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Femtosecond (fs) lasers have high intensity and ultrashort pulse duration. Tunneling ioniza-
tion occurs for molecules subject to such intense laser fields. We have studied the mass spectra
of a variety of molecules irradiated by intense fs laser pulses. These molecules include some
typical volatile organic compounds contained in human breath and in the atmosphere. The
results demonstrate that all of these molecules can be ionized by intense fs laser pulses.
Dominant parent ion and some characteristic ionic fragments are observed for each molecule.
The degree of fragmentation can be controlled by adjusting the laser intensity. Moreover,
saturation ionization can occur for each molecule by increasing the laser intensity. These
features indicate that fs laser mass spectrometry can be a sensitive tool to identify and quantify

volatile organic compounds in human breath.
© 2010 American Society for Mass Spectrometry
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olatile organic compounds (VOCs) have suffi-
—\ / ciently high vapor pressures under normal con-
ditions to significantly vaporize. Some of these
compounds are major pollutants in the atmosphere, the
environment, groundwater, food, and indoor air [1-6].
VOCs can cause damage to human health when they
are absorbed through the skin or taken up via inhala-
tion or ingestion into the human body. For example, the
prolonged exposure to VOCs in the indoor environ-
ment might increase the risk of leukemia and lym-
phoma [7]. Therefore, VOCs are regulated in some
places.

VOCs are also important components in the exhaled
air of human beings. Some VOCs in human breath are
derived from the environment, while others are gener-
ated in the body as products of metabolic processes or
the activity of intestinal bacteria [8]. The compositions
and concentrations of exhaled breath are different be-
tween patients and healthy people [9-11]. Associations
between the concentrations of some VOCs in exhaled
breath and the occurrence of certain diseases have been
demonstrated. Therefore, some VOCs can serve as
biomakers for diseases. For example, exhaled methyl
nitrate can be used as a noninvasive marker of hyper-
glycemia in type 1 diabetes [9]. Combination of several
exhaled markers may enable recognition and diagnosis
of complex diseases such as tumors or cancer [10, 11].
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To identify appropriate exhaled markers for diseases
of interest for potential clinical applications, the detec-
tion techniques for hundreds of VOCs in exhaled breath
must be improved for sensitivity and specificity. Many
sensitive VOC analytical technologies have been devel-
oped to identify and quantify these trace VOCs in
human exhaled air [12-15]. Gas chromatography can
separate different volatile compounds and mass spec-
trometry can identify them [16]. Therefore, gas chroma-
tography mass spectrometry (GC/MS) is commonly
used in analyzing human exhaled breath. Even though
extensive information about the composition of VOCs
can be obtained using GC/MS analysis, there are limi-
tations in this technique. First, both sampling and
preconcentration before gas chromatography can lead
to contamination problems for VOCs in human exhaled
air. Secondly, mass spectrometry with electron impact
results in many ionic fragments and makes the identi-
fication difficult. In addition to GC/MS, proton transfer
reaction mass spectrometry (PTR-MS) is also widely
used for measurement of VOCs [17, 18]. In contrast to
GC/MS, the soft ionization technique in PTR-MS does
not require the separation step and can detect trace
VOCs online. However, proton transfer reactions can
occur only for those VOCs whose proton affinities are
higher than that of water. Moreover, since there is less
fragmentation, PTR-MS cannot discriminate those mol-
ecules of the same molecular mass [19]. In this article,
we use femtosecond (fs) laser mass spectrometry (FLMS)
to analyze VOCs that occur in human breath. The results
demonstrate that the parent ion and some significant
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characteristic ionic fragments are produced with FLMS. In
addition, the ionization efficiency can reach unity for
molecules in an intense fs laser field. Therefore, FLMS
combines the advantages of GC/MS and PTR-MS. It is a
potentially powerful tool to identify and quantify the trace
VOCs contained in human breath.

