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Abstract. Proton-transfer-reaction mass spectrometry (PTR-
MS) is a technique that is widely used to detect volatile or-
ganic compounds (VOCs) with proton affinities higher than
water. However, n-alkanes generally have a lower proton
affinity than water and therefore proton transfer (PT) by re-
action with H;O™ is not an effective mechanism for their de-
tection. In this study, we developed a method using a conven-
tional PTR-MS to detect n-alkanes by optimizing ion source
and drift tube conditions to vary the relative amounts of dif-
ferent primary ions (H3OV, O;r ,NO™) in the reaction cham-
ber (drift tube). There are very few studies on O;“ detection
of alkanes and the mixed mode has never been proposed
before. We determined the optimum conditions and the re-
sulting reaction mechanisms, allowing detection of n-alkanes
from n-pentane to n-tridecane. These compounds are mostly
emitted by evaporative/combustion process from fossil fuel
use. The charge transfer (CT) mechanism observed with O;‘
was the main reaction channel for n-heptane and longer n-
alkanes, while for n-pentane and n-hexane the main reaction
channel was hydride abstraction (HA). Maximum sensitivi-
ties were obtained at low E /N ratios (83 Td), low water flow
(2sccm) and high O;r /NO™ ratios (Us, = 180 V). Isotopic
13C contribution was taken into account by subtracting frac-
tions of the preceding '2C ion signal based on the number of
carbon atoms and the natural abundance of 3C (i.e., 5.6 %
for n-pentane and 14.5 % for n-tridecane). After accounting
for isotopic distributions, we found that PT cannot be ob-
served for n-alkanes smaller than n-decane. Instead, proto-
nated water clusters of n-alkanes (M -H3O™) species were
observed with higher abundance using lower O;r and higher

water cluster fractions. M - H3O% species are probably the
source for the M+ H™ species observed from n-decane to
n-tridecane. Normalized sensitivities to O;“ or to the sum of
OEL +NO™ were determined to be a good metric with which
to compare sensitivities for n-alkane detection between ex-
periments. Double hydride abstraction was observed from
the reaction with O; Sensitivity to CT increased with car-
bon chain length from n-pentane to n-dodecane, sensitivity
to HA increased from n-heptane to n-dodecane and sensi-
tivity to PT increased from n-decane to n-tridecane. Sensi-
tivity to CT exponentially decreased with molecular ioniza-
tion energy, which is inversely related to the carbon chain
length. We introduce a calibrated fragmentation algorithm
as a method to determine the concentrations of n-alkanes
and demonstrate its effectiveness using a custom n-alkane
mixture and a much more complex oil example represent-
ing perhaps the most difficult mixture available for applica-
tion of the method. We define optimum conditions for using
the mixed ionization mode to measure n-alkanes in conven-
tional PTR-MS instruments regardless of whether they are
equipped with switchable reagent ion (SRI) capabilities.

1 Introduction

Proton-transfer-reaction mass spectrometry (PTR-MS) has
been extensively used to measure volatile organic com-
pounds (VOCs) (e.g., de Gouw and Warneke, 2007). PTR-
MS is normally optimized for just H3O™ ionization but that
does not allow efficient detection of n-alkanes and some
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other species that are extremely important for air quality, at-
mospheric chemistry and source emission characterization.
This technique offers close to real-time data acquisition and
low detection limits (low pptv) (Karl et al., 2012). Chemi-
cal ionization (CI) from different reagent ions is also now
possible in PTR-MS instruments equipped with switchable
reagent ions (SRI) and with selected-ion flow tube mass spec-
trometers (SIFT-MS). CI is achieved mainly through reac-
tion with an atomic or molecular ion following four possi-
ble reaction processes: charge transfer (CT), proton trans-
fer (PT), hydride abstraction (HA) or adduct formation (EI-
lis and Mayhew, 2014). The reactions of H3;0™" with VOCs
(Reaction R1) are thermodynamically favored when the pro-
ton affinity of its conjugate base, H,O, is lower (691 £
3kJmol~!) than that of the VOCs in question (Hunter and
Lias, 1998). However, the proton affinities for commonly
encountered inorganic compounds in air, such as nitrogen
and oxygen, and also for some haloalkanes and alkanes, are
higher and therefore they are not detectable by PT (Reac-
tion R1).

H30" + CyHang2|n > 10 = CpHonio + HY + H0
Proton transfer (R1)

Alkanes are among the most abundant compounds in ur-
ban air (Amador-Muiioz et al., 2011). Biogenic sources may
also emit n-alkanes and several studies have demonstrated
that VOCs exhaled from the lungs (King et al., 2010) contain
n-alkanes. Petroleum-derived air pollution sources, includ-
ing gasoline and diesel fuels (Gentner et al., 2012, 2013),
motor oils (Worton et al., 2014) or crude oil (Drozd et al.,
2015; Worton et al., 2015), contain significant amounts of
alkanes. These compounds react in the atmosphere to pro-
duce ozone and secondary organic aerosol (Jordan et al.,
2008; Lim and Ziemann, 2005) with implications for cli-
mate and human health. Adapting PTR-MS to measure alka-
nes simultaneously along with other VOCs is therefore of
significant interest. Previous studies have been conducted to
explore measurement of n-alkanes in PTR-MS experiments
(Erickson et al., 2014; Jobson et al., 2005) in conventional
H3;0™" mode. However, proton transfer reaction products are
mostly unobserved for alkanes because the proton affinity of
most alkanes is lower than that of water and in the case of
longer alkanes (C > 10) it is only very slightly higher than
water potentially leading to backward reactions. Instead, as-
sociation is the predominant reaction mechanism observed at
room temperature for n-alkanes (Arnold et al., 1998; gpanél
and Smith, 1998).

n-Alkanes (N. =2-12) can react with NO™ typically
through hydride abstraction (Arnold et al., 1997, 1998; In-
omata et al., 2013; Lias et al., 1976; Searles and Sieck, 1970,
gpanél and Smith, 1998; Wilson et al., 2003) (Reaction R2).
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NO™ + C,Hpu42 = C,Hj, | + (NO + H)

Hydride abstraction (R2)

Reactions with OZF have been observed to proceed by
charge transfer (Reaction R3) (N, =2-12) (Arnold et al.,
1997; Francis et al., 2007; §pané1 and Smith, 1998; Wilson
et al., 2003), hydride abstraction (Reaction R4) (N, =2-4)
(Francis et al., 2007; Wilson et al., 2003) and double hydride
abstraction (DHA) (Reaction R5) (N, = 2-3) (Francis et al.,
2007; Wilson et al., 2003).

