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a b s t r a c t

The reactions of hydronium ions (H3O+) with ethanol (C2H5OH) and deuterium-labeled ethanols
(CD3CH2OH and CH3CD2OH) were investigated by means of proton transfer reaction mass spectrom-
etry (PTR-MS). Besides the protonation reaction of H3O+ with C2H5OH, three fragmentation processes
yielding C2H5

+, CH2OH+, and H3O+ ions were previously implied. In this paper, we report the branching
ratios for those four channels at six different field strengths (E/N ratios) of the drift tube. The contribution

+ +
eywords:
TR-MS
3O+ + ethanol reaction
thanol
euterium-labeling study
lcohol

of the channel that reproduces hydronium ions (H3O ) was determined by detecting H2DO ions at m/z 20
produced in reactions of H3O+ with deuterium-labeled ethanols (CD3CH2OH and CH3CD2OH). The repro-
duction of H3O+ ions was found to be significant between 108 and 162 Td of the E/N ratio, however, it did
not quantitatively account for the low detection sensitivity of ethanol by PTR-MS, suggesting the presence
of unidentified reaction channel(s). The unidentified reaction channel(s) might be the H3O+-reproducing
channel itself, because the contribution from this channel would be underestimated in this experiment

ch as
due to loss process(es) su

. Introduction

Proton transfer reaction mass spectrometry (PTR-MS) is a tech-
ique that allows for fast and sensitive measurements of volatile
rganic compounds (VOC) at trace levels in air [1–4]. Proton trans-
er is an example of chemical ionization: it enables soft ionization
f chemical species that have a proton affinity (PA) higher than that
f the reagent species (i.e., water):

3O+ + VOC → VOC•H+ + H2O (1)

One of the advantages of PTR-MS is that it does not require any
ample treatment such as drying and/or preconcentration, and in
articular, it is suitable for oxygenated VOCs, which are difficult to
uantify from canister samples.

Although quantitative measurements of methanol have been
arried out in ambient air [2–6], there are problems with the detec-
ion of other aliphatic alcohols by PTR-MS. A study using selected

on flow tube mass spectrometry (SIFT-MS) [7] reported that the
rotonation of alcohols such as propanol, butanol, and pentanol
y H3O+ is followed by the ejection of an H2O molecule, so that
rotonated molecules cannot be detected. In addition, the ion sig-
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E-mail addresses: ino@nies.go.jp (S. Inomata), tanimoto@nies.go.jp
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an H/D exchange between H2DO+ and H2O.
© 2009 Elsevier B.V. All rights reserved.

nals of the alkyl radical cations that formed overlap with those of
protonated alkenes [8,9].

Fragmentation was not observed in ethanol (C2H5OH, molecular
weight 46) by using SIFT-MS [7], however, quantification of ethanol
by PTR-MS seems to be difficult [9–11] because of fragmentation
processes [10]. Besides protonated ethanol, C2H5OH•H+, at m/z 47,
production of a fragment ion, C2H5

+, at m/z 29 was observed in the
detection of C2H5OH by PTR-MS [10,12–14]:

H3O+ + C2H5O → C2H5OH•H+ + H2O �Hr
◦ = −85 kJ mol−1

(2a)

H3O+ + C2H5OH → C2H5
+ + 2H2O �Hr

◦ = + 54 kJ mol−1

(2b)

The ratio of (2b)/(2a) under dry conditions was reported to be
approximately 0.1 at 119 and 137 Td for the field strength, E/N,
of the drift tube (1 Td = 10−17 cm2 V molecule−1), where E is the
electric field strength (V cm−1) and N is the buffer gas number
density (molecule cm−3) [13], and was reported to be 0.07 even at
E/N = 165 Td [14].
Recently, our group found a fragmentation process that likely
produces a CH2OH+ ion at m/z 31 from ethanol:

H3O+ + C2H5OH → CH2OH+ + CH4 + H2O �Hr
◦ = +38 kJ mol−1

(2c)

