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Identification of C2-Cl0 w-Oxocarboxylic Acids, Pyruvic Acid, 
and C2-C3 a-Dicarbonyls in Wet Precipitation and Aerosol 
Samples by Capillary GC and GC/MS 
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Rain, snow, and aerosol samples were analyzed 
for w-oxocarboxylic acids, as well as pyruvic acid 
and a-dicarbonyls, by using a capillary gas chro- 
matography (GC) and GC/mass spectrometer. The 
aldehyde, carboxyl, and keto groups in the bi- 
functional compounds were derivatized with 14% 
BFS/n-butanol to dibutyl acetal, dibutyl ester, and 
dibutyl ketal, respectively. A homologous series 
of w-oxocarboxylic acids (C&O), pyruvic acid, and 
a-dicarbonyls (C2-G) were identified or tenta- 
tively identified in the atmospheric samples. Mo- 
lecular distributions of the w-oxocarboxylic acids 
generally showed the predominance of glyoxylic 
acid (CZ) followed by CI or C3 species. This paper 
presents the analytical protocols for the identi- 
fication and determination of w-oxocarboxylic 
acids, pyruvic acid, and a-dicarbonyls by GC and 
GC/MS, and provide E1 mass spectra of their 
derivatives. 

INTRODUCTION 

Different types of bifunctional organic compounds, in- 
cluding dicarboxylic acids, keto acids, hydroxy acids, and 
dicarbonyls have been studied in atmospheric samples by gas 
chromatography,1-13 high-performance liquid chroma- 
tography,’C’e and ion chromatography.17-22 These compounds 
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are likely produced in the atmosphere and are keys to 
understand photochemical transformation of anthropogenic 
and biogenic organic compounds in the atomosphere.6~8J7 By 
use of gas chromatography employing methyl w,w-dimethoxy 
esters, a homologous series of w-oxocarboxylic acids (c6414, 
hereafter refered to as w-oxo acids) have been detected for 
the first time in remote marine aerosol samples.819 The 
discovery of the w-oxo acids and their characteristic distri- 
bution (a predominance of CS species) implied that w-oxo 
acids are produced in the atmosphere by photochemical 
oxidation of biogenic unsaturated fatty acids which generally 
contain a double bond at  C-9 position.* However, lower carbon 
number w-oxo acids ((22, C3, Cr) have not been detected by 
the analytical technique used,8g probably due to a loss of the 
BFdmethanol derivatives during evaporation steps used in 
the protocols. 

On the other hand, glyoxylic acid (CZ w-oxo acid) has been 
detected in the atmospheric wet samples by HPLC as a 
quinoxilinol derivative.16 This method is also available for 
the determination of pyruvic acid, glyoxal, and methylglyoxal. 
However, C3 and higher w-oxo acids have not been reported 
by the HPLC method when quinoxilinol derivatives were 
employed.16 Recently, ion chromatography has been applied 
to the atmospheric samples and pyruvic acid has been detected 
in the Amazon atmosphere18@ and in the Arctic aerosol and 
snow pack.21*22 Although IC is a powerful method for the 
determination of some water-soluble organic components, no 
w-oxocarboxylic acid has been reported by the technique. 

During the course of a gas chromatographic study of 
dicarboxylic acids in the atmospheric samples using the BFd 
n-butanol derivatization technique, we obtained many un- 
known peaks in the chromatogram of the butyl ester fraction. 
Mass spectral examination suggested that they are the 
derivatives of diacid-related compounds containing carboxyl, 
aldehyde, and/or keto functional groups. In this study, we 
have identified some of these unknown compounds as 
glyoxylic acid, 4-oxobutanoic acid, pyruvic acid, glyoxal, and 
methylglyoxal using authentic standards. Further, homol- 
ogous series of w-oxo acids ( C d 1 o )  were tentatively identified 
by the mass spectra. Here, we describe a methodology for 
the identification and determination of w-oxocarboxylic acids 
(C24101, pyruvic acid, and a-dicarbonyls (C243) in wet 
precipitation and aerosol samples by using a capillary GC 
and GCIMS. 

