydroxide can 
abstractt acidic alpha protons from carboxylic acids to yield resonance-stabilised 
enolatee anions. These intermediates can pick up deuterium as is depicted in 
Schemee 1. 

alphaa substituted carbanion 

vinylicc alkoxide 
ISIS acidic protons 

Schemee 1. Proton-deuterium exchange at the methylene a-position of the carbonyl 
functionall  group. 
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Tablee 2. Characteristic fragment ions in the 70 eV mass spectra of identified 
diacids s 

m/z z 
[M-31]+ + 

[M-59]+ + 

[M-60f f 
[M-64]+< < 

[M-73]+ + 

[M-91]+ + 

[M-105]+ + 

74 4 
88 8 
102 2 

Fragment(s)) (lost) 

3 3 

3 3 

COOCH33 + H 
22 x CH3OH 

3 3 
H H 

2-COOCH33 + CH,0H 
[CH30C(OH)CH2]+ 'a a 

[CH30C(OH)CH3]]
 +'a 

[CH30C(OH)C(CH3)2]
+'a a 

Thesee ions are formed upon a McLafferty rearrangement [356]. 
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Figuree 3. Mass spectrum of nonanedioic acid, dimethyl ester using (a) 70eV EI; 
(b)) 70 eV EI and deuterated TMAH, and (c) chemical ionisation using isobutane. 

Thee mass spectrum obtained under CI conditions using isobutane, is depicted 
inn Figure 3c. Next to the protonated molecular ions, the most prominent fragment 
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ionss are observed that were visible in the normal 70 eV spectrum as well, e.g. m/z 
185,, 152, and 143. 

Inn Figure 4a-c the same type of mass spectra are depicted for the unknown 
derivativee of nonanedioic acid dimethyl ester (18). In the 70eV mass spectrum 
(Fig.. 4a) it can be seen that almost all ions have increased with 14 amu compared 
too the spectrum shown in Figure 3a, including the ion that has been ascribed to a 
McLaffertyy rearrangement. The ethyl, methyl ester of nonanedioic acid, that has a 
molecularr weight of m/z 230, could be ruled out because this compound is 
expectedd to show fragment ions both at m/z 185 ([M-45]+), 199 ([M-31]+) and m/z 
1522 ([M-78]+) (see Table 2), which was not observed. This indicates that an extra 
methyll  group has been introduced on one of the a-carbons rather than that an ethyl 
esterr has been formed upon derivatisation. This is conclusion is supported by the 
increasedd intensity of the fragment ion m/z 171, [M-59]+, formed upon a-cleavage 
nextt to the carbonyl group and leading to the loss of the carboxylic acid group. The 
experimentt with deuterated TMAH shows that the additional methyl group is 
derivedd from the deuterated TMAH since certain fragments have increased with at 
leastt 6 amu (m/z 94, 177, and 205) whereas others only increased 3 amu (m/z 142, 
146,, and 169). This observation supports the idea that the methyl group is 
incorporatedd on the a-position during the on-line derivatisation and is not formed 
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Figuree 4. Mass spectrum of nonanedioic acid, a-methyl, dimethyl ester using (a) 
70eVV EI; (b) 70 eV EI and deuterated TMAH, and (c) chemical ionisation using 
isobutane. . 
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uponn rearrangement of cross-links within the paint film. Again it is clear that some 
H-DD exchange has occurred, although it seems to a lesser extent when compared to 
Figuree 3b. An a-hydrogen is replaced by a methyl group which reduces the number 
off  exchangeable hydrogens by one. The molecular mass was verified by chemical 
ionisationn using isobutane and determined to be 230 (see Fig. 4c). 

Inn some cases, we have observed a very pronounced formation of a- and 
a,a-methylatedd diacids upon Curie-point pyrolysis-TMAH-GC/MS analysis of oil 
paintt samples and the reaction products are of even higher intensity than the 
expectedd product. Furthermore, the incorporation of an extra methyl group has also 
beenn observed next to the other acid group of the diacid at the a'-position, giving a 
triplyy substituted diacid (unpublished results). In a few cases even normal long 
chainn saturated fatty acids showed incorporation of an extra methyl group, as was 
observedd by Asperger [372] as well. Unfortunately due to the unknown (absolute) 
compositionn of both the organic and inorganic fraction of oil paint samples and the 
amountt of sample actually applied on the wire, it cannot be immediately deduced 
whichh factors play an important role in the unwanted methylation reaction. 

