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In this paper we report an investigation of the effects of E/N over the range of 90-140Td on the product
ions resulting from the reactions of H30* with 12 saturated alcohols using a proton transfer reaction
mass spectrometer (PTR-MS). The alcohols included in this study are methanol, ethanol, 1-propanol, 2-
propanol, 1-butanol, 2-methyl-1-propanol, 2-methyl-2-propanol, 2-butanol, cyclopentanol, 1-pentanol,
cyclohexanol, and 1-hexanol. Only in the cases of methanol and ethanol are any substantial amounts of
the protonated parent observed at any E/N. For the other saturated alcohols predominantly fragment ions
are observed. This implies that attempts to identify and hence monitor saturated alcohols in trace con-
centrations in a complex chemical environment using PTR-MS will be fraught with difficulties because a
given m/z will not be unique to a particular chemical compound, i.e., multiple species could be present
at a given m/z. In addition to changes in E/N we present preliminary results with regards to changing the
conditions in the generation of the reagent ions via altering the operational conditions within the ion
source (a hollow cathode). We present product ion branching ratios as a function of hollow cathode emis-
sion current for cyclohexanol, 1-propanol and 2-propanol at fixed E/N. Although not part of the reaction
chamber, we have found that changing the hollow cathode emission current results in modifications to
the product ion branching ratios. We presume that these observed changes are a result of altering the
internal energies of the reagent ions and thereby modify the reaction kinetics and dynamics occurring

within the drift tube of a PTR-MS.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Following the extremely successful development [1] and com-
mercialisation (Ionicon GmbH, Innsbruck, Austria) [2] of the proton
transfer reaction mass spectrometer (PTR-MS) in the mid 1990s,
there has been considerable growth and exploitation of proton
transfer reaction mass spectrometry for trace gas monitoring in
various chemical and physical environments [3-7], and in particu-
lar for the detection of volatile organic compounds (VOCs). Areas of
application include atmospheric chemistry, environmental chem-
istry, plant and tree emissions, and food and medical sciences.
A recent and comprehensive review by Blake et al. discusses in
some detail all of these applications [8]. Proton transfer reaction
mass spectrometry has rapidly become the preferred method for
the monitoring of VOCs in many analytical areas and in particular
where fast response times and high sensitivities are required. It is
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these fast response times and high sensitivities which make PTR-
MS such a useful and unique tool for monitoring VOCs in known
atmospheres.

Given its growing use, it is important to not only highlight the
considerable advantages of using PTR-MS as an analytical tool but
also to research and discuss any properties of PTR-MS, which could
be used to increase its already considerable potential.

In a complex chemical environment the identification of any
VOCs present can be problematic, because without knowing what is
in the sample the measurement of a given m/z cannot necessarily be
assigned to a protonated parent or to a fragmention, and could even
be the result of multiple species that cannot be separated by a PTR-
MS system without further advances in the technology. This aspect
of PTR-MS was realised early on in the development of PTR-MS by
Lindinger et al. [3] In their paper they state that “PTR-MS is a method
for on-line monitoring and not primarily for gas analysis” and that
GC-MS should be used for that purpose. An additional complication
that arises with PTR-MS is the variation in product ion branching
ratios caused by differences in operational variables, e.g., the choice
ofreduced electric field, and voltages on transmission optics, and/or
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by types of ionisation sources and operating conditions of those
sources, which can make comparison of results between different
studies troublesome.

Objectives of this paper are to illustrate the difficulties that can
arise with the identification of chemical compounds using PTR-
MS and to show how some of the operational parameters that can
affect the outcome of measurements (product ion branching ratios),
using saturated alcohols as the chemical compounds of interest.
The series of saturated alcohols used in this study cover a range of
molecular weights and structures, namely (and in order of increas-
ing molecular weight); methanol (CH30H), ethanol (C;Hs0H), 1-
propanol (CH3CH,CH, OH), 2-propanol (CH3CHOHCH3,), 1-butanol
(CH3CH,CH,;CH,0H), 2-methyl-1-propanol (CH3(CH,)30H), 2-
methyl-2-propanol((CH3)3COH), 2-butanol (CH3CH(OH)CH,CH3),
cyclopentanol (CsHgOH), 1-pentanol (CsHy10H), cyclohexanol
(CgH110H), and 1-hexanol (CH3(CHy)sOH).

