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SUMMARY 

Isomeric mixtures of 5- to (w - I)-monohydroxy fatty acids have been isolated 
from remote marine aerosols by methanolic potassium hydroxide extraction and sil- 
ica gel column chromatography. Structures of the hydroxy acids were determined by 
comparison with high-resolution gas chromatography-mass spectrometry (GC-MS) 
of authentic standards, employing methyl esters and methyi ester trimethylsilyl 
(TMS) derivatives. A series of monohydroxy acid positional isomers have been iden- 
tified in the range C7-Ci5 with 5-hydroxyundecanoic and IO-hydroxyundecanoic 
acids as major isomers. Electron-impact mass spectra of hydroxy acid methyl esters 
show characteristic a-cleavage ions (e.g. m/z 131 for the 5-hydroxy homologue) and 
their methanol-eliminated ions (e.g. m/z 99). Mass spectra of the TMS derivatives 
also yield characteristic ions at m/z 133 + 14m (m > 5; m = position of carbon 
atom bearing the hydroxyl group). These specific ions provide a useful tool in mass 
chromatography to detect individual positional isomers of hydroxy fatty acids in 
environmental samples. 

INTRODUCTION 

Hydroxy fatty acids are generally found in lipid fractions isolated from organ- 
isms including bacteria’, algae2 and higher plants3. They have also been reported in 
environmental samples such as sediments4*5 and lake waters?, and have been used 
as geochemical tracers to evaluate bacterial and terrestrial plant contributions to 
sediments7-Q. However, the hydroxyl functional groups are generally limited to the 
a-, fl-, C-9, (o - l)-, and o-positions. Other positional isomers have not been re- 
ported for hydroxy fatty acids in environmental samples. 

During a gas chromatography (GC) and GC-mass spectrometry (GC-MS) 
study on /?- and w-hydroxy fatty acids in remote marine aerosols, we found that these 
common hydroxyacids are minor species in the hydroxyacid methyl ester fraction. 
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In this manuscript, we describe the structural elucidation of the major species in this 
fraction, previously unreported hydroxy fatty acids. Positional isomers of the hy- 
droxy fatty acids were determined by capillary GC-MS employing the methyl ester 
and methyl ester trimethylsilyl (TMS) ether derivatives. 

EXPERIMENTAL 

Sample extraction and isolation 
Remote marine aerosols were collected on pre-combusted (550°C) quartz fiber 

filters using Hi-vol air samplers in the North Pacific Ocean during R/V Moana Wave 
Cruise X5-04 and 86-05. North Pacific Air Sample (NPAS) 45 was collected at 38- 
40”N, 164-167”W on June 21-25, 1986 and handled by the methods described else- 
wherelO. 

Aerosol samples were extracted with 100 ml 0.1 M methanolic potassium hy- 
droxide under reflux and with methanol and dichloromethane ultrasonically. The 
extracts were combined and divided into neutral and acidic fractions as described by 
Kawamura and Gagosian ll. The acidic fraction was methylated with 14% meth- 
anolic boron trifluoride and the hydroxy acid methyl esters were separated from 
other esters (mono- and dicarboxylic acid and keto acid methyl esters) by using 
deactivated (with 1% wt. water) silica gel column chromatographyll. The hydroxy 
acid methyl ester fraction was concentrated to dryness using rotary evaporation 
under vacuum and a nitrogen (Nz) stream. The residue was dissolved in 100 ,~l hexane 
prior to GC and GC-MS analyses. 

TMS derivatization 
An aliquot of the hydroxy acid methyl ester fraction was dried in Nz and 

derivatized to their corresponding hydroxy acid methyl ester TMS ethers with a 
mixture of 50 ~1 bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% tri- 
methylchlorosilane (TMCS) (Supelco) and 50 ~1 acetonitrile heated at 70°C for 30 
min. The TMS derivatives were dried in a Nz stream and dissolved in 100 ~1 hexane 
prior to GC and GC-MS analyses. 

