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In the western United States, in areas where emissions of the biogenic hydrocarbon,
2-methyl-3-buten-2-ol (MBO) are high, MBO contributes significantly to the oxidative capacity
of the atmosphere. Hydroxyl radical oxidation of MBO can play an important role in forming
tropospheric ozone, and MBO reaction products may contribute to the formation of secondary
organic aerosols [1–3]. Although 2-hdyroxy-2-methylpropanal was tentatively identified as a
product from the reaction of MBO with �OH in indoor chamber studies, the identity of the
compound was not confirmed due to the lack of an authentic standard. Further, no data exists
on the atmospheric generation and fate of 2-hydroxy-2-methylpropanal in the ambient
environment. Herein, we provide further evidence that 2-hydroxy-2-methylpropanal is
generated by �OH reaction with MBO by identifying 2-hydroxy-2-methylpropanal in an indoor
chamber experiment and in ambient air sampled in the Blodgett Forest, where MBO emissions
are high. We analyzed 2-hydroxy-2-methylpropanal by using a method that relies on
O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (PFBHA) and bis-(trimethylsilyl) trifluoroacet-
amide (BSTFA) derivatization along with ion-trap mass spectrometry. Tentative identification
of 2-hydroxy-2-methylpropanal was possible by using knowledge gained in this study
regarding the mass spectrometry of PFBHA-BSTFA derivatives of carbonyls with primary,
secondary, and tertiary �OH groups, and ado- and keto-acids. The identification was
confirmed by comparing the methane CI mass spectra and relative gas chromatographic
retention time obtained by analyzing 2-hydroxy-2-methylpropanal in a sample extract and a
synthesized authentic standard. Since the standard became available at the end of this study
(after all samples were analyzed), we also developed a method for semi-quantification of
2-hydroxy-2-methylpropanal, with a detection limit of 27 pptv in air. We used the method to
provide the first ambient air measurements of 2-hydroxy-2-methylpropanal. The analyte is not
commercially available, and hence other researchers who have not synthesized an authentic
standard can employ the method. (J Am Soc Mass Spectrom 2002, 13, 530–542) © 2002
American Society for Mass Spectrometry

Biogenic volatile organic compounds (VOC) play
an important role in tropospheric ozone and
secondary organic aerosol formation in rural and

urban areas, and can dominate the oxidative capacity of
the atmosphere in rural areas [2–7]. On a global scale,

biogenic emissions exceed anthropogenic emissions by
approximately 10 times [8]. Isoprene is the dominant
biogenic hydrocarbon and constitutes about 30% of the
biogenic VOCs in North America [8]. Although MBO
comprises only 5% of the biogenic VOCs in North
America, MBO concentrations were measured at 2 to 7
times the concentrations of isoprene in the Blodgett
Forest, CA, and at Niwot Ridge, CO [2, 9], because of
emission from ponderosa and lodgepole pines, trees
that are endemic to western North America [10]. Hy-
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droxyl radical oxidation is the dominant loss mecha-
nism for MBO during daytime [11, 12]. Therefore, in
order to reduce tropospheric ozone in atmospheres that
are affected by MBO emissions, it is essential that we
gain insight into atmospheric processes affecting �OH
oxidation of MBO, and the generation and fate of the
reaction products.
Laboratory (chamber) studies establish that �OH ox-

idation of MBO yields acetone and glycolaldehyde
(50–60% yield), and formaldehyde (30–35% yield) [11,
13, 14]. A fourth product, 2-hydroxy-2-methylpropanal
was also proposed. The identification of this product
was based on: (1) The proposed reaction mechanism of
MBO with �OH (Figure 1) and a gas chromatographic
(GC) retention index for the 2,4-dinitrophenylhydrazine
(DNPH) derivative [13]; (2) identification of an ion in the
chemical ionization mass spectra that corresponds to the
(M�H2O)

� ion of a C4-hydroxycarbonyl or a C3-oxo-acid
DNPH derivative [13]; and (3) identification of absorption
bands corresponding to C™H, C¢O, and (CH3)3Si–OR
stretches in the GC-infrared spectrum and an ion corre-
sponding to (M � CH3)

� in the electron ionization MS of
a trimethylsilyl derivatized sample extract [14]. The yield
is assumed to be equal to that of formaldehyde [11].
However, Alvarado et al. [14] estimated a yield of 19 

7%, compared to the formaldehyde yield of 29 
 3%.
Although experimental evidence indicates a C4-hydroxy-
carbonyl, confirmation of 2-hydroxy-2-methylpropanal
was not possible due to the absence of an authentic
standard. Further, no ambient air data exists that relates
concentrations of 2-hydroxy-2-methylpropanal to MBO
emissions. The lack of information regarding the atmo-
spheric generation and fate of 2-hydroxy-2-methylpro-
panal is in part due to the absence of a suitable analytical
method to identify and quantify this compound in air.
We recently developed a method using a mist cham-

ber for collection of compounds with a Henry’s law
constant �103 M atm�1 [15]. O-(2,3,4,5,6-pentafluoro-
benzyl)hydroxylamine (PFBHA) in combination with

bis-(trimethylsilyl) trifluoroacetamide (BSTFA) were
used to derivatize carbonyl and hydroxyl/carboxyl
groups, respectively. Detection and quantification were
accomplished using gas chromatography/ion trap mass
spectrometry (GC/ITMS) [16–20]. The power of ion trap
mass spectrometry to facilitate identification of carbonyl
and multifunctional carbonyl derivatives was presented
in previous studies [18–20]. Herein, we describe the utility
of ion trap mass spectrometry to identify 2-hydroxy-2-
methylpropanal in chamber studies and in air sampled in
the Blodgett Forest. We confirm the identification by
comparing the mass spectrum and GC retention time of
the analyte in an extract of air to that of an authentic
standard. In addition, we provide a method for semi-
quantification of 2-hydroxy-2-methylpropanal in air.
An authentic standard is not commercially available,
and hence other researchers who have not synthesized
an authentic standard can use the method.