2. Proton transfer reaction mass spectrometry

At the heart of its operation is a reaction region consisting of a
drift tube into which the gas (air) sample to be analysed is intro-
duced. The use of this instrument therefore requires an operational
choice to be made by the user for the ratio of the electric field
strength (E) - the voltage gradient down the drift tube - to the
buffer gas number density (N) (i.e., the pressure within the drift
tube) for a particular application. The choice of reduced electric field
strength, E/N, affects the reaction dynamics occurring within the
drift tube because it alters the primary reagent ion signal, i.e., par-
ticularly the ratio of intensities of the H30* to H30*.(H,0), (n>1)
signals, the reaction time (drift time), the reagent ion-neutral colli-
sional energy and the collisional induced dissociation of the product
ion(s) leading to their fragmentation. Hence differences in product
ion branching ratios may be observed which result either from an
E/N dependence and/or the differences in the reaction kinetics and
dynamics of the protonated water monomers and protonated water
clusters with VOCs or both. Altogether these make any mechanistic
interpretations of PTR-MS data extremely difficult.

In addition to the E/N dependence mentioned above, the dis-
tribution of the H30*.(H,0), (n > 0) reagent ions in the drift tube
is dependent also on the humidity in and temperature of the drift
tube. At high E/N (defined here to be greater than approximately
120Td (1Td=10-21Vm?2)) cluster ion formation is significantly
reduced such that even for humid air samples the sum of the
protonated water ion clusters usually accounts for less than approx-
imately 20% of the total reagent ion intensity in the drift tube.
This is substantially less when “dry air” is introduced into the
drift tube. Fig. 1(a) shows the relative cluster ion concentrations
for the protonated water monomer, dimer and trimer when dry
nitrogen (15 ppmv of water (measured using an EASIDEW portable
hygrometer)) is introduced into the drift tube of an Ionicon PTR-MS
Quadrupole system as the buffer gas. Note that although the nitro-
gen introduced is dry, water vapour from the hollow cathode of
the PTR-MS will diffuse into the drift tube [9]. As can be seen from
Fig. 1(a) the cluster reagent ions (and in particular the protonated
water dimer at m/z 37) intensities increase as E/N is reduced, and
become the dominant reactive species in the drift tube below about
95Td. The protonated water cluster ion intensities have increased
at the expense of the protonated water monomer intensity. This is
because the collisional dissociation energy available has decreased
reducing the fragmentation of the protonated water cluster ions
and the reactant time has increased. It should be noted that there
is some question whether these signal intensities recorded provide
an accurate representation of the distribution of the protonated
water clusters in the drift tube. It is possible that the measured dis-
tribution is distorted either by collisional processes or additional

Fig. 1. Relative reagent ion branching ratios for the distribution of H;0*, H;0*-H,0
and H;0*.(H,0), detected using a PTR-MS with the drift tube maintained at
2.060 £ 0.005 mbar and 312+2K as a function of reduced electric field strength
(E/N) for (a) dry nitrogen filtered through a molecular sieve and (b) dry nitrogen
filtered through a molecular sieve and then bubbled through a Dreschel bottle con-
taining highly purified water. Note that the signal intensity of H3;0" is too large to
be measured directly using the PTR-MS. Therefore, the signal intensity at m/z=21
corresponding to H3'80* was recorded for both the data presented in both (a) and
(b). The m/z=19 intensity was determined in the normal manner by multiplying the
m/z=21 signal by 487. Similarly for measurements below E/N=110Td for (a) and
for all E/N for (b), the m/z=37 signal was not measured directly owing to its high
intensity. Instead its oxygen 18 isotope at m/z=39 (H3'80*.-H,0 or H30*-H,'80) was
used for the measurements.

clustering in the expansion region between the drift cell and the
mass spectrometer. However, given the changes in the reagent ion
concentrations as a function of E/N it is considered that this is a
small effect. That the humidity within the drift tube has a signif-
icant role to play in determining at which E/N the water cluster
ions become the dominant species is illustrated in Fig. 1(b). The
data shown in this figure were recorded after bubbling nitrogen
gas through water contained in a Drechsel bottle, and hence the N,
buffer gas is classified as being “wet” — being close to 100% satu-
ration. The changes in the relative intensities of the water cluster
ions compared to the protonated water monomer for these two
conditions are obvious when comparing Fig. 1(a) and (b). This is
a significant observation because proton transfer reactions involv-
ing the water cluster ions to a VOC are less energetic than those
involving the protonated water monomer. Thus, for example, an
increase in the protonated water cluster ion intensity may lead to
less dissociative proton transfer. When proton transfer is endother-
mic protonated water cluster ions may react with a VOC through
a mechanism that leads to the MH*-H,0 product ions, and then
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through collisions (either in the drift tube or in the interface region
between the drift tube and the low pressure environment of the
mass spectrometer) MH*-H,O* may fragment to MH* + H,0. Such
processes must be taken into account when analysing PTR-MS data.
Despite the clear dependence of production branching ratios on E/N
(and hence the mean collisional energy between reagent ions and
neutrals) and humidity, these quantities are sometimes overlooked
in PTR-MS studies.