5.7.25.7.2 On-line {transmethylation of fatty (di)acid standards 

Thee structure of the a-methylated diacids is elucidated above. The question 
remainss how these compounds are formed and under what conditions. Therefore 
thee on-line methylation of three reference compounds (nonanedioic acid, 
hexadecanedioicc acid and octadecanoic acid) was investigated using a variety of 
derivatisationn conditions. The last two compounds were chosen to examine the 
influencee of the presence of two acid groups within one molecule and the length of 
thee carbon chain, respectively. All compounds were dissolved in methanol and 
analysedd in the same way as the oil paint sample. The chromatogram in Figure 5 
depictss the result of the pyrolytic methylation of a mixture of different amounts of 
thee reference materials with TMAH reagent dissolved in methanol. It is clear from 
thiss figure that there's a difference in behaviour of the materials. For both diacids 
att least three peaks (compounds 1-5 and 11-15; see Table 3) of reaction products 
aree observed with relatively high intensities compared to the expected 
dimethylatedd reaction products, whereas for the CI8 fatty acid only trace amounts 
off  unwanted by-products are seen. Closer inspection of the mass spectra shows that 
nextt to the dimethyl esters of a-methylated diacids also a,a-dimethylated products 
aree present. Besides two unsaturated analogues are found as well (compounds 3,4 
andd 13,14). The mass spectrum of the a,a-dimethylated nonanedioic acid - and 
hexadecanedioicc acid, dimethyl ester are depicted in Figure 6 and 7, respectively. 
Smalll  mass peaks of both the molecular ions and fragment ions due to the loss of a 
methoxyy group are visible. The McLafferty rearrangement ion is found at m/z 102 
andd typical fragment ions are observed that were reported above for the normal 
diacidd (Table 2). The mass spectra of the monounsaturated analogues (not 
depicted)) look very similar and only differ by two mass units for almost all 
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fragmentt ions except for the McLafferty rearrangement ion and the [M-59]+, which 
hass become the more favourable [M-60]+. However, the retention times of the a-
methylatedd unsaturated compounds 4 and 13 are higher than would be expected 
basedd on the retention times of the saturated reaction products, especially the 
unsaturatedd a-methylated dimethyl analogue of nonanedioic acid. It should be said 
thatt it was difficult to obtain a pure spectrum of compounds 4 and 13 due to co-
elutionn with the saturated a,a-dimethylated compound. 

Tablee 3. Identified compounds in the chromatogram of a mixture of nonanedioic-, 
octadecanoic-- and hexadecanedioic acid after 610 °C Curie-point pyrolysis-
TMAH-GC/MS. . 

Number r 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 

M.W. . 
216 6 
230 0 
242 2 
228 8 
244 4 
270 0 

? ? 

298 8 
312 2 
326 6 
314 4 
328 8 
340 0 
326 6 
342 2 

Compound d 
nonanedioicc acid, dimethyl ester 
a-methyll  nonanedioic acid, dimethyl ester 
a,aa di-methyl nonenedioic acid, dimethyl ester 
a-methyll  nonenedioic acid, dimethyl ester 
a,aa di-methyl nonanedioic acid, dimethyl ester 
hexadecanoicc acid, methyl ester 
unidentifiedd contamination 
octadecanoicc acid, methyl ester 
a-methyll  octadecanoic acid, methy ester 
a,a-dimethyll  octadecanoic acid, methyl ester 
hexadecanedioicc acid, dimethyl ester 
a-methyll  hexadecanedioic acid, dimethyl ester 
a,aa di-methyl hexadecenedioic acid, dimethyl ester 
a-methyll  hexadecene acid, dimethyl ester 
a,aa di-methyl hexadecanedioic acid, dimethyl ester 

Thee formation of the a-methylated fatty acids can be explained by 
consideringg the acidity of the a-protons next to the acid groups. Their pKa value of 
19-200 [377] makes it possible that they react with the strongly basic TMAH, giving 
risee to alpha-substituted carbanions (See Scheme 2). The TMAH salt, which will 
havee a slightly higher pKa, comparable to esters, will behave behave in the same 
way.. These intermediates will form singly a-methylated (di)acids upon an SN2 
reactionn with the TMAH. After the reaction of one of the protons there is a second 
protonn which can undergo the same reaction again and an a,a-dimethylated 
(di)acidd with a tertiary carbon atom will result. Although the incorporation of the 
firstt methyl group is thought to decrease the rate of proton removal of the 
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Figuree 5. TIC of a mixture of nonanedioic-, octadecanoic- and hexadecanedioic 
acidd after 610 °C Curie-point pyrolysis assisted with on-line methylation using a 
2.5%% methanolic TMAH solution. Temperature program: 50(2)-10-320. Peak 
numberss correspond to Table 3. 
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Figuree 6. 70 eV EI mass spectrum of a,a-dimethyl nonanedioic acid, dimethyl 
ester. . 
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Figuree 7. 70 eV EI mass spectrum of a,a-dimethyl hexadecanedioic acid, dimethyl 
ester. . 

