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Abstract

lonization of aliphatic and aromatic aldehydes is improved by performing simultaneous chemical
derivatization using 4-aminophenol to produce charged iminium ions during paper spray ionization.
Accelerated reactions occur in the microdroplets generated during the paper spray ionization event
for the tested aldehydes (formaldehyde, n-pentanaldehyde, n-nonanaldehyde, n-decanaldehyde, n-
dodecanaldehyde, benzaldehyde, m-anisaldehyde, and p-hydroxybenzaldehyde). Tandem mass
spectrometric analysis of the iminium ions using collision-induced dissociation demonstrated that
straight chain aldehydes give a characteristic fragment at m/z 122 (shown to correspond to
protonated 4-(methyleneamino)phenol), while the arylaldehydeiminium ions fragment to give a
characteristic product ion at m/z 120. These features allow straightforward identification of linear
and aromatic aldehydes. Quantitative analysis of n-nonaldehyde using a benchtop mass
spectrometer demonstrated a linear response over 3 orders of magnitude from 2.5 ng — 5 ug of
aldehyde loaded on the filter paper emitter. The limit of detection was determined to be 2.2 ng for
this aldehyde. The method had a precision of 22%, relative standard deviation. The experiment was

also implemented using a portable ion trap mass spectrometer.



Introduction

Trace organic analysis [1-3] is commonly performed by combining a chromatographic method [4]
with mass spectrometry (MS) [5]. Ambient ionization [6-14] is a relatively recent approach to MS
analysis which avoids chromatography and is characterized by the absence of any requirement for
sample preparation. Paper spray ionization [15-20] is a particularly simple ambient ionization
technique which can be employed to study reactions and identify intermediates as well as to
measure trace constituents of complex mixtures. Like other spray ionization methods, paper spray is
least successful for non-polar or weakly polar compounds. Aldehydes fall into this group and for this
reason a reactive version of paper spray is examined here as way to generate an aldehyde derivative
during the ionization process. The reaction chosen was that of the aldehyde with a primary amine to
generate an iminium ion under the ambient ionization conditions. The generation of a charged
product is expected to improve ionization efficiency in a process once known as ‘reverse
derivatization’ [21]. The combined derivatization/ionization process is tested in this study for the

analysis of simple aldehydes.

A miniature portable mass spectrometer (Mini 10/12) [22-24] designed to be used in a field setting
[25] was also used in this study. The Mini MS/paper spray ionization combination has been
successfully demonstrated for the analysis of surface active tetraalkylammonium halides in an oil
matrix [26] to simulate oil transmission pipeline monitoring. The closely related ambient ionization
method of leaf spray [27] also has been used in-situ with a miniature mass spectrometer to follow
the time dependent removal of herbicides from grass leaves [25]. Because of the low pumping speed
of the Mini mass spectrometer, the flow of air and ionized sample into the instrument is regulated
by a discontinuous atmospheric pressure interface (DAPI) valve [28]. Positioning the paper spray
ionization source in front of the DAPI valve allows ions formed by paper spray to be transported into

the rectilinear ion trap for tandem mass spectrometric analysis.



This method is particularly advantageous for the analysis of traces of compounds like aldehydes
which have low proton affinities and are present in complex mixtures. Chemical reactions have been
shown to proceed at greatly elevated rates in thin drop-cast layers [29] and in electrosprayed
microdroplets [30] enabling derivatization to be completed during ionization and keeping total
sample analysis times to a few seconds. Both ionization efficiency and molecular selectivity can be
improved by chemical derivatization. In addition, the use of an ion trap allows tandem mass
spectrometry experiments to be performed in a small and simple instrument. By using what is in
effect selected reaction monitoring (SRM) [31] a high degree of confidence is achieved in measuring
only the analyte of interest. This approach to the analysis of aldehydes can be contrasted with the

more traditional method of gas chromatography mass spectrometry (GC-MS) [32, 33].

One of the driving forces for this study is the fact that the presence of straight chain aldehydes in
breath has been linked to the lung cancer [34]. Therefore, easy rapid methods of identification of
straight chain aldehydes could be important in diagnosis. In this context, mass spectrometry,
especially small, portable, mass spectrometers might be of future interest to allow the measurement
in a clinical environment. This is one reason to test the reactive paper spray method of analysing
aldehydes with both benchtop and portable mass spectrometers. Breath analysis by mass
spectrometry is an area of increasing interest due to its capability for making non-invasive
measurements [35-37] which can be used to monitor metabolic state and potentially detecting
disease biomarkers [38-40]. It is in this context that we describe a fast, direct and reactive paper
spray approach to determine aldehydes using in-situ derivatization with 4-aminophenol to produce

iminium ions.