Experimental

Gas Chromatography/Ion Trap Mass Spectrometry

A Varian Star 3400 CX gas chromatograph (GC), with a
temperature-programmable injector port interfaced to a
Saturn 2000 ion trap mass spectrometer (Varian Asso-
ciates, Walnut Creek, CA) was employed. Gas chro-
matographic separation was accomplished by using a
capillary column coated with either (50% phenyl-
methyl) polysiloxane (DB-17ms) or a formula with
equivalent polarity to (12% phenylmethyl) polysiloxane
(DB-XLB). The dimensions of the columns were 30 m �
0.25 mm i.d., 0.25 	m film thickness (J&W Scientific,
Inc., Folsom, CA). A 5 m integrated guard column was
used prior to the DB-XLB analytical column. The injec-
tor temperature was held at 280 °C for 1 min, increased
to 310 °C at a rate of 50 °C min�1, held at 310 °C for 25
min, then decreased to 280 °C. The column temperature
was held at 70 °C for 1 min, increased to 100 °C at 5 °C

Figure 1. Mechanism for reaction of MBO with �OH proposed by Fantechi et al. [13].
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min�1, increased to 280 °C at 10 °C min�1, increased to
310 °C at 30 °C min�1, then held at 310 °C for 10 min.
The injection volume was 2 	L.
For the electron-ionization (EI), methane chemical

ionization (CI), and pentafluorobenzyl alcohol
(PFBOH) CI mass spectra, we employed a filament
current of 10 	A and an ion trap temperature of 150 °C.
The EI mass spectra were acquired by scanning from
m/z 65 to 650, using automatic gain control with a target
total ion current (TIC) of 20,000 and a maximum ion-
ization time of 25,000 	s. We acquired the methane CI
mass spectra by scanning from m/z 150 to 550, using
automatic reaction control with a target TIC of 5000, a
maximum ionization time of 500 	s, and a maximum
reaction time of 80 ms. PFBOH was introduced into the
ion trap as described by Frazey et al. [19]. The PFBOH
CI mass spectra were acquired by scanning from m/z
230 to m/z 650, using automatic reaction control with a
target TIC of 5000, a maximum ionization time of 2000
	s, and a maximum reaction time of 128 ms.

Reagents and Glassware

HPLC grade water (Fisher Scientific, Fairlawn, NJ) was
purified by distillation in glass in the presence of
KMnO4 to oxidize any organic contaminants. Other
solvents were purchased in the highest purity available
(�99.9%), and further purified by distillation in glass.
O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine hydro-
chloride (PFBHA) (�98% purity), O-(2,3,4,5,6-pentaflu-
orobenzyl) alcohol (PFBOH) (�98% purity), trimethyl-
chlorosilane (TMCS), and carbonyl standards (�95%
purity) were purchased from Aldrich Chemical Com-
pany, Inc (Milwaukee, WI). Bis-(trimethylsilyl) trifluoro-
acetamide (BSTFA) was purchased from Supelco Chro-
matography Products (Bellefonte, PA). The PFBHA was
recrystallized two times in 2-propanol. Other chemicals
were used without further purification.
All glassware was soaked overnight in 15% (vol/vol)

dichlorodimethylsilane in toluene. The glassware was
then rinsed with toluene, methanol, and dichlorometh-
ane (three times for each solvent), and dried at 150 °C.

PFBHA and BSTFA Derivatization

PFBHA derivatization using a 1mM aqueous PFBHA
solution was allowed to proceed for 24 h at room
temperature. The PFBHA derivatives were extracted
with dichloromethane. Two drops of concentrated
H2SO4 and 5 mL of water were added to the sample
extract to remove excess PFBHA [21], and the organic
fraction was filtered through a 70 mm � 7 mm o.d.
column of anhydrous Na2SO4(s) to remove water. The
eluate was collected and evaporated under a stream of
N2(g) to a final volume of 2.0 mL for chamber studies,
and 200 	L for ambient air studies. Each time a vial was
opened to add reagent or transfer the extract to another
vial, the headspace was purged with N2(g) before it was
sealed. Hydroxyl and carboxyl groups were derivatized

with BSTFA containing 10% trimethylchlorosilane
(TMCS). Twenty 	L of BSTFA:TMCS (90:10, v/v) was
added to a vial containing 200 	L of the PFBHA-
derivatized sample extract, and the vial was sealed with
a teflon-coated cap. The BSTFA was allowed to react for
12 hours at 42 °C, after which the derivatives were
analyzed by GC/ITMS.

Semi-Quantification of
2-Hydroxy-2-Methylpropanal

Semi-quantification of 2-hydroxy-2-methylpropanal in
ambient air samples was accomplished by using 3-hy-
droxy-3-methyl-2-butanone standard as a surrogate and
4-hydroxybenz-13C6-aldehyde as the internal standard.
The analyses were conducted by using this method
because an authentic standard of 2-hydroxy-2-methyl-
propanal was not available at the time when the anal-
yses were conducted. We were unable to retroactively
conduct such analyses because of concerns about deg-
radation of the analyte in the sample extract. We
employed 3-hydroxy-3-methyl-2-butanone as the surro-
gate because it is a carbonyl with a tertiary�OH group.
The standard solutions used to construct the calibration
curve contained 46 to 5500 pg/	L (0.451–53.9 	M) of
3-hydroxy-3-methyl-2-butanone. The concentration of
the internal standard was 1045 pg/	L (8.16 	M). Eight-
or 10-point calibration curves were constructed by the
analysis of four or five standard solutions before and
after analysis of samples. Recoveries of 3-hydroxy-3-
methyl-2-butanone were obtained by the analysis 1 mM
aqueous PFBHA solutions enriched with 185 ng (1.81
mmol) of 3-hydroxy-3-methyl-2-butanone at the time of
ambient air sample collection (field spikes). The recov-
eries of the field spikes for the chamber (n � 2) and
ambient air (n � 2) experiments were 90 and 98%, and
113 and 91%, respectively. A mid-point calibration
standard (231 or 461 pg/	L; 2.26 or 4.52 	M) was
analyzed after every five samples. The relative standard
deviation among the relative response factors for stan-
dard curves was �28%.

Blanks and Limit of Detection (LOD)

For chamber studies, air samples collected from the
chamber in impingers before addition of MBO, NO, and
NO2, were used as blanks. These blanks were treated
identically to samples. For ambient air studies, ultra-
high purity (UHP) zero grade air was sampled by using
a mist chamber to determine background concentra-
tions of the carbonyls. These samples were employed as
blanks, and treated identically to samples. Carbonyl
compounds are ubiquitous in air, solvents, and many
reagents. Extensive purification procedures, treatment
of glassware to reduce contamination, reducing expo-
sure of glassware, and samples to ambient air, signifi-
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cantly reduce the background concentration, but do not
remove carbonyls entirely. We used a standard method
for calculating the LOD, which considers the variability
among blank samples. The LOD was calculated as
3�blnk, where �blnk is the standard deviation of the
response factor for the analyte in three or more reagent
blanks [22]. The analyte concentration in the sample
was considered significant only if it exceeded the LOD
after subtraction of the mean blank concentration.