05 + CyHapi2 - CH3,, + 02
Charge transfer (R3)

03 +C,Hzu42 = CH3, | + (02 +H)
Hydride abstraction (R4)

05 +C,Hayi2 — C,HJ, + (02 +2H)
Double hydride abstraction (RS)

However, reactions with O, are often dissociative because
the ionization energy (IE) of O, (12.07eV; NIST Chem-
istry Web Book, Linstrom and Mallard, 2005) is higher than
the vast majority of organic molecules, leading to significant
fragmentation (Blake et al., 2006; Wyche et al., 2005). For
this reason, application of 02+ ionization has so far been lim-
ited in the PTR-MS community. It is possible to suppress
fragmentation by keeping the field strength (E /N, where E
is the electric field strength and N the buffer gas density) in
the drift tube sufficiently low. Typical PTR-MS conditions
have O; impurities typically ranging from 1 to 5 % of H;0™
(de Gouw and Warneke, 2007). Recently, the PTR-MS in-
strument has been equipped with an SRI capability, which
allows for switching between more pure H;O", NO™ and
O; ion modes (Jordan et al., 2009; Knighton et al., 2009;
Karl et al., 2012; Inomata et al., 2013; Koss et al., 2016).

In this study we show how a PTR-MS (without SRI capa-
bility) can successfully be optimized to measure n-alkanes
and other major VOCs at the same time by making O; ,
H30%" and NO™ reagent ions simultaneously available. We
also define the reaction mechanisms leading to detection of
n-alkanes using these three reactant ions.

2  Methods
2.1 Proton-transfer-reaction mass spectrometer

PTR-MS is a highly sensitive technique for quantification of
atmospheric VOCs close to real time (10Hz) (Karl et al.,
2002). The operation and fundamental principles of PTR-
MS have been described in detail previously (Hansel et al.,
1995; Lindinger et al., 1998; de Gouw et al., 2003; Holzinger
et al., 2005), and therefore only a brief description is given
here. The three main components of the PTR-MS are the ion
source, drift tube and detector. In conventional PTR-MS, the
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Table 1. n-Alkanes used in experiments: formula, molecular weight (MW), monitored ions indicating hydride abstraction (HA), charge
transfer (CT) and proton transfer (PT), isotopic contribution (]3C / 12C), ionization energies (IE) and proton affinities (PA). Water proton

affinity: 166.5 £ 2 kcal mol~! (Lias et al., 1984).

No. Compound Formula MW, Mechanism and ions monitored 3¢ / 12¢ 1E, PAC

Da HA,m/z CT,m/z PT,m/z % eV Kcal/mol
1 n-pentane CsHy» 72 71 72 73 5.6 10.282 -
2 n-hexane CeHy4 86 85 86 87 6.7 10.132 160.7
3 n-heptane C7H1¢ 100 99 100 101 7.8 9.93% -
4 n-octane CgHig 114 113 114 115 8.9 9.80% 163.4
5 n-nonane CoH»g 128 127 128 129 10.0 9.712 -
6 n-decane CioHpo 142 141 142 143 11.1 9.65% 165.0
7 n-undecane Cj1Hpyg 156 155 156 157 12.2 9.56% -
8 n-dodecane  CjpHpg 170 169 170 171 13.3 9.48b 165.6
9 n-tridecane  Cj3Hpg 184 183 184 185 14.5 9.42b -

@ NIST chemistry web book (http://webbook.nist.gov). b Zhou et al. (2010); theoretical values calculated by density functional theory at

B3P86/6-31++G(d,p) level. ¢ Hunter and East (2002).

ion source is a hollow cathode that produces hydronium ion
(H30™), using a plasma discharge and water (H,0). During
this process, some O;r and NO™ ions are also produced. The
extracted ions from the ion source are accelerated in the drift
tube by an electrical field (E). The air containing VOCs to
be analyzed operates as buffer gas number density (N) and
is also introduced into the drift tube. Reagent ions and VOCs
selectively collide under specific E/N ratios, maintaining a
buffer gas pressure of typically 2—2.3 mbar. The proton trans-
fer and any other reactions occur in the drift tube and their
product ions are filtered by a quadrupole mass spectrometer
and counted by a secondary electron multiplier (SEM).

Different reactions in the drift tube can be favored accord-
ing to the abundance and ratios among the ions generated
in the ion source. The PTR-MS ion source is typically op-
timized so that H3O™ is the most abundant ion. However,
water can be substituted by pure O, or a mixture of O, and
N3 to produce O; or NO™ as the dominant ions, respectively,
as is the case in instruments equipped with SRI (Inomata et
al., 2013; Jordan et al., 2009; Karl et al., 2012). In a conven-
tional PTR-MS the relative abundance of O; and NO™ ions
can be enhanced compared to H3O" by increasing the source
out voltage (Usp).

We optimized ion source and drift tube conditions to
vary the relative amounts of ions produced using a conven-
tional PTR-MS to determine the best conditions for detect-
ing n-alkanes with different carbon chain lengths. Drift tube
temperature and drift tube pressure were kept constant at
60 °C and at 2.00 £ 0.02 mbar, respectively. Mass scans were
recorded from 20 to 220 Da (200 ms dwell time) for 45 cycles
in each experiment. This range included the H3O™ isotopic
primary ion (m/z 21), NOT ion (m/z 30), isotopic O; ion
(m/z 34) and water clusters (mono-hydrated, m /z 37, and bi-
hydrated, m/z 55). O;r count rates were calculated from the
isotopic oxygen signal at m/z 34, times 250; H30" counts
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were calculated from the isotopic contribution at m/z 21,
times 500. Optimization tests included adjusting the amount
of water supplied to the ion source, adjusting the drift tube
voltage and adjusting the source out voltage. Water flow to
the ion source to generate H3O1 was tested at two con-
ditions: low water flow (LWF) at 2sccm and high water
flow (HWF) at 6 sccm. The field strength of the drift tube,
E/N, was tested under five sets of conditions including 83,
91, 101, 109 and 122 Td (1 Td=10"'7 V cm? molecule 1),
which were achieved by setting the drift tube (Ugrif) volt-
age to 343, 375,419, 461 and 505V, respectively. To vary all
primary ions in the hollow cathode discharge ion source, the
source out voltage (Usp) was cycled between 60, 90, 120,
150 and 180 V.