EXPERIMENTAL METHODS 
Reagents. All organic solvents were obtained from Wako Pure 
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Scheme I 
14% BFS/n-butanol 

HCO-COOH - (C,YO)ZCHH~OOC,H, 

HCO-Cb-CHz-COOH - (C~~O)&H-CH~-CHZ-COOC,~  

CHS-CO-COOH - CH3-C(OC,Y)2-COOC,Y 

CHI-CO-COH - CH,-CO-CH(OC~~~)Z 

using all-glass apparatus prior to use. Organic-free water was 
prepared by oxidizing organic impurities in Milli-Q water with 
potassium permanganate, followed by a subsequent distillation 
in all-glass apparatus. Organic solvents and pure water were 
stored in brown glass bottles with Teflon-lined screw caps. Boron 
trifluoride in n-butanol(14 % ) was purchased from either Alltech- 
Applied Science (State College, PA) or Supelco (Bellefonte, PA). 
Glyoxylic acid (oxoethanoic acid) was purchased from Aldrich 
(Milwaukee, WI). Succinic semialdehyde (4-oxobutanoic acid) 
and methylglyoxal(2-oxopropanal) were purchased from Sigma 
(St. Louis, MO). Pyruvic acid and glyoxal (ethanedial) were 
purchased from Tokyo Kasei (Tokyo). 

Authentic standard solutions (ca. 0.1 nM) were prepared by 
dissolving the standards in pure water. After evaporating the 
water, an aliquot of the standard was reacted with 14% BFd 
butanol at 100 "C for 30 min to convert the aldehyde and carboxyl 
groups to dibutyl acetal and butyl ester, respectively."Bu The 
keto group of pyruvic acid was derivatized to dibutyl ketal. In 
contrast, the keto group in methylglyoxal was not derivatized 
because the aldehyde moiety was first converted to dibutyl acetal 
group, which does not activate the adjacent keto group enough 
to react with BFdbutanol. Conversions of glyoxylic acid, 
4-oxobutanoic acid, pyruvic acid, glyoxal, and methylglyoxal to 
their corresponding derivatives are illustrated in Scheme I. The 
reaction products were extracted with hexane, washed with a 
pure water, and analyzed by GC and GC/MS by the procedures 
described below. 

Samples. Rain and snow samples were collected on the rooftop 
of Tokyo Metropolitan University, Faculty of Science Building 
(ca. 40 m above the ground), located ca. 30 km west of central 
Tokyo. The wet samples were collected in precleaned brown 
glass bottles using a stainless steel rain collector (cross section 
2800 cm2). The samples were stored at 4 OC in darkness with a 
bactericide (HgC12) in brown glass bottleawith Teflon-lined screw 
caps. 

Ice core and snow samples were collected from site J, Greenland 
(66O51.9' N, 46O15.9' W; altitude 2030 m) in 1989 during the 
Japanese Arctic Glaciological Expedition% and were used in this 
study.% 

Aerosol samples were collected with a pre-combusted (450 OC, 
3 hrs) Pallflex quartz fiber filter (20 X 25 cm) using a high volume 
air sampler (Shibata HVC 1OOO) at the rooftop of the Faculty of 
Science Building. Some aerosol samples were collected over the 
north Pacific Ocean and southern Indian Oceanan 

Procedure. Wet samples (100-150 mL) were placed in a 200- 
mL round flask, concentrated by a rotary evaporator under a 
vacuum to ca. 2 mL, and then transferred to a 25-mL clear ground- 
glass-stoppered pear-shaped flask. The sample was further 
concentrated by rotary evaporation under a vacuum and then 
almost completely dried in a nitrogen stream. A 14 % BFdbutanol 
(0.3 mL) mixture was added to the samples (in the pear-shaped 
flask), and the flask was stoppered with a ground-glass stopper 
and clamp and sealed with Teflon tape. The sample and reagent 
were reacted at 100 "C for 30 min. During the reaction, w-oxo 
acids, pyruvic acid, and dicarbonyls were converted to their 
derivatives, as shown in Scheme I. The reaction products were 
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Flgurs 1. Reconstructed total ion chromatogram of the BF3/n-butanol 
derhrathres of authentic methylglyoxal (MeGly), pyruvic acid (Pyr), 
glyoxylic acid (Cp), glyoxal (oly), and 4-oxobutanolc acid (CqO), together 
with authentic dibutyl esters of oxanc (Cza), maleic (M), succinlc (Cf), 
and adiplc (C$) aclds. 