Principle

Femtosecond lasers have high laser intensity (>10'
W/cm?) and ultrashort pulse duration (<100 fs). The
electric field in a focused fs laser beam can be compa-
rable to the molecular Coulombic field (~10® V/cm) felt
by valence electrons. The external field asymmetrically
distorts the potential and forms a potential barrier on
one side of the molecule. The electron in the highest
occupied molecular orbit tunnels through the barrier,
which leads to field ionization of the molecules [20, 21],
a type of soft ionization. The intense 800 nm fs laser can
ionize all molecules and the parent ion is dominant,
even for labile molecules [22-27]. The advantages of
FLMS and its possible applications have been summa-
rized in the review article [22]. The ionization probabil-
ity depends on the laser intensity and the ionization
energy of the molecules. To achieve the same ionization
probability, a higher laser intensity is needed for a
molecule with a high ionization energy. The molecule
can be pumped to a highly excited state, and the parent
ion might dissociate to form ionic fragments. The time
scale of bond cleavage is several tens of femtoseconds
for molecules [28, 29]. The neutral fragments cannot be
ionized further because the laser pulse has ended.
Therefore, the ionic fragments observed in FLMS orig-
inate from the direct dissociation of the parent ions. The
parent ion and characteristic ionic fragments provide
identification of the molecule. In addition, the intense
laser can ensure that all molecules within the laser focus
are ionized [20]. Therefore, the ion yield directly repre-
sents the concentration of molecules. These features
demonstrate that FLMS is a potentially sensitive tool to
identify and quantify the trace VOCs in human breath.

Experimental

The experimental setup has been described in detail in
our previous papers [30]. A commercial fs laser ampli-
fier (Femtolasers Productions GmbH, Vienna, Austria)
delivers laser pulses with a central wavelength of 780
nm at a repetition rate of 3 kHz. The 30 fs laser pulse is
then broadened by a 1 m hollow fiber filled with 2 atm
argon. The laser beam is recompressed by chirped
mirrors after collimation by a 1 m concave silver mirror.
The laser duration is 7 fs and the central wavelength is
750 nm after compression. The 110 fs laser pulse is
produced by another Ti:sapphire fs laser system with a
regenerative chirp pulse amplifier (TSA-10; Spectra-
Physics Inc., Mountain View, CA, USA). The central
wavelength of the pulse is 800 nm and the repetition is
10 Hz. The spectrum and pulse duration are monitored
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by a commercial spectrometer and an interferometric
autocorrelator, respectively. The laser beams are fo-
cused by a concave mirror with a focal length of 250
mm into a time-of-flight spectrometer. The gaseous
sample or the vapor of a liquid sample contained in a
stainless cell is introduced into the chamber by a pulsed
valve (Park Inc., Cleveland, OH, USA) with a 0.2 mm
orifice. The ions produced by the laser pulses are
accelerated by a two-stage electric field and collected
by a microchannel plate. The mass spectra averaging
over 256 laser pulses are recorded by a 1 GHz data
acquisition card (DP110; Acqiris Digitizers, Geneva,
Switzerland).

Results and Discussion

We have investigated several kinds of organic mole-
cules with fs laser mass spectrometry. These molecules
include alcohols, ketones, alkanes, esters, etc. Table 1
lists their formulas, molecular masses, and ionization
energies. Research has indicated that these molecules
are contained in human breath, and some of them are
related to diseases. For example, acetone is linked to
dextrose metabolism and lipolysis [8]. Exhaled ethane
is found to be elevated in inflammatory diseases [8].
We also recorded mass spectra of the main compo-
nents of air (N,, O,, CO,) and some pollutants of air
(CO and CS,).

Alcohols

Figure 1 shows the mass spectra of methanol and
ethanol irradiated by 110 fs laser pulses at an intensity
of 1.0 X 10'* W/cm?. For methanol, the peak at m/q =
32 is the parent ion CH;OH™. The peak at m/q = 31,
CH,OH", arises from dissociation of the C-H bond of
the parent ion [31]. For ethanol, the peak at m/q = 46 is
the parent ion C,H;OH". The peak at m/q = 45 is

Table 1. Molecular parameters

lonization
Gas Formula Mass energy (eV)
Methanol CH;0H 32 10.85
Alcohol C,HsOH 46 10.4
Acetone CH;COCH,4 58 9.7
Butanone CH5;COC,Hg 72 9.5
3-Pentanone C,H;COC,Hg 86 9.3
Methane CH, 16 12.6
Ethane C,Hg 30 11.5
Propane CsHg 44 11.0
Methyl formate HCOOCH, 60 10.8
Ethyl formate HCOOC,Hg 74 10.6
Methyl acetate CH;COOCH,4 74 10.2
Ethyl acetate CH;COOC,Hg 88 10.0
Nitrogen N, 28 15.6
Oxygen 0, 32 12.06
Carbon dioxide CO, a4 13.8
Carbon disulphide CS, 76 10.0
Carbon monoxide co 28 14.0
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C,H,OH"; it also arises from C-H bond dissociation in
the parent ion. The dissociation channels are shown in
egs 1 and 2 [32].