OH Radical Oxidation of 2-Methyl-3-Buten-2-Ol
in Chambers

Alvarado et al. [14] previously described conditions
utilized in the chamber studies. Briefly, a 5800-liter
evacuable, Teflon-coated chamber containing a multi-
ple reflection optical system interfaced to a Nicolet 7199
Fourier transform infrared (FT-IR) spectrometer was
employed. Irradiation was provided by a 24 kW xenon
arc filtered through a Pyrex pane to remove wave-
lengths �300 nm. The experiment was conducted at
298 
 2 K and 749 
 2 torr total pressure. Initial
concentrations of reactants were 10 ppm (2.4 � 1014

molecules cm�3) each, MBO, CH3ONO, and NO. OH
radicals were generated by photolysis of CH3ONO [23].
Three irradiations were performed for 1.5–2 min. Dur-
ing dark periods, samples were collected in two midget
(25 mL) impingers in series, which each contained 20
mL of 1 mM of aqueous PFBHA. Impinger samples
were collected on ice for 10 min at an airflow rate of 113
mL min�1. Each sample was enriched with 100 	L 20.1
ng 	L�1 (157 	M) 4-hydroxybenz-13C6-aldehyde after
collection.

Collection of Ambient Air Samples

Ambient air samples were collected above a ponderosa
pine plantation on August 17, 2000, between the hours
of 6:00 and 21:00, local standard time (LST). The site is
located in the western foothills of the Sierra Nevada,
near the Blodgett Forest Research Station (38°53', 42.9�
N, 120°37', 57.9�W, 1315 m elevation). The pine trees are
even aged (9–10 years old), and planted at a density of
0.12 trees m�2, with various coniferous and deciduous
trees interspersed. Detailed descriptions of the site can
be found elsewhere [2, 24]. Typical daytime mixing
ratios of MBO at this site during summer are 1–3 ppbv
[24].
Ambient air samples were collected in a mist cham-

ber, which was previously described [15, 25, 26]. For
this work, air was sampled for 10 minutes in two mist
chambers in series, at a flow rate of approximately
23–25 L min�1. The mist chamber reservoir was filled
with 20 mL of 1 mM aqueous PFBHA. Each sample was
enriched with 50 	L of 4.18 ng 	L�1 (32.7 	M) 4-hy-
droxybenz-13C6-aldehyde after collection.

Synthesis of 2-Hydroxy-2-Methylpropanal

The synthesis began with the straight-forward 1,2-
addition of methyl magnesium bromide in ether [27].
Despite several attempts, subsequent hydrolysis of the
acetal in the presence of the secondary alcohol proved
to be problematic, giving a variety of undesired side
products and poor yields of the hydroxy aldehyde.
Thus, to circumvent these problems the free alcohol was
benzyl protected under standard conditions [28], fol-
lowed by the acid catalyzed hydrolysis of the acetal to
readily give aldehydes [29]. Then hydrogenation of the
benzyl ether under standard conditions gave 2-hy-
droxy-2-methylpropanal [30].

Results and Discussion

Identification of Products Arising from OH
Radical Oxidation of MBO in Chambers

Previous research conducted in chambers establishes
that hydroxyl radical oxidation of MBO yields acetone,
glycolaldehyde, formaldehyde, and a C4-hydroxycar-
bonyl, tentatively identified as 2-hydroxy-2-methylpro-
panal [11, 13, 14]. Due to the lack of an authentic
standard, the yield was not calculated and the identity
of 2-hydroxy-2-methylpropanal (i.e., the structure of the
C4-hydroxycarbonyl) was not confirmed.
Electron ionization (EI) of a PFBHA derivative of

a carbonyl generates a pentafluorobenzyl cation
[(C6F5CH2)

�] which is 181 Da [18, 19, 30]. The presence
of a m/z 181 ion in the EI mass spectra of PFBHA
derivatives in a sample extract thus denotes the pres-
ence of a carbonyl. At least three carbonyl compounds
are evident in the m/z 181 ion chromatogram of a
sample (solid line) and blank (dashed line) extract of air
collected from a chamber experiment in which MBO
was reacted with �OH. These products are labeled I, II,
and III in Figure 2. These compounds are significant
reaction products because they are present at least 3�
the peak area of background levels. By comparing the
relative retention times and mass spectra from Peaks I
and II to those of PFBHA derivatized standards, we
confirmed the identities of formaldehyde (I) and ace-

Figure 2. m/z 181 ion chromatogram of a PFBHA-BSTFA deriv-
ative of products arising from the reaction of MBO with �OH in an
environmental chamber (solid line: sample extract; dashed lines:
blank extract)
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tone (II). The large m/z 181 peak that elutes around 9
min is due to excess PFBHA reagent.
The EI mass spectrum at the centroid of Peak III is

presented in Figure 3a. The presence of ions at m/z 73,
75, and 181 indicate that the compound is a PFBHA-
BSTFA derivative of a hydroxycarbonyl or an aldo- or
keto-acid. The m/z 73 and 75 ions are [(CH3)3Si]

� and
[HO � Si(CH3)2]

� ions that arise from fragmentation of
derivatized hydroxyl or carboxyl groups on the mole-
cule. Examination of the mass spectra on the left and
right sides of Peak III revealed the presence of two
compounds, IIIA, with a base peak at m/z 340, and IIIB,
with a base peak at m/z 312 (see Figure 3b). The base
peak of a PFBHA-BSTFA hydroxycarbonyl derivative is
generally due to an (M � 15)� ion [18, 19]. We thus
hypothesized that the (M � 15)� ions for Compounds
IIIA and IIIB were m/z 340 and 312, respectively. This
assumption led to the determination of molecular
weights for the PFBHA-BSTFA derivatives of Com-
pound IIIA and IIIB of 355 and 327 Da, respectively.
We tentatively identified IIIB as the PFBHA-BSTFA
derivative of glycolaldehyde, and confirmed the iden-
tity by comparing the relative retention time and the EI
mass spectra to the PFBHA-BSTFA derivative of an
authentic standard.
To assist in identifying the compound in Peak IIIA,

we obtained the methane CI mass spectrum, presented
in Figure 4a. The methane CI mass spectra of PFBHA-
BSTFA derivatives of aliphatic hydroxycarbonyls are

characterized by (M � 1)�, (M � 15)�, and (M � 89)�

ions, which are generated by addition of a proton, loss
of (CH3), and loss of [Si (CH3)3O], respectively [17–19].
If our hypothesis was correct (i.e., the molecular weight
of the derivative in Peak IIIA is 355 Da), we would
expect to observe ions at m/z 356, 340, and 266. How-
ever, in this case, the base peak is at m/z 266, with a
smaller peak at m/z 340, which could be the (M � 15)�

ion. The absence of an ion at m/z 356 makes the identi-
fication of the molecular weight inconclusive.
In previous work, interpretation of the PFBOH CI

ion trap mass spectra was critical to the identification of
compounds for which authentic standards do not exist
(i.e., unknowns) [18, 19]. The (M� 181)� ion arises from
ion-molecule reactions that occur in an ion trap mass
spectrometer, but not in a conventional quadrupole
mass spectrometer [19, 30–32]. The relationship be-
tween the (M � H)� and (M � 181)� ions has proven
invaluable in certain cases for identification of the
molecular ion [18, 19]. In the PFBOH CI mass spectrum
of Compound IIIA, we observe ions atm/z 266, 340, and
536. (See Figure 4b). Because of the knowledge about
the CI and PFBOH CI mass spectra of PFBHA-BSTFA
derivatives attained in previous studies [18–20], we can
assume that the ion at m/z 536 is the (M � 181)� ion of
a compound with a molecular weight of 355 Da. The
absence of an (M � H)� ion at m/z 356 is inconsistent
with previously observations regarding the PFBOH CI
mass spectra of PFBHA-BSTFA derivatives of multi-
functional carbonyls, and indicates that the formation of
a stable (M � H)� ion might be dependent on the
structure of the molecule. A molecular weight of 355 Da
for the PFBHA-BSTFA derivative indicates the presence
of a C4-hydroxycarbonyl or a C3-oxo-acid. The gold