extracted with 5 mL of n-hexane after adding 3 mL of pure water 
(3 mL) and acetonitrile (0.3 mL). The hexane layer was further 
washed with pure water (3 mL X 2) and concentrated to 50 pL 
in hexane. 

The aerosol samples were extracted with pure water under 
ultrasonication to separate out water-soluble organic compounds. 

vacuum and then passed through a glass column (Pasteur pipet) 
packed with quartz wool to remove particles and filter debris. 
The extracts were transferred to a 25-mL pear-shaped flask and 
treated as described above. 

Glass apparatus was usedafter removing organic contaminants 
by heating at 450 "C or rinsing with pure water and organic 
solvents. 
GC and GC/MS Measurements. The derivatives were 

analyzed by a capillary gas chromatograph (Hewlett-Packard 
HP 5890) equipped with a split/splitless injector, a HP-5 fused 
silica capillary column (0.32 mm i.d. x 25 m x 0.52 pM), and an 
FID detector. The column oven temperature was programmed 
from 50 "C (2 min) to 120 O C  at 30 "C/min and then to 300 O C  

(15 min) at 8 OC/min. Injection temperature was maintained at 
300 "C. The GC peak areas for the derivatives were calculated 
with a Hewlett-Packard 3396A integrator or a Shimadzu C-R7A 
data system. The samples were also analyzed by an ion trap 
mass spectrometer (Finnigan MAT ITS4O) interfaced with a 
Varian 3400 gas chromatograph, to which a DB-5 fused silica 
capillary column (30 m X 0.25 mm X 0.25 pM) was installed. 
Electron impact mass spectra were obtained every 1 s in the 
mass range of m/z 35-550. The mass spectral data were processed 
by the ITS 40 data system. 

RESULTS AND DISCUSSION 
Mass Spectra of the BFJln-Butanol Derivatives of 

Authentic Standards. Figure 1 gives a reconstructed ion 
chromatogram of the BF$n-butanol derivatives of authentic 
dicarbonyls and keto acids, together with authentic dibutyl 
esters of dicarboxylic acids (oxalic, maleic, succinic, and adipic 
acids). By mass spectral analysis, the derivatives of authentic 
methylglyoxal, pyruvic acid, glyoxylic acid, glyoxal, and 
4-oxobutanoic acid were confirmed to be 1,l-dibutoxypropan- 
2-one, butyl 2,2-dibutoxypropionate, butyl 2,2-dibutoxyac- 
etate, 1,1,2,2-tetrabutoxyethane, and butyl 4,4-dibutoxybu- 
tanoate, respectively (see Scheme I). The electron impact 
mass spectra are presented in Figure 2 for the dicarbonyls, 
pyruvic acid, and w-oxo acids, together with the chemical 
structures of their derivatives and mass fragmentation 
patterns. Chemical ionization mass spectra were also obtained 
for the above derivatives with isobutane as a reagent gas; 
however, the M + 1 ion was obtained only for the derivative 
of methylglyoxal. 
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Flgure 2. Electron Impact ma80 spectra of (a) 3,3dlbutoxypropan-2one, (b) butyl 2,2dibutoxypropionate, (c) butyl 2,2dlbutoxyacetate, (d) 
1,1,2,2-tetrabutoxye~ne, and (e) butyl 4,4dlbutoxybutanoate. These compounds are the BF3/Mutanol derivatives of methylglyoxal, pyruvic 
acid, glyoxylic acid, glyoxal, and 4oxobutanolc acid, respectively. 