2.2 Experimental setup and methods

All measurements reported here were done using a PTR-
MS with a quadrupole mass spectrometer (Ionicon An-
alytik). Pure standards of nine n-alkanes ranging from
n-pentane to n-tridecane were used: n-pentane (> 99 %),
n-hexane (=99 %), n-decane (>99 %) and rn-undecane
(=99 %) were purchased from Sigma-Aldrich; n-heptane
(99 %) from Spectrum; n-octane (> 99 %) and n-tridecane
(>99 %) from Acros Organics; and n-nonane (99 %) and
n-dodecane (> 99 %) from Alfa Aesar. Water used for pro-
ducing H3O™ ions was obtained from BDH Reagents &
Chemicals. Table 1 shows the molecular formula, molecu-
lar weight, 3C isotopic abundance and IEs for these nine
n-alkanes along with the corresponding ions for each reac-
tion mechanism. These n-alkane standards were introduced
into a custom-built flow tube system (Zhang et al., 2013)
to mix and dilute the n-alkanes with zero air (Fig. 1). The
standards in liquid form were injected with a syringe pump
(Kd Scientific) at 0.2uLmin~! into a zero air stream pro-
duced by a zero air generator (Aadco 737) and introduced
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Figure 1. Schematic of the flow tube (FT) used to mix and dilute the n-alkanes coming from the syringe pump (SP) and wind tunnel (WT)
with zero air produced by a generator (ZAG), followed by analysis using proton-transfer-reaction mass spectrometry (PTR-MS).

into the flow tube throughout a Silcosteel transfer line heated
to 50 & 4°C. A total flow of 2.3 Lmin~! was maintained
through the flow tube for the experiments. Four sets of ex-
periments were conducted: a first set of experiments to deter-
mine reaction mechanisms and optimize conditions for reac-
tion with different ions, a second set of experiments to deter-
mine sensitivities for individual n-alkanes under optimized
conditions, a third set of experiments to test an algorithm to
estimate the n-alkanes concentrations in a standard mixture
and a fourth set of experiments to test the algorithm to mea-
sure n-alkanes evaporated from an oil sample.

2.2.1 Optimization experiments

To determine the reaction mechanisms of n-alkanes in
the PTR-MS and to optimize conditions for their detec-
tion, a constant flow of 40 mL min~! (MKS flow con-
troller) of n-hexane (1340 ppbv), n-decane (445 ppbv), n-
nonane (482 ppbv), n-undecane (406 ppbv) and n-dodecane
(377 ppbv) were introduced into the flow tube. The mecha-
nism of reaction was determined from the observed m/z ra-
tios. Proton transfer was indicated by the addition of 1 amu
to the parent mass (M + H), charge transfer by detection of
the parent mass (M), hydride abstraction by the loss of 1 amu
(M — H) and double hydride extraction by the loss of 2 amu
(M — 2H). Relative humidity (RH) was controlled at <2 %.
RH and room temperature were recorded every 30 s (Humit-
ter 50Y, Vaisala). Sensitivities (cps ppbv~') to charge trans-
fer, hydride abstraction and proton transfer reactions were
determined for all 50 different combinations of E/N ratios,
primary ions abundances and water flow conditions. Sensi-
tivities were corrected by subtracting the isotopic '3C contri-
bution of the preceding '>C ion (Table 1).
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2.2.2 Sensitivity determinations

To determine PTR-MS measurement sensitivities using opti-
mized conditions under typical ambient humidity conditions,
calibration curves were generated by introducing each indi-
vidual n-alkane into the flow tube at three different flow rates
(20, 50 and 80 mL min~!) while the total flow was main-
tained constant at 2.3 L min~!. These experiments were con-
ducted at room temperature with an RH of 30 %. Sensitivities
were corrected by subtracting the isotopic '3C contribution
of the preceding '2C ion (Table 1). Table S1 shows the con-
centration ranges generated for each n-alkane.

2.3 Approach to quantifying n-alkanes mixtures

Fragmentation of n-alkanes due to O; ionization represents
a challenge in the quantification of complex mixtures. We de-
veloped an approach which uses a calibrated fragmentation
algorithm to take into account the contributions of overlap-
ping fragments from larger n-alkanes to the masses where
smaller n-alkanes are measured. The algorithm consists of
two stages.

1. Algorithm calibration uses single pure n-alkanes from
n-pentane to n-tridecane:

a. Calculate the weighted cps to 1 x 10° of O; for an
individual pure n-alkane, with O;' quantified as the
signal of m/z 34 times 250.

Alk
cpsnAlk) x 10°

wceps (O;—) = CpS(O+)
2

D

b. Calculate weighted sensitivities (WS(O;—)) for in-
dividual pure n-alkanes from the slope of the

www.atmos-meas-tech.net/9/5315/2016/
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weighted signal of the parent ion and the introduced
concentrations of the alkane.

wceps (O;)

x 10° )
ppbv

wS (0F) =

c. Calculate the fragment contribution distribution
(FCD) for each fragment relative to the molecular
ion (mol ion) of each individual pure n-alkane.

__ cps(fragment)

FCD = A3)

cps(mol ion)

2. Algorithm application measures unknown mixture of n-
alkanes:

a. Calculate the excess signal of the larger n-alkanes
on the target ion.

Excess signal; = “4)

n
Z[(wcps_mol_ion(o;)j -FCD)],
j

where

— i is the n-alkane target ion;

— j =1i+1, the carbon number of larger n-alkane
in the mixture;

— n is the carbon number of the largest n-alkane
in the mixture;

- wcps_mol_ion(O;r ) is the weighted signal from
O;“ on the molecular ion;

— FCD; is the fragment contribution distribution
of the target ion on the molecular ion of the
larger n-alkane.

b. Subtract the “excess signal” from the weighted sig-
nal from O; on the molecular ion of the target com-
pound.