With reference to the ion temperature, it is important to men-
tion that in addition to E/N dependences, the internal energy
distribution of the protonated water molecules (and protonated
water clusters) should also be considered, because the energy in the
proton transfer reaction will be dependent on the available energy,
which in turn will depend on the internal energy available. In the
ionisation source the H30* ions will presumably be produced with
aspread of internal energies which may be non-thermal, and which
may depend on the type of ionisation (radioactive, microwave, or
electrical discharge) and operating conditions. This raises the ques-
tion as to how efficient are the collisions of these reagent ions with
the (air) buffer gas in the drift tube to thermalise the reagent ions’
internal energy distribution. Therefore an additional parameter to
explore is the type of ionising source to produce the reagent ions
and the operating conditions of that source. By varying these condi-
tions, e.g., for an electrical discharge in a hollow cathode source the
current and accelerating lenses, it should be possible to alter the
internal energy distribution of the H30* swarm in the drift tube
and thereby affect the kinetics and dynamics of the ion-molecule
reactions occurring within the drift tube.

Towards the above goals we have instigated a series of studies
involving various families of VOCs in which E/N and the operat-
ing condition of the hollow cathode are altered to investigate their
effects on the production branching ratios. In this paper we concen-
trate predominantly on a detailed investigation of the effects of E/N
on the product ion branching ratios to a series of saturated alcohols.
For a subset of the alcohols we have also investigated the effects of
hollow cathode emission current on the product ion distributions
for fixed E/N.

The saturated alcohols have been specifically chosen for this
study because non-dissociative proton transfer is not a dominant
channel, and predominantly fragment ions are observed. Similar
systematic E/N studies have been undertaken investigating depen-
dences of the product ion distributions with various VOCs by
various other groups [10-14], and in particular we note that in
the preparation of this paper a related study to ours but involv-
ing unsaturated alcohols has been recently published [14]. To our
knowledge there have been no previous PTR-MS studies which dis-
cuss the potential effect of reagent ion internal energy on product
ion distributions.

3. Experimental details

The PTR-MS used in this study is an analytical quadrupole mass
spectrometric instrument specifically designed and built by lonicon
Analytik GmbH to monitor low concentrations (of the order of parts
per trillion by volume) of VOCs present in a chemical environment
in real-time. PTR-MS has been described in detail in the literature
[1-8] and hence only a brief description of the apparatus will be
provided.

A high-density constant current of reagent ions is provided by
means of a hollow cathode ion source operated with water vapour.
The operating emission current for the hollow cathode can be var-
ied from 1 to 10 mA, but for the majority of the measurements the
hollow cathode was run at a value of 5 mA. Only for the measure-
ments presented in the last part of the results section of this paper
was the hollow cathode emission current varied. The ions that are
produced within the hollow cathode discharge undergo a series of

Fig. 2. Background mass spectrum recorded using the PTR-MS over an m/z range of
20-120amu at an E/N of 140 Td and hollow cathode current of 5 mA for dry nitrogen
before any ROHs are introduced into the drift tube. A number of peaks are observed
either as a result of being produced in the ionisation source or as a result of reac-
tions in the drift cell with trace impurities. The m/z values (assigned ion) are m/z
21 (H3'80%), 29 (fragment from protonated ethanol and NyH*), 30 (NO*), 32 (02%),
37 (H30*-H,0), 46 (NO,*), and 47 (C;HsOH,* (protonated ethanol) or CH,O0,H*
(protonated formic acid)).

ion-molecule reactions ultimately resulting in reagent ions mainly
associated with protonated water or protonated water clusters.
However, other ions such as O,* and NO* are still present in the
ion swarm within the drift tube, but usually at less than 2% of the
total ion intensity. All of these ions are transported into a drift-tube
containing the gas sample (e.g., ambient air) through which they
drift under the action of an electric field. A fraction of these ions are
sampled through an orifice at the end of the drift tube, analysed
by a quadrupole mass spectrometer and detected by a secondary
electron multiplier. Fig. 2 shows a typical mass spectrum obtained
for a dry nitrogen sample after it has passed through a molecular
sieve (an ALL-Pure hydrocarbon trap, which removes hydrocarbons
to <3 ppb) and before any VOCs are introduced into the drift tube of
the PTR-MS. Upon introduction of VOCs, reagent ion-VOC reactions
occur in the drift tube and the product ions can be monitored in the
same way as for the reagent ions.

In this study we have kept N constant by maintaining the pres-
sure and temperature of the drift tube at 2.060 4+ 0.005 mbar and
312+ 2K, respectively, whilst varying the voltage across the drift
tube over the range available on the Ilonicon PTR-MS, namely
400-600V. This leads to values of E/N over the range of approx-
imately 90-140Td.

