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bstract

A corrected equation for the concentrations in the drift tube of a proton transfer reaction-mass spectrometer (PTR-MS) is presented which
ccounts for the different mobility of primary ions and protonated analyte volatile organic compounds (VOCs). As a consequence, the calculation
f VOC concentrations from the measured count rates requires as well a correction factor, equalling the ratio of (i) the mobility of the protonated
nalyte VOCs to (ii) the mobility of the gases used to determine the transmission efficiency. However, such data do essentially not exist for the

elevant VOCs. Published mobility data for small inorganic ions suggest that the correction can be larger than 20% and hence be a significant
ontribution to the overall accuracy of calculated concentrations. The correction emphasises the need to calibrate the PTR-MS in order to determine
OC concentrations accurately.
2007 Elsevier B.V. All rights reserved.
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. Introduction

A proton transfer reaction-mass spectrometer (PTR-MS) is
compact and affordable device that enables measurements of
any volatile organic compounds (VOCs) with high sensitiv-

ty and short response time. Moreover, it is essentially a real
ime instrument and does not require any sample treatment. Due
o these advantages, PTR-MS is nowadays frequently applied
n environmental measurements, breath gas analysis and food
hemistry. Configuration, function and application of a PTR-MS
ave been described in detail [1–3] and a sketch of the PTR-MS
s shown in Fig. 1. The ion source generates hydronium primary
ons which pour into the drift tube. The drift tube, featuring a
ength of ∼10 cm and a diameter of ∼2 cm, consists of a number
f segments in order to establish a homogeneous electric field
parallel to the drift tube axis. This field is applied in order

o enhance the kinetic energy of the ions and thus to prevent

he substantial formation of cluster ions and to ease the inter-
retation of the mass spectra. The PTR-MS is mostly operated
t total voltage across the drift tube of ∼600 V and a pressure
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nside the tube of ∼2 mbar, corresponding to an E/N (N being
he number density of the gas in the drift tube) of ∼120 Td
1 Td = 10−17 V cm2). Due to the field the ions move with a drift
elocity v of

= μE (1)

here μ is the ion mobility. The contribution to the ion veloc-
ties from the flow of the sample gas through the drift tube
∼10 cm3 s−1 at STP) is negligible. The reaction time tR, i.e., the
ransit time of the primary ions through the drift tube, is around
0−4 s. A fraction of primary and product ions is extracted from
he drift tube through a small sampling orifice (SO) into an inter-

ediate chamber (IC) where higher collision energies at lower
ressure reduce the amount of cluster ions. Then a fraction of
he ions enters the nosecone (NC) of the quadrupol mass spec-
rometer (QMS), and finally the count rates of RiH+ and H3O+

re measured with a secondary electron multiplier (SEM).
In the drift tube the analyte VOCs of the sample gas, denoted

s Ri, are ionized by the proton transfer reaction
i + H3O+ → RiH
+ + H2O (2)

variety of other processes such as fragmentation [4], electron
ransfer reactions, formation of clusters, reverse and secondary
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Solution for (8):

[RiH
+] = ki[Ri]∑ vH3O [H3O+]0
ig. 1. Schematic of the PTR-MS redrawn from [11]. SO: Sampling orifice;
C: intermediate chamber; NC: nosecone; QMS: quadrupol mass spectrometer,
EM: secondary electron multiplier.

eactions may also occur and these processes are to be considered
or the interpretation of PTR-MS mass spectra. The reactions
re particularly complex for humid samples where the VOCs
eact not only with the primary ions, but to a large extent also
ith water clusters, either by proton transfer or by switching

eactions. Also secondary reactions between the product ions
nd neutral water molecules are important for humid samples.
owever, as for the pure the proton transfer reaction (2), the

stablished relation between the concentrations of primary ions,
on-protonated and protonated VOCs at the end of the drift tube
s [1–3]

Ri] = [RiH+]

kitR[H3O+]
(3)

here ki is the reaction rate constant for molecule Ri. Eq. (2)
as frequently used for the interpretation of PTR-MS signals and
articularly for calculating VOC concentrations in the sample
2,3,5–8] with the only additional requirement that the transmis-
ion efficiency of the mass spectrometer must be determined.

