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Protonated gas-phase alcohols undergo auto-modification, post-ionisation clustering
accompanied by dissociation, fragmentation and dehydration reactions yielding
complicated responses in differential mobility spectrometry. Once characterised such
behaviours enable enhanced selectivity and confidence in alcohol measurement by
differential mobility spectrometry.
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ABSTRACT

The toxicology and societal impacts associated with low molecular weight alcohols frame the
requirement for fast diagnostic screens in a wide variety of circumstances. Differential
mobility spectrometry (DMS) is currently being used for environmental monitoring of space
craft atmospheres and has been proposed for the rapid assessment of patients at accident
and emergency receptions.

Three studies investigated hitherto undescribed complexity in the DMS spectra of methanol,
ethanol, propan-1-ol and butan-1-ol product ions formed from a ©3Ni ionisation source.
54,000 DMS spectra obtained over a concentration range of 0.01 mg.m3(g to 1.80 g.m3
revealed the phenomenon of auto-modification of the product ions. This occurred when the
neutral vapour concentration exceeded the level required to induce a neutral-ion collision
during the low field portion of the dispersion field waveform. Further, post-ionisation cluster-
ion formation or protonated monomer/proton bound dimer inter-conversion within the ion-
filter was indicated by apparent shifts in the values of the protonated monomer
compensation field maximum; indicative of post-ionisation conversion of the protonated
monomer to a proton-bound dimer.

APCI-DMS-quadrupole mass spectrometry studies enabled the ion dissociation products
from dispersion-field heating to be monitored and product ion fragmentation relationships to
be proposed. Methanol was not observed to dissociate, while propan-1-ol and butan-1-ol
underwent dissociation reactions consistent with dehydration processes that led ultimately
to the generation of what is tentatively assigned as a cyclo-CsHa* ion (m/z 39) and hydrated
protons.

Studies of the interaction of ion filter temperature with dispersion-field heating of product
ions isolated dissociation/fragmentation product ions that have not been previously
described in DMS. The implications of these combined findings with regard to data sharing
and data interpretation were highlighted.
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1
2
2 INTRODUCTION
2 Alcohols’ toxicity is a significant problem. Yearly deaths related to alcohols are reported as
; 15,500 in the UK and 88,000 in the USA [1] with ~2.5% due to acute poisoning [ 2]. The
9 toxicological thresholds in blood have been reported as 200 mg.dm=3 for methanol, 800
ﬂ mg.dm-3 for ethanol, and 400 mg.dm= for isopropanol. High toxicity, with a risk-of-death,
%g occurs at blood concentrations of approximately 890 mg.dm-3 for methanol, 3,500 mg. dm=3
%g for ethanol and 1,500 mg. dm-3 for isopropanol [3].
%s Methanol is associated with episodic poisoning outbreaks occurring worldwide [4,5,6] from
%g poorly purified or adulterated ethanol based products. It is the subsequent metabolism to
%(1) formic acid which is responsible for most of methanol’s toxic effects in humans, including
‘%:23 acidosis, blindness, damage to the central nervous system and death [4, 7].
%g The estimated cost in the United Kingdom for the National Health Service from ethanol
26 misuse is £3.5.10° yr1 [8]. Such a figure does not account for the wider societal effects
C; associated with ethanol-dependency [9,10, 11].
%g Accidental ingestion of isopropanol has been reported for children [12] and deliberate
g; ingestion by adults, and young-adults in their teenage years, produces intoxication similar to
%ﬁ ethanol [13,14]. The toxicity of isopropanol is lower than methanol, similar to that of
gg propan-1-ol and higher than that of the ethanol (due to the higher toxicity of the metabolic
7 product acetone) [15]. Some concern has been expressed for the welfare of personnel in
38 closed living quarters, such as spacecraft or submarines, from prolonged and continuous
22 exposure to low concentrations.
jé Fuel-cell based sensors are commonly associated with the determination of the level of
jg ethanol in breath for law enforcement. Other approaches have been described for the
j? analysis of alcohols in air, breath, and include: gas chromatography (GC) [16,17,18]; mass
48 spectrometry (MS) [19, 20, 21]; ion mobility spectrometry [22]; and, differential ion mobility
gg spectrometry (DMS) [23]. Of particular interest to this study is the determination of alcohols
2; by the Air Quality Monitor, a hyphenated and thoroughly integrated GC-DMS instrument,
gj used on-board the International Space Station [24].
22 The formation of product ions within a DMS has been described elsewhere [25]. At ambient
g; temperatures alcohols (R-OH) react through atmospheric pressure chemical ionisation (APCI)
59 2
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reactions with a hydrated proton reactant ions (H*(H20)n) to form protonated monomers

clustered with water through a displacement reaction, (1):
R—OH+ H'(H,0), —> {(R—OH) H (HZO)M}+ H,O D).

As concentrations of the alcohol (R-OH) increase, additional ion clusters, such as a proton-

bound dimer, are formed per (2):
R—OH+ {(R—OH) H* (HZO)n_l} — {(R—OH)2H+(H20)H_2}+ H,O (2).