Experimental

In-situ derivatization of aldehydes was carried out using 4-aminophenol as the reagent in 80:20
acetonitrile:water. Separate reactions of 4-aminophenol with 1-nonanal and furfural are shown in
Scheme 1. The product of this reaction (iminium ion) carries a formal charge on the nitrogen atom
which gives it a strong mass spectrometric response. Aldehyde standards and the 4-aminophenol
reagent were prepared as solutions in the acetonitrile:water (80:20) solvent mixture. All the
aldehydes as well as the 4-aminophenol were purchased from Aldrich Chemical Company
(Milwaukee, WI). In-situ derivatization was performed by first applying 5 uL of the 4-aminophenol
reagent (1000 ug mL™) followed by 5 pL of the aldehyde standard (formaldehyde, n-pentanaldehyde,
n-nonanaldehyde, n-decanaldehyde, n-dodecanaldehyde, benzaldehyde, m-anisaldehyde or p-
hydroxybenzaldehyde in the range 100 ng mL™ to 100 pg mL™) to the paper spray emitter. Paper
spray emitters were isosceles triangles of Whatman no.1 grade filter paper (Maidstone, UK) with
typical dimensions of 10 mm in length and with a width at base of 5 mm. Paper emitters were held
in place by a copper clip which was used to apply the high voltage and positioned approximately 10
mm from the mass spectrometer inlet capillary. The aldehyde/amine mixture on paper was allowed
to air dry for 1-5 minutes before solvent addition and spray ionization. Mass spectra from the
emitters were recorded by applying 30 uL of the paper spray solvent (80:20 acetonitrile:water) and
turning on the spray voltage. Simultaneous spraying of the aldehyde and amine from separate paper
spray emitters also produced the product. Paper spray signals are transient and quantitative data
was obtained by averaging a 0.1 min section of the ion chronogram early in the spray period (total
time ca. 1 min) when the highest response was obtained. Five repeat experiments were performed
at each of the different sample concentrations (0.1, 0.5, 1, 5, 10, 25, 50, and 100 pug mL™) enabling

determination of the average response and calculation of precision as % RSD.

Quantitative experiments were carried out using a Thermo LTQ-Orbitrap mass spectrometer

(ThermoFisher Scientific, San Jose, CA) operated in the ion trap only mode unless otherwise



specified. Operating conditions for the mass spectrometer were as follows: paper spray voltage 3.0
kV; capillary voltage 35 V; capillary temperature 275 °C; tube lens voltage 110 V; AGC active. Product
ion scans were performed using an isolation window of 2 m/z units and a normalized collision energy

of 30 % (manufacturer units).

In addition to the commercial Orbitrap mass spectrometer, a portable rectilinear ion trap mass
spectrometer (Mini 12) [22-24] was also used in these experiments. This instrument uses a miniature
rough pump together with a miniature turbomolecular pump to achieve an ultimate vacuum below 1
x 107 Torr. A two-stage Pfeiffer Vacuum diaphragm pump to provide a backing pressure below 2
Torr for the turbo pump, a Pfeiffer TPD 011 (Pfeiffer Vacuum Inc., Nashua, NH, USA, pumping speed
10 L s™) constituted the main vacuum components of the system. All components of the Mini 12,
including the electronics and vacuum systems, are assembled in an aluminum case, length 58 cm,
width 32 cm and height 40 cm. A discontinuous DAPI valve [28] was used to transfer the ions created
by the paper spray ion source into the vacuum system of the Mini 12 for detection. The DAPI valve
acts as a mechanical switch, which opens the ion introduction channel for a brief time (10-30 ms)
and then closes it for each scan cycle (which includes ion cooling, mass analysis, ion clearance and
reset). The pressure inside the vacuum chamber increases considerably (up to 80 mTorr) when the
valve opens to introduce ions (along with air/sample vapor). During this period, the high voltage is
turned off. After ion introduction, the channel is closed to allow the pressure to decrease over a
time (300-500 ms) until it reaches a value (normally 1 mTorr) that allows ion manipulation and mass
analysis. At this point, the high voltage is turned on and the RF is scanned to perform mass analysis.
Each cycle takes around 1 s and all mass spectra were averaged over at least 2 cycles and are
reported without background subtraction. The resolution of the instrument is approximately 0.6 — 1
amu/charge (FWHM) in the m/z range used. During tandem mass spectrometry, the parameters of
the Mini 12 were maintained as follows: isolation waveform (swift) covers 165 — 177 kHz and is
applied 15 times to give isolated ions FWHM 1.5 mass/charge units, AC frequency during mass scan

167.5 kHz, AC voltage 6500 V, AC time 85 ms.



