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Abstract

A complete description is presented of a numerical method that allows the calculation, in real time, of absolute concentrations of trace gase:
including volatile organic compounds and water vapour, from selected ion flow tube mass spectrometry, SIFT-MS, data. No assumptions are mac
concerning the SIFT-MS instrument size or its configuration and thus the calculation can be applied to the currently available, relatively large
instruments and the anticipated new generation of smaller SIFT-MS instruments. This numerical method clearly distinguishes those parameters th
are obviously specific to a particular instrument, including flow tube geometry, degree of mass discrimination in the analytical mass spectromete
and flow tube reaction time, from general fundamental processes, in particular the differential diffusive loss of ions along the flow tube that is
dependent on the properties of those ions involved in the determination of the concentrations of particular trace gases. The essential reaction a
transport kinetics are outlined, which describe the formation and loss of the product ions formed in the chemical ionisation of the trace gase:
by the precursor ions. A generalised calculation of the required ionic diffusion coefficients is introduced with options either for their accurate
determination from the molecular geometry of ions or for less accurate but simpler estimates obtained using just the ionic mass. Based on tt
above ideas, a straightforward calculation sequence is shown to determine trace gas concentrations by SIFT-MS, and its utility demonstrated |
an example of the analysis of acetone in exhaled breath.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction molecules such as alcohols, ketones and hydrocarbons, many of
which often occur in polluted air and exhaled breath. Stimulated
Accurate quantitative analyses of trace gases in air often neday our interestin breath analysis in physiology and medicine, and
to be achieved in real time with short time resolution (seconds)yence to perform real time, on-line analyses of breath, we have
especially when on-line analysis is desired, avoiding the use afeveloped the selected ion flow tube mass spectrometry, SIFT-
stored samples, as is the case for exhaled breath analysis @S, analytical methogR,3]. Using SIFT-MS, on-line analyses
clinical diagnosis and therapeutic monitorifig2]. Few ana-  of single exhalations of breath for several metabolites can be
lytical methods can achieve this, especially when it is requirecéchieved simultaneously down to the ppb €2 Thus, breath
to simultaneously identify and quantify several trace gases thatnalysis for the major metabolites is rapid, painless and accu-
may range in complexity from diatomic molecules such as nitricrate, and temporal variations can be studied on time scales of
oxide and carbon monoxide, small polyatomic molecules likesecondg4]. The various pilot investigations demonstrating the
nitrogen dioxide, ammonia and ethane and complex organipotential value of SIFT-MS in medicine are reported in a recent
review article[2] and in a recent book, which also describes
other analytical methods used for breath analji§is
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and their accurate quantification. A major objective is to obviateseveral paperf,3,6]. A line diagram of the SIFT-MS instru-
constant calibration of the analytical instrument for the manyment is shown irFig. 1 In brief, H30*, NO" or O,* precursor
trace gas compounds that may be present. This is fulfilled bjons are injected into fast flowing helium carrier gas in the flow
SIFT-MS, as long as the ion chemistry and the physics of théube. Then the gas to be analysed, e.g., exhaled breath, displaces
ion transport processes that underpin this analytical method atee ambient air at the entrance to an open port and thus a sam-
properly understood. These crucial aspects have been continple of the gas enters the carrier gas/ion swarm via a calibrated
ously researched and become increasingly understood since tbapillary. The capillary and the connecting tubes are all heated
inception of SIFT-MS; progress has been reported in numerou® about 100C to prevent condensation of water and other con-
research publications and summarised in the retfest Spec- densable species. The reactions of the precursor ions with trace
trometry Review article[2]. Our recent work on the diffusion of gasesin the air/breath lead to the characteristic product ions that
complexionsin rare gas€s], and in particular the computation identify the trace gas compounds; their count rates are used in
and measurement of diffusion coefficients, have finally closedhe quantification of the trace gas. The ion chemistry involved
the complex loop that now allows accurate quantification of @an SIFT-MS has been reported in several papers (for example
wide variety of trace gases in ambient air and the very humid aif7—10]) and reviewed if2].
that is exhaled breath. The precursor ions and the product ions in the carrier gas are
It is the objective of this paper to quantitatively describe thesampled into a downstream quadrupole mass spectrometer, a
detailed physical processes, including differential diffusion, thathannel electron multiplier being used for pulse counting of the
are involved in SIFT-MS analyses and clearly plot the stepsnass selected ions. This mass spectrometer can be scanned ovel
involved in the absolute quantification of trace gases in comehosen ranges of mass-to-charge ratidy, for a given time
plex mixtures such as exhaled breath. It should serve also as a@eriod, thus producing mass spectra. This is called the mass
essential guide for new users of the SIFT-MS technique for quarscan or full scan mode of operation. The resulting mass spec-
titative analysis and as the basis and reference for the analytictih, allied to an appreciation of the ion chemistry occurring, are

software. used to identify the neutral species present in the air/breath sam-
ple. In the multi-ion monitoring (MM) mode of operation, ion