The mass spectrum of l,l-dibutoxypropan-2-one, a deriv- 
ative of methylglyoxal (Figure 2a), shows characteristic 
fragment ions at  rnlz 159 and 103. The rnlz 159 ion probably 
originates from the dibutoxy acetal portion by a loss of acetyl 
group through a-cleavage: the presence of two alkoxy groups 
on the same carbon provides a powerful reaction-initiating 
site.% Loss of an acetyl group is likely followed by an 
elimination of an alkene radical (C4H8, MW 56) through a 
rearrangemetn of &hydrogen,= 88 shown in Scheme 11. The 

(28) McLafferty, F. W. Interpretation of Moss Spectra, 3rd ed.; 
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Scheme I1 

mlr 150 mlr 103 mlr 47 

second elimination of ClH8 from the rnlz 159 ion likely 
provides a fragment ion of rnlz 47 (Scheme 11). The fragment 
ion of m/z 57 (C4Hs) probably originates from the butoxy 
group by a-cleavage whereas the rnlz 41 (CH&ZHCHz+) 
may be derived by the elimination of C& from the C a s  (m/z 
57). 

The derivative of pyruvic acid (butyl 2,2-dibutoxypropi- 
onate; see Figure 2b) gives a characteristic m a s  fragment ion 
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Scheme I11 

m / z  173 m/z 117 m/z 61 

(mlz 173) CH3C(OC4Hg)2+ and its C4H8 eliminated ion (mlz 
1171, as shown in Scheme 111. The second elimination of 
C4H8 from the rn lz  173 ion gives a mass fragment ion of rn lz  
61 (Scheme 111), similar to Scheme 11. The rn lz 57 and 41 
ions probably originate from the butoxy group, as stated above. 

The derivative of glyoxylic acid (butyl 2,2-dibutoxyacetate; 
see Figure 2c) presents four characteristic mass fragment ions 
(mlz 41,57,103, and 159). The rn lz  159 ion is a mass fragment 
derived from the dibutyl acetal portion whereas rnlz 103 is 
likely derived by an elimination of C4H8 from the rn lz  159 ion 
(Scheme 11). Their mass fragmentation patterns and mech- 
anisms are similar to those of the derivative of methylglyoxal 
(Figure 2a). 

The mass spectrum of the glyoxal derivative (1,1,2,2- 
tetrabutoxyethane) provides mass fragments of rn lz  41,57, 
103, and 159 (Figure 2d). These ions are probably derived 
by the fragmentation mechanisms similar to the methylglyoxal 
and glyoxylic acid derivatives (see Scheme I1 and Figure 2a,c). 

By contrast, the derivative of 4-oxobutanoic acid (butyl 
4,4-dibutoxybutanoate) gives mass fragment ions at  rnlz 41, 
57,85,103,159, and 215 (Figure 2e). The rn lz  215 (M - 73) 
ion is probably derived by an elimination of one of three 
butoxy groups from the molecular ion (mlz 288), which is not 
detected. Further elimination of C4H8 from mlz 215 likely 
provides an ion of rnlz 159 (M - 129), which also gives a mass 
fragment ion of rnlz 103 by the elimination of C4H8. The rnlz 
159 ion also arises by a cleavage of the dibutyl acetal portion, 
as stated above. A fragment ion of rn lz  85 (M - 203) may 
arise by an elimination of H2O from the mlz 103 ion. The 
rnlz 41 and 57 ions probably originate from the butoxy group, 
as stated above. 