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:ino@nies.go.jp
mailto:tanimoto@nies.go.jp
dx.doi.org/10.1016/j.ijms.2009.05.001
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The ratio of (2c)/(2a) was reported to be 0.045 ± 0.004 at
/N = 108 Td [15]. The detection sensitivity of ethanol and its
umidity dependency were also determined by PTR-MS in the

aboratory for the calibration of data obtained during an inten-
ive field campaign on the summit of Mount Tai, China, in
une 2006 [Inomata et al., manuscript in preparation, hereafter
eferred to as Inomata et al., 2009]. The detection sensitivity of
thanol under dry conditions was determined to be 1.6 ± 0.1 nor-
alized counts per second (ncps)/parts per billion by volume

ppbv), which is almost seven times less than that of methanol
10.6 ± 0.4 ncps/ppbv), although the rate coefficient of the reac-
ions of H3O+ with ethanol has been reported to be the same with

ethanol (2.7 × 10−9 cm3 molecule−1 s−1) [7]. A similarly large dif-
erence in detection sensitivities between ethanol and methanol
as been reported by Warneke et al. [10] (3 ncps/ppbv for ethanol vs.
5.9 ncps/ppbv for methanol). Since the contributions of the frag-
entation processes (2b) and (2c) are not significant in the reaction

f ethanol with H3O+, it is unlikely that the low detection sensitivity
f ethanol is caused by these fragmentation processes.

Warneke et al. [10] have suggested that ethanol has a fragment
t m/z 19:

3O+ + C2H5OH → H3O+ + C2H4 + H2O �Hr
◦ = +44 kJ mol−1

(2d)

However, they did not confirm it because the ion signal at m/z
9 was not detectable due to an overlap with the H3O+ primary
on signal. Therefore, the relative contribution from channel (2d)
emains unknown. The production of H3O+ as well as C2H5

+ by the
nimolecular dissociation of protonated ethanol, C2H5OH•H+, has
een reported in variable temperature selected-ion-flow-drift tube
VT-SIFDT) experiments [16].

In the present study, we examined the contribution from chan-
el (2d) by detecting H2DO+ ions at m/z 20 produced in the
eactions of H3O+ with deuterium-labeled ethanols (CD3CH2OH
nd CH3CD2OH). We report the branching ratios of channels
2a)–(2d).

. Experimental

We used a commercially available PTR-MS instrument (Ioni-
on Analytik) [15,17,18]. Briefly, H3O+ ions were produced from a
ure water vapor flow of 7.8 sccm in a hollow cathode discharge

on source. The sample air was introduced into the drift tube at a
ow rate of approximately 22 sccm and the drift tube pressure was
eld at 2.1 mbar. Temperatures of the sampling inlet and the drift
ube were held at 105 ◦C. The drift tube (9.2 cm long) consisted of
tainless steel ring electrodes, separated by Teflon rings for elec-
rical isolation. The ring electrodes were connected to a resistor
etwork, which divided the overall drift voltage into a homoge-
eously increasing voltage and established a homogeneous electric
eld inside the drift tube to avoid substantial formation of cluster

ons, H3O+•(H2O)n (n = 1, 2, . . .). In the drift tube, trace gases such
s VOCs in the sample air were ionized by proton transfer reactions
reaction (1)). A fraction of the reagent ion, H3O+, and the prod-
ct ions was extracted through a small orifice into a quadrupole
ass spectrometer. The ions were detected by a secondary elec-

ron multiplier for ion pulse counting. The mass dependence of the
ransmission efficiency of the QMS was calibrated by the manufac-
urer.

Ethanol vapor was prepared by injecting a liquid sample into a

0-L Tedlar bag, and ion signals were obtained in multi-ion detec-
ion (MID) mode at six values of E/N (108, 119, 130, 140, 151, and
62 Td). A small amount of each sample (0.06 �l) was injected into
he bag filled with pure air, resulting in a sample mixture of approx-
mately 1 part per million by volume (ppmv).
Fig. 1. Differences in the ion signals of protonated ethanol and H2DO+ before and
after the introduction of ethanols at E/N = 108 Td. (a) C2H5OH, (b) CD3CH2OH, and
(c) CH3CD2OH.

The count rate of the reagent ion, H3O+, calculated from the
count rate at m/z 21 (H3

18O+) multiplied by 500, was in the range
(5–10) × 106 cps. The ratios of the ion intensity of H3O+•H2O (m/z
37) to that of H3O+ were 0.016 at E/N = 108 Td and 0.00014 at
E/N = 162 Td, while the ratio of the ion intensity of O2

+ (m/z 32)
to that of H3O+ was 0.02–0.03. The ion count rates of the product
ions totaled (4–16) × 102 ncps normalized to an H3O+ intensity of
106 cps, which is within the linear dynamic range of the PTR-MS
instrument.