Saturated alcohol (ROH) samples were introduced into the PTR-
MS by the use of a syringe and syringe drive (used to vary the
concentration entering the drift tube of a PTR-MS in a reproducible
manner). A drop of a ROH was placed onto cotton wool, which had
been placed inside the syringe. The syringe was filled with com-
mercial grade N, previously passed through a hydrocarbon trap
and then inserted into a septum connected to a 1/8 in. Teflon pipe
through which N, was flowing. The N, line was connected to the
inlet of the PTR-MS using a Swagelok T-piece so that the N, and any
ROH in the line could be sampled through a needle valve into the
drift tube of the PTR-MS. Therefore we are determining the branch-
ing ratios of the product ions as measured in a “dry” buffer gas in
order to reduce humidity effects. The majority of the N, and any
trace ROH were then exhausted to the atmosphere outside of the
laboratory. Teflon tubing was used in this study for the inlets in
order to minimize memory effects on surfaces [9,15].

All of the saturated alcohols used in this study were purchased
from Sigma-Aldrich (purities > 99%) and all were used without any
further purification.
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Fig. 3. Product ion distributions (branching ratios) as a function of E/N for (a) methanol, (b) ethanol, (c) 1-propanol, (d) 2-propanol, (e) 1-butanol, (f) 2-methyl-1-propanol,
(g) 2-methyl-2-propanol, (h) 2-butanol, (i) cyclopentanol, (j) 1-pentanol, (k) cyclohexanol, and (1) 1-hexanol. Note for clarity only those product ions with branching ratios of
greater than 1% are provided on these figures although the ions with 1% intensity are provided in Table 1. Note that the hollow cathode current for all of these measurements
was maintained at 5 mA.
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Fig. 3. (Continued ).

4. Results

The presentation and discussion of the results are divided into
two sections. Section 4.1 deals with the product ion branching
ratios of all of the saturated alcohols investigated for this study as a
function of E/N whilst operating the hollow cathode at an emis-
sion current of 5mA (the manufacturer’s recommended value).
Section 4.2 shows for the first time the effects of the hollow cath-
ode emission current on the product ion branching ratios at fixed
E/N values for three of the saturated alcohols, namely cyclohexanol,
1-propanol and 2-propanol.

4.1. E/N dependencies with a fixed hollow cathode emission
current of 5mA

The fragmentation patterns for the alcohols as a function of E/N
are shown in Fig. 3(a)-(I) and summarized in Table 1 for three val-
ues of E/[Nof 92,115 and 138 Td (typical operating value for PTR-MS
studies are 120-140Td). None of the alcohols, with the exceptions
of methanol and ethanol produces other than trace amounts of the
protonated alcohol, ROH,*, thus negating one of the usefulnesses of
PTR-MS that gentle protonation generally produces the protonated
parent thus aiding identification, at least to the extent that the mass
of the parent can be determined. All of the alcohols, with the excep-
tion of methanol, show a fragmentation pattern that is dependent
upon E/N and the complexity of which increases with the size of the
alcohol. A contributing factor to this complex behaviour is that in
addition to primary fragmentation, secondary fragmentation also
occurs and thus the apparent branching ratio will change as the
reaction time changes.

It was stated earlier that the PTR-MS could not produce data
on fragmentation patterns that could be easily analysed in terms
of kinetics and mechanisms as the single controllable experimen-

tal variable, E/N, changes several parameters, viz. the energy of the
reactant ions, the energy of the product ions, and the drift and thus
the reaction times of the various ions. Although this is true, there is a
wealth of information on ion-neutral reactions and ion fragmenta-
tions in the data presented in this paper and it would be remiss if it
were to be ignored. A brief discussion of mechanisms suggested by
the present data will be given although a fuller analysis awaits the
completion of DFT calculations and incorporation of SIFT, ESI-ITMS
and IMS-MS data on related compounds.

4.1.1. Methanol

Methanol, which is a ubiquitous compound in the atmosphere
and is the simplest alcohol, has been studied by several groups using
PTR-MS [16,17]. For any E/N used, the only product ion observed by
these other studies is the protonated parent at m/z 33. Our results
shown in Fig. 3(a) are in agreement with these earlier measure-
ments over most of the E/N range investigated. Only at low E/N did
we observe an additional product ion associated with the clustering
of the protonated methanol monomer species to H,O to produce
ROH,*-H,0.

4.1.2. Ethanol

The behaviour of the proton transfer reaction from H30* to
ethanol in a PTR-MS has been described in the literature as anoma-
lous owing to major differences in product ion branching ratios
[18]. This anomaly is however readily explainable. The proton
transfer reaction to ethanol is unique amongst the saturated alco-
hols in that, providing the energy of the reaction is sufficient, m/z 19
(H30%)isalso produced from ROH,* and, owing to its energy depen-
dence, its associated branching ratio is very much dependent on the
value of E/N used in PTR-MS measurements. This highlights again
the importance of specifying E/N for any PTR-MS measurements.
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Table 1

Product ions identified and their associated product ion branching ratios (percentage in parentheses) measured at E/N values of 92, 115 and 138 Td for a series of saturated
alcohols (ROH) presented firstly in order of increasing molecular weight. For these measurements the ROHs were separately injected in trace quantities into a flow of dry
nitrogen that was sampled into the drift tube of the PTR-MS. Slight differences of the product ion branching ratios to those presented in Fig. 3 are a result of the branching
ratios in the table being extrapolated to zero concentration to allow for any secondary ion-molecule processes. The hollow cathode was maintained at an operational current

of 5mA. Errors in the branching ratios are estimated to be less than 10%.