CH,OH + laser — (CH,OH")* — CH,OH" +H (1)

CH,CH,OH + laser — (CH,CH,OH")*
— CH,CHOH" + H )

The results for methanol and ethanol demonstrate that
the cleavage of the C-H bond easily occurs for alcohols.
With these ionic fragments and their parent ions, pre-
cise identification of alcohols can be achieved with
FLMS.

Ketones

Figure 2 shows the mass spectra of acetone, butanone,
and 3-pentanone irradiated by 50 fs laser pulses at an
intensity of 6.0 X 10'> W/cm?. For acetone, the peak at
m/q = 58 is the parent ion CH;COCH,", while the
peak at m/q = 43 is the ionic fragment CH,CO™; it
results from direct cleavage of the C-C bond of the
parent ion. For butanone, the peak at m/z = 72 is the
parent ion CH,;COC,H;". The direct cleavage of
the C—C bond of the parent ion results in two ionic
fragment CH;CO" (m/q = 43) and C,H;CO* (m/q =
57). The yield of CH;CO™ is much higher than that of
C,H-CO"; this fact indicates that the removal of an
ethyl radical is more favorable than that of a methyl
radical for the parent ion CH;COC,Hs*. For 3-
pentanone, the peak at m/q = 86 is the parent ion
C,H;COC,H;". The peak at m/q = 57 is the ionic
fragment C,H;CO™, which results from the direct cleav-
age of the C-C bond of the parent ion. The dissociation
channels for these aliphatic ketones are summarized as
follows:

R,COR, + laser — (R,COR;)* — R,CO*
+R, or R, +R,CO" ©)

CH OH

31
32

46
45 |
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Figure 1. Mass spectra of (a) methanol and (b) ethanol irradiated
by fs laser pulses.
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Figure 2. Mass spectra of (a) acetone, (b) butanone, (c) 3-pen-
tanone irradiated by fs laser pulses.

R, = R, = CHj; for acetone, R; = CH; and R, = C,H; for
butanone, R; = R, = C,Hj for 3-pentanone. The results
demonstrate that the C—C bond adjacent to the carbonyl
group is easily broken for these ketone ions.

The degree of fragmentation can be controlled by
adjusting the laser intensity. With the parent ion and
some characteristic ionic fragments, we can identify
these compounds with certainty. When the laser inten-
sity is higher than 6.0 X 10> W/cm?, all molecules in
the laser focus are ionized. The ionization probability
approaches unity for the above ketones [33]. Saturation
ionization is helpful to determine the concentrations of
molecules.

Alkanes

Figure 3 shows the mass spectra of methane, ethane,
and propane irradiated by 7 fs laser pulses at an
intensity of about 1 X 10" W/cm® For methane, the
peak at m/q = 16 is the parent ion CH,". The peak at
m/q = 15is the ionic fragment CH; *, which arises from
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Figure 3. Mass spectra of (a) methane, (b) ethane, (c) propane
irradiated by fs laser pulses.
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dissociation of the C-H bond of the parent ion. For
ethane, the peak at m/q = 30 is the parent ion C,H,".
Hydrogen atom cleavage of the parent ion results in the
ionic fragment C,H;" (m/q = 29). For propane, the
peak at m/q = 44 is the parent ion C;Hg". The peak at
m/q = 43 is the ionic fragment C;H,", which results
from the direct C-H bond cleavage of the parent
ion C;Hg™.

From the above studies, we conclude that all satu-
rated hydrocarbons studied here have a common dis-
sociation channel, the hydrogen atom cleavage of the
parent ion. The dissociation channel results in the ionic
fragments CH,", C,Hs", and C;H," for methane,
ethane, and propane, respectively. C,H," is easily
formed for ethane and propane. The formation channels
are shown in eqs 4 and 5.