Increasing the alcohol concentration to ever higher levels can promote the formation of
alcohol clusters (R-OH), including proton bound trimers (n=3), tetramers (n=4), and higher,
reaching n=8 in highly enriched atmospheres. Note though that n depends on temperature
[25].

As ion energy, expressed as effective ion temperature (T,fy), is increased alcohol product
ions decompose, and findings from proton transfer reaction mass spectrometry [26,27]
describe the dehydration of protonated monomers with increasing electric field (E/N)

strength; T, was increased, see (3) and (4).

oM
H) ’O+4H
H., g H—:’c—c—H H H
" / ° H 'l' \ / T+
H—C——C—H (H,0),, — c=——=c + y /o\H i o
" : H H
(3).
H H H\ /H
c=——C + (|3+ — C=—=C H'¢ + H,0
P
HOH / \
H H H H
3
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As energies are increased (T.sf), the protonated alkene can fragment further, (4). These
reactions have been observed at sub-ambient pressures with electric-fields of 100 Tq4; not

unlike the field-strengths encountered with DMS.

+ -HZO +
C5H110 Hz (HZO)n-l - C5H11 (HZO)n-l

. E/N . E/N
CoHyy (H0), C,H, + {CH;” (H,0) 0 — C,H, + 4C;H;" (H,0), ,
ATgq i

(4).

In DMS, ions are passed by a transport gas through a channel formed from two parallel
plates, the ion filter. A transverse alternating asymmetric electric field is applied across the
filter and the resultant ion oscillations cause a net displacement in the ion’s trajectory from
the central-axis of the ion filter. This happens when ion mobility coefficients are field

dependent, K(g/ny, @s shown in Equation 1 [25]:

Eagn. 1
Kemny = Koy(1 + ag/ny)- a

Here a(g,y) is a function with a polynomial fit of even powers which describes the change of
the ion mobility coefficient (K) with electric field strength (E) normalized to the number

density (N) as shown in Equation 2:

Egn. 2
a(E/N) S al%E/N) + aZ‘(LE/N) + 0(3?5/1\,) + .. q

When the mobility coefficient (KE/ny) increases disproportionately with increased E/N or
increased dispersion field (E;), the alpha-function is termed positive and this behaviour may
be attributed to several processes, the most significant of which is a cluster-decluster
mechanism induced by the alternating asymmetric dispersion-field. A negative alpha-
function may also be observed when the mobility coefficient decreases disproportionately
with increasing dispersion-field as a result of ion heating through increased collision

frequency and drag forces. The displaced ion trajectories may be restored to a stable path
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at the centre of the ion-filter and passed to a detector by applying a continuous weak dc

electric field; termed the compensation-field.

Alpha-functions can be changed by modifying the transport gas with low molecular weight
polar molecules (modifiers) at concentrations between 0.1% (v/v) to 3% (v/v). Modification
of the transport gas with alcohols and other small polar molecules, including water,
significantly changes the cluster-decluster phenomenon for positive alpha-function species
and results in a displacement of the ion peak on the compensation-field scale. Such

changes in compensation field can lead to improved separation of ion peaks [25, 28].

The DMS spectral responses observed from the wide range of alcohol concentrations that
may be encountered in direct breath monitoring for toxicity may be subject to combination of
“auto-modification” of the transport gas by the alcohol analytes and post-ionisation
dissociation of the protonated molecular ions. In parallel to this interest is the influence of
GC-DMS instrument parameters on the resultant signals observed from samples taken on-
board spacecraft. Consequently, the objective of the current study was to elucidate DMS
responses to alcohols over a range of instrument parameters, with a particular interest in
the influence of the dispersion-field (E/N) and transport gas temperature at ambient

pressure.

EXPERIMENTAL

Instrumentation

A differential mobility spectrometer (model SVAC-V, Sionex; MA, USA) with a 5.0 MBq foil
of 63Ni ionisation source was operated with 1.18 MHz asymmetric waveform over a
dispersion field (E;) range 40 Td to 120 Td; the instrument setting was 10 kV.cm1 to 30
kV.cm-1. The compensation field could be scanned from -3 Td to 1 Td; - 860 V.cm? to + 300
V.cm. The electrode-gap in the ion filter was 0.5 mm and the analyser region was 20 mm
long. The instrument was operated using Sionex Expert software, Version 2.01. The
transport-gas (300 cm®.min® to 320 cm®min®) was purified nitrogen and water
concentration was routinely monitored with a moisture monitor (Series 35 from
Panametrics, UK) and maintained at 25 mg.m'3(g) +5 mg.m'3(g) (34 ppm(v/v) £ 8 ppm