Chemical name Molecular formula (MW) Product ions and ion branching ratios (%)
E/[N=92Td E/[N=115Td E/[N=138Td
Methanol CH30H (32) 51(21) ROH-H30* 33 (79) ROH,* 51 (2) ROH-H30" 33 (98) ROH,* 33 (100) ROH,*
Ethanol® C,HsOH (46) 19 (?) H;0* 19(?) H;0* 9(?)H;0*
65 (20) ROH-H50* 65 (1) ROH-H;0* 47 (43) ROH,*
47 (75) ROH,* 47 (69) ROH,* 45 (17) [ROH H, H
45 (4) [ROH-H, JH* 45 (15) [ROH H, JH* 29 (40) R*
29(1)R* 29 (15)R*
1-Propanol C3H,0H (60) 79 (4) ROH-H;0* 43 (83)R* 43 (29)R*
61 (3) ROH,* 41 (17) [R-H]* 41 (52) [R-Ha]*
43 (93)R* 39(19) [R-2H,]*
2-Propanol C3H7O0H (60) 79 (3) ROH-H;0* 9 (1) [ROH-H, |[H* 59 (1) [ROH H, |H*
61 (5) ROH,* 43 (85)R* 43 (31)R*
59 (1) [ROH-H, JH* 41 (14) [R-Hp]* 41 (52) [R-Ha]*
43 (91)R* 39 (16) [R-2H,]*
1-Butanol C4HgOH (74) 93 (3) ROH-H30* 73 (2) [ROH-H; JH* 57 (55) R*
75 (1) ROH,* 57 (95)R* 55(7) [R-Ha]*
73 (5) [ROH-H;, JH* 41 (3) [R-CH4]* 41 (26) [R-CH4]*
57 (91)R* 39(12) [R-CH4-Hy ]*
2-Methyl-1-propanol C4HsOH (74) 93 (3) ROH-H;0+ 73 (7) [ROH-H, JH* 73 (8) [ROH H, JH*
73 (5) [ROH-H, JH* 57 (90) R* 57 (58) R*
57 (92)R* 41 (3) [R-CH4]" 41 (26) [R-CH4]*
39 (8) [R-CH4-H2]"
2-Methyl-2-propanol C4HgOH (74) 93 (1) ROH-H;0* 57 (98) R* 57 (68) R*
75 (1) ROH,* 41 (2) [R-CHa4]* 41 (24) [R-CH4]*
57 (98) R* 39 (8) [R-CH4-H, |*
2-Butanol C4HoOH (74) 93 (2) ROH-H;0* 57 (96) R* 57 (63) R*
75 (1) ROH,* 41 (4) [R-CHa4J* 41 (28) [R-CH4]*
57 (97) R* 39 (9) [R-CH4-H, |*
Cyclopentanol CsH100 (86) 105 (3) ROH-H;0* 85 (17) [ROH-H, [H* 85 (15) [ROH H, H
85 (16) [ROH-H, JH* 69 (78) R* 69 (35) R*
69 (80) R* 67 (1) [R-Hz]* 67 (5) [R-Ha ]*
67 (1) [R-Hz2]* 41 (4) [R-GHq]" 41 (32) [R-GoHa]"
39 (13) [R-GoHy-H |
1-Pentanol CsHi;OH (88) 107 (3) ROH-H;0* 87 (4) [ROH-H, |H* 71(9)R*
87 (10) [ROH-H, JH* 71 (49) R* 69 (16) [R-Ha|*
71 (80) R* 69 (12) [R-H,]* 43 (17) [R-C2Ha]*
69 (6) [R-Hz]* 43 (30) [R-CoH4]" 41 (44) [R-CH4-H,]*
43 (1) [R-GoHa ] 41 (5) [R-GoHa-Ho | 39 (14) [R-C3Hs-2H, |
Cyclohexanol CgH120 (100) 119 (2) ROH-H3;0* 99 (27) [ROH-H; [H* 99 (27) [ROH H, JH*
99 (26) [ROH-H, |[H* 83 (71)R* 83 (31)R*
83 (71)R* 55 (1) [R-CoHa]* 55 (36) [R-CoH4]*
81 (1) [R-Hz]* 81 (1) [R-Hz]" 81(6) [R-Ha]"
1-Hexanol CsHi30H (102) 121 (1) ROH-H;0* 101( )[ROH—HZ]H* 101 (2) [ROH-H; JH*
101 (20) [ROH-H, |H* 85 (19) R* 85 (1)R*
85 (71)R* 83 (21) [R-HaJ* 83 (12) [R-Ha|*
83 (7) [R-Hz]" 57 (16) [R-CoHa]" 57 (10) [R-C2Ha]"
43 (1) [R-CsHs " 43 (32) [R-CsHg " 55 (12) [R-CoHa-Ha "
41 (5) [R-C3-Ha [ 43 (12) [R-C3Hg]"
41(35) [R-C3Hg-H2 ]
39 (16) [R-C3Hg-2H2 |*