2. Brief overview of the basic principles involved in intensities are recorded at several speeificvalues by rapidly

SIFT-MS switching the mass spectrometer to target the precursor ions and

some chosen product ions. By this means, rapid changes in the
SIFT-MS involves chemical ionisation, using selected pretrace gas concentrations can be tracked, for example, through
cursor positive ions, of the trace gases in an air/breath sampgngle breath exhalationj2,4,11] It is the objective of the fol-
that is introduced into a flowing gas in a flow tube. The detailedowing sections to fully document the numerical data processing
principles involved in this analytical technique and its exploita-required to calculate the concentrations of the trace gases in an
tion for breath analysis in medicine and other areas are given iair or breath sample from the ion count rates recorded by the
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Fig. 1. Schematic diagram of the SIFT-MS instrument showing the essential parts. It is configured for the analysis of trace gases in exhaleddbeeatntI bé
the ion chemistry occurring between the®f precursor ions and the breath metabolites, M, are as indicated.
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analytical mass spectrometer using the physical quantities of
flow rates, pressures, temperature, the known rate coefficients
of the precursor ion/trace gas molecule reactions and the diffu-

sion coefficients of all the ions involved (see SecBoBbelow).

3.

The numerical method for calculating absolute trace

gas concentrations

This section traces step-by-step the numerical analysis of
SIFT-MS data to obtain absolute concentrations of trace gases in

air

the calculation, and the sequence in which they are given followgv)

and breath samples. All the equations presented are used in

the flow of the calculation from the raw experimental data to the
required trace gas concentration. The essential physics underly-
ing the calculation is also indicated, but the use of equations that
are not required for the final numerical data analysis is avoided.

3.1

. Processing of the instrumental data

Before discussing the procedures that are closely related to

the general features of the SIFT-MS method, it is useful to briefly
review some necessary processing of the acquired data that will

be

specific to and possibly different for different SIFT-MS instru-

ments. The physical quantities that have to be measured are listed
here:

(i) Flow rate of the sample—air or breath. The most com-

(ii)

(iii)

mon arrangement for SIFT-MS analyses involves the use
of a heated, calibrated sampling capillary, as depicted in
Fig. 1 This limits the surface area of tubing exposed to the
air/breath sample and minimises the loss of condensable
trace gases by surface adsorption. Hence, memory effects
are essentially eliminated, which ensures that the response
time of the instrument remains short enough to allow the
time profiles of breath metabolites to be observed (as will
be shown later in Sectiot). The calibration of the capillary

is performed using an in-line flow meter, which is used to
measure the flow rate of air that is needed to produce the
same pressure increase in the flow tube that occurs when the
sampled air is introduced through the capillary. The flow
meter is normally excluded when analysing samples. It is
important to note that the capillary temperature influences
the air viscosity and so this temperature should be stabilised
and monitored during these calibration measurements and
during all analyses.

Flow rate of the helium carrier gas. This is a straightfor-

(iv)
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gauge coupling to the flow tube and the desired carrier gas
pressure at the mid-point along the reaction zone of the flow
tube.

Flow tube temperature. The flow tube temperature is
another key parameter for quantitative SIFT-MS analysis. It
is measured by a calibrated sensor placed on the flow tube.
A periodic check of the sensor calibration at room temper-
ature before commencing measurements should be part of
good SIFT-MS practice. An inaccurate flow tube temper-
ature can seriously compromise the accuracy of trace gas
quantification (see Eq17) later).

Precursor and product ion intensities. The analytical mass
spectrometer data (i.e., the precursor and product ion count
rates) are obtained as count rates of pulses generated by a
channel electron multiplier. Such data reflect the composi-
tion of the ion swarm arriving at the downstream sampling
orifice (seeFig. 1). The physical quantities required are
the relative number densities of ions of different mass-
to-charge ratioyn/z. However, there are two important
effects that must be accounted for to obtain this informa-
tion: one is the effective dead time of the electron multi-
plier/pulse amplifier/discriminator combinatiary, which,

if not accounted for, can distort the count rates if they
are too high, and the other is any mass discrimination in
the analytical spectrometer/ion detection system. The latter
results from the combined effect of the varying transmis-
sion efficiency of the analytical quadrupole wiitt; when

it is operated at the required unit resolution foralt val-

ues, and the decreasing sensitivity of the channel electron
multiplier with increasingn/z. The g4 can, in practice, be
characterised using the known abundance ratio between
two isotopomers (which usually vary in intensity by two-
to-three orders-of-magnitude, e.g., #§©/160 ratio in the

