Version of Record: https://www.sciencedirect.com/science/article/pii/S1387380616302494
Manuscript_783ec196fb5046dd4baf1284525688bb

Calculation of the sensitivity of proton-transfer-reaction mass

spectrometry (PTR-MS) for organic trace gases

Kanako Sekimoto!?*, Shao-Meng Li%, Bin Yuan'4, Abigail Koss*5, Matthew Coggon**,

Carsten Warneke'*, Joost de Gouw**®

! Chemical Sciences Division, NOAA Earth System Research Laboratory, Boulder, CO, USA

2 Graduate School of Nanobioscience, Yokohama City University, Yokohama, Japan

3 Air Quality Process Research Division, Science and Technology Branch, Environment and
Climate Change Canada, Toronto, Canada

*Cooperative Institute for Research in Environmental Sciences, University of Colorado Boulder,
Boulder, CO, USA

® Department of Chemistry and Biochemistry, University of Colorado, Boulder, CO, USA

*Corresponding author

Chemical Sciences Division, NOAA Earth System Research Laboratory
325 Broadway, R/CSD7, Boulder, CO 80305 USA

Tel: +1-303-497-6055

E-mail: kanako.sekimoto@noaa.gov

1

© 2017 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1387380616302494

K. Sekimoto et al., 2017

Graphical abstract for “Calculation of the sensitivity of proton-transfer-

reaction mass spectrometry

(PTR-MS) for organic trace gases using molecular properties”

Identification of VOCs Polarizability  Dipole moment Sensitivity [c by

by PTR-MS v in PTR-MS
i1 : E A —_ w'
- Functionality MJ . ] by 4 E
s - 'E 2 .
] \ H i
\ £

Estimated | capture reaction rate constant( k | | Calculated

X v k
au_h 2

H ‘ -
- Molecular mass < v
- Elemental composition o o

H,0* + VOC = voCH + 1,0 Concentratian [ppby]

Research highlights for “Calculation of the sensitivity of proton-
transfer-reaction mass spectrometry (PTR-MS) for organic trace gases

using molecular properties”

Correlation between rate constant and sensitivity in PTR-MS was investigated. (79)

Measured sensitivities were linearly correlated with kinetic rate constants. (78)

Kinetic rate constants were accurately estimated from molecular properties. (77)

Sensitivities calculated from estimated rate constants had an accuracy with 20-50%. (85)



Abstract

Proton-transfer-reaction mass spectrometry (PTR-MS) allows the detection of a large number of trace gases in air through proton-transfer
reaction with H3O" reagent ions and detection by a mass spectrometer. Measurement sensitivities can be experimentally determined using calibration
gases or calculated using the rate constant for the proton-transfer reaction, but rate constants have only been measured for a subset of compounds.
The average-dipole-orientation (ADO) theory describes how collision rate constants between an ion and neutral molecules are accurately obtained
using the polarizability and dipole moment of the molecule. Here we show that polarizability, dipole moment, and resulting ADO rate constants for
proton-transfer reactions of H;O" with various different volatile organic compounds (VOCs) can be obtained using the molecular mass, elemental
composition, and functionality of VOCs. The polarizabilities of a class of VOCs possessing specific number of electronegative atoms were linearly
correlated with their molecular mass. The dipole moments in a series of VOCs, in which VOCs contain a specific functional group and arbitrary
residual hydrocarbon parts, were approximated as a constant value. The ADO rate constants calculated using polarizability and dipole moment, as
estimated from molecular mass, elemental composition, and functional group, agreed within 10 % with measured values for most VOCs. Those
ADO rate constants were applied to the calculation of the sensitivities of VOCs detected by our PTR-MS, taking into account the ion transmission
efficiency and the degree of fragmentation of protonated VOCs observed in that instrument. The resulting calculated sensitivities agreed within 15 %
with the measured ones. This result shows that the neutral concentration of a VOC detected as protonated molecule in PTR-MS can be determined
using only molecular mass, elemental composition, and functionality of the VOC. The present study is useful for all PTR-MS instruments regardless

of the type of mass analyzer; however, the identification of elemental composition by high mass resolution instrumentation is important.