2 The product ion branching ratios for ethanol do not take into account the production of the product ion H30*.

We are unable to allow for the production of H30*, and therefore
the product ion branching ratios presented in Fig. 3(b) and Table 1
do not take this into account. Fragment ions are observed at m/z
45 (C;H50") corresponding to a loss of Hy, and m/z 29 (CoHs*) cor-
responding to a loss of H,O from the protonated species. At low
E/N (approximately 90Td) the protonated ethanol is observed to
cluster forming ROH,*-H,0 at m/z 65. In the PTR-MS work by Ino-
mata and Tanimoto, in which isotopic labeling was used so that the
m/z 19 channel could be taken into account when determining the
product ion branching ratios, it should be noted that the product

ion at m/z 45 is not reported [19]. They report a product ion at m/z
31 assigned to be CH,OH* which we did not observe. In agreement
with our observations Buhr et al. did not observe a m/z 31 ion but
do report the observation of the m/z 45 ion (which to our knowl-
edge is the only other study dealing with the reactions of H;0* with
ethanol that has reported this channel) [16].

4.1.3. 1-Propanol and 2-propanol
These show very similar behaviour with the exceptions that at
low E/N a trace of the protonated alcohol is observed for 2-propanol
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but not 1-propanol. Also a trace of the ion, C3H;0*, corresponding
to formal loss of H, from the protonated alcohol, is observed for
2-propanol but not from 1-propanol (except when operating the
hollow cathode ion source at higher emission currents, which will
be discussed later). As the dominant reaction is loss of water from
the protonated alcohol it is to be expected that the primary car-
bocation formed from 1-propanol will isomerise to the secondary
propyl carbocation and thus subsequent fragmentation of sequen-
tial loss of Hp, C3H7* — C3Hs* — C3H3* will be identical for the two
alcohols. That this is so indicates that the isomerisation is rapid.
In their PTR-MS studies Buhr et al. report product ion branch-
ing ratios for 1-propanol and 2-propanol which are different from
ours with the R* (corresponding to loss of H,O from the proto-
nated species) channel being reported as the dominant species with
a branching ratio of approximately 70% and the [R-H,]* channel
(loss of Hy0 and H, from the protonated species) at approximately
30% [16]. No m/z 39 ion (loss of H,0 and 2H, from the protonated
species) is reported by them. This could be a result of Buhr et al.
using a lower E/N in their study. However, Buhr et al. only report
that they operated the drift tube at a voltage of 600V. To obtain
their branching ratios we would need to operate our PTR-MS at
an E/N of approximately 120Td, which if we assume Buhr et al.
were operating their system at room temperature places their drift
tube pressure at approximately 2.25mbar. This highlights once
more the need to specify the operating conditions used in PTR-
MS studies for comparisons to be made. Also in contrast to our
measurements, Lindinger et al., using an E/N in the drift tube of
120-140Td, observed a substantial branching ratio associated with

the protonated parent (20% for 1-propanol and 10% for 2-propanol),
although (and in agreement with our findings) the dominant frag-
ment is still m/z 43 (80% for 1-propanol and 90% for 2-propanol)
[3]. The observation of substantial intensities associated with the
protonated parents by Lindinger et al. at the E/N values they used
implies that in comparison to our operating conditions either the
proton transfer reaction is gentler and/or that their transfer optics
led to less fragmentation.

4.1.4. The butanols

Only for the two primary alcohols 1-butanol and 2-methyl-1-
propanol are traces of the ion, C4HgO", corresponding to formal
loss of Hy from the protonated alcohol observed. Loss of H, from
protonated 2-methyl-1-propanol gives a stable ion but that from
1-butanol can lose water to give an ion with the empirical formula
C4H7*, but this is only observed at the higher values of E/N. This

ion could also be formed by loss of H, from C4Hg* but as it is not
seen in the reactions of the other butanols it is concluded that this
pathway does not occur. It is therefore concluded that the two ions
with the empirical formula C4HgO* have different structures. For
all alcohols the dominant ion is a butyl carbocation. As the sub-
sequent fragmentation of this is identical for all the butanols it is
concluded that isomerisation to the t-butyl carbocation is rapid.
As stated above, t-C4Hg* does not lose H, but loses CHy to give
C3Hs*, which, as was seen in the reactions of the propanols, loses
H, to give C3H3™". It is an indication of the excess energy available
in the drift cell of the PTR-MS that for the reaction of 2-methyl-2-
propanol with H3O* in both the atmospheric pressure IMS [20] and
low pressure FTMS [21] no fragmentation of the t-butyl carbocation
is observed.