Pure signal = (®)]

chs_mol_ion(O; ) — excess signal

c. Estimate ppbv by dividing “pure signal” by
“WS(O;)” of the target compound.

The algorithm was applied to estimate individual n-
alkanes contained in a mixture of nine n-alkanes at three con-
centration levels (Table S2).

2.4 Measuring n-alkanes in an oil sample

To test the algorithm on a real sample, we analyzed gas
phase n-alkanes evaporated from an MC252 oil sample.
Oil (100mL) in a dish was placed into the wind tun-
nel (2.9m x 0.305m x 0.305 m) with filtered air flowing at
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2ms~! for 27.5 h. The PTR-MS sampled from the wind tun-
nel downstream of the evaporating oil with a constant flow
of 0.186m>s~!. The evaporated mass concentration of n-
alkanes measured by PTR-MS was integrated over 2, 8 and
12 h evaporation time.

To compare the n-alkanes observed by PTR-MS evap-
orating into the gas phase estimated with the algorithm,
we analyzed the fresh liquid oil MC252 and remaining
liquid oil at 2, 8 and 12h evaporation times, using two-
dimensional gas chromatography with high-resolution time-
of-flight mass spectrometry and vacuum UV ionization
(GC x GC / VUV — HRTOFMS) (Isaacman et al., 2012).
Analysis conditions and MC252 oil characteristics are de-
tailed in the Supplement.

3 Results

3.1 Relative ion abundances used to determine
n-alkane reaction mechanisms

The relative abundance of reactant ions varied as a function
of E/N ratios, Uso voltages and water flows. Under normal
PTR-MS conditions optimized for H30%, there are still O;
and NO™ ions produced as byproducts in the ion source dis-
charge. In our experiments, conditions were adjusted to en-
hance the relative amounts of O;“ and NO™ by decreasing the
water flow from 6 to 2 sccm and increasing the Uso from 60
to 180V (Figs. 2, S1). The optimal flow rate of 2 sccm was
chosen based on the relatively highest O;’ /H307 ratio as
well as the total absolute O;r ion abundance at non-saturating
conditions. Depending on the type of the ion source in other
instruments and the ion source cleanliness, the actual H,O
flow rates may result in different equilibria. 02+ percentage
relative to H3O" in LWF ranged from 34 to 270 % (Uso
from 60 to 180 V) and in HWF from 5 to 68 %. NO™ rela-
tive to O;‘ observed in LWF ranged from 6 and 21 % and in
HWF from 1 to 4 %. O; count rates were on average around
10 times higher than NO™ count rates. With HWF and low
E /N, excessive water clusters were observed, which led to a
decline in primary ions.

3.2 Maximizing sensitivity and determining dominant
reaction mechanisms

The dominant reaction mechanism occurring for different n-
alkanes, and also the overall sensitivities of detection, varied
as a function of the relative abundance of different primary
ions and could be controlled by varying Uso, water flow
and E /N ratio. The absolute sensitivities varied substantially
with Uso for different n-alkanes, while low E /N ensured the
highest sensitivity for all the n-alkanes. Maximum sensitivi-
ties from n-nonane to n-dodecane were obtained at LWF, the
lowest E/N ratios (83 Td) and the maximum Usgo (180 V).
Figure 2 shows the sensitivities (cps ppbv~!) for two exam-
ple n-alkanes: n-hexane and n-decane. Three ions were plot-

Atmos. Meas. Tech., 9, 5315-5329, 2016



5320

C—1m/z25 [ m/z36 /227

0. Amador-Muiioz et al.: Sensitive detection of n-alkanes

myz30 m/z32 == == mz37

@ =

13
16
14
12

)

10

0.8

Count rate (cpsx 108)

0.6

0.4

Q.2

0.0

Gﬂl——ﬂl‘—l‘

a0

12

10

0.8

[£1-3

aqddsda

0.4

a2

[e1+]

s =2 o 3 o o = S 2 5 9 2 2@ @ 2 g = @ o
|88 ® 388 =" Cra = N e
23 83 &8 83 33 /91 91 91 91 51 101 101 101 101 101109 109 109 109 109 122 122 122 122 122
E/N (Td], USD (v}
I m/z14] s mfz142 S Mz 143 m/z13 mfz 30 mfz32 === mfz37
( b} 20 &
12 o
4" 5
16 - §
14 2 Pl Y
g 4
12

10

Count rate [cps x 100)

B 150
180
60

q

12
150

12

o 22299 22
o208 9 28

83 91 91 51 91 51 101 101 101 101 101 109 109 109 109 109 122 122

w
aqddysda

o 2 o o o
S 8 om@
- =
12

212212

=]

E/M (Td), USO [V)

Figure 2. Intensity of signals (counts per second, cps) for H30T (m/z 19), NOT (m/z 30), OEL (m/z 32), HyO - (H30)" (m/z 37) and
sensitivities (cps ppbv_l) at low water flow (2 sccm) for (a) n-hexane and (b) n-decane. Data are shown for tests at five £/N ratios (83, 91,
101, 109 and 122 Td) and five Ugg voltages (60, 90, 120, 150 and 180).

ted for n-hexane and for n-decane, produced from the HA,
CT and PT mechanisms. The highest sensitivity for n-hexane
was obtained by HA (m/z 85) followed by CT (m/z 86). PT
(m/z 87) sensitivities were negligible (< 1 % with respect to
HA). In the case of n-decane, maximum sensitivities were
obtained by CT (m/z 142), followed by HA (m/z 141). Sen-
sitivities by PT were < 8 % with respect to CT. n-Nonane,
n-undecane and n-dodecane (Fig. S1) showed the same sen-
sitivity trend as n-decane (Fig. 2b).

H3;0" and 02+ were the most abundant primary ions in all
experiments. O;’ and NO™ clearly increased with Usg volt-
age, while water clusters decreased. Lower H;O" abundance
was used in the n-hexane experiments compared to the larger
n-alkanes experiments because the water flow rate affected
the absolute count rate of primary ions, and thus the water
flow rate was changed. However, the reaction mechanisms

Atmos. Meas. Tech., 9, 5315-5329, 2016

are clearly demonstrated with hydride abstraction occurring
for n-hexane and charge transfer for n-decane.