C,H; + laser — (C,H;)" — CH, + H, 4)
C,H; + laser — (C;Hg)* — C,H; + CH, (5)
Esters

Figure 4 shows the mass spectra of four esters, (Figure
4a) methyl formate, (Figure 4b) ethyl formate, (Figure
4c) methyl acetate, and (Figure 4d) ethyl acetate irradi-
ated by strong fs laser pulses. The laser duration is 110
fs for methyl formate and ethyl acetate and 7 fs for ethyl
formate and methyl acetate. The laser intensity is 2 X
10'* W/cm? for methyl formate and ethyl acetate and
1 X 10" W/cm? for ethyl formate and methyl acetate.
For methyl formate, the peak at m/q = 60 is the parent
ion HCOOCH; *; for ethyl formate, the peak at m/q =
74 is the parent ion HCOOC,H; ™. For the mass spectra
of HCOOCH; and HCOOC,Hs, there is a common peak
atm/q = 31 in addition to the parent ion. This peak can
be identified as CH,O™", which is formed from a hydro-
gen migration progress in the excited electronic state of
the parent ion, as shown in eq 6:

] HooocH, i

— | 3
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Figure 4. Mass spectra of (a) methyl formate, (b) ethyl formate,
(c) methyl acetate, (d) ethyl acetate irradiated by fs laser pulses.
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7N

He 4 R
HCOOCH;R + hv —» H\C/O—C —R' —= CH;0"+4 CO + R (6)
I
o
R represents H for HCOOCH; and CH; for HCOOC,Hs.
The above reaction is a characteristic dissociation pro-
cess of formate esters [34].

For methyl acetate, the peak at m/q = 74 is the
parent ion CH;COOCH,™*; for ethyl acetate, the peak at
m/q = 88 is the parent ion CH;COOC,H;". For the
mass spectra of methyl acetate and ethyl acetate, there is
a common peak at m/q = 43, which is CH;CO™ [34].
This ion arises from dissociation of the C—O bond of the
parent ion. The process can be shown in formula 7.

CH,COOR + laser — CH;COOR"
— CH,CO* + RO @)

R represents CH; in CH;COOCH; and C,Hs in
CH,;COOC,Hs.

Ethyl formate and methyl acetate are isomeric com-
pounds, and they have similar physical and chemical
properties. If only the parent ion is produced, it is
difficult to distinguish these compounds because of the
same molecular mass. Fortunately, FLMS can provide
some characteristic ionic fragments unlike PTR-MS. In
intense fs laser fields, the molecule ionizes immediately
and the parent ion may access some excited electronic
states. The excited parent ion might dissociate into ionic
fragments, which contain information about the molec-
ular structure [34]. For the mass spectra of two isomers,
ethyl formate and methyl acetate, the characteristic
ionic fragment is CH;O™" for the former and CH,CO*
for the latter. Thus, we can discriminate these two
isomers easily with their different characteristic ionic
fragments. With this property, FLMS is a powerful tool
to discriminate isomers.

Main Components of Air

N,, O,, and CO, are the main components of air, and
also the major portion of the exhaled air of human
beings. Their ionization energies are much higher than
those of most VOCs. The tunneling ionization probabil-
ity depends exponentially on the ionization energy for
molecules in intense laser fields. A higher laser intensity
is therefore needed to ionize air. Figure S1 in the
Supplementary Information, which can be found in the
electronic version of this article, shows the mass spectra
of N,, O,, and CO, irradiated by 7 fs laser pulses at an
intensity around 2 X 10" W/cm? Only parent ions are
observed for these molecules.

The ionization energies of air are several electron-
volts higher than those of VOCs. Therefore, the ioniza-
tion probability of air is much lower than those of VOCs
at the typical laser intensity for ionizing VOCs. For
example, when the intensity of the 800 nm laser is 1 X
10" W/cm?, the ionization probability is about 3% for
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nitrogen and 6% for oxygen [35]. However, the ioniza-
tion probability approaches unity for ketones when the
laser intensity reaches 6 X 10" W/cm? [33]. Assuming
that the ionization probability of nitrogen and oxygen is
one magnitude lower than that of VOCs and several
ions are detected for one laser pulse, we can expect that
about 10° laser pulses will be needed to determine a
specific VOC molecule at ppb levels if there will be no
pretreatment of human breath air. This procedure will
require several tens of hours even if kHz laser repetition
is used. This is probably the major limitation for FLMS
analysis of VOCs in human breath. However, a laser
with a repetition rate of 6.2 MHz and peak intensity of
2.3 X 10" W/cm? has recently become available in the
laboratory [36]. VOCs at ppb level can be detected
within 1 min with this type of laser. Therefore, FLMS
will be able to quantify the concentrations of VOCs
online without separating the VOCs from normal air
when the high repetition and high power fs laser
becomes commercially available.