GC and GC-MS analyses 
Hydroxyacid methyl esters and hydroxyacid methyl ester TMS ethers were 

separated on a fused-silica capillary column (DB-5, 30 m x 0.32 mm) installed in a 
Carlo Erba 4160 gas chromatograph equipped with an on-column injector and flame 
ionization detector. Electron-impact mass spectra were obtained using a Carlo Erba 
4160 gas chromatograph interfaced to a Finnigan 4500 mass spectrometer. The GC 
and GC-MS conditions are described elsewhere1 l. 

Preparation of authentic hydroxy fatty acid methyl esters 
4- and 5-hydroxy fatty acid methyl esters were synthesized by transesterifying 

y-lactones (C,, Co, C1r) and &lactones (ClO, CL1, C2), respectively, which were 
purchased from Aldrich. A volume of 2 ~1 of an individual lactone was reacted with 
0.5 ml 14% boron trifluoride in methanol at 100°C for 30 min. After redistilled water 
(8 ml) was added, the reaction mixture was extracted with 8 ml hexane. The hexane 
extracts were washed with redistilled water and concentrated by rotary evaporation 
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and nitrogen blow-down. The extracts containing hydroxy fatty acid methyl ester, 
methoxy fatty acid methyl ester (reaction by-product) and unreacted lactone were 
separated on a silica gel column. The hydroxy acid methyl ester fractions were col- 
lected as discussed above. An aliquot of the hydroxy acid methyl ester fraction was 
also derivatized to its corresponding TMS ether by the procedure described above. 

a-Hydroxy C16 and CZZ fatty acids, fi-hydroxy C16 fatty acid, 12-hydroxy 
Cl8 fatty acid and w-hydroxy CIO, CIZ and C16 fatty acids were purchased from 
Aldrich and derivatized to their corresponding methyl esters. 

RESULTS AND DISCUSSION 

Fig. 1 presents a capillary gas chromatogram of the hydroxy acid methyl ester 
fraction separated from marine aerosol sample NPAS-45. This fraction has a very 
complex mixture of polar compounds. Most peaks appeared in the early part of the 
gas chromatogram, suggesting that molecular weights of the compounds were rela- 
tively low. The result of a blank filter shows that these peaks are not due to contam- 
ination factors from either sample collection, transportation, storage or analytical 
procedure, Although a-, fi-, and w-hydroxy fatty acids have characteristic mass spec- 
tra (m/z 90 and m/z M - 59 are characteristic ions for a-hydroxy fatty acid methyl 
esters, m/z 103 is characteristic for /.I-hydroxy fatty acid methyl esters, and m/z 74 
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Fig. 1. Reconstructed capillary gas chromatograms of hydroxy acid methyl ester fractions separated from 
(a) North Pacific aerosol sample NPAS-45 and (b) blank filter. 
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and m/z M-30 are characteristic for o-hydroxy fatty acid methyl esters), they are 
minor species in the hydroxy acid fraction isolated from the aerosols. This is in 
contrast to other environmental samples (sediments and lake waters), which showed 
p- and o-hydroxy acids as major speciessP9. 

Fig. 2a shows an electron-impact mass spectrum for one of the major un- 
known species in the hydroxy acid methyl ester fraction. Although the mass spectrum 
with major ions at m/z 74, 99, 102 and 131 is simple, we could not find matching 
spectra in the INCOS 2300 data library. Interestingly, the mass spectrum for the GC 
peak eluting after the above mentioned peak (characterized by a strong ion of m/z 
99) showed a strong fragment at m/z 113 (99 + 14). Further, following GC peaks 
showed fragment ions at m/z 127 (99 + 28), m/z. 141 (99 + 42) and m/z 155 (99 + 
56). The increase in the major fragment ion mass by 14 (methylene) units with re- 
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Fig. 2. Mass spectra of 5-hydroxyundecanoic acid methyl ester for (a) aerosol sample NPAS-45 and_ (b) 
authentic standard. 
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tention time suggests that these compounds are a series of hydroxy fatty acids con- 
taining an hydroxyl group at different positions. 