(v/Vv)). The transport gas was mixed with the eluent from a heated 500 cm3 round bottom
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1
2
2 exponential flask (7 cm3.min1 to 19 cm3.minl), or a permeation source based test
5 atmosphere generator.
6
; A Shimadzu model 2020 mass spectrometer (Columbia, MD) was interfaced to a DMS
9 constructed in-house using materials, dimensions, electronic control, and an ion source
10
11 similar to the SVAC-V. The inlet for the DMS/MS instrument was comparable to the SVAC-V
%g DMS. Note that in this experiment the dispersion field was used to induce ion heating and
A
J4 not separate the ions, and had a sinusoidal waveform. The DMS assembly included two
g5
%S ceramic plates with thickness of 1 mm, length of 30 mm, and width of 25 mm separated
a8 by a Teflon gasket (0.5 mm x 30 mm x 25 mm) with a 3 mm wide centre channel for gas
49
50 and ion flow. These were held between two Teflon plates (4 mm x 30 mm x 25 mm)
%; and secured under compression by two aluminium plates (5 mm x 30 mm x 25 mm) with
%i six screws. At each end of this assembly were aluminium end caps (20.5.5 mm x 5 mm
25 X 25 mm) attached to the aluminium plates with four screws. An 1/8” stainless steel
26
7 union (Swagelok Corp., El Paso Valve and Fitting, El Paso, TX) was threaded into one
29 cap, for inlet flow. A 111 MBq ®Ni foil was fitted into the interior volume of this fitting. In
%2 the other cap, for connection to the mass spectrometer, a stainless 1/8” to 1/16”
ég reducing union (Swagelok) was threaded and the capillary line from the mass
34 spectrometer was held by compression in the 1/16” end of the union. This assembly
5
§6 was insulated using glass fibre insulating sheeting and the temperature was controlled
; by conduction from the transfer line, heated using resistive wire.
39
40 Chemicals and Reagents
41
jé Methanol, ethanol, propan-1-ol, and butan-1-ol were obtained from Fisher Chemicals,
44 Loughborough, UK; GC and HPLC purity > 99.5%. The alcohols were purified further by
45
46 purging with high-purity nitrogen and then analysed by GC-MS, The results of which indicated
j; a purity = 99.9% with an additional peak identified as chloroform, which was used for
gg cleaning the syringe, at an abundance of < 0.02% of the respective alcohol peaks. Figure S1
51 shows an example GC-MS of the purity analysis, and the properties of each alcohol are given
52
53 in Supplemental Table S1.
54
55
56
57
58
59 6
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Methods

Effect of Vapour Concentration.

Alcohol test-atmospheres were delivered to the DMS at fixed dispersion-fields over six orders
of magnitude concentration range by injecting 75 ul to 200 pl of a pure alcohol standard
into a heated inlet, with a flow of between 6 cm3.min-1 to 19 cm3.min1 of purified air passing
into the exponential dilution flask [29, 30, 31]. The exhaust from the exponential dilution
flask was subsequently mixed into the transport gas of the DMS analyser; see above. A
schematic of the experimental arrangement is shown in Supplemental Figure S2.
Differential mobility spectra were continuously recorded by scanning the compensation field
(ca. 1 Hz, see above) for between 12 hr to 15 hr, generating up to 54,000 spectra per
experiment. The experimental conditions were selected to inhibit ion fragmentation while
operating at the highest ion-filter temperature (T) possible (to reduce adsorption and
hysteresis effects) and the lowest dispersion field (Ep) required to ensure resolution
between the reactant and product ion species. The values chosen were: methanol T = 60°C
and Ep= 117.6 Td (29.4 kV.cm1); ethanol, T = 35°C and E, = 72 Td (18 kV.cm1) and, for
propan-1-ol T = 60°C and Ep= 88 Td (22 kV.cm1). Other parameters for the operation of the
DMS analyser are given in Supplemental Table S2. The effective temperature of an ion
(Tery) was calculated for each dispersion-field investigated in the study by applying 1.5°C
Td1 to the ion-filter temperature [32].

Mass Analysis of lons

The identity of fragment ions produced by dispersion field heating was studied by a DMS/MS
connected to dynamic test atmosphere generator where test-atmospheres were delivered to
the DMS/MS from a 3 dm3 exponential dilution flask at a flow rate of 1 dm3.min1 following
the injection and mixing of 0.4 ul of a pure alcohol standard into the exponential dilution
flask. The mass spectrometer was scanned continuously from m/z 20 to m/z 400 at 0.5 Hz

over the analytes’ concentration ranges of 0.02 mg.m=3 to 100 mg m-3g).

Studies of Effective Temperature of lons (T ¢ss)

Studies of the influence of ion temperature, (T,fs) at a constant analyte concentration used
permeation sources to generate test atmospheres. Pure alcohol standards were dispensed

7
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1

2

2 into 2.9 cm3 chromatography vials and sealed with either a 0.5 mm or 0.1 mm thick PTFE

5 membrane. The permeation sources were maintained at 40°C for a period of five weeks and

? calibrated gravimetrically. A test atmosphere generator (TAG), using filtered compressed air

g as a diluent gas, was constructed to mix constant concentration test atmospheres into the

ig DMS transport-gas, and replaced the exponential dilution flask in the inlet to the experiment.