Table 2 shows the comparisons in sensitivities for the
different mechanisms. We also compared these sensitivities
under “typical” PTR-MS conditions to analyze VOCs: wa-
ter flow 6sccm, E/N ratio 122Td and Uspo 60 V. Sensi-
tivities for some ions in “typical” conditions were close to
zero. However, under optimized conditions, sensitivities of
n-hexane by HA were 344 times higher than sensitivities
by PT and 1.9 times higher than by CT. In the case of
higher n-alkanes, sensitivities by CT were higher than by PT
but the ratios decreased consistently with the chain length,
with higher PT for larger n-alkanes due to increasing pro-
ton affinities. A constant effect throughout the chain length
was observed for the sensitivities ratios between CT and HA.
Table 2 shows why, under typical PTR-MS conditions, n-
alkanes are not detected by PT and emphasizes the novelty of
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Table 2. Sensitivity ratios for different mechanisms: MT] charge transfer, [M — HIT hydride abstraction and [M+H]T proton transfer.

Dominant mechanism is shown in parenthesis.

n-Alkane Optimized conditions

2sccm, 83 Td, 180V

Usual conditions
6sccm, 122 Td, 60 V

Optimized conditions Usual conditions
2sccm, 83 Td, 180V 6sccm, 122 Td, 60 V

(HA) [M—H]"/[M+H]*"

M —H]T/M*

n-Hexane 344.0 ‘

[M+H]T =nd.

1.9 | Mt =nd.

(CT) Mt/ [M+H]T

M*t/[M—H]t

n-Nonane 50.5
n-Decane 17.6
n-Undecane 8.0
n-Dodecane 3.5

[M+H]T =nd.
[M+H]T =n.d.

|
|
|
MT, [M+H]T =n.d. 24
[M+H]T =n.d.

MT, [M—H]T =n.d.
1.6 1.1
1.6 0.5
1.6 1.0

n.d. — not detected.

the mixed mode. Under optimized conditions, our method-
ology can be used to detect n-alkanes not only from fossil
sources but also from other sources, where their concentra-
tions are extremely low and high sensitivity is needed. Max-
imum sensitivities were observed by CT and HA when water
flow was significantly reduced (2sccm in this study); thus
further discussion will deal only with this low flow condition
and will focus on OZ’ and NO™ ionizations.

3.2.1 O;‘ and NO™ ionizations

Molecules with IEs lower than the recombination energy of
NO™ (9.26 V) may undergo charge transfer (Ellis and May-
hew, 2014; Lias, 2000), for example, aromatics and alkenes
(Karl et al., 2012; Liu et al., 2013). n-Alkanes in this study
have IEs (Table 1) higher than NO™, so no charge transfer
was expected. Therefore, charge transfer theoretically should
be exclusively due to O;‘. Figure 3a illustrates strong positive
associations between O;r and the signal of n-decane in CT
(m/z 142, r> 0.97). Similar behavior was observed for n-
nonane, n-undecane and n-dodecane (Fig. S2). Reactions be-
tween O;’ and n-alkanes have been suggested to result from
the CT mechanism (Arnold et al., 1997; Francis et al., 2007;
§panél and Smith, 1998; Wilson et al., 2003) at or close to the
collisional rate (Lias et al., 1976; Searles and Sieck, 1970),
except for methane (Barlow et al., 1986).

The relative abundance of the molecular ion reaction prod-
uct increased with O;r and decreased with E /N due to higher
fragmentation (Fig. S3). Fragments m /z 57 [C4Ho]", m/z 71
[CsH11F, m/z 85 [Ce¢Hi3]T, m/z99 [C7H 5] andm/z 113
[CgH17]" were the most abundant at lower E/N ratios, but
m/z 43 [C3Hy]™ and in particular m/z 29 [CoHs]" were the
most abundant at higher E/N ratios. This was observed for
all n-alkanes. CT in O; is dissociative and produces mul-
tiple product ions (Span&l and Smith, 1998). The identifica-
tion of n-alkanes or other compounds in highly complex mix-
tures using the actual conditions is difficult and therefore has
not yet been widely utilized. However, we comprehensively
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approach these challenges and show that varying E/N ratio
results in different proportions of these common fragments.
The interferences and sensitivities are always a general issue
for all ionization modes and in particular for quadrupole de-
tectors and even more when fragmentation is high. While this
can be an issue at trace levels of n-alkanes in biogenically
influenced air (where isoprene oxidation products can result
in the same nominal masses), this should not be a problem
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for characterizing crude oil evaporation or alkane presence
in pollution plumes dominated by n-alkanes. Potential inter-
ferences could be from alkenes but they are not present in
the crude oil and their presence and abundance can also be
inferred from different mechanisms.

O;‘ has been reported to produce significant yields of HA
species for ethane (55 %) and propane (40 %) (Francis et al.,
2007), although Arnold et al. (1997) reported 2 % [CgH7+ ]
for n-octane. Unlike in the case of O;L ,NO* has been shown
to react by HA for > Cs n-alkanes (Arnold et al., 1997, 1998;
Spanél and Smith, 1998). This is illustrated in Fig. 3b where
high correlations were obtained between products of HA and
NO™* (r2 =0.94-0.99, E/N <109 Td). Because in our study
NO* was mixed with 02+ (1:10) we cannot distinguish the
dominant ion for HA using PTR-MS.