Identification of a-Dicarbonyls, Pyruvic Acid, and 
Homologous Series of w-Oxocarboxylic Acids. Figure 3 
shows an example of the reconstructed ion chromatogram for 

the BF$n-butanol derivatives isolated from the atmospheric 
samples (snow sample collected on March 18,1992 in urban 
Tokyo). In the atmospheric samples, five GC peaks were 
identified as the derivatives of a-dicarbonyls (methylglyoxal 
and glyoxal), a-keto acid (pyruvic acid), and w-oxocarboxylic 
acids (C2 and C4) by comparing the GC retention times with 
those of the authentic standard derivatives. Mass spectra of 
the derivatives were confirmed as identical with those of 
authentic standards. In addition, other w-oxocarboxylic acids 
(C3 and CS-C~O) were tentatively identified in a series by their 
mass spectra and retention times. Figure 4 presents E1 mass 
spectra for these compounds. Although their derivatives 
generally provide fragment ions a t  rn lz  41,57,103, and 159 
which are derived from dibutyl acetals as stated above, their 
molecular ions are not obtained. On the contrary, the w-oxo 
acid derivatives give characteristic mass fragment ions 
depending on their structures, as discussed below. 

As shown in Figure 4a, the 3-oxopropanoic acid derivative 
(butyl 3,3-dibutoxypropionate) showed characteristic mass 
fragment ions a t  rnlz 71,89,105,145,161, and 217. The rn lz  
217 ion probably originates by a loss of C4H9 from the 
molecular ion (MW 2741, which is not detectable. This 
fragment ion (mlz 217) produces an ion of rn lz  161 by an 
elimination of a C4H8 radical (MW 56) and another ion (mlz 
105) by the second elimination of C4H8 through a mechanism 
similar to Scheme 11. Loss of the butoxy group from the 
molecular ion likely provides a mass fragment of rnlz 201 (M 
- 73), which further produces a fragment ion of mlz 145. 
Decomposition of rn lz  145 produces ions of rn lz  71 by an 
elimination of butanol (MW 74) and m/z 89 by an elimination 
of a C4H8 radical, the latter further decomposes to result in 
a fragment ion of rn lz 71 by an elimination of water. 

The derivative of 5-oxopentanoic acid (butyl 5,bdibutox- 
ypentanoate) provides characteristic mass fragment ions at  
rn lz 99, 173, and 229 (Figure 4b). These mass numbers are 
greater by 14 mass units (CH2) than the mass fragment ions 
of rn lz  85, 159, and 215, which are characteristic to the C4 
w-oxo acid derivative (Figure 2e). Loss of a butoxy group 
from the molecular ion (MW 302, not recognizable in the 
mass spectra) provides a fragment ion of mlz 229 (M - 73), 
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I 
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Scan NumberlRetentlon Time 
Flguro 5. Reconstructed total Ion chromatogram of acetal, ketal, and/or butyl ester derhrathres of adicarbonyls and keto acMs (pyrwlc acMs 
and WQXO aclds) together wlth dicarboxyllc acM dibutyl esters in the snow sample collected from Tokyo (March 18,1992). Abbreviations: Me-Gly, 
methylglyoxal; Gly, glyoxal; Pyr, pyrwlc acid Gnu, woxocarboxyiic acM with n carbon numbers; C,*, dicarboxylic acM wlth n carbon numbers: 
Ph, phthalic acM. 
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Flgure 4. Mass spectra of butyl w,wdibutoxy ester derivatives of (a) 3oxopropanolc acid, (b) Soxopentanoic acid, (c) Boxohexanoic acid, (d) 
7oxoheptanolc acid, (e) 8oxooctanoic acM, and (f) Qoxononanolc acid Isolated from the atmospheric samples (rain, snow, and aerosols). Mass 
spectrum a was obtalned for the marlne aerosol sample collected from the western North Paclflc (sample I.D. QFF 94), and other spectra were 
obtained for the marine aerosol sample from the southern South Indian Ocean (sample I D .  QFF 156). 

which further decomposes to result in an ion of rnlz 173 by 
a loss of a C4H8 radical. The rnlz 173 (M - 129) fragment 
produces a rnlz 99 ion by loss of butanol (MW 74) and a mlz 
117 ion by loss of a C4& radical, the latter further decomposes 
to produce a rnlz 99 (M - 203) ion by a loss of water. 