O,* molecular ions in the swarm isx410-2). The mass
discrimination factor for each/z value,M;, can be char-
acterised by relating the measured ion count rates to the
ion current collected by the downstream sampling disc (see
Fig. 1), as measured by a built-in picoampere meter, as
ions of a single specie at knowi/z value are created in
the helium carrier gaf5]. For quality control, good prac-
tice involves the routine recording of this disc current and
ideally its variation during the analysis caused by a change
in the ion swarm composition.

The procedure currently adopted in the present SIFT-MS
instruments to correct the count rate data for these two effects

ward measurement, usually acf;ievgd using a mass flowan pe described by the following sequence of calculatibs.
controller with the manufacturers’ calibration and an appro+oy 5 givenm/z value is obtained using the empirical formula:

priate gas correction factor for helium. Most flow con-
trollers require regular zeroing.
Flow tube pressure. All SIFT-MS instruments must have

Mi(m/z) = 1+ fua(m/z —19)+ fino(m/z — 19F

1)

a gauge to determine and monitor the flow tube pressurelhe integer 19 appears here as the referemgevalue of the

The numerical data processing varies with the type of gaugeommonly used BO* precursor ion in SIFT-MS analyses. The
used and involves the application of gas-specific calibratiovalues of the constanfs,1, f,,2 have to be determined exper-
curves for Pirani-type gauges and periodic zeroing of capadmentally [6] for a given resolution setting of the analytical
itance manometers. A calibration factor may be applied taquadrupole mass spectrometer, as described above. However,
account for any pressure drop between the position of th&q. (1) should be used with caution, as it is entirely empirical
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for a given type of a quadrupole mass spectrometer and there Here,T20=293.15K is the normal temperature used in the
is no fundamental reason why it should be applicable to other calibration of the flow meters (in units of Torrtd) that

types of quadrupole. The dead time corrected ion sighagn provide the value o®.. The specific feature of this method
be calculated from the multiplier count rate (number of accumu-  is that the reaction time is automatically re-calculated for
lated countsy, divided by the acquisition time of the countg, every individual measurement of trace gas concentration.
as: (if) Calculation of vg from the pumping speed of the drive pump.
N/ts In order to simplify and to produce the new generation of
1= Mr(m/z)m 2 smaller SIFT-MS instruments, it is often desirable to avoid

the need for carrier gas and/or sample gas flow controllers
Important supplementary information that can be obtained at  Or flow meters. In such situation the reaction time can be

this stage is the relative standard error, R.E., of the ion signal  calculated from the known pumping speédpf the drive

measurement taken as the estimated Poisson variance (counting PUmp used to establish the carrier gas flow (Sgel). The

statistics)[12] as: conductance of the pumping lines at the operating pressure
has to be taken into the account to determine the effective
RE — VN 3 pumping speed at the exit of the flow tube. The mean gas
BE=— ®) bulk velocity, vg; is then:
In the subsequent discussion it will be assumed that the cor- ST,

(5)

As the pumping speed of a particular type of drive pump at a
given pressure is dependent only on the frequency of its AC
power supply, it can be determined during the factory setup
and then assumed to remain constant for a given instrument,
as long as the flow tube pressure is reproducible between
the measurements (although, obviously, regular checks rep-
resent good practice).

rection of the mass spectrometer data for mass discrimination Ve = A Too
and multiplier dead time have been carried out and that after this
processing the ion signals for each ion specie are proportional
to their individual concentrations just outside the downstream
ion sampling orifice.

All the quantities mentioned in this SectiBrilrepresent the
raw data that should be routinely stored for a SIFT-MS analysis,
sothat later re-analysis and auditing is possible, ensuring that the
quantification is traceable back to all the individual parameters

involved. Now v; can be calculated fromy. The radial ion concentra-

tion distribution in the flow tube is established by diffusion to
3.2. Reaction time and loss of ions at the wall surface. Thus, the mean velocity of
the ions along the flow tube;, which determines the reaction