Results and Discussion

Analysis of five straight chain aldehydes of varying size (methanal, 1-pentanal, 1-nonanal, 1-decanal
and 1-dodecanal) was first attempted without derivatization. No protonated aldehyde ions were
observed during normal paper spray (only background signals were detected during the spray), and
these compounds were found to be essentially undetectable by paper spray mass spectrometry
without derivatization. Experiments were then performed using in-situ Mannich derivatization with

4-aminophenol to produce the iminium ion and so to indirectly detect the aldehydes.

Four additional aldehydes, namely, benzaldehyde, m-anisaldehyde, p-hydroxybenzaldehyde and 2-
furaldehyde were added to the alkyl aldehydes for the next experiments which were performed in
two stages. In the first stage, the aldehydes were derivatized and detected as iminium ions. In the
second, the iminium ions were analysed using tandem mass spectrometry to produce fragment ions

that provided information about the identity of the aldehyde molecules.

Figure 1a shows a reactive paper spray mass spectrum, obtained with the ion trap in full scan mode,
for a case in which 100 ug mL™ formaldehyde was mixed with 1000 pg mL* 4-aminophenol on the
paper emitter prior to sample analysis. The base peak in this spectrum is the [M+H]" of the 4-
aminophenol at m/z 110. The iminium ion, observed at m/z 122 and marked as a black circle [41], is
present at approximately 5% of the base peak intensity demonstrating that this approach can be
used to detect aldehydes. Each of the aldehydes including 1-nonanal, 1-dodecanal, benzaldehyde, 1-
pentanal, 1-decanal, 4-hydroxybenzaldehyde and 3-methoxybenzaldehyde were found to produce
iminium ions with 4-aminophenol and these ions appeared at m/z 234 (Figure 1b), 276 (Figure 1c),
198 (Figure 1d), 178 (Figure Sla), 248 (Figure S1b), 214 (Figure Slc) and 228 (Figure S1d)
respectively. Each product ion is indicated in the mass spectrum with a black circle. Plausible
structures of the products are shown on the right hand side of each mass spectrum. Some
information on the kinetics of these experiments was obtained by shortening the reaction time from

5 min to 1 min but this did not show any effect on the relative intensity of the iminium ion peaks. In



fact the reaction occurs in the charged microdroplets generated by paper spray ionization [42-46] as
demonstrated by mixing formaldehyde and the amine and immediately recording the mass

spectrum. The resulting mass spectrum was identical to that shown in Fig. 1a.

Tandem mass spectrometric analysis, performed to structurally characterize the iminium ions,
yielded useful information. Fragmentation of the benzaldehydeiminium ion, as shown in Figure 1d,
produced a simple mass spectrum with a single intense fragment ion at m/z 120 (Figure 2a).
Plausibly, this fragment ion corresponds to the loss of neutral benzene (78 Da) from the precursor
ion and nominally produces an isonitrile product ion with a triple bond between the terminal carbon
atom and the nitrogen atom. Figure 2b shows the mass spectrum observed after the product (m/z
234, as in Figure 1b) was subjected to collision induced dissociation (CID). The main fragment ion in
this spectrum, m/z 122, corresponds to fragmentation in the alkyl chain (1-nonanal) between the
first and second carbon atoms. This fragmentation was observed with all of the straight chain
aldehyde-derived iminium ions with the obvious exception of formaldehyde. The presence of this ion
is a useful diagnostic to confirm that the species being fragmented contains an aminophenol moiety,
and this should be particularly useful when complex mixtures are analyzed. The fragment ion at m/z
110, seen in the full mass spectrum, results from cleavage of the carbon atom bonded to nitrogen
and it represents fragmentation back to 4-aminophenol. Taken together, these MS/MS results
suggest that the m/z 120 fragment ion could be a useful diagnostic to identify aromatic aldehydes,
while m/z 122 is diagnostic for straight chain iminium ions. Therefore, it is evident that in addition to
serving as an aldehyde detection method, tandem mass spectrometry of the derivatives is useful in

recognising aliphatic and aromatic aldehydes.