The stated purities of gases and chemicals used were as follows:
air, >99.99995% (Japan Fine Products); methanol/N2, 10.8 parts
per million (ppm) (Takachiho); ethanol/N2, 9.56 ppm (Takachiho);
ethanol, >99.5% (C2H5OH; Kanto Kagaku); ethyl-2,2,2-d3 alcohol,
99 at.% D (CD3CH2OH; Isotec); and ethyl-1,1-d2 alcohol, 98 at.% D
(CH3CD2OH; Isotec).

3. Results and discussion

Fig. 1(a) shows the ion signals of protonated ethanol,
C2H5OH•H+, at m/z 47 (M47) and of H2DO+ at m/z 20 (M20) before
and after the introduction of the C2H5OH sample at E/N = 108 Td. As
expected, the ion signals of the protonated ethanol increased with
ethanol as the sample gas, while the ion signals at m/z 20 did not

change. The background ion signals at m/z 20 were relatively high
because of the ion signals from H2DO+ and H3

17O+, which intensi-
ties are 0.015% and 0.038% of that of H3O+, respectively. Fig. 1(b) and
(c) show results from the same experiments, but with CD3CH2OH
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Table 1
Normalized signal intensities (ncps) of product ions in reactions of H3O+ with ethanolsa.

E/N (Td) 108 119 130 140 151 162

C2H5OH
M47 (C2H5OH•H+) 1076 ± 10 498 ± 6 246 ± 4 138 ± 3 79 ± 3 54 ± 2
M29 (C2H5

+) 35 ± 2 34 ± 2 –b –b –b –b

M31 (CH2OH+) 27 ± 2 25 ± 2 22 ± 2 19 ± 2 18 ± 2 18 ± 2
M19 (H3O+)c – – – – – –

CD3CH2OH
M50 (CD3CH2OH•H+) 1135 ± 8 536 ± 7 262 ± 4 145 ± 3 84 ± 2 57 ± 2
M32 (CD3CH2

+)d – – – – – –
M31 (CH2OH+) 48 ± 2 49 ± 2 47 ± 3 39 ± 3 36 ± 3 30 ± 3
M20 (H2DO+) 353 ± 15 411 ± 15 429 ± 18 439 ± 19 435 ± 20 413 ± 20

CH3CD2OH
M49 (CH3CD2OH•H+) 703 ± 12 315 ± 3 157 ± 3 86 ± 2 51 ± 2 34 ± 2
M31 (CH3CD2

+) 5 ± 2 7 ± 2 9 ± 2 9 ± 2 10 ± 2 8 ± 2
M33 (CD2OH+) 21 ± 2 16 ± 2 16 ± 2 13 ± 2 13 ± 2 11 ± 3
M20 (H2DO+) 91 ± 11 115 ± 14 125 ± 14 128 ± 15 111 ± 17 121 ± 18

a Error limits were calculated by propagation of the errors on the ion counts and indicate only the precision. The errors on the ion counts were derived from 95% confidence
l
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evels by a t-test.
b Background signals at m/z 29 increased significantly as the E/N ratio increased.
c Ion signals are overlapped with those of the primary ions of H3O+.
d Ion signals are overlapped with those of O2

+ primarily generated in the ion sour

nd CH3CD2OH, respectively. In both cases, enhancement of the
on signals at m/z 20 (M20) was observed, as well as an increase
f the ion signals of protonated ethanols at m/z 50 for CD3CH2OH
M50) and m/z 49 for CH3CD2OH (M49), respectively. Previously,
e reported that the extent of an H/D exchange between H3O+ and

thylbenzene-d10 was too small to be observed by PTR-MS [17].
imilarly, the formation of H2DO+ is unlikely to result from the
/D exchange between H3O+ and deuterium-labeled ethanols, but

nstead results from the reaction of H3O+ with deuterium-labeled
thanols:

3O+ + CD3CH2OH → C2H2D2 + H2DO+ + H2O (3)

3O+ + CH3CD2OH → C2H3D + H2DO+ + H2O (4)

Since the formation of H2DO+ is observed for deuterium-labeled
thanols in both the 1-position and the 2-position, the reaction (2d)
onsists of two channels, i.e., it reproduces H3O+ with an H atom at
he 1-position (reaction (2d�)) and with an H atom at the 2-position
reaction (2d�)):