Figure 3. Electron ionization mass spectra of a PFBHA-BSTFA
derivative of a photooxidation product(s) arising from the reaction
of MBO with �OH in an environmental chamber: Electron ioniza-
tion mass spectrum at the centroid of Peak III (a); electron
ionization mass spectra from the left and right sides of Peak III (b).

Figure 4. Methane chemical ionization (a) and PFBOH chemical
ionization (b) mass spectra of the PFBHA-BSTFA derivative in
Peak IIIA of Figure 3.
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standard to distinguish whether the compound was a
hydroxycarbonyl or an oxo-acid is to obtain an accurate
mass measurement on the molecular or pseudo-molecu-
lar ion. In this case, the experiment would need to be
conducted at a resolving power � 10,000 under meth-
ane chemical ionization conditions. Under CI condi-
tions, the relative intensity of the (M � H)� ion of
PFDHA/BSTFA derivatives is compound dependent
and may exist at low intensities, thereby making it
difficult to conduct an accurate mass measurement on
the ion as it elutes from the GC. Herein, we utilize an
approach that relies on knowledge of the mass spectro-
metry of PFBHA-BSTFA derivatives of aldo- and keto-
acids, and hydroxycarbonyls to derive the elemental
formula of the compound in Peak IIIA. One advantage
of our approach is that it relies on instrumentation that
is less expensive than double-focusing mass spectrom-
eters, which are typically employed to perform accurate
mass measurements.

Characterization of the EI, Methane CI, and
PFBOH CI Mass Spectra of Aldo- and Keto-Acids
and Carbonyls with Primary, Secondary, and
Tertiary �OH Groups

The indication that the generation of the (M � H)� ion
may be dependent on the structure of the PFBHA-
BSTFA derivative led us to examine the EI, methane CI,
and PFBOH CI mass spectra of PFBHA-BSTFA deriva-
tives of aldo- and keto-acid carbonyls with primary,
secondary, and tertiary �OH groups. The EI mass
spectra of PFBHA-BSTFA derivatives of carbonyls with
primary and secondary �OH groups and aldo- and
keto-acids are characterized by ions at m/z 73, 75, 181,
(M � 15)�, and (M � 197)�. (See Tables 1 and 2). The
base peak in the EI mass spectra of the compounds
investigated is either the (M � 15)� ion, the (M � 197)�

ion, m/z 181, or m/z 73. For the hydroxycarbonyls, a
consistent trend that can be used to identify substitution

Table 1. Characterization of the electron ionization, methane chemical ionization, and PFBOH chemical ionization mass spectra for
PFBHA-BSTFA derivatives of carbonyls with primary, secondary, and tertiary �OH groups

Compound

% Relative intensity

(M � 181)� (M � H)� (M)� (M � 15)� (M � 17)� (M � 89)� (181)� (M � 197)� (75)� (73)�

Electron ionization

Primary hydroxycarbonyls
Glycolaldehyde 0, 0 0, 0 0, 0 82, 100 0, 1 2, 2 100, 58 - 3, 1 58, 35
Hydroxyacetone 0 1 2 100 0 1 74 85 24 89
1-hydroxy-2-butanone 1 2 3 73 0 0 75 100 40 77
4-hydroxy-3-methyl-2-butanone 0 0 1 17 0 1 32 4 20 100
5-hydroxy-2-pentanone 0, 0 1, 1 1, 0 1, 5 1, 2 14, 1 69, 35 10, 10 12, 17 75, 25

Secondary hydroxycarbonyls
3-hydroxy-2-butanone 0 0 0 57 0 1 58 100 28 72

Tertiary hydroxycarbonyls
3-hydroxy-3-methyl-2-butanone 0 0 0 23 0 9 100 16 1 0
4-hydroxy-4-methyl-2-pentanone 0 0 0 10 0 0 8 0 84 16

Methane chemical ionization

Primary hydroxycarbonyls
Glycolaldehyde 0, 0 30, 61 3, 2 20, 100 0, 0 100, 71 15, 14 - - -
Hydroxyacetone 1 100 3 88 0 87 5 - - -
1-hydroxy-2-butanone 0 100 2 85 0 93 2 3 - -
4-hydroxy-3-methyl-2-butanone 0 79 2 74 0 100 2 5 - -
5-hydroxy-2-pentanone 1, 0 9, 13 2, 3 13, 2 5, 0 100, 100 9, 25 25, 1 - -

Secondary hydroxycarbonyls
3-hydroxy-2-butanone 0 20 2 55 100 1 4 - -

Tertiary hydroxycarbonyls
3-hydroxy-3-methyl-2-butanone 0 0 0 54 0 100 3 1 - -
4-hydroxy-4-methyl-2-pentanone 0 1 1 20 0 100 16 0 - -

PFBOH chemical ionization

Primary hydroxycarbonyls
Glycolaldehyde 100, 34 41, 28 9, 5 92, 100 2, 1 16, 25 - - - -
Hydroxyacetone 59 51 9 100 1 52 - - - -
1-hydroxy-2-butanone 100 73 19 58 1 36 - - - -
4-hydroxy-3-methyl-2-butanone 100 66 10 24 1 45 - - - -
5-hydroxy-2-pentanone 100, 60 54, 42 9, 7 20, 6 1, 1 41, 100 - - - -