The 6-oxohexanoic acid derivative (butyl 6,Sdibutoxy- 
hexanoate) shows characteristic mass fragments at mlz 113, 
169,187, and 243 (Figure 4c). The mlz 243 ion (M - 73) is 
produced by a loss of a butoxy group from the molecular ion. 
This mass fragment decomposes to result in a mlz 187 (M - 
129) ion by loss of a C4H8 radical and a rnlz 169 ion by loss 
of butanol. The former ion further decomposes to produce 
an ion of rnlz 113 (M - 203) by a loss of butanol whereas the 

latter decomposes to an ion of rnlz 113 by a loss of C4H8. 
In a similar way, the 7-oxoheptanoic acid derivative (butyl 

7,7-dibutoxyheptanoate) gives characteristic mass fragment 
ions at rnlz 127 (M - 73), 201 (M - 1291, and 257 (M - 73) 
(Figure 4d). The derivatives of 8-oxooctanoic acid (butyl 8,8- 
dibutoxyoctanoate) and 9-oxononanoic acid (butyl 9,9-di- 
butoxynonanoate) also give characteristic mass fragment ions 
at  rnlz M - 203, M - 129, and M - 73, as seen in panels e and 
f of Figure 4, respectively. These fragment ions can be used 
as a criterion for the identification of w-oxo acid derivatives 
by the mass chromatographytechnique. Table I summarizes 
diagnostic mass fragment ions for the identification of w-oxo 
acids as butyl w,w-dibutoxy esters. This technique should be 
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Table I. Diagnostic Mass Fragment Ions for the 
Identification of o-Oxocarboxylic Acids as Butyl 
w,o-Dibutoxy Esters 

acids MWa characteristic ions 
w-oxo 

C2 260 41,57,103,159 
C3 274 41,57,71 (M - 203), 89,105,145 (M - 129), 
C4 288 41,57,85 (M - 203), 103,159 (M - 129), 
C5 302 41,57,71,99 (M - 203). 159,173 (M - 129). 

159,161,201 (M - 73), 217 
215 (M - 73) 
213,229 (M - 73) 
243 (M - 73) 

C6 316 41,57,84,113 (M - 203), 159,169,187 (M - 129), 

C7 330 41,57,81,98,127 (M - 203), 159,201 (M - 129), 
C8 344 41,57,95,112,139,141 (M - 203), 159, 

C9 358 41,57,109,125,153,155 (M - 203), 229 (M - 129), 

257 (M - 73) 
215 (M - 129), 271 (M - 73) 
285 (M - 73) 

4 MW, molecular weights of butyl w,o-dibutoxy esters. 

powerful when an environmental sample contains homologous 
series of w-oxo acids and many other compounds which 
sometime overlap with the oxo acid derivatives on gas 
chromatograms. 

Distributions of w-Oxo Acids, Pyruvic Acid, and 
a-Dicarbonyls in the Atmospheric Samples. Figure 5 
presents an example of the mass chromatograms at mlz 159 
and M - 73 for the detection of the w-oxo acids as butyl w,w- 
dibutoxy esters in the marine aerosol sample (southern South 
Indian Ocean). The mass chromatograms show the presence 
of homologous series of w-oxocarboxylic acids (C2411) in the 
sample. The atmospheric samples showed that the BFdn- 
butanol derivatives of some w-oxocarboxylic acids are not 
abundant enough to be detected by a GC-FID method and/or 
their GC peaks are overlapped with other compounds. The 
mass chromatography technique with characteristic fragment 
ions can provide a more reliable method for detecting a 
homologous series of w-oxocarboxylic acids in environemntal 
samples. 

Table I1 gives examples of the measurements of the w-oxo 

- 
159 - 

I" 
I i  

i n  r 
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Flgwo 5. Mass chromatograms (m/z 159 and M - 73) for butyl w,w-butoxy ester derhratives of a homologous serles of ooxocarboxyllc acMs 
(C&,1) Isolated from the remote marine aerosol sample (sample I.D. OFF 156, June 24, 1990). 
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Table 11. Distributions of o-Oxocarboxylic Acids, Pyruvic Acid, Glyoxal, and Methylglyoxal in Atmospheric Samples 
Collected from Different Locationsd 