The injected ions are convected along the flow tube by théime, #, of the ions with a reactant gas, is greater thgiby a
carrier gas moving with a laminar flow pattern and the air sampleonstant factor:

isintroduced into the flow tube by aninlet port at a fixed location,
as shown irfFig. 1 As the speed of the carrier gas flow is constant,Vi = Ryvg (6)

the reaction timey;, during which the precursor ions react with The well established value &, for large field-free flow tubes
the trace gas molecules in the air sample, is well defined ang 1.5[13]. However, it has to be kept in mind that this is not
in practice, is constant for any given SIFT-MS instrument at & fundamental constant for all flow tubes and that it may have
given carrier gas pressure. Thyszan be obtained from the ion  somewhat higher values (1.6—1.7) for short flow tubes where the
flow velocity, vi, which is related to the gas flow speeg, and  fing| diffusion distribution takes an appreciable fraction of the
the length of the reaction regioh,There are two possible ways eaction length to be established.
to obtain the flow speed of the carrier gag, Now the reaction time, is simply calculated from the reac-
tion length,/, obtained from the geometrical distance between
(i) Calculation of vy from the measured gas flow rates. This  the sample inlet port and the sampling orifice (empirically cor-
method has been traditionally used in the large static labrected by a so called “end correctiofi’3] for the finite mixing
oratory instruments and also in the first generation of thalistance of the sample into the carrier gas) anais:
transportable SIFT-MS instruments engineered by Europa
Scientific Limited, UK (instruments which forthwith will £ = — (")
be designated Mk.l and Mk.2). A mean gas bulk velocity, Ui
vg, is first calculated from the total gas flow rate, including The important point to make here is that even though the com-
the carrier gas flow ratep., and the sample air flow rate, mentary to Eqg6) and(7) implies some approximations and an
&4, the measured flow tube pressyrg(Torr), and the flow  empirical correction, these equations are only used to determine
tube gas temperaturgy, and the geometrical internal cross the reaction time from measured parameters. However, in the
section of the flow tube4, thus: terms of reproducibility and robustness of the SIFT-MS analy-
sis, these factors are all systematic and once an accurate value
(4) of reaction time is determined for a given SIFT-MS instrument,
pg ATz it is not subject to any random variations or to variations related

Do+ DPal Ty
Vg=—""—"—7""-
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to the nature of the trace gas being analyi4et]. The reaction  the hard sphere cross section, (in units of A2) for the colli-
time #r (without end correction) can also be determined experisjons of a given ion with helium atoms can be calculated using
mentally by applying a positive electrical pulse at the inlet pointthe freely available software by Dryahif#t]. Finally, the value

of the samples and by simultaneously recording the arrival off the diffusion coefficientD, can be calculated using the fol-
the disturbance of the ion swarm on the ion detefd8t. This  |owing straightforward formulae:

method does not rely on the estimateRef which is instrument-

dependent for short flow tubes. SY — 0,975 + (40.65)2 @®
=0. S
Ohs
3.3. Kinetics of formation and loss of ionic species in the Mmmue
carrier gas mr = m 9)
e
There are two processes influencing the concentrations of .. [33 Q@D(H;0™)
the precursor and product ions in the flow tube. These ar&1re = Dine(HsO") /- ——=77y— (10)

ion—molecule reactions, representing loss of reactant (precur-
sor) ions and simultaneous formation of the product ions, angiere, 2(*1) is the collision integraly: the ionic massyne, the
diffusive loss of all of the ions to the flow tube walls. The kinetics mass of the helium atom, amd is the so-called reduced mass

of these processes are determined by the chemical and physigslthe diffusing ion. Eq(10) is formulated to provide a result
properties of the ions and the gases being analysed, i.eqrthe  relatively to the HO* ion and thus it uses the reference values
coefficients, k, for the reactions of all the precursor ions (includ- for this ion: Dipe(H30") =421 cnfs! at a helium pressure
ing the hydrated ions) with the analyte molecules, M, and thef 1 Torr. The 3.3 figure is the reduced mass fgcH colliding

diffusion coefficients, D, for all the precursor ions and the spe- with He, and2®) (H30%) = 30.3A2is the value of the collision
cific product ions, including the hydrates of all the species. Thisntegral for sO* on He at 300 K.

information must be collected before the absolute concentration |f only a quick estimate and not an especially accurate value

of any trace gas compound can be calculated. Most end users &f p is required, the approximate correlation betwesnd ion

SIFT-MS do not need be concerned about this, as the informati%ass-to-charge ratia;/z, shown |nF|g 2 as the least squares

for a particular application, such as breath analysis for commogft of the results fronj5] in the range ofn/z from 10 to 170, can

metaboliteg1] or of, for example, biomarkers of tumoytst], be used:

is provided within a SIFT-MS kinetics library, supplied by the 383

manufacturer of the instrument. However, researchers who ider?1pe = 140cnf st In —— (12)

tify a need to quantify compounds not yetincluded in the kinetics miz

library may find the following subsections useful. The maximum error incurred in this estimate of the diffusion
coefficient in helium at 1 Tori)1He, Should be less thett50%