Other Pollutants of Air

CO and CS, are important pollutants of the atmosphere
and the environment. Their concentrations are related
to the quality of the atmosphere. Sometimes, these
gaseous molecules are also contained in human breath.
Figure S2 shows the mass spectra of CO and CS,
irradiated by 7 fs laser pulses at an intensity around 2 X
10" W/cm?. Strong parent ions are observed and some
ionic fragments are produced with increasing laser
intensity. Their concentrations can be directly deter-
mined by FLMS when the laser intensity is chosen to
ensure that saturation ionization occurs.

From the above studies, we know all molecules can
be ionized by intense fs laser pulses. The ionization
probability is determined by the laser intensity and the
ionization energy of the molecules. Depending on the
laser intensity, the fragmentation can be controlled.
Figure 5 show the mass spectra of methyl acetate at
different laser intensities. When the laser intensity is 8 X
10" W/cm?, a dominant parent ion CH;COOCH, " and a
weak ionic fragment CH;CO" are observed. When the
laser intensity is increased to 1.5 X 10 W/cm?, the
ionic fragment CH;CO™ increases and CH;" (m/z = 15)
appears. When the laser intensity reaches 5.5 X 10'*
W/cm?, extensive ionic fragments appear. Because these
ionic fragments are produced through the direct dissoci-
ation of the parent ion, they contain structural information
for the molecule and are helpful for identifying molecules
with the same molecular mass. In addition to laser inten-
sity, pulse duration is also an important factor to deter-
mine the degree of fragmentation. In general, shorter
pulse duration would result in less fragmentation. Clear
patterns of parent ions and characteristic fragments allow
FLMS to identify all components in human breath with
certainty. When the laser intensity is higher than the value
of the saturation ionization, all molecules in the laser focus
are ionized. Thus, the concentrations of molecules can be
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Figure 5. Mass spectra of methyl acetate at different laser intensity.
(@) 5.5 X 10" W/cm?, (b) 1.5 X 10" W/cm?, (c) 0.8 X 10" W/cm?.

precisely determined. Precise determination of the con-
centration for each VOC molecule will enable exhaled
breath analysis to become a non-invasive diagnosis of
complex diseases.

The goal of the current study was to determine the
characteristic ionic peaks for each VOC irradiated by
intense fs laser pulses. Thus, we can construct a data-
base for all VOCs. Next, we will use FLMS to analyze a
mixture of VOCs. The gaseous sample will be added to
the vacuum chamber. The probability that the molecule
interacts with the laser pulse is determined by its
concentration in the mixture. Based on event-by-event
recording, only a few molecules are ionized for each
laser pulse by controlling the pressure and laser inten-
sity. The ionized molecule can be precisely identified by
comparison with the characteristic ionic peaks in the
database. By counting how many laser pulses are
needed for detecting each VOC, we can determine the
concentration for each component in the mixture if
the ionization probabilities for these molecules are
known. Finally, we will use FLMS to analyze the
components in human breath. There are several hun-
dred types of molecules in human breath, most at ppb
or ppt levels. From previous experience, we expect that
about 10° laser pulses will be needed to determine a
specific component at ppb level. Therefore, high repe-
tition and high power fs lasers are required for practical
application of FLMS in analyzing VOCs in human
breath. A laser with a repetition of 6.2 MHz and peak
intensity of 2.3 X 10" W/cm? has recently become
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available [36], allowing detection of VOCs at ppb level
within 1 min. We believe that FLMS will be an impor-
tant tool for human breath analysis when high repeti-
tion and high power fs lasers become commercially
available.

Conclusions

We have studied the mass spectra of several kinds of
VOCs irradiated by intense fs laser pulses. Dominant
parent ions and some characteristic ionic fragments are
observed for all molecules. The ionic fragments are
generated by the direct dissociation of the parent ions
and the degree of fragmentation can be controlled by
adjusting the laser intensity. The characteristic ionic
fragments are different for molecules with different
geometric structures. These features enable FLMS to
precisely identify many components in human breath,
including isomers with the same molecular masses. In
addition, FLMS can determine the concentrations of
VOCs because saturation ionization can occur in intense
fs laser fields. Therefore, FLMS can be a sensitive tool to
quantify VOCs in human breath. Future research with
high repetition and high power fs lasers will likely
enable online detection of exhaled VOCs at the ppb
level without prior separation of VOCs from normal air.
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