%2 A schematic of the experimental arrangement is shown in Supplemental Figure S2. The

iﬁj concentrations of the analytes ranged from 25 pg.m=3 to 1 uyg.m3(. Data were recorded in

gg the form of dispersion plots with compensation-field scans (see above) run against a

%g programmed increase in the dispersion field-strength; across the range 40 Td to 120 Td (10

’%g kV.cm1 to 30 kV.cm), at ion-filter temperatures across the range 45°C to 130°C.

%; Further details of data acquisition, experimental parameters, and the permeation sources

%2 are given in the Supplemental Tables S2 and S3.

25

as RESULTS AND DISCUSSION

%S Concentration Dependence of Differential Mobility Spectra of Alcohols

%2 The objective of this experiment was to reveal auto-modification phenomena, and possible

gg ion clustering artefacts in the DMS ion filter, see below. To do this the potential formation of

%g ion fragments that would obscure the experimental observations needed to be prevented.

@? This required balancing three experimental parameters: the ion temperature T.sr was to be
8 kept below the threshold at which fragment ions would be generated; the ion-filter

23 temperature was to be set at a temperature high enough to limit adsorption and hysteresis

j; within the instruments that would confound the measurements; and, the dispersion field

ji was selected at the lowest value required to provide resolution between the reactant and

45 product ions without causing enough ion heating to induce ion fragmentation. Differential

j? mobility spectra for methanol, ethanol, and propan-1-ol at gas temperatures of 30°C and

jg 60°C are shown in Figure 1 as contour plots of ion intensity, compensation field strength

22 (Ec/V.cm?t and Td), and In(concentration) from 0.01 mgm=3 to 1.80 g.m3. At low

gg concentrations ion peaks for protonated monomer, proton-bound dimer and residual levels

2451 for the hydrated proton reactant ion peak (RIP) were discerned. The responses for all three

56

57

58

59 8
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compounds followed similar trends; exemplified by the ethanol responses; middle trace

Figure 1.

At concentrations below 0.2 mg.m3 and at a temperature of 35°C the ethanol responses
show a residual RIP, a protonated monomer and a proton bound dimer at compensation
fields (E.) of -0.72 Td (-180 V.cm1) , -0.63 Td (158 V.cm?1) and -0.2 Td ( 50 V.cm1)
respectively. The peaks are not fully resolved. As the concentration increases to 0.4 mg.m-3
¢ the RIP and protonated monomer are depleted and the proton bound dimer becomes the
dominant ion species, consistent with (1) and (2). Calculations of distributions of ions at
these concentrations are generally consistent with relative peak abundances seen in Figure
1 (Supplemental Figure S3 shows an example calculation). These patterns were observed
for all alcohols with appropriate E. values for field dependent mobility. Peak widths at half
height were ca. 0.5 Td (126 V.cm1).

Above concentrations of 0.2 mg.m3y), the E, values of the protonated and proton bound
dimer merged with a continuous shift in E,. for the proton bound dimer peak from -2.0 Td to
+0.32 Td at a concentration of approximately 100 mg.m3y. Calculations of ion
distributions show that at 50 mg.m=3g the fractional value for proton-bound trimer is 0.75
and trends toward a maximum at 200 mg.m3( (the fractional value of proton-bound
tetramer increases over 0.001 only at 400 mg.m3(g). Since ions and unreacted sample
vapour flow together through the ion filter, the shift in the peaks’ compensation-field values
over the range 0.01 mg.mg3g to 100 mg.m3 may be attributed to the sequential
formation of the proton bound dimer, from the protonated monomer, and then, as the
concentration increases still further, the formation of proton bound trimer; denoted as a

proton-bound cluster ion “PBCL” in Figure 1.

At concentrations above 100 mg.m3) the trend in the PBCL peak E, shift reversed, so that
at a concentration of 1800 mg.m3 the PBCL peak had an apparent E, of -0.7 Td. Such
modification of the alpha-function by high concentrations of ethanol has been described
extensively in the DMS literature, and the phenomenon of an analyte modifying its DMS

response may be termed auto-modification.

This interpretation of the observed responses implies that ion lifetimes exceed their

residence time in the ion-filter and that ion temperatures are slightly higher than the gas

9

35K
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1

2

2 temperature since the effective temperature of the ion (T,) is increased by absorbing field
2 energy according to Equation 3:

7

8 3 3 1 , Egn. 3
20 5 kpTerr = > k,T +§{Mvd

11

%g where: k;,, Boltzmann constant; T, gas temperature; M, ion mass; and v,, drift velocity of
%g the ion swarm given by,

?1? F\2 Egn. 4
£ vi = k3N (i)

%0

21

;%;23 The term  is a correction for inefficient transfer of field energy to the ion for fragmentation.
%g A correction from thermal to field supplemented T.sris 1.5°C per Td has been reported
é? previously in two studies [31,33].