aerosol samples (ng ma) raintenow samples (pg L-9 
Tokyo N. Pacific S. Indian Ocean Tokyo snow Tokyo rain Greenland mow 

componenta (6/23/92) (8/9/89) (6/24/90) (3/18/92) (8/1/92) (6/22/89) 
w-oxocarboxylic acids 
glyoxylic, cz 
3-oxopropanoic, CS 
4-oxobutanoic, CI 
5-oxopentanoic, Ca 
6-oxohexanoic, CS 
7-oxoheptanoic, Cy 
&oxohexanoic, CS 
9-oxononanoic, Ce 
10-oxodecanoic, C1o 
pyruvic, cs 
glYoxal, cz 
methylglyoxal, CS 

238 
28 
70 
28 
15 
ndet 
ndet 
8.8 
ndet 
89 
46 
38 

3.9 
2.2 
3.3 
nd 
nd 
nd 
nd 
0.6 
nd 
9.3 
1.8 
0.9 

0.05 
tr 
0.18 
0.10 
0.14 
0.08 
0.14 
0.21 
tr 
nd 
0.15 
nd 

5.3 
0.3 
1.8 
0.5 
0.8 
ndet 
ndet 
1.3 
ndet 
1.3 
2.6 
1.8 

62 
15 
13 
2.0 
1.9 
nd 
nd 
1.4 
nd 
16 
48 
12 

0.23 
0.97 
1.72 
0.25 
0.56 
nd 
nd 
ndet 
nd 
1.0 
0.8 
0.5 

0 The concentrations were calculated on the basis of the peak areas of GC-FID chromatograms wing an external standard (dibutyl succinate). 
The recoveries of pyruvic and glyoxylic acids in the analytical procedures were obtained as 34% and 88%, respectively. Detection limits were 
variable depending on the sample size wed; however, they were roughly 0.02 ng ma for aerosols and 0.05 pg L-' for wet samples. * tr, trace; 
nd, not detected; ndet, not determined due to the overlapping peak. 

acids, as well as pyruvic acid and a-dicarbonyls, for aerosol 
and wet precipitation samples collected from urban, marine, 
and Greenland sites. This study indicated that a homologous 
series of w-oxo acids as well as pyruvic acid and a-dicarbonyls 
are present in the different types of atmospheric samples. 
The molecular distribution of w-oxo acids showed that 
glyoxylic acid (Cz) is generally the dominant species. Although 
they are less abundant than dicarboxylic acids (oxalic acid 
is dominant; e.g. ref 271, w-oxo acids are still abundant in 
urban aerosol and rainwater samples: the concentrations of 
glyoxylic acid (Cz) were up to 238 ng ma (aerosol samples) 
and 62 pg L-1 (rain samples). These bifunctional organic 
compounds may be produced by the photochemical oxidation 
of anthropogenic hydrocarbons and further oxidized in the 
atmosphere to result in dicarboxylic acids. 

CONCLUSIONS 
A homologous series of o-oxocarboxylic acids (Cz-C1o), 

pyruvic acid, and a-dicarbonyls (Cz-C3) were identified in 
the aerosol and wet precipitation samples by capillary gas 
chromatography and GUMS methods, employing a 14% BF$ 
n-butanol derivatization technique. By this method, %ox- 
opropanoic and 4-oxobutanoic acids were detected for the 
first time in the atmospheric samples. Mass spectral analysis 
showed that the BF$n-butanol derivatives (butyl w,w- 
dibutoxy esters) of a homologous series of w-oxo acids, except 

for the CZ species, provide characteristic mass fragment ions 
a t  m/z M - 73, M - 129, and M - 203, which can be used as 
diagnostic ions. This study demonstrated that the present 
analytical protocol can be useful for the determination of 
bifunctional organic compounds containing aldehyde, keto, 
and/or carboxyl groups, which may be key compounds in 
understanding the transport and photochemical production 
of polar organic matter in the atmosphere. Applications of 
this method could be extended to other environmental 
samples in relation to geochemistry, limnology, glaciology, 
and oceanography. 
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