Secondary hydroxycarbonyls
3-hydroxy-2-butanone 64 45 4 100 1 64 - - - -

Tertiary hydroxycarbonyls
3-hydroxy-3-methyl-2-butanone 16 2 1 32 1 100 - - - -
4-hydroxy-4-methyl-2-pentanone 0 16 3 100 1 43 - - - -
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of the �OH group is not evident. However, the pres-
ence of an (M)�� ion ranging from 7 to 11% relative
intensity is unique to the PFBHA-BSTFA derivatives of
the aldo- and keto-acids, and the presence of an (M �
17)� ion ranging from 19 to 52% relative intensity is
unique to the PFBHA-BSTFA derivatives of the keto-
acids [(M)�� and (M � 17)� ions are � 3% for hydroxy-
carbonyls]. The (M)�� ion of a PFBHA-BSTFA derivative
of an aldo- or keto-acid is stabilized by charge delocal-
ization, as depicted in Figure 5a. The (M � 17)� ion
likely results from rearrangement and loss of OH from
the derivatized acid. Because the (M � 17)� ion is not
observed in the mass spectrum of the aldo-acid, we
assume that the alkyl group (CHR2 in Figure 5b) is
essential in the rearrangement (CHR2 � H for an aldo-
acid).Theproposed fragmentation/rearrangementpath-
way leading to the formation of an (M � 17)� ion is
depicted in Figure 5b. Thus, the presence of a low-
intensity (M)�� ion in the EI mass spectrum suggests an
aldo- or keto-acid, while the presence of an (M � 17)�

ion suggests a keto-acid.
The methane CI mass spectra of PFBHA-BSTFA

derivatives of aldo- and keto-acids, and hydroxycar-
bonyls are characterized by (M � H)�, (M � 15)�, and
(M � 89)� ions. (See Tables 1 and 2). For the carbonyls
with secondary and tertiary�OH groups, the base peak
in the mass spectra is the (M� 89)� ion, whereas for the
carbonyls with primary �OH groups and the aldo- and
keto-acids, the base peak can be the (M � H)� ion, the
(M � 15)� ion, or the (M � 89)� ion. The relative
intensity of the (M � H)� ion from the carbonyls with
primary and secondary �OH groups ranges from 9–
100%. For the aldo- and keto-acids, the relative intensity
of the (M � H)� ion ranges from 28–100%. However,

the relative intensity of this ion for the carbonyls with
tertiary �OH groups was �1%. While there is no
absolute trend in these data, the presence of the (M �
89)� ion as the base peak, and a low intensity (M � H)�

ion (�1%) in the methane CI mass spectra suggests a

Table 2. Characterization of the electron ionization, methane chemical ionization, and PFBOH chemical ionization mass spectra for
PFBHA-BSTFA derivatives of aldo- and keto-acids

Compound

% Relative intensity

(M � 181)� (M � H)� (M)� (M � 15)� (M � 17)� (M � 89)� (181)� (M � 197)� (75)� (73)�

Electron ionization

Aldo-acids
Glyoxylic acid 2 2 8 36 1 0 100 1 6 41

Keto-acids
Pyruvic acid 1 2 9 23 19 1 100 0 6 54
2-ketobutyric acid 0, 0 2, 2 10, 7 13, 28 46, 45 0, 1 100, 100 0, 1 16, 13 97, 83
2-oxovaleric acid 1, 2 4, 8 11, 11 11, 51 54, 52 1, 12 100, 100 19, 20 12, 21 98, 92

Methane chemical ionization

Aldo-acids
Glyoxylic acid 19 100 1 43 1 15 17 - - -

Keto-acids
Pyruvic acid 1 100 5 25 1 28 4 1 - -
2-ketobutyric acid 0, 1 28, 100 0, 1 3, 21 3, 1 9, 100 100, 17 11, 1 - -
2-oxovaleric acid - 100, 100 3, 2 3, 25 4, 0 0, 19 52, 4 0, 7 - -

PFBOH chemical ionization

Aldo-acids
Glyoxylic acid 100 21 7 22 0 8 - - - -

Keto-acids
Pyruvic acid 100 66 37 30 23 15 - - - -
2-ketobutyric acid 100, 91 35, 31 0, 19 45, 68 21, 7 0, 27 - - - -
2-oxovaleric acid 100, 100 20, 43 8, 4 7, 37 9, 7 0, 5

Figure 5. Proposed fragmentation pathway of PFBHA-BSTFA
derivatives of aldo- and keto-acids under electron ionization
conditions in an ion trap mass spectrometer (R � H or alkyl). (a)
Proposed mechanism for stabilization of the PFBHA-BSTFA de-
rivative of an aldo- or keto-acid. (b) Proposed pathway for the
formation of an (M� 17)� ion from a PFBHA-BSTFA derivative of
a keto-acid.
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PFBHA-BSTFA derivative of a carbonyl with a tertiary
�OH group.
The PFBOH CI ion trap mass spectra of PFBHA-

BSTFA derivatives are characterized by (M � 89)�,
(M � 15)�, (M � H)�, and (M � 181)� ions. For most of
the carbonyls with primary and secondary �OH groups
and the aldo- and keto-acids, the base peak is either the
(M � 181)� ion or the (M � 15)� ion. For the carbonyls
with tertiary �OH groups, the base peak is either the
(M� 15)� ion or the (M� 89)� ion. For these carbonyls,
both the (M � H)� ion and the (M � 181)� ion are of
low (�16%) relative intensity in the PFBOH CI mass
spectra, whereas the (M � H)� ion in the PFBOH CI
mass spectra of the carbonyls with primary and second-
ary �OH groups and the aldo- and keto-acids ranges
from 20–73% relative intensity and the (M � 181)� ion
ranges from 34–100% relative intensity. Accordingly, a
base peak at (M � 15)� or (M � 89)� and a low relative
intensity for the (M � H)� and (M � 181)� ions in
PFBOH CI (�16%) indicates a PFBHA-BSTFA deriva-
tive of a carbonyl with a tertiary �OH group.
These data suggest that interpretation of the EI mass

spectra can assist in distinguishing PFBHA-BSTFA de-
rivatives of aldo- and keto-acids from derivatives of
hydroxycarbonyls, and that interpretation of the meth-
ane CI and PFBOH CI mass spectra can assist in distin-
guishing the position of the �OH group on hydroxycar-
bonyls. In the EI mass spectra, an (M)�� ion with a relative
intensity �7% indicates the PFBHA-BSTFA derivative of
an aldo- or keto-acid, while an (M � 17)� ion with a
relative intensity�19% indicates a keto-acid. In the meth-
ane CI mass spectra, a base peak at (M � 89)� and a low
intensity (�1%) (M � H)� ion strongly suggests a car-
bonyl with a tertiary �OH group. The identification of a
carbonyl with a tertiary �OH group is strengthened by a
base peak at (M � 15)� or (M � 89)� and low intensity
(�16%) (M � H)� and (M � 181)� ions in the PFBOH CI
ion trap mass spectra.
The EI mass spectrum for the PFBHA-BSTFA deriv-

ative from the MBO � �OH reaction (Figure 3, Com-
pound IIIA) provides evidence that this compound is a
C4-hydroxycarbonyl, rather than a C3-aldo- or keto-acid
because M�� and (M � 17)� ions are absent. The meth-
ane CI and PFBOH CI mass spectra (Figure 4) provide
substantial evidence that the �OH group is tertiary,
because of the absence of an (M � H)� ion in both
spectra and the low intensity of the (M � 181)� ion in
the PFBOH CI mass spectrum. The only possible C4-
hydroxycarbonyl containing a tertiary �OH group is
2-hydroxy-2-methylpropanal.