3O+ + CH�H�H�CH�H�OH → C2H�H�H�H� + H2H�O+ + H2O

(2d�)
3O+ + CH�H�H�CH�H�OH → C2H�H�H�H� + H2H�O+ + H2O

(2d�)

able 2
etection sensitivities (ncps/ppbv) at each channel and the E/N ratios in the H3O+ + C2H5O

/N (Td) 108 119 130
eaction time (�s) 113 103 94

eaction (2a)b 1.6 ± 0.1 0.74 ± 0.10 0.37
eaction (2b)c 0.01 ± 0.01 0.02 ± 0.01 0.02
eaction (2c)b 0.05 ± 0.04 0.05 ± 0.04 0.05
eaction (2d�)c,d 0.34 ± 0.05 0.44 ± 0.08 0.47
eaction (2d�)e,d 0.81 ± 0.07 0.92 ± 0.13 0.97
nidentifiedf 9.6 9.1 8.4

a Error limits were calculated by propagation of the errors on the ion counts.
b Averaged data of protonated non-deuterium-labeled and deuterium-labeled ethanols
c Based on the data for CH3CD2OH.
d A multiplication factor for the isotope effect that favors H migration over D migration
e Based on the data for CD3CH2OH.
f See text.
By comparing Fig. 1(b) and (c), it can be seen that the degree of
formation of H2DO+ with a D atom at the 1-position seems to be
smaller than that of the formation of H2DO+ with a D atom at the
2-position.

The signal intensities of product ions in the reactions of H3O+

with ethanol and deuterium-labeled ethanols at six different E/N
conditions are tabulated in Table 1. At E/N = 108 Td, a small number
of ion signals at m/z 29 and m/z 31, corresponding to those from
C2H5

+ and CH2OH+ ions, respectively, were observed in addition to
the ion signals of the protonated C2H5OH at m/z 47 in the case of
C2H5OH. As the E/N ratio increased, the ion signals of the protonated
C2H5OH drastically decreased. A similar decrease of ion signals of
protonated ethanols with an increasing E/N ratio was observed for
both CD3CH2OH and CH3CD2OH. However, the ion signals of the
fragment ion, CH2OH+, in the reaction with C2H5OH did not increase
with an increase in the E/N ratio in the case of C2H5OH. Similarly,
an increase of the ion signals of CH2OH+ and CD2OH+ in the cases
of CD3CH2OH and CH3CD2OH, respectively, was not observed with
an increasing E/N ratio. In regard to the channel that produces the
ethyl radical cation, we obtained the dependence of ion signals from
CH3CD2

+ on the E/N ratio without any interference only in the case
of CH3CD2OH. The ion signals of CH3CD2

+ did not increase strongly

with an increasing E/N ratio. On the other hand, it was observed that
the ion signals of H2DO+ produced in reactions (3) and (4) increased
with an increasing E/N ratio.

We examined branching ratios between (2a)–(2d), as shown
in Table 2 along with the reaction times calculated according

H reactiona.

140 151 162
87 81 76

± 0.04 0.20 ± 0.03 0.12 ± 0.01 0.08 ± 0.01
± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
± 0.05 0.04 ± 0.04 0.04 ± 0.03 0.03 ± 0.02
± 0.11 0.49 ± 0.09 0.41 ± 0.07 0.46 ± 0.09
± 0.06 1.00 ± 0.14 0.99 ± 0.09 0.95 ± 0.13

7.8 7.3 6.7

.

was included.
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Fig. 2. Plots of the total detection sensitivity derived by the sum of the values in
reactions (2a)–(2d) (filled circles) as well as the detection sensitivity only for reaction
(2a) (crosses) in the H3O+ + C2H5OH reaction vs. reaction time (�s). The dashed line
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Steigner, R. Steinbrecher, E. Gomez Alvarez, K. Müller, J.P. Burrows, G. Schade,
s a fit by the function y = ax of the total detection sensitivity data. The solid line
hows the detection sensitivity calculated by using the rate constant for reaction
2).

o Hanson et al. [19]. In the table, the detection sensitivities
ncps/ppbv) at each reaction channel and the E/N ratios are sum-

arized. As mentioned earlier, the detection sensitivity of reaction
2a) at E/N = 108 Td was determined to be 1.6 ± 0.1 ncps/ppbv in
ur laboratory. For values in reaction (2a), the dependence of
he signals of protonated ethanol on the E/N ratio was taken
rom the averaged values of protonated non-deuterium-labeled
nd deuterium-labeled ethanols at each E/N ratio. The values for
eactions (2b) and (2d�) were estimated based on the data for
H3CD2OH, while those for reaction (2d�) were estimated based
n the data for CD3CH2OH. In addition, a previously determined
17] multiplication factor for the isotope effect that favors H migra-
ion over D migration, 1.63 ± 0.04, was included in the derivation
f the values for reactions (2d�) and (2d�). The values for reac-
ion (2c) were estimated from the averaged value of protonated
on-deuterium-labeled and deuterium-labeled ethanols.