Schemee 2. Postulated mechanism of formation of a- and a,a-methylated diacids. 
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remainingg a-hydrogen and subsequently would lead to a preferential removal of 
onee of the a'-hydrogens next to the otherr acid group this is not observed. The fact 
thatt the a,a-dimethylated reaction products are formed is due to acid-base proton 
transferr between the alkylated product and the unreacted enolate anion. Once the 
methylatedd species is formed it finds itself in solution with a relatively high 
concentrationn of a strong base (the remaining enolate anion) that can remove 
anotherr a-proton, giving a new enolate ion that is further methylated. The 
formationn of the unsaturated analogues is not completely understood but 
experimentss using different pyrolysis temperatures showed increasing amounts of 
thesee species when using higher temperatures, whereas the overall amount of by-
productss didn't change to a large extent (results not shown). The description of the 
formationn of the a(,a)- methylated species, however, doesn't account for the 
enhancedd relative amounts of derivatives of the diacids compared to the normal 
fattyy acids. We conclude from the observations above (Fig. 5) that the presence of 
twoo acid groups plays a role rather than the length of the carbon chain. Py-TMAH-
GC/MSS analyses of three other fatty diacids with a carbon chain length of 6, 8, and 
10,, respectively, gave the same type of reaction products (results not shown). In 
mostt standard organic chemistry books also the unusual reactivity of malonic acid 
(C44 diacid) is reported when considering a-methylation. This is, however, a 
speciall  case due to a six-membered resonance stabilised structure that can be 
formed,, giving a-protons with a pKa of approximately 9. 

Inn a subsequent experiment TMAH was dissolved in deuterated methanol 
too see whether it was the methanol that led to the increased incorporation of the a-
methyll  groups. No peaks were observed in the mass spectra that could be attributed 
too the incorporation of a methyl group having a mass of 18 (-CD3). When the 
experimentt was repeated using a deuterated TMAH salt in normal methanol, the 
oppositee was found: all methyl groups had a mass of 18 (-CD3), indicating that 
methanoll  itself does not participate in the methylation reaction. 

Ass stated before, it was found that the solvent plays an important role in the 
a-methylationn reaction observed in oil paint samples. This is also immediately 
clearr when the results of experiments with the reference materials are looked upon 
(Tablee 4). The relative percentages of the non a- and a,a-methylated derivatives 
aree depicted for the three reference compounds when analysed with Curie-point 
pyrolysiss using a 2.5 % TMAH solution in both water and methanol, respectively. 
Thee data were obtained by determining the peak area of the normal reaction 
productt and dividing it by the sum of the peak areas of all major peaks derived 
fromm the starting material observed. Whereas in water percentages were found for 
alll  three compounds varying between 96,7 and 100%, in the case of methanolic 
solutionss they were around 98% for the octadecanoic acid and much lower (35-
60%)) for the diacids. This suggests that in methanol the acidity of the a-protons is 
increasedd which are subsequently relatively easy to remove. It is thought that this 
iss due the formation of some kind of aggregate of the diacid and the TMAH salt in 
methanol,, although no direct evidence is present for this suggestion. Apparently, 
thee monocarboxylic acid cannot form such a structure. 
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Sincee other research groups use TMAH for the on-line methylation of lipids 
orr fatty acids as well but with different concentrations and relative amounts of 
TMAHH to analyte and since the formation of a-methylated fatty acids hardly has 
beenn reported, the influence of the relative amount of TMAH was tested. The 
amountt of TMAH was both doubled and halved relative to the amount of the 
experimentss previously described. The result is rather surprising as can be seen in 
Tablee 4. For the analyses of the diacids done with half the amount of aqueous 
reagentt drastically increased amounts of by-products were found, whereas with 
methanoll  these had decreased. The opposite was observed for higher amounts of 
TMAH.. Almost complete conversion was obtained for all experiments with the 
aqueouss solution in this case. The methanolic solution however led to slight 
increasee of a-methylated species. 