Enthalpy is one reason to explain the low sensitivities of
[M — H] ™ species for smaller n-alkanes with NO*. Forma-
tion of [M — H]" by reaction between NO™' and n-alkanes
(=< Cs) has been reported to be endothermic (Hunt and Har-
vey, 1975; Arnold et al., 1998). In addition, the reaction rate
constants decrease with carbon chain length for the n-alkanes
(Arnold et al., 1998; Hunt and Harvey, 1975; Lias et al,,
1976; Searles and Sieck, 1970; Spanél and Smith, 1998, Wil-
son et al., 2003). Arnold et al. (1998) observed 20 % yields
for [M — H]* species in the reaction of n-hexane with H;0™,
while < 5 % was observed in the reactions with n-heptane to
n-decane. Similarly, Wilson et al. (2003) reported yields of
30% of [M —H]" species on n-butane with H30". How-
ever, the rate constant reported by Arnold et al. (1998) was
0.006 x 107% cm?s~!, while Wilson et al. (2003) did not re-
port the rate constant. Spanél and Smith (1998) and Francis
et al. (2007) did not report [M — H]™ species from reaction
between n-alkanes and H3O™. In our study we did not find
any correlation between H3OV signal with hydride abstrac-
tion species for any of the n-alkanes studied.

3.2.2 H307 effects

In our study, [M+H]" species were not observed for n-
alkanes smaller than n-decane. For larger n-alkanes, a small
signal intensity for [M + H]1 was observed, which increased
with increasing carbon chain length (Figs. 2, S1). The for-
mation of [M + H]™ species for short-chain n-alkanes is dif-
ficult because the reaction does not proceed at the collisional
rate, but the proton transfer reaction of H30™" with n-alkanes
larger than n-hexane is expected to be exothermic (Arnold et
al., 1998).

The [M + H]™ did not correlate with H;0™, indicating it is
not the proton donor, suggesting no significant direct proton
transfer occurs between H30" and n-alkanes in this system.
The same results were reported by Arnold et al. (1998), who
observed no direct proton transfer product ions in the form
CnH;n 43 (Ne =2-12) in their SIFT experiments. Spanél and
Smith (1998) also did not observe protonated parent alka-
nes (N, = 4-12), apparently due to their instability in SIFT
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experiments. No direct proton transfer reaction is expected
for formation of [M 4 H]™ from n-alkanes by PT from water
clusters (Jobson et al., 2005), because the proton affinities for
these compounds are lower than the water cluster.

Instead of direct proton transfer to n-alkanes, [M - H30]"
species have been observed to be produced through an as-
sociation mechanism between n-alkanes and H;O" primary
ion (Jobson et al., 2005; §panél and Smith, 1998) (Reac-
tion R6). §panél and Smith (1998) observed in SIFT ex-
periments that reaction of H3OT with n-alkanes occurs
near the collisional limit to form only association prod-
uct ions as [M-H3O]". These species occur when the
proton affinity is less than the proton affinity of water
and proton transfer is endothermic (Smith and Spangl,
2005). We observed [M-H30]*" species formed from n-
alkanes as illustrated by the adduct of n-decane at m/z 161
(Fig. S3). Positive correlations between hydronium and n-
decane adduct [n—CgHay- H30]" (m/z 161) with H30™
(Fig. 4a) were observed. Similar correlations were found
with H,O - (H30)* (Reaction R7). Higher H3O% is pro-
duced at lower O; and, therefore, more [M - H30]" was ob-
served under these conditions. Similarly, a higher abundance
of water clusters is produced at lower E /N ratio, and more
[M - H30]" was observed at lower O3 . Once the [M - H30]"
is formed, a collisional dissociation can take place produc-
ing [M + H] " (Reaction R8, Fig. 4b). An inverse relationship
between [C1oHoy- H30]™ and [M + H]™ (m/z 143) was ob-
served. At higher O, more de-clustering occurs, decreasing
[M-H30]" and increasing [M + H] ™.

Therefore, we propose that [M+ H]" comes from the
adduct formation from [M-H30]t found for these com-
pounds (Reactions R6 and R7) and a subsequent collisional
dissociation (Reaction R8).

H30+ +n—CioHpy — [n — CioHps - H30]+
Adduct formation (R6)

H0 - (H30)* +n — CoHp, — [n — CioHpz - H301T +H,0
Ligand switching reaction R7)

[n — C1oHaz - H301T +M — [n — CjoHpz - HIT + H,0+M

Collisional dissociation (R8)

[n — CioHaz - H30]" + Hy0 — H,0 - (H30) T +n — CoHx
Ligand switching (R9)

Spanél and Smith (1998) observed ligand switching be-
tween [M-H30]" and the H>O in SIFT experiments when
a trace of water vapor was present in the carrier gas (Re-
action R9). This can catalyze the production of the hy-
drated hydronium ion via Reactions R6 and R9. Switching
reactions usually occur at the collisional rate, including re-
actions with alkanes (gpanél and Smith, 1998). Maximum
[M-H30]"/ M™ percentages were observed in higher E/N
ratios and lower Usg. The stability of these species is prob-
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transfer product (m/z 143, M+HT). Marker size illustrates the
Uso: smallest is 60 V and largest is180 V. No correlations were ob-
served at 109 and 122 Td.

ably due to an ion-induced dipole interaction strengthened
by the higher polarizability of larger alkanes (Anslyn and
Dougherty, 2006), increasing the bond strength of the cluster
(Arnold et al., 1998). The rates of such association reactions
apparently increase as the proton affinity approaches that of
water (Span&l and Smith, 1998).

3.3 Sensitivities and linearity of response

The optimal PTR-MS conditions were applied to determine
the response linearity of the n-alkanes. Experiments were
carried out at 83 Td, Uso =180V and H30" =1 sccm. We
extended the number of n-alkanes from n-pentane to n-
tridecane. Table S1 indicates the range of concentrations
tested.

Since the sensitivity (cpsppbv—!) of target compounds
is a function of the primary ion abundance, and the abso-
lute values of water flow in different PTR-MS instruments
may result in different levels of O;r , normalized sensitivity
(ncps ppbv~1) is recommended to account for their variabil-
ity (Jobson et al., 2005; Warneke et al., 2001). H30™ is nor-
mally used when proton transfer is the dominant mechanism.
However, in our study, we calculated four types of sensitiv-
ities: absolute, normalized to O;, normalized to NO1 and
normalized to the sum of O}' +NO, for all n-alkanes. To
determine which approach is the best metric for sensitivity
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comparisons, we compared the sensitivities for n-nonane, n-
decane, n-undecane and n-dodecane obtained in the first and
the second set of experiments. These n-alkanes followed ex-
actly the same mechanisms among them, as described earlier.
Figure S4 shows stabilities of sensitivities. Normalized sen-
sitivities to O; resulted in the minimum variability in sensi-
tivities by HA reactions, while the normalization to the sum
of [02+ +NO™] resulted in the minimum variability in sensi-
tivities by CT reactions. Results suggest that normalization
to both ions makes sense for CT and that normalization to
O;‘ makes the most sense for HA.