Having established the fragmentation pattern/structural correlation, quantitative analysis was
performed by preparing aldehyde standards across a range of concentrations from 100 ng mL™
(equivalent to 500 pg placed on the emitter) to 100 pg mL™* (equivalent to 500 ng on the emitter). A

linear calibration plot was obtained between 500 ng mL* and 100 pg mL" of 1-nonanal, which is



shown on Figure 3. This corresponds to 2.5 ng — 500 ng of aldehyde on target. The reproducibility of
this method was acceptable for a direct analysis method with an overall % RSD precision of 22% for
the m/z 122 product ion and essentially the same value (21.6%) for m/z 110 (Figure 3). These data
show that semi-quantitative measurements can be made on aldehydes with the reactive paper spray

ionization method.

Data from Portable Instruments

The reactive paper spray experiment was tested using the Mini-12 instrument. Two reactions were
studied using this instrument. First, the reaction between furfural (100 ug mL™) and 4-aminophenol
(1000 pg mL") was found to produce an iminium ion in the mass spectrum at m/z 188 (Figure 4). A
plausible product structure is shown in the Scheme 1. The product ion peak was isolated and
collision-induced dissociation produced the fragment ion at m/z 120 characteristic of aryl aldehydes.
Responses from lower concentrations of furfural (10 pg mL™) were also recorded. Secondly, 1-
dodecanal (100 pg mL™) and 4-aminophenol (1000 pg mL*) were reacted to produce an iminium ion
(m/z 276) which was isolated and fragmented in the Mini 12 (Figure S2). Upon fragmenting this
iminium ion, a peak appeared at m/z 122, as seen previously in case of benchtop instrument (Figure
2b). This series of measurements and subsequent structural analyses proves that portable mass
spectrometers can be utilized besides conventional mass spectrometers in detection and

identification of aliphatic and aromatic aldehydes with derivatization methods.

Conclusions

The data presented here show that reactive paper spray improves the measurement of low proton
affinity aldehydes using a Mannich reaction to create iminium ions. Tandem mass spectrometric
analysis is shown to produce diagnostic fragment ions that give simple and easily interpreted
information on the structure of the iminium ion precursors, enabling alkyl and aromatic aldehydes to

be identified. This approach is shown to be semi-quantitative and capable of determining aldehydes



over the range from 2.5 ng to 500 ng on the paper emitter in a LTQ Orbitrap instrument. The limit of

detection was determined to be 2.2 ng of 1-nonanal.

Similar measurements made using the Mini 12 rectilinear ion trap mass spectrometer show that
these experiments can be replicated easily and MS/MS information similar to conventional mass
spectrometers can also be obtained. Both experiments show that imine formation (through reactive

paper spray) can be used to identify aldehydes without GC-MS.
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Figure captions

Scheme 1: Reaction schemes showing formation of iminium ions using 4-aminophenol in the cases
of a typical aliphatic and a typical unsaturated aldehydes (1-nonanal and furfural, respectively). The
scheme also shows the CID dissociation of the iminium ions to give the characteristic fragment ions
m/z 122 and m/z 120 for aliphatic and aromatic aldehydes, respectively.

Figure 1: Reactive paper spray mass spectra of different aldehydes of the same concentration (100
pg mLY), a) formaldehyde, b) 1-nonanal, c) 1-dodecanal and d) benzaldehyde recorded using a
benchtop instrument. Mass to charge ratio of each reaction product is highlighted as a black circle
and the product structure is shown next to each mass spectrum. The signal at m/z 110 is due to
protonated 4-aminophenol.

Figure 2: a) Product ion MS/MS of the iminium ion (m/z 198) produced by reacting 5 pL of 100 pg
mL" benzaldehyde with 5 L of 1000 ug mL™ 4-aminophenol. Fragment from iminium ion product
appeared at m/z 120. b) MS/MS of the product (m/z 234), produced by reacting 5 uL of 10 pg mL™ 1-
nonanal reacted with 5 uL of 1000 pg mL™ 4-aminophenol. Product ion was isolated and collision
induced dissociation produced a characteristic signal at m/z 122. Note that (b) used ten times less
aldehyde (a).

Figure 3: Quantitative response (nominal intensity unit) of the 1-nonanal derivative is shown. The
diamonds represents the average intensity of product ion, squares are the intensity of protonated 4-
aminophenol.

Figure 4: Reactive paper spray mass spectrum of 100 pg mL™* furfuraldehyde + 1000 pg mL™ 4-
aminophenol acquired using a miniature rectilinear ion trap mass spectrometer (Mini-12). Inset
shows the tandem mass spectrum of the product ion.
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