Gas Chromatographic Separation of the
PFBHA-BSTFA Derivatives of Glycolaldehyde,
2-Hydroxy-2-Methylpropanal, and
3-Hydroxy-2-Butanone

Extracts of air sampled at the Blodgett Forest were first
analyzed by using a low-polarity GC column [DB-XLB;

liquid phase equivalent to (12% phenylmethyl) poly-
siloxane]. The electron ionization mass spectrum of a
peak from these extracts with the same relative reten-
tion time as the Peak III in Figure 2 is presented in
Figure 6. As determined previously, this peak can be
composed of two co-eluting compounds, glycolalde-
hyde and 2-hydroxy-2-methylpropanal, both of which
are expected to be present in Blodgett Forest air. The
m/z 312 ion is likely the (M � 15)� ion for PFBHA-
BSTFA derivatized glycolaldehyde, and the m/z 340 ion
is likely the (M � 15)� ion for PFBHA-BSTFA derivat-
ized 2-hydroxy-2-methylpropanal. However, it is pos-
sible that this peak could also contain 3-hydroxy-2-
butanone, which we identified at a similar relative
retention time in previous work [18]. In this complex
mixture, quantification of glycolaldehyde is possible by
using the (M � H)� ion at m/z 328 in the methane CI
mass spectra. However, quantifying 2-hydroxy-2-meth-
ylpropanal in the presence of 3-hydroxy-2-butanone
poses a problem because the two compounds are struc-
tural isomers whose mass spectra would exhibit ions at
the same mass to charge ratios. Additionally, in order to
confirm the identification of 2-hydroxy-2-methylpro-
panal with an authentic standard, chromatographic
resolution is desired. We thus pursued separation of
these compounds on a GC column with a more polar
phase, [(50% phenylmethyl) polysiloxane; DB-17ms].
We demonstrate resolution of three co-eluting com-

Figure 6. Chromatographic separation of PFBHA-BSTFA deriv-
atives in an extract of Blodgett Forest air on a DB-XLB GC column
(a), and a DB-17ms GC column (b).
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pounds on a DB-17ms GC column in Figure 6b. The
mass spectrum and relative retention time of Com-
pound IIIA corresponds to the mass spectrum and
relative retention time of the PFBHA-BSTFA derivative
that was obtained from the analysis of the reaction
products of hydroxyl radical reaction with MBO (see
Figure 3b Compound IIIA). The compounds in Peaks
IIIB1 and IIIB2 correspond to the mass spectra of
glycolaldehyde (see Figure 3b, Compound IIIB). The
compound in Peak IIIC was tentatively identified as 3-
hydroxy-2-butanone. The identification of the PFBHA-
BSTFA derivatives of glycolaldehyde and 3-hydroxy-2-
butanone were confirmed by comparing the relative
retention times and mass spectra in the sample extract
to those of the PFBHA-BSTFA derivatives of authentic
standards (Peaks IIIB1 and IIIB2 are the E- and Z-
isomers of the PFBHA-BSTFA derivative of glycolalde-
hyde; the E- and Z-isomers of 3-hydroxybutanone are
not resolved).
In the methane CI ion chromatograms comprised of

m/z 340 and 266, the (M � 15)� and (M � 89)� ions of
the PFBHA-BSTFA derivative of 2-hydroxy-2-methyl-
propanal, we observed two peaks corresponding to
3-hydroxy-2-butanone (IIIC) and the compound tenta-
tively identified as 2-hydroxy-2-methylpropanal (IIIA)
(see Figure 7a) in some sample extracts. However, in
other extracts, we observed three peaks (IIIA1, IIIA2,
and IIIC), as presented in Figure 7b. Moreover, the
relationship between Peaks IIIA1 and IIIA2 was not
constant. In some cases, Peak IIIA1 was larger than

Peak IIIA2, and in other cases, the peaks were approx-
imately the same size, or Peak IIIA2 was absent. To
further investigate this phenomenon, we reanalyzed
extracts of air collected from the reaction of MBO with
�OH in the chamber experiment, using the DB-17 ms
column. We observed the same phenomenon in these
extracts. Thus, the compounds comprising Peaks IIIA1

and IIIA2 must be products arising from the reaction of
MBO with �OH.
The base peak in the methane chemical ionization

mass spectra of Peaks IIIA1 and IIIA2 is the m/z 266 ion.
Initially, we thought that the two peaks were the E- and
Z-isomers of PFBHA-BSTFA derivatives of 2-hy-
droxy-2-methylpropanal. However, the absence of an
(M � 15)� ion at m/z 340 in Peak IIIA1 raised doubt
about this identification. The ion at m/z 266 in Peak
IIIA1 could be the (M � 89)� ion of the PFBHA-BSTFA
derivative of 2-hydroxy-2-methylpropanal, or it could
be the (M � H)� ion or a fragment ion from a different
compound. We examined the EI and PFBOH CI mass
spectra to obtain further information.
The EI and PFBOH CI mass spectra from Peak IIIA1

are presented in Figure 8. The EI mass spectrum (Figure
8a) is characterized by the expected pentafluorobenzyl
cation at m/z 181, which confirms that this compound
is a PFBHA derivative of a carbonyl. However, the ab-
sence of ions at m/z 73 and 75 indicates that the com-
pound is not the PFBHA-BSTFA derivative of a hy-
droxycarbonyl. The absence of an ion at m/z 340 further
indicates that it is not the PFBHA-BSTFA derivative of
2-hydroxy-2-methylpropanal. The PFBOH CI ion trap
mass spectrum is characterized by ions at m/z 266 and
464 (Figure 8b). The absence of (M � 15)� and
(M � 181)� ions at m/z 340 and 536 provides further
evidence that the mass spectrum is not of the
PFBHA-BSTFA derivative of 2-hydroxy-2-methylpro-
panal. If the m/z 464 ion is the (M � 181)� ion of a

Figure 7. Ion chromatogram (m/z 266 � m/z 340) in the methane
chemical ionization mass spectra of PFBHA-BSTFA derivatives in
an extract of Blodgett Forest air.