3.3.1. Rate coefficients, k of the accurat® value and typically it will be better that20%

The required rate coefficients are best obtained from originalor protonated organic compounds and their hydrates(Eq.
papers (for examplgr—10] or references given if2]) or from  can also be used to provide a default value by the SIFT-MS
extensive compilationfl5,16] If the requiredk value is not  analytical software in case the accurate diffusion coefficient is
available, it can be measured using the SIFT method in the wayot included in the kinetics library.
that has been well described in the literat{&8]. When it is
considered that the rate of a reaction will be collisional, as, foB.3.3. Kinetics library
example, proton transfer reactions that are exothermic by more The k and D quantities thus obtained, which are required
than some 25 kJ/m@l 7], then the value can be calculated from for the analysis of a particular compound, are compiled into
the polarisability and dipole moment of the neutral moleculesa kinetics library and can be used universally on all SIFT-MS

using the Su and Chesnavich parameterizgti&ij instruments of different sizes and types. A sample section of
such a kinetics library is shown ifable 1
3.3.2. Diffusion coefficients, D Note that thek values could be both temperature and car-

The diffusion coefficients for some ions can be obtainedier/buffer gas (helium) pressure dependent and thadtredues
from the literature, mostly as calculated from tabulated reducedre always inversely proportional to carrier gas pressure and are
mobility values using the Einstein relatifi®]. If therequired>  also temperature dependgh}. Thus, the kinetics library con-
values are not known, they can be calculated accurately from thains the values of diffusion coefficierd;ne, for the diffusion
ionic geometry using the hard-sphere cross section. The detailed the ions in helium at a nominal pressyrg=1 Torr, values
theory describing this approach has been published recentlyhich must be adjusted for lower or higher pressures. Argon can
[5], so here we just reproduce the essential steps and equations added into the carrier gas to diminish the diffusive loss of ions
involved in the calculation ab values. to the flow tube walls, thus enhancing the number densities of all
Firstly, the molecular geometry has to be obtained for evenghe ions in the carrier gas and hence the detected signals of both
production as a set &fYZ coordinates using any standard quan-the precursor ions and the product ions downstream. Also, the
tum chemistry package (semi-empirical methods like 23  flow rate of the air/breath sample to be analysed is sometimes
are most useful for this purpose). Then, from these geometrieg, substantial fraction of the helium flow rate. In such situations
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Fig. 2. Values of the diffusion coefficient®; e, for various ions in helium at a pressure of 1 Torr and a temperature of 300 K. The black points are calculated from
the ion geometriefb]; the open points are derived from the published experimental values of ion mobilities (also dBn(a) The correlation ob;e with the

ionic mass-to-charge ratiei/z, and (b) The much better but less convenient correlatidbgofvith the geometrical cross section for collisions with helium atoms,

Ohs [5]

the effective diffusion coefficients of the ions in the helium/air to repeat the full mathematical analysis here (more details can
gas mixture are lower than in pure helium, but they can be calbe found in[2,6,22). It is sufficient to note that théifferential
culated by considering the partial pressures of the heliy®,  diffusion enhancement factor, De defined as the ratio of the con-
argonpar and airpar; in the flow tube using Blanc's layd 9]: centrations at the end of the flow tube of the productions {[MH
b m 12) and t[he cr]acri]ge of t:e concentratioE of ;[he [ér]e?ctigg prlegursor
= ions [HzO™] due to their reaction with M (s€] or detaile
(PHe/ D1He + par/D1ar + pair/D1air) explanation), can be calculated from the difference between the
When the partial pressures of argon and air are small, it igliffusion coefficients of the precursor and product ions as:
usually sufficient to approximate the diffusion coefficients for
mostions inthese heavier gases as seventimes smallerthanthey gy, ( D(H30+)—2D(MH+)tr> -1
are in helium{19]. De = A

(13)

D(H3O*)—D(MHT) ,
A2 r

3.3.4. Differential diffusion enhancement calculation

Now these fundamental kinetic coefficients can be used télereA? is the square of the characteristic diffusion length of the
calculate the unknown concentration of analytes in a sample afessel, which for a long cylindrical flow tube is calculated from
air or breath. The combined kinetics of the reaction and difthe flow tube cross section, asA%=A/18.17[19]. Graphical
fusion processes involved in a SIFT-MS analysis is describedepresentations of E¢L3) are shown irFig. 3for four different
by a set of ordinary differential equatiof22]. The analytical ~SIFT-MS instruments (differemtandA) at their typical working
solution is quite complex even for the simplest case of one prepressures. The “old SIFT” is the first large laboratory instru-
cursor ion, HO", reacting with a single molecular specie, M, ment used for trace gas analyf3s14] with a large size Roots
that results in a single product ion specie, MHFor the pur-  pump as the drive pump. The Mk.1 and Mk.2 instruments are
poses of numerical analysis of SIFT-MS data, it is not necessanyvo different versions of a smaller transportable TSIFT instru-