Figure 5 shows the normalized and weighted to O;r sen-
sitivities for all nine n-alkanes determined in the optimized
conditions. To be consistent with terms used by the PTR-MS
community, we use ‘“ncps” for the PT mechanism normal-
ized to 1 million cps of H30™ (Fig. 5a). The CT (Fig. 5b)
and DHA (Fig. 5d) mechanisms in the case of n-alkanes are
due to O;' so we present “weighted” sensitivities weps/ppbv
(to distinguish from PTR terms) where signals are normal-
ized to 1 million cps of O;“. In the case of HA mechanisms
(Fig. 5¢), which can undergo O;’ ionization, NO™ ioniza-
tion or both, we present “weighted” sensitivities wcps/ppbv
which are normalized to 1 million cps of the sum of NO*
and O;‘. As we observed previously in the first set of exper-
iments, CT was the dominant mechanism for n-heptane and
larger n-alkanes, while HA was dominant for n-hexane and
n-pentane. The limits of detection (LODs) are dependent on
the sensitivity and standard deviation of the VOC-free back-
ground (dependent on the amount of averaging and other fac-
tors). LODs depend on the averaging times, ionization mech-
anism and instrument-dependent background. LODs for n-
alkanes studied here are calculated to be between 10 ppt for
n-dodecane and 460 ppt for n-hexane, with averaging times
of 0.2s. These LODs are at the lower end of what is useful
in the ambient atmosphere under relatively unpolluted con-
ditions, but they seem promising for studies in polluted en-
vironments or in regions where oil evaporation is occurring.
Furthermore, longer averaging times can be used to reduce
the detection limit further.

3.3.1 Dependence of CT sensitivity on ionization energy

The sensitivities to reaction by charge transfer for the n-
alkanes was observed to be proportional to the chain length
from n-pentane to n-dodecane (Fig. 5b). This is due to the
higher polarizability and stability of larger n-alkanes (Cao
and Yuan, 2002), as shown by the exponentially negative
association between their normalized sensitivities and IEs
(Fig. 6) (wSens=5E+43x7423 y2=0.98, n =9). The
sensitivities to reaction by HA also increased with the chain
length from n-heptane, but sensitivities to n-pentane and n-
hexane were higher than n-heptane (Fig. 5c¢). PT reactions
increased sensitivities from n-decane in our study (Fig. 5a).
However, negligible or no PT products were found in this
study for n-alkanes smaller than n-decane. Meanwhile a de-
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Table 3. Fragment contribution distribution (FCD, %) from larger n-alkanes to smaller n-alkanes.

Smaller
n-alkane | n-Pentane n-Hexane n-Heptane n-Octane n-Nonane n-Decane n-Undecane n-Dodecane
Larger
n-alkane m/z 72 86 100 114 128 142 156 170
n-Hexane 86 96.7
n-Heptane 100 153.9 8.6
n-Octane 114 59.0 138.1 0.7
n-Nonane 128 31.0 61.2 12.9 0.0
n-Decane 142 28.7 34.4 8.6 8.8 0.2
n-Undecane 156 21.0 18.5 5.2 6.3 5.6 0.5
n-Dodecane 170 15.1 11.5 2.8 4.5 5.0 53 0.6
n-Tridecane 184 11.5 8.4 1.9 3.0 4.3 5.9 6.6 1.0

crease in sensitivity to reaction by CT and HA was observed
for n-tridecane, an increase in the PT sensitivity was ob-
served when the carbon number increased. This trend was
previously shown by SIFT studies for larger n-alkanes by
the PT mechanism, where the reactions with H3;01 become
more exothermic (Arnold et al., 1998).

3.3.2 Double hydride abstraction

Figures 5d and 7 demonstrate the observation of DHA prod-
ucts from n-alkanes. DHA/CT products shown in Fig. 7 pro-
vide a better visualization of the abundance for n-pentane
and n-hexane. Little information has been reported on DHA
mechanisms. Francis et al. (2007) reported DHA yields from
ethane (15 %) and propane (5 %) in the presence of 07, while
dissociation was reported for higher n-alkanes (N, = 4-9).
Arnold et al. (1997) reported DHA in the reaction of n-octane
(1 %) and isooctane (7 %) with O;r . Positive correlations of
DHA for n-hexane and n-decane vs. OEL (Fig. S5) were ob-
tained, suggesting DHA is driven by O;‘ .

3.4 Example application of the calibrated fragment
algorithm for quantifying n-alkanes mixtures

Fragmentation of n-alkanes under O; mode (Fig. S3) creates
a challenge for quantifying individual n-alkanes in mixtures.
We applied the algorithm introduced in Sect. 2.3 to calcu-
late n-decane (m/z 142) concentration (taken as an example)
measured in a test mixture including nine n-alkanes. Details
of the calculation are shown in the Supplement.

Table 3 presents the fragment contributions from larger
n-alkanes to smaller n-alkanes. Less than 15 % contribu-
tion to the signal was observed from fragments of n-alkanes
larger than n-hexane. Fragment contributions on m/z 72 (n-
pentane) and m/z 86 (n-hexane) were observed to increase
with larger n-alkane length. However, the algorithm success-
fully subtracted fragments of larger alkanes from the lower
alkane signals, demonstrating that this method works rea-
sonably well and is easy to apply. Table 4 shows the stan-

Atmos. Meas. Tech., 9, 5315-5329, 2016

dard n-alkane concentration in the mixture compared to the
measured n-alkane concentration determined using the algo-
rithm, and the bias. This experiment was done at three dif-
ferent concentration levels. The largest bias (around 30 %)
was observed for n-octane and n-tridecane. The bias for the
rest of n-alkanes was lower than 20 %. n-Pentane experi-
ments showed injection problems due to fast evaporation of
n-pentane in the syringe pump during injection into the flow
tube, so it was only possible to determine the concentration
at one concentration level.