The derivation of Eq. (3), however, is obviously based on the
ssumption

∂[H3O+]

∂t
= −

∑
i

∂[RiH+]

∂t
(4)

here the concentrations apparently refer to a volume element
hich is moving through the drift tube with the speed of the
rimary ions. Eq. (4) would be correct if the concentrations in
uch a volume element were changed only by the reaction (2).
uch an assumption is appropriate, e.g., for the flow tube of a
elected ion flow tube-mass spectrometer (SIFT-MS) where all
ons types have essentially the same velocity [9]. However for the
TR-MS, the velocity of the RiH+ ions can be much lower than

he velocity of the H3O+ ions since the former feature usually a
arger m/z and a lower mobility, with an example shown below.
hus, in this moving volume element, there is obviously a flux of
iH+ ions into the right face and out of the left face as illustrated

n Fig. 2. Since the RiH+ concentrations are increasing between
on source and sampling orifice, this causes a positive net flux

f RiH+ ions into the volume element, a contribution that we
ay call “advection”, although it is not advection in the sense

hat impurities are transported with the flow of the sample gas
n the drift tube. Consequently, the increase of

∑
i[RiH+] as a
ig. 2. Illustration of an advection effect for the protonated analyte VOCs in a
olume element moving with the velocity of the primary ions.

unction of time is actually higher than the decrease of [H3O+]
nd Eqs. (3) and (4) are evidently not in agreement with the
ransport equation.

Here we present the corrected version of Eq. (3) and discuss
he implications for the interpretation of PTR-MS count rates.

. Concentrations in the drift tube

To derive a corrected equation for the concentrations in the
rift tube we prefer to use a one-dimensional coordinate sys-
em fixed to the axis of the drift tube cylinder, x = 0 corresponds
o the inlet from the ion source and x = L to the sampling ori-
ce. No moving volume elements are considered. Then the ion
oncentrations are determined by the transport equation:

∂[H3O+]

∂t
= −∂(vH3O[H3O+])

∂x
−
∑

i

ki[Ri][H3O+] (5)

∂[RiH+]

∂t
= −∂(vRiH[RiH+])

∂x
+ ki[Ri][H3O+] (6)

here in each case the first term on the right side represents
dvection. The stationary solution of Eq. (5) is, since [Ri] is
omogeneous:

H3O+] = [H3O+]0 exp

(
−
∑

iki[Ri]

vH3O
x

)
(7)

ith [A]0 or [A]L denoting the concentration of component A at
osition x = 0 and x = L, respectively. Using Eq. (7), a stationary
olution of Eq. (6) is:

∂[RiH+]

∂x
= ki

vRiH
[Ri][H3O+]0 exp

(
−
∑

jkj[Rj]

vH3O
x

)
(8)
jkj[Rj] vRiH

×
(

1 − exp

(
−
∑

jkj[Rj]

vH3O
x

))
(9)



9 of M

W

[

H
r
H
2
v
2
c
t
c

a
t
s
f
r
o
c
d
r

R

w
i
t
a
f
i
t
f
i
h
s
s
o
[
t
r
b
f
b
3
F
1
e
[
e
s
d
[
P

3

t
I
o

I

F
m
i
a
m
d
t
s
S
a
d
d
o
b
t
t
b

m
T

a
s
c
r

D
n
m
d
t
d
m
t
m

[

w

4 L. Keck et al. / International Journal

ith some further mathematical steps we get finally:

Ri] = [RiH+]L
kitR[H3O+]L

μRiH

μH3O
(10)

ence, the established relation, Eq. (3), is modified by a cor-
ection factor equalling the ratio of mobility of the RiH+ and of

3O+. Measured reduced mobilities in nitrogen at 120 Td and
98 K [10] may serve as an illustration of potential numerical
alues of the ratio. The values for H3O+ and N2H+ are 2.81 and
.05 cm2 V−1 s−1, respectively, and hence the correction factor
hanges the calculated trace gas concentrations by 37%. Since
he mobility tends to be lower for ions with high m/z, a larger
orrection can be expected for heavy VOCs.

Eq. (3) disregards not only advection as discussed above but
lso diffusion, and particularly diffusion transverse to the drift
ube axis can be suspected to lower the concentrations near the
ampling orifice. It was claimed that the decrease is usually small
or the primary ions [11], however, that does not imply that the
elevant quantity, i.e., the ratio [RiH+]/[H3O+] near the sampling
rifice, is unaffected by diffusion. To discuss this issue we may
onsider the root-mean-square displacement (RMSD) of a one-
imensional δ-function after being subject to diffusion for the
esidence time in the drift tube tres,