As seen in Table 2, the reaction (2d) is apparently significant
mong the fragmentation processes (2b)–(2d). Even at E/N = 108 Td,
he branching ratio of reaction (2d) was comparable to that of reac-
ion (2a), which produces protonated ethanol. At E/N = 162 Td, the
ranching ratio of reaction (2d) was more than 90%. In regards to
he ratio between reaction (2d�) and (2d�), the branching ratio of
eaction (2d�) was almost twice that of reaction (2d�) and it was
ndependent of the E/N ratio. This likely reflects the fact that an
bstraction of an H atom at the 2-position of protonated ethanol
o form an H3O+ ion is easier than an abstraction of an H atom at
he 1-position. A similar result was obtained in the fragmentation
rocess of protonated ethylbenzene [17].

We also explored the reason why the detection sensitivity
f ethanol (1.6 ± 0.1 ncps/ppbv) is low compared with that of

ethanol (10.6 ± 0.4 ncps/ppbv) (Inomata et al., 2009). In Fig. 2, the

otal detection sensitivity at each E/N ratio derived from the sum of
he values in reactions (2a)–(2d) as well as the detection sensitivity
or reaction (2a) are plotted against the reaction time. Generally,

[
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count rates of VOC•H+ ions, i(VOC•H+), can be calculated from:

i(VOC•H+) = i(H3O+)(1 − exp(−k[VOC]t) ≈ i(H3O+)k[VOC]t, (5)

where t is the reaction time and k is the reaction rate constant.
According to this, the data in Fig. 2 should be fit linearly and forced
to intercept zero. The correlation coefficient (r2) was 0.81 and
the slope was 0.021 (ncps ppbv−1 �s−1). However, the slope was
found to be quite small compared with the calculated value (0.109
(ncps ppbv−1 �s−1) = 106 (ncps) · 2.7 × 10−9 (cm3 molecule−1 s−1) ·
2.6868 × 1019 (molecule cm−3) · [273.15 (K)/(273.15 + 105) (K)] · [2.1
(mbar)/1013.25 (mbar)] · 10−9(ppbv−1)·10−6(�s−1)) obtained using
the reported k value [7]. The unidentified channel(s) was also listed
in Table 2, suggesting that approximately 80% of the overall
H3O+ + ethanol reaction was unidentified.

We should note that the branching ratio of reaction (2d) is under-
estimated due to loss processes of H2DO+ ions in the experiments
with CD3CH2OH and CH3CD2OH. A possible loss process is H/D
exchange between H2DO+ and H2O because of a large amount of
H2O in the drift tube:

H2DO+ + H2O → H3O+ + HDO (6)

The rate constant for the reaction (6) was reported to be 7.3 ×
10−10 cm3 molecule−1 s−1 [20]. Since the concentration of water
vapor in the drift tube was expected to be approximately 10 mmol/
mol [15], the loss rate of H2DO+ by the reaction (6) is about
3 × 105 s−1 (=7.3 × 10−10(cm3 molecule−1 s−1) ·4 × 1016 (molecule
cm−3) · 10 (mmol/mol)). On the other hand, the production rate
of H2DO+ by the reactions (3) and (4) is at most 102 s−1 (=2.7 ×
10−9 (cm3 molecule−1 s−1) · 4 × 1016 (molecule cm−3) · 1 (ppmv)).
This suggests that H2DO+ quickly reaches in the steady state.
Therefore, the observed ion count of H2DO+ became low and the
branching ratio of reaction (2d) may be underestimated. Thus,
since the present results give a lower limit of the branching ratio
of reaction (2d), the reproduction of the H3O+ ions was found
to be significant in the detection of ethanol by PTR-MS. The low
detection sensitivity of ethanol by PTR-MS likely results from the
reaction channel (2d).
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