Tablee 4. Results of the study on the effects of several parameters involved in on-
linee (trans)methylation of C9 diacid, C16 diacid, and C18 using a 2.5% TMAH 
solutionn in combination with 610 °C Curie-point pyrolysis-GC/MS 

Amount t 
TMAH H 

(ul) ) 
2 2 
2 2 
4 4 
4 4 
4 4 
8 8 
8 8 
8 8 

Solvent t 

water r 
methanol l 

water r 
methanol l 

water r 
water r 

methanol l 
methanol l 

Drying g 
Time e 
(min) ) 

12 2 
12 2 
12 2 
12 2 

12(5)d d 

17 7 
12 2 
17 7 

C9 9 
DIFAME3 3 

(%) ) 
65,44 (2,9)c 

78,88 (3,3) 
99,11 (1,6) 
60,22 (5,6) 

98,11 (n.d.)e 

1000 (0,3) 
48,44 (n.d.) 
43,77 (3,3) 

C16 6 
DIFAME E 

(%) ) 
65,66 (3,4) 
77,6(4,1) ) 
98,7(1,1) ) 
63,11 (8,9) 
97,33 (n.d) 
99,4(1,8) ) 
51,00 (n.d.) 
45,00 (4,4) 

C18 8 
FAME" " 

(%) ) 
99,44 (0,2) 
99,5(1,4) ) 
99,8(1,7) ) 
99,00 (0,3) 
99,77 (n.d.) 
99,11 (1,3) 
98,00 (n.d.) 
98,22 (0,2) 

aa DIFAME = fatty diacid, dimethyl ester. 
bb FAME = fatty acid, methyl ester 
cc In brackets the standard deviation is given. All measurements were done in 
triplicatee at least. 
dd The mixture of reference compounds was applied onto the pyrolysis wire and 
driedd within 5 min. Subsequently aqueous TMAH reagent was added and the 
samplee was dried for another 12 min. 
ee n.d. = not determined (single measurement) 

Itt is our hypothesis that co-ordination chemistry in the solvent-analyte 
mixturee determines the reactivity of TMAH with respect to the reactants (see 
Schemee 3). In the case of high amounts of aqueous TMAH reagent with respect to 
thee reactant, the diacids are co-ordinated by TMAH forming a salt in such a way 
thatt a-methylation is much less favourable (Scheme 3a). When the amount of 
aqueouss TMAH is lowered, it is more likely that part of the TMAH co-ordinates 
withh different acid groups in the interior of an aggregate and as a result of this co-
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== Fatty diacid ¥ = TMAH salt 

Schemee 3. Postulated hypothesis to explain the difference in reactivity of aqueous 
andd methanolic TMAH solutions, (a) Linear combination of TMAH salt and fatty 
diacidss in water at high TMAH concentration; (b) Lowering the amount of added 
aqueouss TMAH reagent leads to formation of aggregates, and (c) In methanol 
aggregatess are thought to be present. Lowering the amount of methanolic TMAH 
reagentt leads to a lower amount of micelles. 
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ordinationn the acidity of the a-protons is increased (3b). This gives rise to higher 
amountss of a-methylated diacid derivatives. In methanol the situation is different. 
AA phase separation is postulated to occur forming micelles with TMAH at the 
centree (3c). As the concentration of TMAH is lowered, less micellar structures will 
bee formed and subsequently less a-methylation can be expected. This mechanism 
proposedd rationalises the data in Table 4, although it should be stressed there is no 
directt evidence available yet. Given the popularity of this relatively easy 
derivatisationn method it is important that further studies will be conducted to 
elucidatee the formation of these by-products and to find ways to prevent them. 

5.85.8 Conclusion 

Thee data presented above clearly demonstrated that TMAH is not only 
capablee of (trans)methylating the acid groups of fatty (di)acids, but can also react 
withh acidic protons on the a-position, giving rise to different species of unwanted 
alkylatedd fatty acids. The (unwanted) reactivity of the diacids was shown to be 
higherr in methanolic systems and less concentrated aqueous solutions. It is our 
believee that differences in the coordination chemistry of the TMAH and the 
reactantt leads to different acidities of the alpha-hydrogens, hence the formation of 
thee unwanted by-products. The use of water as solvent for the TMAH reagent, 
althoughh being more time-consuming upon drying, therefore is advised for the 
analysiss of carboxylic acids when using Py-GC/MS. 
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