Fig. 2b shows an electron-impact mass spectrum for an authentic standard 
of Shydroxyundecanoic acid methyl ester. Mass fragmentation of this compound is 
characterized by major ions at m/z 74,99, 102 and 131. The m/z 74 ion is produced 
by a McLafferty rearrangement of the methyl ester portion of the compound12. The 
m/z 13 1 ion is attributed to a-cleavage on the carbon atom having an hydroxyl group. 
This ion further rearranges to result in the m/z 99 fragment due to an elimination of 
methanol. The mass fragment of m/z 102 [ . CH2-CH&H&( = OH)+-0CH3] is 
derived via specific hydrogen transfer from the hydroxyl group to the ester func- 
tion13. The mass fragmentation pattern of the unknown compound (Fig. 2a) is iden- 
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Fig. 3. Mass spectra of S-hydroxyundecanoic acid methyl ester TMS ether for (a) aerosol sample WAS-45 
and (b) authentic standard. 
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tical to that of the standard (Fig. 2b). The identification of 5hydroxyundecanoic 
acid methyl ester was further confirmed by co-elution on GC with the authentic 
standard. 

GC-MS identification of 5-hydroxyundecanoic acid was reconfirmed by us- 
ing its TMS derivative. Fig. 3 shows electron-impact mass spectra of methyl 5-tri- 
methyloxyundecanoate for both sample and standard. The spectrum of the methyl 

07 

116 

60 80 100 120 140 i60 i60 200 220 240 

1 

I 

60 C 

172 

) Kx) ix) 140 160 380 203 2x) 240 

Fig. 4. Mass spectra of methyl esters for (a) Chydroxyundecanoic acid, (b) 7-hydroxyundecanoic acid, (c) 
%hydroxyundecanoic acid, (d) Phydroxyundecanoic acid and (e) IO-hydroxyundecanoic acid isolated 
from marine aerosol sample NPAS-45. 
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ester TMS ether has major ions at m/z 171 and m/z 203 (Fig. 3b) which are derived 
from a-cleavage on both sides of the carbon atom bearing the -0TMS functional 
group14. The fragmentation of m/z 203 further produces a rearrangement ion of m/z 
171 by the elimination of methanol 14. The m/z 73 is a typical fragment of trimeth- 
ylsilyl derivatives. At the high-molecular-weight end of the spectrum, m/z 273 
(M - 15, a loss of methyl from the TMS group) is present as well as m/z 257 (M - 31, 
a loss of methoxy from the methyl ester) and m/z 241 (M - 47, a loss of methanol 
from the [M - 151 fragment). The mass spectrum for the sample (Fig. 3a) is identical 
to that of the authentic standard as described above. 

In a similar manner, 5-hydroxydecanoic (C,,) acid and 5-hydroxydodeca- 
noic (Cl,) acid were identified in the aerosol samples as methyl esters and methyl 
ester TMS ethers using authentic standards. By using characteristic mass fragment 
ions for 5-hydroxy fatty acid derivatives (e.g. m/z 99, 102 and 131 for methyl esters 
and m/z 171 and 203 for TMS derivatives), a homologous series of 5-hydroxy CL- 
Cl3 fatty acids (Cl1 being major) were identified in the aerosol samples. 