MSD =
√

2Dtres (11)

ith D being the transverse diffusion coefficient of the ion. If all
ons have the same velocity and thus the same residence time,
he RMSD is larger for ions of lower mass which feature usually
higher diffusion coefficient. Hence, light primary ions diffuse

aster towards the walls of the flow tube than heavier product
ons and thus the ratio [RiH+]/[H3O+] increases. For SIFT-MS,
his differential diffusion is a well-known effect and a correction
actor has been established [12]. For the PTR-MS, however, tres
s not constant but inversely proportional to the ion mobility and
ence the RMSD is controlled by the ratio D/μ. At vanishingly
mall electric fields the ratio D/μ is, according to the Ein-
tein relation, identical for all ions. Hence, the relative decrease
f concentrations should be similar for all ions and the ratio
RiH+]/[H3O+] not be affected by diffusion. However, the drift
ube of a PTR-MS is not operated at vanishingly electric field but
ather at E/N of ∼120 Td. At such conditions the ratio D/μ can
e much higher than at 0 Td and the increase is quite different
or different ions. To give some examples, the increase of D/μ
etween 0 and 120 Td amounts to a factor of 3.4 for N+ in N2,
.6 for 7Li+ in N2, 2 for He+ in He, but 35 for Li+ in He [13,14].
or the ions relevant for the PTR-MS analyses the ratios D/μ at
20 Td have not been measured but similar differences might be

xpected. Hence, an effect of transverse diffusion on the ratio
RiH+]/[H3O+] in the drift tube of a PTR-MS cannot generally be
xcluded. The quantification, however, would require (i) to mea-
ure or calculate the ratios D/μ at drift tube conditions, and (ii) to
erive a correction factor similar to the flow tubes of a SIFT-MS
12] but with the transport kinetics adapted to the drift tube of the
TR-MS.

[

m
o
d

ass Spectrometry 264 (2007) 92–95

. Measured count rates

As for PTR-MS measurements, it is commonly assumed that
he measured count rate or current at the mass of the ion A+,
A, is proportional to the densities of the ions near the sampling
rifice

A = TA[A+]L (12)

ollowing a recent review [11], TA is referred to as the trans-
ission efficiency for the ion A+. However, different terms are

n use, TA was previously sometimes called “transmission” [6]
nd the ratio of transmission efficiencies of product ions to trans-
ission efficiency of primary ions is sometimes termed “mass

iscrimination factor”. This transmission efficiency includes the
ransfer of ions from the drift tube into the QMS, the transmis-
ion efficiency of the QMS and the detection efficiency of the
EM. Note that Eq. (12) implies, if TA is as usually assumed only
function of m/z, that the measured current is independent of the
rift velocity at a given number concentration. Due to ion optical
iscrimination, the electric field applied to the downstream side
f the sampling orifice or hydrodynamic effects that will might
e the case but it should be confirmed experimentally. Poten-
ially a definition of the transmission efficiency which involves
he ion flux or current density near the end of the drift tube could
e more appropriate.

To calculate concentrations using Eq. (10) there is the need to
easure the ratio of transmission efficiencies of H3O+ and RiH+,

H3O/TRiH. The standard method to determine this ratio is using
sample containing a single trace gas Rk in high concentrations

o that a clear decrease of the primary signal is observed. By
ombining Eqs. (7) and (9) and the accepted definition (12), the
equired ratio of transmissions turns out to be

TH3O

TRkH
= −μH3O

μRkH

∂IH3O

∂IRkH
(13)

ue to the correction factor in Eq. (10) a ratio of mobilities must
ow also be considered when determining the ratio of trans-
ission efficiencies. The ratio is usually measured for several

ifferent substances Rk covering the desired mass range, and
hen an interpolated function of m/z is used. However, for our
iscussion we focus on the case that Rk and Ri have the same
/z, i.e., the measured ratio of transmission efficiencies is used

o determine the concentrations of a molecule Ri with the same
/z. Then the concentrations are

Ri] = 1

kitR

μRiH

μRkH

IRiH

IH3O

(
−∂IH3O

∂IRkH

)
(14)

hich is the established equation
Ri] = 1

kitR

IRiH

IH3O

(
−∂IH3O

∂IRkH

)
(15)

odified by a correction factor equalling the ratio of mobility
f protonated analyte, RiH+, and the protonated gas used for
etermining the ratio of transmission, RkH+.
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. Discussion