§§ Spectra obtained with the DMS analyser at 100°C (Figure 2), a typical temperature for
%2 analytical applications with GC/DMS instrumentation, exhibited significant differences from
ég those described in Figure 1. A prominent difference was observed in the case of propan-1-
%4 ol, with ion peaks for protonated monomer and proton bound dimer being absent over the
gg concentration range 0.02 mg.m3 (g to ca. 3 mg.m3 (g with a resolved RIP below
_; concentrations of ca. 0.2 mg m=3 (. Another significant difference was the appearance of
Zg additional ion peak at an E, of -1.10 Td, indicative of a smaller ion than the protonated
41 monomer ion over a concentration range from 0.02 mg.m-=3to 3 mg.m3. Similar behaviour
jé was also observed for ethanol, but not methanol, and these observations are indicative of
jg fragmentation reactions.

j? Previous studies with proton transfer reaction mass spectrometry described the dehydration
jg of protonated alcohols above electric-field strength of 92 Td, followed by dehydrogenation
22 when the electric-field strength was increased above 138 Td [27]. The combined effect of
52 temperature and electric-field was not described. Direct extrapolation of such mass
gi spectrometric findings to DMS with a polarizable atmosphere with increased N was not
gg considered trivial and consequently, studies of T and dispersion-field (E/N) interactions
g; were undertaken and are described below.

59 10
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APCI Mass Spectrometry of Alcohols with Electric Field Induced Decomposition of lons

lons formed in a ©3Ni ion source and heated with electric fields were mass-analysed and
Figure 3 describes the data obtained from propan-1-ol and butan-1-ol challenges showing

how ion abundance changed as the electric-field amplitude was increased.

Propan-1-ol

At the lowest electric field strengths, below an applied voltage amplitude of 1.7 kV the
proton bound dimer m/z 121 was most prominent (375 counts) with two dissociation
products at m/z 61 (75 counts) and m/z 43 (250 counts) also present. Increasing the
voltage amplitude to ca. 2.2 kV resulted in the depletion of the proton bound dimer with the
abundance of the m/z 61 and m/z 43 reaching maximum intensities of ca 370 counts and
340 counts respectively. Note however that another dissociation product, m/z 59, was
created in parallel with the m/z 61 and m/z 43 entities, increasing in-line with increasing
voltage amplitude. Above a voltage of 2.2 kV the m/z 59 dissociation product ion became
the dominant species, reaching a maximum intensity at 2.5 kV, as the abundance of m/z 61
and m/z 43 ions reduced to near zero. Finally, at an applied voltage above 2.5 kV the
abundance of m/z 59 fragment ion reduced to near zero accompanied by the emergence of
m/z 39 dissociation product ion reaching a maximum intensity estimated to fall in the range

180 counts to 300 counts at an applied voltage of 2.9 kV.

Butan-1-o/

The electric field induced fragmentation of butan-1-ol revealed similar, albeit more
complicated, behaviours to those observed for propan-1-ol. Below an applied voltage
amplitude of 1.7 kV the proton bound dimer (m/z = 149) was most prominent. Above this
value the proton bound dimer depleted rapidly with an approximate 10 % yield of a
dissociation product ion (m/z = 57) and an approximately 1% yield of hydrated protonated
monomer (m/z = 93), Figure 3. Increasing the voltage amplitude to 3kV resulted in the
formation of another dissociation product ion (m/z = 39). The relationship of the yield of the
m/z 93 product ion (hydrated protonated monomer) to the voltage amplitude was not as
well defined as the other species; perhaps indicating the possibility of two overlapping and
unresolved profiles. The most abundant dissociation product ion appeared to be related to
the formation of m/z = 57 species. However the formation of a m/z = 39 dissociation

11

35K
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1

2

2 product ion, at low yields (ca. 0.3% of the proton bound dimer intensity), starting at a

5 dispersion voltage amplitude of about 2.5 kV indicates a carbon-carbon bond cleavage

6

7 accompanied by the formation of a smaller single carbon atom entity (possibly protonated

g formaldehyde) that was not observed in this experiment. The appearance of the m/z = 39

ig species coincides with the maximum yield of the m/z = 93 and m/z = 57 dissociation

82 product ions.

43

J4

g5 Influence of Temperature and Dispersion Field

46

%7 Dispersion plots for methanol, propan-1-ol, and butan-1-ol obtained at temperatures over
8

gg the range 40°C to 120°C at constant concentrations are shown in Figures 4 to 6.

20

%; Methanol

23

24 Methanol (Figure 4) may be regarded as a reference experiment where the effect of

gg increasing the cell-temperature on differential mobility may be discerned. The alpha-function
g for the protonated methanol monomer was little affected by cell-temperature, with the

%9 cluster ion CH3OH§(H20)n being principally a mono-hydrate. (Fractional values for n= 2 were
0

=1 calculated to be 0.14 at 80°C, 0.05 at 100°C, and 0.01 at 120°C). Nonetheless, changes

gg in the alpha function for these ions were measurable and separation of the reactant ion and

()]

gg product ion peaks occurred at dispersion fields that decreased with increased temperature:

6 98 Td (24.5 kV.cm1) at 80°C, 89 Td (22.25 kV.cm?) at 100°C and 78 Td (19.5 kV.cm1) at
7
8 120°C. Increasing cell-temperature also boosts the T, s of the product ion while changing

39

40 the nature of the low-field cluster ion at higher dispersion fields. It is helpful to note that

j; differential mobilities are determined by difference between the low-field, and high-field

ji mobilities that product ions experience throughout the asymmetric waveform of the

45 dispersion field. (Increasing cell temperature results in the mobilities of the low field ion

46

47 clusters tending towards their high-field forms so reducing their differential mobility).