Figure 8. Electron ionization (a) and PFBOH chemical ionization
(b) mass spectra of Peak IIIA1 in Figure 7.
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PFBHA-derivative, then the molecular weight of the
derivative would be 283 Da, which is the molecular
weight of the PFBHA derivative of 2-hydroxy-2-meth-
ylpropanal. Together, the data indicate that this com-
pound is the PFBHA derivative of 2-hydroxy-2-methyl-
propanal. Thus, the ion at m/z 266 in both the methane
and PFBOH CI mass spectra is likely an (M�OH)� ion.
The m/z 266 ion is likely common to both the PFBHA
derivative (IIIA1) and the PFBHA-BSTFA derivative
(IIIA2) of 2-hydroxy-2-methylpropanal because it is a
stable tertiary carbocation, formed by loss of OH from
the PFBHA derivative and by loss of Si(CH3)3O from
the PFBHA-BSTFA derivative.
These data indicate incomplete BSTFA derivatization

of 2-hydroxy-2-methylpropanal in certain sample ex-
tracts, and thus the observation of the PFBHA and the
PFBHA-BSTFA derivatives. The fact that both peaks are
observed, and that the peak shape for the PFBHA-
derivative is good, invokes the question “why derivat-
ize with BSTFA?” In previous work, we demonstrated
that derivatization with BSTFA improves the chroma-
tography and sensitivity for a many hydroxycarbonyls
and aldo- and keto-acids on a DB-5 ms column [18].
However, because the chromatography for PFBHA de-
rivatives of hydroxycarbonyls and aldo- and keto-acids
could be different on a DB-17 ms column, we compared
the signal to noise ratio for PFBHA and PFBHA-BSTFA
derivatives of hydroxycarbonyls and a keto-acid on a
DB-17 ms column. These data are presented in Table 3
for the (M � H)� and (M � OH)� ions from the PFBHA
derivatives and the (M �H)�, (M� 15)�, and (M� 89)�

ions from the PFBHA-BSTFA derivatives. In cases in
which the E- and Z-isomers were resolved, two values are
reported. The data demonstrate that BSTFA derivatization
improves the signal to noise ratio for glycolaldehyde,
hydroxyacetone, 1-hydroxy-2-butanone, 4-hydroxy-3-
methyl-2-butanone, and pyruvic acid, but the signal to
noise ratio is the same with or without BSTFA derivatiza-
tion for 3-hydroxy-3-methyl-2-butanone. The tertiary
�OH group on 3-hydroxy-3-methyl-2-butanone is proba-
bly protected from interaction with the column, and thus
the chromatography and sensitivity are good without
BSTFA derivatization. In our work, BSTFA derivatization
is required because glycolaldehyde, hydroxyacetone, and
pyruvic acid are also photooxidation products of biogenic
and anthropogenic hydrocarbons.

Confirmation of the Identity of
2-Hydroxy-2-Methylpropanal

In order to confirm the identification of the C4-hydroxy-
carbonyl that is produced from the reaction of MBO
with �OH, we synthesized 2-hydroxy-2-methylpro-
panal. Chamber experiments and analysis of ambient
air samples were concluded prior to the availability of
an authentic standard 2-hydroxy-2-methylpropanal.
We were unable to retroactively analyze the sample
extracts because of concerns about possible degradation
of the analyte in the extract. In Figure 9, we present the
EI and methane CI ion trap mass spectra of the PFBHA
derivative of 2-hydroxy-2-methylpropanal. The relative
retention time of the gas chromatographic peak is the
same as that for Peak IIIA1 in Figure 7, and the ions and
the relative intensity of the ions in the mass spectra are
nearly identical to the spectra for Peak IIIA1, as pre-
sented in Figures 7b (methane CI) and 8a (EI). The EI
mass spectra area characterized by the presence of ions
at m/z 268, 240 and 181. The ions at m/z 268 and 240 are
the (M � CH3)

� and [M � CH3 � (CO)2]
� ion of the

PFBHA derivative of 2-hydroxy-2-methyl propanal, re-
spectively. The only ion, and hence the base peak in the

Table 3. Comparison of signal:noise ratio for PFBHA- and PFBHA-BSTFA derivatives of hydroxycarbonyls and keto-acids

Analyte
Concentration

(pg/	L)

Signal:noise ratio

PFBHA-derivative PFBHA-BSTFA-derivative

(M � H)� (M � OH)� (M � H)� (M � CH3)� (M � 89)�

Glycolaldehyde 24 2, 1 3, 2 28, 29 29, 40 19, 13
Hydroxyacetone 24 3, 3 6, 2 23 13 13
1-hydroxy-2-butanone 24 1, 1 2, 1 1, 8 1, 10 1, 8
4-hydroxy-3-methyl-2-butanone 26 2 1 8 7 7
3-hydroxy-3-methyl-2-butanone 23 1 21 1 1 23
Pyruvic acid 50 1 1 71 12 18

Figure 9. Electron ionization (a) and methane chemical ioniza-
tion (b) mass spectra of the PFBHA derivative of 2-hydroxy-2-
methylpropanal.

539J Am Soc Mass Spectrom 2002, 13, 530–542 ATMOSPHERIC CHEMISTRY OF HYDROXYMETHYLPROPANAL



methane CI mass spectra is the ion at m/z 266 due to the
loss of a hydroxyl group from the PFBHA derivative of
2-hydroxy-2-methylpropanal. In Figure 10, we present
the EI and methane CI ion trap mass spectra for the
PFBHA-BSTFA derivative of 2-hydroxy-2-methylpro-
panal. The relative retention time of the gas chromato-
graphic peak is the same as that for Peak IIIA2 in Figure
7, and again the ions and the relative intensity of the
ions in the mass spectra are nearly the same as the
spectra for Peak IIIA, as shown in Figures 4a (methane
CI) and 6B (EI). In addition to the presence of charac-
teristic ions at m/z 73 and 181 ions, ions at m/z 158
(M � C6F5CH2O)

� and 340 (M � CH3)
� are observed.

The methane CI mass spectra exhibit ions atm/z 340 and
266. In the mass spectra of the authentic standard, we
observe ions at m/z 158 and 361 which are not present
in the methane CI mass spectra of the sample extract.
The ion at m/z 158 is presumably due to the loss of
C6F5CH2O, and the ion at m/z 361 is due to a co-eluting
interferant. Thus, the presence of ions at similar ion
intensities in PFBHA and PFBHA-BSTFA derivative in
the EI and methane CI mass spectra of the authentic
standard, compared to derivatives in the sample extract,
confirm the presence of 2-hydroxy-2-methylpropanal.