The correction factor derived above equals unity if Ri = Rk
nd it can be suspected that an experiment which demonstrated
he strong potential of the PTR-MS for quantitatively measur-
ng concentrations [15] was done for this special case. For the
eneral case Ri �= Rk the correction factor will differ from unity
nd the potential differences can be estimated from the data for
obilities of light inorganic ions in air at 120 Td [16]. For exam-

le, the reduced mobility is 3.2 cm2 V−1 s−1 for NO+ (m/z = 30)
nd 2.6 cm2 V−1 s−1 for O2

+ (m/z = 32), indicating that the ratio
f mobilities, even for ions of nearly the same mass, can differ
rom unity by more than 20%. Besides, different mobilities for
sobaric ions were already used in the PTR-MS measurements
o identify the ions by measuring their arrival time spectrum
1]. Again, much larger differences can be expected for heavier
olecules since the correlation of mobility and mass decreases
ith m/z [16]. This uncertainty of more than 20% due to the

orrection factor might be compared with the accuracy of the
thers quantities in the established relation (15).

The accuracy of measured reaction rate coefficients [17–20]
s specified to 20–30%. However, for exothermic proton transfer
eactions the measured reaction rate coefficient is in excel-
ent agreement with the collision rate coefficient calculated by
angevin theory, suggesting that the accuracy of the measured
alues is actually probably better than 10%. These reaction rate
oefficients are measured using the SIFT-MS or the flowing
fterglow techniques at thermal energy, i.e., at a mean rela-
ive center-of-mass kinetic energy of the reacting ion-neutral
air KECM of ∼0.025 eV. However, for the PTR-MS an addi-
ional uncertainty arises since the reactions in the drift tube occur
t ∼120 Td corresponding to KECM = ∼0.3 eV. For nonpolar
ompounds, k is independent of KECM and hence the thermal
nergy values can be applied to PTR-MS analysis. For polar
ompounds, however, k decreases with increasing KECM [21]
nd to my knowledge there are no published data for drift tube
onditions.

The accuracy reaction time tR is estimated to 10% [22] at dry
onditions. For humid samples tR is less accurate because the
nalyte VOCs react not only with the primary ions but also with
ater clusters. The accuracy of the measured ratio of changes
f count rates for the transmission efficiencies should be better
han 10%.

Accordingly, the combined accuracy in Eq. (15) is 15–20%
or the ideal case that a nonpolar molecule is measured at dry
onditions and here the correction factor due to the ion mobility
f 20% contributes significantly to overall accuracy. The cor-
ection is less important for typical measurements where the
ccuracy might be rather 30–50%.
. Conclusions

The accuracy of VOC concentrations calculated from PTR-
S count rates suffers not only from the errors of reaction rate

[

ass Spectrometry 264 (2007) 92–95 95

oefficients, transmission efficiency and reaction time, but also
rom uncertainties due to an unknown ratio of mobilities and
otentially from an effect of transverse diffusion. These uncer-
ainties could significantly contribute to the deviations between
oncentrations calculated from the count rates and the refer-
nce value of gas standards [23]. The uncertainties emphasise
he strong need to calibrate the PTR-MS if reliable VOC con-
entrations are desired as it has been realised by many users
11,24].
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16] H. Böhringer, D.W. Fahey, W. Lindinger, F. Howorka, F.C. Fehsen-
feld, D.L. Albritton, Int. J. Mass Spectrom. Ion Processes 81 (1987)
45.

17] P. Spanel, D. Smith, Int. J. Mass Spectrom. 189 (1999) 213.
18] P. Spanel, D. Smith, Int. J. Mass Spectrom. 181 (1998) 1.
19] P. Spanel, M. Pavlik, D. Smith, Int. J. Mass Spectrom. Ion Processes 145

(1995) 177.
20] P. Spanel, D. Smith, Int. J. Mass Spectrom. Ion Processes 167–168 (1997)

375.
21] T. Su, W.J. Chesnavich, J. Chem. Phys. 76 (1982) 5183.
22] Ionicon-Analytik-GmbH, Manual of the PTR-MS training course “Hands-

on PTR-MS”, Obergurgl, February 1–3, 2007.
24] A. Wisthaler, G. Tamas, D.P. Wyon, P. Strom-Tejsen, D. Space, J.
Beauchamp, A. Hansel, T.D. Mark, C.J. Weschler, Environ. Sci. Technol.
39 (2005) 4823.


	Corrected equation for the concentrations in the drift tube of a proton transfer reaction-mass spectrometer (PTR-MS)
	Introduction
	Concentrations in the drift tube
	Measured count rates
	Discussion
	Conclusions
	Acknowledgement
	References