Table 1

Sample section of the kinetics library in SIFT-MS for acetone analysis

Compound name Precursor symbol Precursor ions Product ions
m/z k Dipe m/z Dine

Acetone HO* 19 3.9e-9 421 59 243
37 3.3e-9 307 77 203
55 2.5e-9 239
73 2.4e-9 202

Acetone NO 30 1.8e-9 416 88 218
48 2.5e-9 326
66 2.4e-9 246

Acetone Qt 32 3.1e-9 409 43 301

58 248

The rate coefficients, are in units of cris™1; the diffusion coefficientsD1e, are in units of cris~1. These data relate to a helium carrier gas temperature of 300 K
and a pressure of 1 Torr.
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5 crimination in the analytical quadrupole mass spectrometer; see
Section3.1 above),lj1, Ijz, etc. are the signals of the precur-
sorions (e.g., BO*, H30"(H20), etc., again corrected for mass
MKT1 discrimination and dead time®; are the rate coefficients for the
——————— Old SIFT reactions of the injected precursor ions with M. Haeetc., are
the rate coefficients for the reactions of the hydrated precursor
ions with M[2], Dep1, Dep2, €tc., are the respective differential
diffusion enhancement factors from Efj3)and, is the reaction
time from Eq.(7). The auxiliary coefficients associated with the
productionsfp, are normally 1, but they can be used to treat spe-
cific unusual cases, as it will be shown later. Fheoefficients
associated with the precursor ions can be used to account for the
Fig. 3. Values of the differential diffusion enhancement faciogscalculated ~ COMplex non-linear kinetics involved in the conversion of the
from the ionic diffusion coefficients at 1 Torr of He for four different types of HzO* ions into their hydrates, which occurs simultaneously with
SIFT-MS instruments, as described in the text. diffusion. Traditionally, these coefficients have been empirically
) . set by the operators of the instruments by adjusting the so-called

ment[6], and the TS50 instrument is the prototype of the nextDf73 parametef23]. It is now recommended that when the;
generation, much smaller SIFT-MS instruments (Trans SpeGg|yes obtained from Eq13) are used, values gf =1.0and
tra Limited, UK and Instrument Science limited, UK; private fio =fis =fia = 1.10 should be used when all the precursor ions,
communication). Note that for a difference in the diffusion coef-‘e_g_’ Fbo+(H20)o_3, are reactive with the detected compound
ficients between that for precursog®" ions and the product M (e.g., acetond7]) or fiy = 1.0:fi = fiz = 1.05:fi = 1.3 should
ions of about 200 cfs ™, the highest valu®e=2.5is forthe  pg sed for the situation where thg®f -(H,0); is unreactive
TSIFT MKk2 instrument whilst the lowedbe=1.65 is for the with M (e.g., as is the case with both methanol and ethgijl
latest TS50 instrume_nt. This means that d_iffusion losses of i0N$pese values have been obtained by the least squares fitting of
along the_flow tube m_the smaller TS50 instrument are mucqu_ (15) to the results of a full kinetic mod¢22] that includes
less than in the larger instruments. . diffusion. Theseg values help to reduce the discrepancy in the

It should be noted here, that the approach outlined abovgn,ysis of these compounds to less than 2%, even when the
clearly charact.erisgs the |mportance of the fundamenFaI ph%‘recursor HO* signal is mostly converted to its hydrates.
nomenon of diffusion, but this has to be combined with the  rhe accuracy of the value of [M] obtained using this approach
separate influence of the varying instrumental parameters likg ot diminished by possible secondary reactions of the product
flow tube geometry gnd pressure. Previously, mthg routine anafgng (such as the partial conversion of Migroduct ions to
yses carried out using the Mk.| and Mk.2 TSIFT instruments e hydrates), because the count rates of all the product ions
the De valugs for the precursor ions were _der!ved emp_lrlca"ycontaining each particular trace gas molecule, M, are properly
on the basis of experimental d&] and kinetic modelling. jncjyded in the numerator of the fraction in E45). In order
Typical values used in the software analyses for the hydrateg correct for the greater decrease of the precursor ion signal

hydronium ions HO"(H20)1,2,3 at m/z values of 37, 55 and  \yhen Jarge concentration of the analyte are present(E}is
73 wereDg(37) =1.20D¢(55) = 1.31 ande(73) = 1.66. TheDe expanded to a logarithmic form:

values for all other ions were approximated on the basis of an
experimental studf6] as a function of theim/z values as:

MK2

- - - - TS50

0 PR R R T ' PRI ST T T T N R | IS T T T S T TS
0 50 100 150 200 250 300
D(Hs0") - D(MH ") [cm®/s]

1 Sp1lp1/Dep1+ fp2lp2/Dep2+ - - -
— _ M =—1In|1+%
De =1+0.0167¢n/z — 19) a9y M=z YU falak + fola((a
+k2)/2)/ Deiz + - - -

Whilst this simple equation has allowed reasonably accurate
analyses to be carried out using the Mk.| and MK.2 instruments,
the accuracy of SIFT-MS analyses can now be further improved,
in the light of the currently available, more detailed understand- This equation provides exact results for the case of a single
ing of diffusion as described above and it can be performed foprecursor ion specie, but it works well as an approximate empir-

(16)

various flow tube configurations. ical correction in general, providing more robust results than Eq.
(15). The analysis according to Eq45) or (16) has been called
3.4. Calculation of trace gas concentrations the refined SIFT-MS analys[22] and has been used routinely

in SIFT-MS instruments for a few years (§@§). Worthy of note

The general equation used to calculate the concentration df the rigorous test of the consistent results obtained when using

the trace gas molecules [M] in the flow tubg2§: the three precursor ion species®, NO* and GQ* to simulta-
neously analyse the same samples of several trace gases in dry

_ 1 Jealpt/Depi foalp2/Depat - (15)  and humid air (described in detail [34]) demonstrating that

tr fuliwky + fiolio((ky + k2)/2)/ Deiz + - - the analysis according to E(L6) has systematic error <10%.

In1, Ino, etc. are the ion signals of all the product ions (count  When the absolute concentration of a trace gas [M] in the
rates corrected for the detector dead time and for mass diglow tube is calculated according to equati(i®6), it can be

[M]
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converted to the relative concentration of the trace gas in that m/z 68, which inevitably forms when moist air, and espe-
air sample pm/po, from the straightforward consideration of cially breath, is introduced into the carrier gas. Since the ion
continuous flow dilution of the sampled air (flow rai;) into ~ NO*(H20), ion atm/z 66 can be simultaneously measured in
the carrier gas (flow rat&.): SIFT-MS analyses, then the contribution of its isotopomer to the
measured signal at/z 68 (entered into the Eq§15) and(16)
pm _ MipoTy o + a (17)  aslp1 with fp1 = 1) can readily be calculated. Thus, the signal of
po nopg To  Pa mlz 66 is included to the numerator &g in Egs.(15) and(16)
The physical constants used here are: Loschmidt's numbé¥ith a coefficientf,>=—0.006 (since the fractional abundance
no=2.687x 10L%cm3, which provides a reference value of Of *°0is 0.002 and the NgH,0), ion includes three O atoms).
concentration at standard atmospheric preswe]GO Torr, Similar corrections have to be considered, for example, when-
and temperatur@y=273.15K. The resultingw/po ratio can  €ver a product ion is at/z values of 39, 57 or 75 when using
be conveniently expressed in the units of parts-per-billion, ppb',‘|30+ as the precursor ion.
by multiplying by 10.

3.5.3. Accounting for reverse reactions
3.5. Special cases We have showfil4,27,28]that the analysis of some trace gas
) ) ~ species, M, using D" precursor ions is unusually complicated,
Several special analyses are listed here that can be achievggcause their proton affinities are close to that for the water
using the same equation, eitt{@b)or (16), just using different - molecule. Such is the case for formaldehydeC®, hydrogen
rate coefficient angfactors that can be included in the kinetic gy |phide, BS, and hydrogen cyanide, HCN. The essential point

library. here is that when the protonated molecules, Vte formed as
the proton is transferred from thesB" ions to the molecules,
3.5.1. Water vapour quantification M, any water molecules in the carrier gas can react with the

Measurement of the relative signal level of®f ions to the  MH* jons to reform the precursor4®* ions, when this reverse
sum of the count rates of thesB" ions and its hydrated ions, reaction is only slightly endothermic. This reverse reaction is an
allows the water vapour concentration in a humid sample tgbvious complication in the analysis, but it can be accounted for
be determined. This is used as a control parameter uniquelince the chemical thermodynamics are well defined in the truly
in SIFT-MS breath analyses, in particular as a check on théhermalised SIFT-MS reaction system. We have recently dealt
air/breath sample flow rate, since water vapour is known to congith these special cases in three detailed papers. Fitting of the
stitute 5.2-6% of breath for the alveolar interface temperaturegxperimental data shows that to accurately analys® [A7],
between 34 and 37C [25]. The calculation relies on the value f, = £ =, =0.15 must be used in equati¢i7), for HCN [28]
of the effective two-body rate coefficiertt, for the association  sjightly negative valueg, =fiz = fia = —0.037 are required and

reaction of BO* with H,O, which has the following pressure for formaldehydd14], fio =fiz =fis = 0 gives the best results.
and temperature dependence:

Py ) <298 K> 8 (18) 4. Example of a calculation

k1= ko (0.7 Torr Ty _ _ _

In this section we show a step-by-step calculation of the con-
Hereko=1.3x 101t cm®s™1, is thek; value at a helium pres- centration of the breath metabolite acetone monitored during
sure of 0.7 Torr at a temperature of 298R5]. Using this  the analysis of single breath exhalations using the TSIFT Mk.2
formulation ofky in equation(16), whenm/z 19 is the only reac-  instrument referred to in the previous section, as a comparative
tantion andn/z 37, 55 and 73 are the three product ions, directlytest of the computational methods described above to obtain
provides the water vapour concentration in the helium carrieabsolute concentrations.
gas, which can be converted to percentage (absolute humidity) The flow tube geometry and the measured critical
in the sample air using E¢L7). Sample data of these ion signals parameters are:A=13.85cmf, [=34.1cm, Tq=297.15K,
and the calculated water vapour concentration will be shown i, =57.29 TorrIst, ¢,=1.65Torrls, py=0.73Torr. The

Section4 below. data obtained for this analysis are showRiig. 4as time profiles
of the count rates recorded at iz settings of the analytical
3.5.2. Overlap with isotopomers mass spectrometer that are required to quantify acetone using

Eq.(16)can be used also in the situation where there is a cortH3zO" precursor ions and its hydrates. The actué&l values
tribution to a product ion signal at a givelz value due to the and the numbers of counts per secoNdacquired during the
overlap with the minor isotopomers of larger adjacent signalsalveolar portion of the exhalation are givenTiable 2
Here the appropriafg coefficients must be used. Asanexample, Thel values are the ion signals corrected for mass discrimi-
consider the following situation. Breath isoprenglfg) is best  nation according to Eq1) usingfm1 =0.0 andfm2=0.0003388,
guantified using NO precursor ions, which react with isoprene values determined in a separate mass discrimination characteri-
to produce the parent cation{8g*) at anm/z value of 6826]. sation exercise for this particular instrument, and using(Eg.
This m/z value coincides with that of th®0 isotopomer of the  with tg=0.5us. Eq.(4) provides a value fovg = 5907 cm st
second hydrate of NQi.e., the NG (H,0), variant 4NO,180  and Eq.(7) then gives the reaction time= 3.848 ms.
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Using the more accurate logarithmic Efj6) does not result
in a significant change for this trace gas concentration [M],
but the difference is discernible as [M]=8.2308 cm3. Then
pmlpo=1239 ppb. In practical software implementation there is
no difficulty in using equatiofi16), and Eq(15)is only used to
make the discussion simpler and more quickly understandable,
and also to make the test calculations easier.

However, the approach recommended for future SIFT-MS
analyses is to adopt the more preci3gnew) values that have
been calculated from the physical properties of the ions using the
actual values oD1He given inTable 1 The De(new)Vvalues thus
obtained as given ifiable 2are for the conditiongy, #r, A2) in
this example. For the calculation of the acetone concentration,
the factorgiz =fiz =fi4 =1.1 are used in Eq16) and the result-
ing concentration of acetone is [M]=8.3508cm™3. Then,
pwm/po=1257 ppb. Clearly the present new method of calcula-
tion reproduces the results obtained by the older analysis very
well (to better than 2%) for the particular configuration of the
TSIFT Mk.2 instrument. However, the essential point is that our
latest approach can be used generally for various sizes of flow
tubes, various pressures and various reaction times, whereas the
previous older method is not so adaptable. This is an important
consideration since new SIFT-MS instruments of smaller size
are being developed, which can be used in special situations
such as intensive care (therapy) units and general practitioners’
surgeries.

Fig. 4. Time profiles (a) of the ion signals (ion count rates corrected for mass
discrimination and dead time) recorded at itfe settings given and (b) of the ~Acknowledgement
calculated concentrations of acetone and water (in ppb of the exhaled breath)

obtained using Eq(16) from three successive breath exhalations usig®*H
precursor ions exploiting SIFT-MS in the MIM mode (see the text). The sign
levels used are those in the alveolar portion of the exhaled breath region

indicated by vertical dashed lines.
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