48

49 A minor presence of a feature attributed to an ammonium ion was observed in all methanol

50

51 dispersion plots. The source of this impurity was not identified and it was not detected in the

gg GC-MS purity assays. Note that no proton-bound methanol dimer or fragment ions were

2‘5‘ observed throughout this range of cell-temperatures and dispersion field strengths.

56

57

58
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Propan-1-ol

Dispersion plots in Figure 5 for propan-1-ol from 70 to 130°C indicated complicated
behaviours, with a feature possibly attributable to a protonated monomer discernible only at
70°C and then only at E, values between 60 Td (15 kV.cm?1) to 75 Td (18.75 kV.cm1). A
cluster ion was observed at E, values from 40 Td (10 kV.cm1) to 100 Td (25 kV.cm1). This
feature depleted rapidly with increasing E, value and as the ion-filter temperature was
increased the Ej, value at which this feature ended appeared to reduce significantly. An
unexpected and previously unreported phenomenon was the apparent regeneration of the
RIP signal that accompanied disappearance of the cluster ion signal, indicating the creation
of hydrated protons. Figure 6, taken from propan-1-ol dispersion data at a cell-temperature
of 70°C shows the extracted ((H30)*(H20)n) maximum dispersion plot signal. As Ej
increased the intensity of the ((Hz0)*(H20)n) signal increased from an almost zero level
starting at 65 Td (17.25 kV.cm™1) and reaching a maximum at 84 Td (21 kV.cm1), followed
by a decline. In contrast the blank dispersion plot shows peak intensity decreasing smoothly
with increasing E, due to wall-losses associated with the reduction in the acceptance
aperture that occurs with increasing Ep; observed for all ions in planar embodiments of
DMS. Any rise in ion intensity with increasing Ep, as shown for propan-1-ol, originates from

a chemical reaction and suggests formation of (H*(H20)n).

Accompanying the depletion of the cluster ion signal was an appearance of another ion (E.
= -1.5 Td (473 V.cm1); Ep = 117 Td (29.25 kV.cm1). The appearance of this ion at
increasingly lower Ej, values with increased temperature was consistent with the pattern of
ion dissociation/fragmentation seen in the DMS-MS experiment used to study electric field

induced decomposition, Figure 3.

The instruments used in this study were not able to isolate and characterise fully the ion
clusters observed; this will require the design and construction of a new DMS-MS instrument
that isolates the product ions from neutral species before the ion filter. The underlying
processes that generated the observed responses may be described in similar terms to the
chemistry of alcohol product ions observed with PTRMS [27]. At low Ep and ion filter

temperature the predominant propan-1-ol species appears to be a proton bound dimer (m/z

13
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121), increasing the energy of the ion cluster causes dissociation generating a product (m/z

61) thought to be a protonated monomer (5)

{(C3H7OH)2H+} —A>{(C3H7OH) H+} + C,H,OH (5).

Ky

The protonated monomer may undergo a dehydration reaction (6) resulting in a fragment ion
(m/z 43), reported previously in PTRMS studies at electric fields of 138 Td [27].

{(C3H7OH) H+} A (CH, ) + H,0 (6)-

2

The creation of an m/z 59 entity from propan-1-ol has not been reported, although it was
observed at trace levels with propan-2-ol. Proton bound dimers were also not reported within
PTRMS studies, and the difference in pressure and chemical speciation indicates that
different fragmentation mechanisms may exist. The creation of m/z 59 species along with
the production of m/z 43 and m/z 19 may be invoked through the dissociation of a proton
bound dimer (7).

- _ 4t ).

14
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The m/z 39 fragment (C3Hz*) was observed with PTRMS studies at electric fields of 138 Td
[27], and is thought to result from the sequential loss of H2 (8) and at this stage the

tentative assignment for CsHs* is a cyclic entity [34, 35].
(C3H7)+—>(03H5)+—>(C3H3)+ (8).

The absence of a distinctive protonated monomer signal may be explained if the
dissociation of the proton bound dimer was rate limiting, and followed by subsequent fast
dissociation/fragmentation (k; < kz ). This has been observed with butyl acetates in a
conventional IMS drift tube [36], and with esters in other DMS studies [32]. This behaviour
has been attributed to the energy partition and the heat capacity of the larger proton bound
dimer compared to the protonated monomer. The onset of ion decomposition is remarkably
sensitive to ion mass and in the instance of ethanol, the difference in mass between
protonated monomer and proton bound dimer is only 46 Da. Nonetheless, the protonated
ethanol monomer at 70°C was decomposed completely at E, = 78 Td (19.5 kV.cm1) while

the proton bound dimer persists until E, = 103 Td (25.75 kV.cm1).