In agreement with our observations, Buhr et al. also found that
for 1-butanol, 2-methyl-2-propanol and 2-butanol the m/z 57 ion is
the dominant species from the proton transfer reaction [16]. How-
ever, as found for the propanols, the product ion branching ratios
are only in good agreement if Buhr et al. operated their PTR-MS
at 120 Td. This would explain why Buhr et al. make no mention of
the m/z 39 ion channel. Buhr et al. mention a fragment ion at m/z
58 which, given its relative intensity, we have taken to be the 13C
isotope of the m/z 57 ion.

4.1.5. 1-Pentanol and 1-hexanol

Fragmentation of these two primary alcohols is at first sight too
complex to analyse. However plausible reaction schemes can be
obtained by building upon the fragmentation patterns obtained
from the smaller alcohols. These are

For both alcohols the facile sequential loss of H, from C3H;* has
been seen with both the propanols and butanols. Also the loss of
CHy4 was seen from t-C4Hg*. The loss of H, followed by the loss of
H,0 was seen with 1-butanol. Thus only the fragmentations of the
Cs and Cg carbocations are new. It is interesting that the C4H7* car-
bocation from 1-hexanol appears stable as did the corresponding
ion from 1-butanol. It is also interesting that the generic structure
of the ion formed by sequential loss of H, and then H,O from a
straight chain primary alcohol only fragments by losing C;Hy.

1-Pentanol and 1-hexanol have also been investigated by Buhr
et al. [16]. Their 1-pentanol results bear no resemblance to our
measurements. Of the fragment ions they observed; m/z 57 (90%),
41(6%)and 58 (4%), we only observed m/z 41. Buhr et al.’s results for
1-hexanol are in better agreement with our measurements in that
a larger number of product ions with the same m/z are observed
in the two studies with similar product ion branching ratios
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(assuming Buhr et al. operated the drift tube of their PTR-MS at
120Td).

4.1.6. Cyclopentanol and cyclohexanol

The fragmentations of the carbocations formed following loss
of water from the protonated alcohols mirror those observed for
the corresponding straight chain primary alcohols and are shown
below.

The facile loss of H, from the protonated cyclic alcohols is fol-
lowed by subsequent fragmentation via loss of H,O as is seen with
the straight chain primary alcohols. The reaction of cyclohexanol

with H30" has been reported in an IMS [22] and whilst loss of H,
occurred no carbocation or fragmentation was observed.

4.2. The effects of the hollow cathode emission current on the
product ion branching ratios for cyclohexanol, 1-propanol and
2-propanol

In this paper we have so far predominantly focused our attention
on the effects of E/N on product ion branching ratios using saturated
alcohols as sample compounds whilst keeping the hollow cathode
emission current set at lonicon’s recommended level of 5 mA. How-
ever, as mentioned earlier the values of the product ion branching
ratios will also be altered by parameters and conditions such as
humidity, focussing lens voltages, and the “internal temperature”
of the reagent ions exiting the ion source. Whilst some preliminary
studies have investigated the effects of humidity and various lens
voltages (which can be adjusted to reduce collisional induced disso-
ciation in the low pressure environment after the drift tube) [7,9],
to our knowledge there is no mention in the literature regarding
the internal energy distribution of the reagent H3O* ions. Here we
make some comments on this.

The internal temperature of the reagent ion needs to be taken
into consideration in its reaction with a ROH. Whilst this needs
to be the subject of a detailed study, by way of examples here, in
Fig. 4 we present the product ion branching ratios obtained for (a)
cyclohexanol, (b) 1-propanol and (c¢) 2-propanol as a function of