Semi-Quantification of 2-Hydroxy-2-
Methylpropanal in Air Samples Collected
at the Blodgett Forest

Since an authentic standard of 2-hydroxy-2-methylpro-
panal was not available at the time that Blodgett Forest
samples were quantified, we evaluated the use of 3-
hydroxy-3-methyl-2-butanone and 4-hydroxy-4-meth-
yl-2-pentanone, two ketones with tertiary �OH groups
as surrogates. These compounds were chosen because
we were unable to locate a commercial source of an

aldehyde with a tertiary �OH group, which would be
more structurally similar to 2-hydroxy-2-methylpro-
panal than a ketone. We evaluated whether a ketone is
a reasonable surrogate for a structurally similar alde-
hyde by comparing the relative response factors be-
tween methacrolein and methyl vinyl ketone. Since the
total concentration of the analyte derivative will be the
concentration of the PFBHA derivative and the concen-
tration of the PFBHA/BSTFA due to the inconsistent
BSTFA derivation, and the response factor of a ketone
with a tertiary�OH group to the internal standard may
be compound dependent, we also compared the differ-
ence between the relative response factors of the two
ketones with tertiary �OH by using a predominant ion
in the mass spectra of the PFBHA derivative, or the
PFBHA/BSTFA derivative as a single quantifying ion,
or by using a sum of the ions. We obtained a 6%
difference and a 9% relative standard deviation be-
tween relative response factors obtained by analyzing
standards of methacrolein and methyl vinyl ketone
ranging from 241 to 1024 pg/	L. The small difference
between the relative response factors of the two com-
pounds suggests similar responses between a structur-
ally similar aldehyde and a ketone. We compared the
relative response factor obtained by using the (M � 17)�

ion of the PFBHA derivative, and the (M � 15)� or
(M � 89)� ions of the PFBHA/BSTFA derivatives of
3-hydroxy-3-methyl-2-butanone and 4-hydroxy-4-methyl-
2-pentanone, each separately as the quantifying ions, and
as the sum of these ions. For concentrations ranging
from 115 to 864 pg/	L, the % difference between the
relative response factor for the (M � 17)�, (M � 15)�,
and the (M � 89)� ions differed by 49, 125, and 120%,
respectively. This difference between the compounds
was reduced to 16% by using the sum of the three ions.
We thus chose to quantify by using the sum of the ions
to reduce differences that may exist among structurally
similar molecules, and to account for inconsistent
BSTFA derivatization. We constructed standard curves
using the sum of the areas of the (M� 15)� and (M� 89)�

ions from PFBHA-BSTFA derivative and the (M � OH)�

ion from the PFBHA derivative of 3-hydroxy-3-methyl-2-
butanone. The response factor for the sum of the
equivalent ions from the PFBHA and PFBHA-BSTFA
derivatives of 2-hydroxy-2-methylpropanal was substi-
tuted into the regression equation to semi-quantify
2-hydroxy-2-methylpropanal.
We provide evidence that the method of semi-quan-

tification is reasonable by comparing the values ob-
tained by our method to values obtained by using FT-IR
for the concentration of 2-hydroxy-2-methylpropanal
produced from the reaction of �OH with MBO in an
environmental chamber. The concentration obtained by
using FT-IR was estimated from calibration data ob-
tained in a previous experiment, and a yield of 29
 3%.
By using the PFBHA-BSTFA method we measured mean
n � 2) concentrations of 266, 396, and 483 ppbv for three
samples, compared to 380 ppv, 570 ppv, and 820 ppbv
by using the FT-IR method. Thus, assuming a yield of

Figure 10. Electron ionization (a) and methane chemical ioniza-
tion (b) mass spectra of the PFBHA-BSTFA derivative of 2-hy-
droxy-2-methylpropanal.
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29%, the semi-quantification method is 30 to 41% lower
than the FT-IR method. However, Alvarado et al. [14],
using silylation and GC-FID, estimated that the 2-hy-
droxy-2-methylpropanal yield was only 19 
 9%. The
values reported by the FT-IR method would then be
lower (249, 373, and 537 ppbv in the three sample
extracts). In this case, the % relative differences would
be 6–10% between the two methods. The concentrations
of 2-hydroxy-2-methylpropanal semi-quantified by the
PFBHA-BSTFA, compared to the FT-IR method thus
varies from 6 to 41%, depending on the assumed yield
of hydroxy-2-methyopropanal.
We present the mixing ratios of MBO (Gunnar Schade,

personal communication) and 2-hydroxy-2-methylpro-
panal (2-HMPR) as a function of time in Figure 11.
Overall, the average ratio of [2-hydroxy-2-methylpro-
panal]/[MBO] was 0.33 
 0.26, providing further sup-
port that the semi-quantification of 2-hydroxy-2-meth-
ylpropanal is reasonable, since the expected yield of
2-hydroxy-2-methylpropanal from the reaction of MBO
with �OH is 0.19–0.35 [11, 13, 14].
The mixing ratios of 2-hydroxy-2-methylpropanal

increase or decrease approximately 2 to 2.5 h after in-
creases and decreases in MBO, which is consistent with
a local source of MBO and in situ photochemical pro-
duction of 2-hydroxy-2-methylpropanal. Additionally,
the ratio of [2-hydroxy-2-methylpropanal]/[MBO] was
higher (0.5–0.9) during early morning and nighttime
compared to mid-day and early evening (�0.2). This is
expected, because during daytime MBO is continuously
emitted by trees [10], 2-hydroxy-2-methylpropanal is
produced from the reaction of MBO with �OH, and the
build-up of both is limited by reactions with �OH [11,
13, 14]. However, after sunset, emissions of MBO cease,
MBO is depleted by reactions with O3 and NO3, and
small amounts of 2-hydroxy-2-methylpropanal may be
produced by reaction of MBO with O3 [12–14, 33, 34].
Additionally, changing wind direction at night could
bring in air with higher 2-hydroxy-2-methylpropanal
mixing ratios from surrounding forests [2]. Therefore, at
night MBO will be depleted more rapidly than 2-hy-
droxy-2-methylpropanal, and small amounts of 2-hy-
droxy-2-methylpropanal may be formed or carried in by

wind, creating higher [2-hydroxy-2-methylpropanal]/
[MBO] ratios. When the sun rises, MBO and �OHmixing
ratios will increase, 2-hydroxy-2-methylpropanal will
still be formed by MBO reactions, but will also be de-
pleted by reaction with �OH and possibly by photolysis,
and by afternoon the [2-hydroxy-2-methylpropanal]/
[MBO] ratio will be significantly smaller.

Conclusions

Interpretation of EI, methane CI, and PFBOH CI ion
trap mass spectra of PFBHA and PFBHA-BSTFA deriv-
atives was critical for: (1) Identifying the structure of the
C4-hydroxycarbonyl produced by the reaction of �OH
with MBO; (2) solving co-elution problems on a DB-
XLB GC column; and (3) developing a method to semi-
quantify 2-hydroxy-2-methylpropanal in air. Ion-mole-
cule reactions which occur only in an ion trap mass
spectrometerwere facilitated by bleeding PFBOHdirect-
ly in to the ion trap. The resulting (M� 181)� ions aided
in determining the structure of the C4-hydroxycarbonyl
and were essential for differentiating the PFBHA deriv-
ative of 2-hydroxy-2-methylpropanal from the PFBHA-
BSTFA derivative in the absence of an authentic standard.
Semi-quantification of 2-hydroxy-2-methylpropanal by
FT-IR and by the method developed here compared
favorably. We thus used the method to obtain the first
diurnal measurements of 2-hydroxy-2-methylpropanal
in ambient air, and to gain insight into the relationship
between 2-hydroxy-2-methylpropanal and its precur-
sor, MBO, in the ambient atmospheric environment.
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