The dispersion plots acquired at 115 °C and 130°C (Figure 5), show two further
dissociation/decomposition processes, albeit at lower yields. The feature observed at Ej =
110 Td (27.5 kV.cm1) at 130°C is consistent with the formation of CsHs* (8). The feature
branching from the hydrated proton reaction ion peak at Ep, = 72 Td (18 kV.cm™®) and E. = -
0.75 Td (-118 V.cm?) is perhaps consistent with the formation (CsH7)* from the
decomposition of a proton bound dimer (7). In PTR-MS studies at intermediate (115 Td) to
high field strengths (138 Td) the fragment ion observed for propan-1-ol was CzHs* [27]; the

possible generation of such a fragment cannot be excluded in this study.

Butan-1-o/

In Figure 6 the dispersion plots for butan-1-ol obtained at 40°C, 45°C, 50°C and 70°C show
the fragmentation of protonated monomer with little or no proton bound dimer present. The
formation of a dissociation/fragmentation product ion at 40°C and E, = 90 Td (22.5 kV.cm-

1) is clearly evident with Ej, decreasing to E;, = 59 Td (17.5 kV.cm1) as the cell-temperature

15
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1

2

2 increases to 70°C. This observation is consistent with the formation of the m/z = 57

g dissociation/fragmentation ion observed in the mass spec study.

; Dehydration of protonated monomers with the formation of hydrated protons

20 Reaction (7) postulates that (H*(H20)n) may be generated during dissociation and this was

g;é noted above and in Figure 6; and was evident in the 3D plots of Figures 5 and 7. This

%2 phenomenon was observed for propan-1-ol and butan-1-ol. Of further interest was the

gg butan-1-ol response indicated the possibility that two distinct dehydration reactions were

%g occurring with two phases of (H*(H20)n) generation.

gg Clustering in DMS drift tube.

%; The apparent shift of the E; maximum for the protonated monomer towards that for the

%2 proton bound dimer occurred over a relatively narrow range of experimental conditions of

%g temperatures and vapour concentrations. This observation was unmistakable and
7 repeatable and is apparent in Figures 1 and 2. The number of ion-neutral collisions during

%g the low-field segment of the waveform was well below 1, and the observed behaviour

%2 consequently cannot be described as a cluster-decluster mechanism with modification of

gg the alpha-function. Modification of the alpha function was observed at higher vapour levels

S

34 as seen in Figures 1 and 2, where a cool ion can be solvated through 2 or more collisions

%g [37, 38,39,40]. It is helpful to emphasise the convergence of the protonated monomer E
; maximum to the proton bound dimer compensation field maximum must be due to ion

Zg molecule collisions over time periods greater than 600 ns (the duration of the low field

j; segment of the dispersion waveform) and is consistent with residence time of ions in the

43 drift tube (1 to 2 ms). Two possible interpretations may be considered.

gg The ion may be envisaged as entering the drift tube as a protonated monomer (Dotted line

47 in Figure S4). A residence time of 2 ms in the DMS ion filter gives enough time for the ion to

jg collide with a neutral alcohol molecule (ROH), creating a proton bound dimer with a different

22 trajectory (Dashed line in Figure S4). The result will be a shift in the ion’s position on the E.

gg scale such that it falls between the monomer and proton bound dimer positions. This

54 phenomenon is concentration dependent, the higher the concentration, the earlier the

gg collision takes place, and the closer the modified trajectory will be to that of a proton bound

57

58
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dimer generated in the reaction region. The two distinct signals are seen to converge with
the protonated monomer signal appearing to shift and merge with the proton bound dimer
signal as the concentration increases. The ion entered the drift tube as a protonated
monomer and was converted to proton bound dimer emerging at a CV which was a measure

of where the conversion occurred in the ion-filter.

The alternative explanation invokes exchange between the protonated monomer and proton
bound dimer during transit through the ion-filter. Collision numbers at this concentration and
residence time are 20 to 50. While such interactions may be expected to cause band
broadening it has been shown that exchange of neutral adducts on an ion core can be
located over a range of drift times without band broadening or resolution of the two ion
clusters providing the exchange is rapid in comparison to residence time in the drift tube
[41].

Increasing the cell-temperature inhibited this phenomenon which was eliminated at cell-
temperatures above 130°C. While the two mechanisms cannot be unpacked from the
experiments here, these observations add an additional layer of complexity onto the

fragmentation behaviour.

CONCLUSIONS

The experiments in this study isolated dissociation/fragmentation product ions that have not
been previously described. The ion chemistries appear to be similar to those reported in
PTRMS studies [27]. The formation of the fragment ion at m/z 39 from propan-1-ol and
butan-1-ol raises the possibility of multistep reactions and the possibility of further ion-
neutral reactions. Follow-on experiments with deuterated standards at higher mass accuracy
will be a logical continuation from this preliminary study to better establish the reactions and

mechanisms observed here.