Fig. 4. Effects of hollow cathode emission current on the ion branching ratios of the product ions observed for the reaction of H;O0* with (a) cyclohexanol, (b) 1-propanol
and (c) 2-propanol with the PTR-MS drift tube operating at 138 Td. (d) Repeats the measurements for cyclohexanol but at an E/N of 92 Td. For all these measurements the
concentration of the respective saturated alcohol was kept constant. Note these measurements were not taken at the same time as the measurements made for Fig. 3 and so
the state of the hollow cathode (i.e., cleanliness) would have changed (which in itself will modify the product ion branching ratios).
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hollow cathode emission current at a fixed E/N of 138 Td. The data
presented in Fig. 4(a)-(c) demonstrate that the ion fragmentation
pattern can be influenced by the conditions of the hollow cath-
ode ion source. These figures show that the product ion branching
ratios associated with the least exothermic channel corresponding
to loss of H, becomes more significant above an emission current
of 5mA. In the case of 1-propanol, this channel was not observed at
all when operating the hollow cathode at or below 5 mA. However,
by 10 mA this channel has a branching ratio associated with it of
approximately 5%. In the case of 2-propanol, the effect is even more
dramatic; the ion branching ratio associated with that channel has
substantially increased from approximately 1% when operating at
below 5 mA to over 20% when operating at 10 mA. These observa-
tions suggest increasing hollow cathode emission current, which is
achieved by increasing the voltage applied to the ion source, results
in a higher effective temperature of the reagent ions. Fig. 4(a)-(c)
also demonstrate that we did not exactly reproduce the branching
ratios we obtained in the E/N studies at the fixed hollow cathode
current of 5mA. These differences may be attributed to the fact
that after the E/N studies the hollow cathode source was cleaned
(whereby carbon deposits were removed) which has also altered
the ionising conditions. To illustrate that these changes are not
associated only with the protonated water monomer, we repeated
the measurements for cyclohexanol at an E/N of 92 Td, at which
value the protonated water dimer is the most dominant reagent
ion (see Fig. 1(a)). The results are presented in Fig. 4(d). At 92 Td
three product ions are observed for cyclohexanol at m/z 83 (loss of
water from the protonated monomer), m/z 99 (loss of H, from the
protonated monomer) and m/z 81 (loss of H, from the protonated
monomer followed by loss of H,0), as found for the 138 Td study
the m/z 99 channel shows a dramatic rise in branching ratio as the
hollow cathode emission current is increased.

These experiments provide evidence that the internal energy
distributions of the reagent ions are changing, which result in sub-
stantial changes in the probabilities associated with various reagent
channels. Whilst this requires further investigations, it is clear that
fragmentation patterns cannot be relied upon unless they are deter-
mined at exactly the same conditions when using the PTR-MS for
monitoring purposes.

5. Conclusions

As observed in a recent study of unsaturated alcohols [14],
within the drift tube environment of a PTR-MS the reactions of the
reagent ions H30* with saturated alcohols proceed predominantly
dissociatively. The production branching ratios are found to be very
dependent on the value of the reduced electric field (E/N) used in
the drift tube. Whilst this implies that E/N conditions must be pro-
vided in any PTR-MS study if comparisons of results are to be made
between different investigations, this in itself may not be sufficient
to ensure reproducible results. With a fixed E/N, differences will
also arise between instruments because of variations in the con-
ditions of the ionisation source. In this study we have undertaken
some preliminary measurements relating to changes in the condi-
tions for the production of the reagent ions, and presented some
initial studies involving cyclohexanol, 1-propanol and 2-propanol.
Changes in the product ion branching ratios are observed, which
we have attributed to changes in the internal energy distribution
within the reagent ions. An understanding and determination of
the internal energy distribution of the reagent ions is therefore
considered to be important if PTR-MS instrumentation is to be cor-
rectly characterised and to provide a fuller understanding of their
operation. Further studies are therefore planned to investigate the
internal energy distributions of the reagent ions in the drift cell of
a PTR-MS.

In this paper we have highlighted that although PTR-
(quadrupole) MS is an ideal instrument for monitoring (known)
VOCs because of its extremely high sensitivity and fast response
time, it can not be used to unambiguously assign a VOC to a
given m/z (even when no fragmentation occurs) in a complex
chemical environment. The potential complexity that may arise in
interpreting PTR-MS spectra when dealing with complex chemi-
cal environments has however been reduced somewhat with the
recent development of a high resolution PTR-TOF-MS to replace
quadrupole mass spectrometric based instruments [23-25]. The
high resolution available (up to m/Am 8000) is capable of dis-
tinguishing isobaric molecules (providing the mass separation is
commensurate with the resolution, e.g., the instrument is easily
capable of separating protonated formic acid at m/z 47.01 from
protonated ethanol at m/z 47.05) and therefore allows the deter-
mination of the empirical chemical formula with a higher level of
confidence than is achievable using a quadrupole mass spectrom-
eter. However, even with the high resolution PTR-TOF-MS a m/z
value is still insufficient to allow unambiguous identification of
the VOCs present (even when an ion at the m/z value of the cor-
responding protonated parent is observed). Therefore, and as first
mentioned by Lindinger et al. [3], other techniques, e.g., GC-PTR-
MS may be required to (initially) aid in the identification. This is
particularly true for those compounds that substantially fragment
upon proton transfer from H30™, as is the case for nearly all of the
saturated alcohols investigated in this study.
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