Furthermore, a homologous series of 6- to lo-hydroxy fatty acids were ten- 
tatively identified in the remote aerosol samples by mass spectra employing both 
methyl ester and methyl ester TMS ether derivatives. Fig. 4 shows the electron-impact 
mass spectra for the isomeric C 1 1 hydroxyacid methyl esters. a-Cleavage on the car- 
bon atom containing the hydroxyl group at the side of the methyl ester portion and 
subsequent methanol elimination of the a-cleavage ion yields combinations of char- 
acteristic mass fragments at m/z 145 and 113, m/z 159 and 127, m/z 173 and 141, and 
m/z 187 and 155 for 6-, 7-, 8- and 9-hydroxyundecanoic acid methyl esters, respec- 
tively. Although both a-cleavage ions and their methanol-eliminated ions are major 
mass fragments for mid-chain hydroxy acid methyl esters, only one a-cleavage ion 
is significant for (w - 1)-hydroxy acid methyl esters. As shown in Fig. 4e, lo-hydroxy- 
undecanoic acid methyl ester produces weak ions at m/z 201 (a-cleavage) and m/z 
169 (elimination of methanol). Instead, the other or-cleavage ion (m/z 45) is dominant. 
However, specific hydrogen transfer ions [‘CH2-(CH&-C( = OH)+-OCH3] are seen 
as characteristic fragments (m/z 102 + 14m) for both mid-chain and (w - l)-hydroxy 
acid methyl esters. 

The hydroxy fatty acid methyl ester TMS derivatives also yield electron- 
impact mass spectra specific to the position of the hydroxyl group as shown in Fig. 
5. The mass spectra of mid-chain isomers have, together with m/z 73, unique com- 
binations of a-cleavage ions at m/z 173 and 217, m/z 159 and 231, m/z 145 and 245, 
and m/z 131 and 259 for 6-, 7-, 8-, and 9-hydroxyundecanoic acids, respectively. The 
combinations of these fragment ions are useful for the determination of the position 
of the hydroxyl group as tie11 as the carbon chain length of mid-chain hydroxy fatty 
acids. TMS derivatives of 5- to lo-hydroxy fatty acid methyl esters also produce 
specific ions at m/z 174, 188, 202, 216, 230 and 244, respectively, which are re- 
arrangement ions [‘CH2-(CH&-C( = OTMS)+-OCH3] via TMS transfer from 
OTMS to the ester functional group 14. Because these ions are specific to the position 
of the OTMS group, they can be used as additional criteria to identify positional 
isomers of mid-chain hydroxy fatty acids. 

In the aerosol samples collected from the North Pacific Ocean, we have 
identified previously unreported 5-hydroxy to (m - l)-hydroxy fatty acids in a range 
of cg to c13. These mid-chain hydroxy acids are much more abundant than the 
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Fig. 5. Mass spectra of methyl ester TMS ethers for (a) 6-hydroxyundecanoic acid, (b) ‘I-hydroxyunde- 
canoic acid, (c) 8-hydroxyundecanoic acid, (d) 9-hydroxyundecanoic acid, and (e) IO-hydroxyundecanoic 
acid isolated from the marine aerosol sample NPAS-45. 

common a-, /I- and w-hydroxy acids. 4-Hydroxy fatty acids (C&Z1 J were detected 
as methyl ester TMS derivatives as minor components. Although the origin of these 
mid-chain hydroxy fatty acids is not clear at this moment, they are very likely pro- 
duced in the marine atmosphere by the photochemical oxidation of semi-volatile 
fatty acids’ 5, 
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CONCLUSIONS 

Isomeric mixtures of monohydroxy fatty acids have been isolated from en- 
vironmental samples by solvent extraction and liquid chromatography. The position 
of the hydroxyl group can be determined by capillary GC-MS, employing methyl 
ester or methyl ester TMS ether derivatives. Because mass fragmentation patterns of 
hydroxy acid derivatives are very specific to the position of the hydroxyl group as 
well as the carbon chain length of the molecule, specific fragment ions can be used 
to detect individual positional isomers by mass chromatographic techniques. These 
techniques are a powerful tool for the analyses fo complex isomeric mixtures of 
high-molecular-weight hydroxy fatty acids, which are difficult to separate by capillary 
column GC techniques. The results of marine aerosol analyses showed that 5-hydroxy 
to (o- l)-hydroxy fatty acids ((2-C 1 5, C1 1 being dominant) are present in the at- 
mosphere as major positional isomers. 
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