Whenever a DMS measurement with alcohols is above 80°C, dehydration reactions are
possible and will be controlled by T(.rsy Which is determined by the combination of the
experimental parameters of cell-temperature and E,. The onset of changes in the spectral
patterns at characteristic T and E/N values varies with C-number for all alcohols except
methanol, which undergoes no fragmentation. The selection of these experimental
parameters determines in large measure the resultant characteristics of the observed

17
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spectra, and the subsequent possible analytical utility of comparison of spectra between

DMS platforms and laboratories.

Over a relatively narrow range of temperature and vapour concentration, ion peaks undergo
a slide in E- maxima values, and this cannot be attributed to alpha function modification.
Rather, the ion is being transformed during residence in the DMS analyser. Applications for
measuring alcohols should account for these behaviours [42]. Future developments of DMS,
should address these factors by designing the ionisation inlet to ensure ions pass into the

DMS in filter in purified gases and unreacted sample or matrix neutrals are vented.
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Figure 1 Topographic plots of DMS signal intensity, compensation-field E. and gas-phase
concentration [R-OH] from an exponential dilution flask for the first three n-alcohols
(methanol-top, ethanol-middle and propanol-bottom) Data were collected over the
concentration range from 15.0 pyg.m3 1.80 g.m3 at dispersion fields of 117.6 Td
for methanol, and 72 Td for ethanol and 88 Td for propanol. (29.4 kV.cm-1 18 kV.cm-1,
and 22 kV.cm respectively) and DMS ion-filter temperatures of 60°C, 35°C and
60 ° C respectively for methanol, ethanol and propanol.
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Figure 2. Topographic plots of intensity, compensation field and vapour concentration from
measurements by a DMS analyser equipped with exponential dilution flask for first
three n-alcohols (methanol-top, ethanol-middle and propanol-bottom). Data were
collected over the concentration range from 1.80 g.m3g to 15.0 pg.m3g at
dispersion fields of 117.6 Td for methanol, and 72 Td for ethanol and 88 Td propanol
(29.4 kV.cm?1 18 kV.cm?® and 22 kV.cm respectively), with the DMS ion-filter
temperature maintained at 100°C.
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lon intensity I vs. applied ion heating voltage Vj, showing the effect of dispersion field
amplitude (Vp) on ion dissociation at a DMS temperature of ca. 80°C. Top: lons
associated with propanol showing the dissociation of a proton bound dimer (m/z =
121) to yield a protonated monomer (m/z = 61) and a dehydration fragment ion (m/z
= 43). Increasing V resulted in further ion dissociation with the products at m/z = 59
and finally m/z = 39. Bottom: ions associated with butanol (scaled to enable
straightforward comparison). Here the proton bound dimer dissociates to a
dehydration dissociation product ion (m/z = 57 at ca. 10% yield) and a hydrated
protonated monomer (m/z = 93 at ca. 1 % yield). Above V= 2.5kV the m/z = 39
dissociation product was observed once more [27].
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Figure 4. Dispersion plot intensity contour maps showing the combined effect of cell-temperature and dispersion field (Ep) on compensation field

(Ec)- Top: dispersion plots of methanol at = 0.01 mg.m-3(. Bottom: blank dispersion plots. While the effect of temperature on the reactant
ion hydrate proton clusters is evident, the methanol protonated monomer does not form dissociation ions and its dispersion behaviour is
not affected significantly by increases in temperature over the range 80°C to 120°C.
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Figure 5. Dispersion plot intensity contour maps showing the combined effect of cell-
temperature and dispersion field (Ep) on compensation field (E.) for n-propanol at
0.02 mg.m3. The mass assignments are tentative and inferred from the DMS-MS

data.
Key:

PBD: proton bound dimer, perhaps accompanied by mixed cluster ions; and, C: trace
contamination attributed to siloxanes.
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Figure 6. Evidence of (H*(H20)n) formation with increasing E,. The top trace shows the effect of

increasing Ep on intensity of the (H*(H20)n) signal at an ion-filter temperature of 70°C.
The signal intensity decays with the reducing acceptance aperture of the DMS. The
bottom trace shows the (H*(H20)n) signal intensity observed under the same
dispersion fields in the presence of 0.02 mg.m3y propanol. At the start of the
dispersion field programme the (H*(H20)n) signal reflects the depletion of the reactant
ion peak to form PBD and PM. Increasing Ep resulted in a signal profile indicative of
the regeneration of (H*(H20)n) in line with the dissociation and fragmentation
processes postulated in Eq. 9, 10 and 11.
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Figure 7 Dispersion plot intensity contour maps showing the combined effect of cell-
temperature and dispersion field (Ep) on compensation field (E.) for n-butanol at 0.01

Key:

mg.m-3).

PBM: proton bound monomer; PBD: proton bound dimer.
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