3.5 Measuring n-alkanes in the gas phase of
evaporated oil

The algorithm was also evaluated by quantifying n-alkanes
in a real world very complex example. A sample of MC252
oil (see the Supplement for more details) was evaporated in
a wind tunnel. The gas phase evaporation was monitored by
the PTR-MS operating in optimized mixed ionization mode
conditions and the remaining liquid oil was monitored by
GC x GC. Figure 8 shows a summary of the evaporated n-
alkanes integrated over the sampling period, the initial con-
centrations of n-alkanes in the liquid phase oil (analyzed us-
ing GC x GC) and the sum of evaporated alkanes plus alka-
nes remaining in the oil after 2, 8 and 12 h. Using GC x GC
analysis we determined the initial and final n-alkane amounts
in the oil and found it agreed well with the evaporated
amount measured with the PTR-MS analysis, within —2 %
for n-decane, —10 % for n-undecane, +4 % for n-dodecane
and 42 % for n-tridecane. The agreement of evaporated plus
remaining n-alkanes compared to the initial oil concentra-
tions demonstrates quantitative agreement between the PTR-
MS and GC x GC techniques and that n-alkane evapora-
tion is a function of vapor pressure and number of C in the
molecule. The two-dimensional chromatogram of fresh oil
MC252 is shown in Fig. S6.

Our methodology is an option to detect/quantify n-alkanes
in complex mixtures. However, our methodology should be
further tested in different complex mixtures to demonstrate
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Figure 7. Contribution of double hydride abstraction (DHA)
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[w(O;' ) cps ppbv_l] normalized to O;’ .

its performance, as this is the most challenging application
for detection of n-alkanes.

4 Conclusions

We explored and optimized mixed ionization mode condi-
tions in the PTR-MS to enhance the detection of n-alkanes.
Ionization using a combination of O;r and NO™, along with
H30™, allowed access to multiple ionization mechanisms
with different sensitivities and specificities for n-alkanes.
Low water flow (2sccm), low E/N ratio (83 Td) and high
O; (Uso = 180 V) provided the best overall conditions for
analysis of n-alkanes. The charge transfer mechanism pro-
duced the maximum sensitivities for n-alkanes higher than
n-hexane, followed by the hydride abstraction mechanism.
Hydride abstraction was the most sensitive mechanism for n-
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Figure 8. n-Alkane mass in fresh oil as measured by GC x GC and n-alkanes at different evaporation times (2, 8 and 12 h) as measured by
PTR-MS (gas phase) and remaining in the oil as measured using GC x GC (liquid phase). The sum of evaporated and remaining n-decane,
n-undecane, n-dodecane and n-tridecane is in good agreement with the amount in the fresh oil. Alkanes more volatile than n-decane were

not observed quantitatively by the GC x GC analysis.

Table 4. Potential bias of n-alkanes concentrations estimated with the algorithm vs. experimental concentrations indicated in Table S2. Bias

(%) at three concentration levels. n-alkanes in the mixture.

n-Alkane Experimental ~ Algorithm  Bias Experimental = Algorithm Bias  Experimental  Algorithm Bias

ppbv ppbv % ppbv ppbv % ppbv ppbv %
n-Pentane 106.3 112.5 59 247.8 n.e. n.e. 394.7 n.e. n.e.
n-Hexane 89.0 815 -84 218.7 1753 —19.8 277.6 262.7 —5.4
n-Heptane 79.3 927 169 194.9 205.3 53 247.4 273.7 10.6
n-Octane 71.5 96.7 352 175.7 2222 26.4 223.1 292.0 30.9
n-Nonane 65.0 71.1 9.3 159.8 181.8 13.7 202.9 211.3 4.1
n-Decane 60.0 570 5.0 147.5 140.1 -5.0 187.2 166.8 —10.9
n-Undecane 55.0 519 =55 135.2 129.9 -3.9 171.6 162.0 —5.6
n-Dodecane 51.1 51.1 0.1 125.6 116.0 —7.6 159.4 152.8 —4.1
n-Tridecane 47.6 63.0 325 116.9 151.9 29.9 148.4 198.6 33.8

n.e. — not estimated due to experimental problems.

hexane and n-pentane, followed by charge transfer and dou-
ble hydride extraction. Sensitivities to charge transfer and
hydride abstraction increased with carbon chain length from
n-pentane to n-dodecane for CT and from n-heptane to n-
dodecane for HA. Proton transfer was not observed for n-
alkanes with carbon chain lengths from five to nine. From
n-decane, the sensitivity to proton transfer increased with
carbon chain length. Ionization by O;‘ was sensitive through
both charge transfer and double hydride abstraction, while
with NO* only hydride abstraction was observed. No di-
rect proton transfer was observed for n-alkanes but relatively
small water cluster [M - H30]* formation was observed with
a tendency to dissociate to [M + H]T species. We observed

Atmos. Meas. Tech., 9, 5315-5329, 2016

an exponentially negative association between the normal-
ized sensitivities under charge transfer and molecular ioniza-
tion energies due to polarizability and stability of the larger
n-alkanes. The identification of a double hydride abstraction
mechanism by O;’ ionization is a new insight providing a
novel selective and sensitive detection approach for measur-
ing n-pentane and n-hexane with PTR-MS. We developed
an algorithm to quantify the signal attributable to individual
n-alkanes in complex mixtures by subtracting the fragments
due to larger alkanes. This method works reasonably well
for mixtures of n-alkanes and is easy to apply. The condi-
tions determined in this study allow for the use of PTR-MS
to sensitively measure n-alkanes in mixed ionization mode.

www.atmos-meas-tech.net/9/5315/2016/
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This approach could also be extended to other alkane com-
pounds like branched and cycloalkanes that constitute impor-
tant mass fractions of petroleum-derived products which are
not measured with traditional PTR-MS. Our comprehensive
study of the ionization schemes allows us to determine the
major components of a sample and may often allow much
more detailed characterization than has previously been pos-
sible.

5 Data availability

Data for this study have been included in tables and figures
of the main paper and Supplement. Specific data requests can
be directed to oam @atmosfera.unam.mx.

The Supplement related to this article is available online
at doi:10.5194/amt-9-5315-2016-supplement.
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