Keyword: Proton-transfer-reaction mass spectrometry (PTR-MS), Volatile organic compound (VOC), Average-dipole-orientation (ADO) theory,

Reaction rate constant, Hydronium ion HzO*

Introduction



Volatile organic compounds (VOCs) in the atmosphere are emitted from different biogenic and anthropogenic sources. The production, storage,
and use of fossil fuel products, as well as intensive agriculture and biomass burning, all perturb the natural atmospheric composition. Deposition
processes and various chemical reactions remove and change the VOC composition in the atmosphere on time scales from minutes to months.
Traditional analytical methodologies (e.g., gas chromatographic methods) have been developed for VOC measurements: however, they require
sample preparation and accumulation over some periods of time. Proton-transfer-reaction mass spectrometry (PTR-MS) allows real-time, on-line
measurements of atmospheric VOCs with a high sensitivity and fast response time, and has overcome some of the disadvantages of traditional
methodologies with low time resolution [1-3]. Furthermore, recently available PTR-MS instruments that use time-of-flight (ToF) mass analyzers
with high mass resolution facilitate the separation of nominally isobaric species [4,5], which increases the number of measureable
atmospheric VOCs (> 100 species) and reduces possible chemical interferences [6]. PTR-ToF-MS has quickly become a well-established analytical
technique for in-situ VOC measurements utilized in a wide variety of fields such as atmospheric chemistry [6,7], medical and biotechnological
applications [8], and food and flavor sciences [9,10].

The PTR-MS technique is based on chemical ionization through proton-transfer reactions of VOCs with hydronium ions HsO*, which takes
place in the sample gas flowing through a low-pressure drift tube [2]. VOCs in the sample gas with higher proton affinities than H,O (691.0 kJ mol™

[11]) can be ionized via proton transfer with H30O", as follows:

H3;O* + VOC = VOC-H* + H,0 1)

This reaction includes many atmospherically important VOCs, such as (un)saturated and aromatic hydrocarbons (except for alkanes smaller than C5)
and VOCs containing oxygen, nitrogen and sulfur [11]. The resulting protonated VOCs (VOC-H") are detected by a mass analyzer. The
concentration of a neutral VOC is typically determined by calibrating an instrument with a standard of known concentration and recording the
response of the protonated VOC (VOC-H"). The most accurate results are obtained when the PTR-MS instrument is calibrated for each single VOC.
However, this process is labor-intensive and it is not always feasible to develop accurate standards for every VOC detected by PTR-MS. This is
especially true for high-resolution PTR-ToF-MS instruments since these instruments allow for the detection of a much larger number of VOC
species. The atmosphere contains hundreds of thousands of compounds; some of these have yet to be identified [12]. This emphasizes that not every
compound can be calibrated for, especially since no commercial standards are available for a large number of compounds.

The sensitivity of a given VOC of a PTR-MS can also be calculated using the measured ion counts of VOC-H" and H3O", the rate constant for

the proton-transfer reaction (1), and the drift tube conditions (its length, pressure, temperature, etc.) [2]. Reaction (1) is exothermic and fast for those
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compounds that have proton affinities higher than that of H,O; under such conditions, the reaction proceeds at a rate close to the collision rate of a
few times 10° cm® molecule™ s. It has been known that such collision rate constants can be accurately calculated by the average-dipole-orientation
(ADO) theory involving analytical and numerical methods [13,14]. Several groups have reported lists of proton-transfer reaction rate constants
between HzO" and atmospheric VOCs using the ADO theory [15,16]. Such theoretical approaches have frequently required quantum chemical
calculations to determine the fundamental factors in the ADO theory, i.e., polarizabilities and dipole moments of individual VOCs, because of the
limited experimental results. Such computational work is time-consuming in itself, but can partially overcome the practical difficulty of developing
calibration procedures for certain VOCs of interest or for more exotic VOCs such as reaction intermediates that cannot be obtained commercially in
pure form.

In the present paper, we first discuss how the sensitivities in PTR-MS are correlated with reaction rate constants, by using the experimentally
determined sensitivities of selected VOC:s as the basis for the discussion. Secondly, we show that the polarizability and permanent dipole moment of
various VOCs can be accurately estimated using their molecular mass, elemental composition, and functionality. Molecular mass and elemental
composition of a VOC are directly determined by PTR-MS (in some cases, high mass resolution analyzers are required) and functionality can often
be inferred from the degree of unsaturation and external conditions such as the type of analyte, other ions in the mass spectra, concurrent gas
chromatography measurements, etc. Using the resulting polarizability and dipole moment in the ADO theory, we show that one can accurately
calculate proton-transfer reaction rate constants for atmospherically important VOCs, without the aforementioned extensive computational
investigations. Finally, we will show how well sensitivities of the VOCs in a PTR-MS can be calculated using measured or ADO rate constants, by
comparing with those that were experimentally determined, according to the scenarios described below and Scheme 1.

1. Calculate sensitivity from measured rate constant and its accuracy, or

2. Calculate sensitivity from ADO rate constant determined by measured polarizability and dipole moment and its accuracy, or

3. Calculate sensitivity from ADO rate constant determined by polarizability and dipole moment estimated using molecular mass, elemental

composition, and functionality and its accuracy

(Scheme 1)

2. Data collection

2.1. Sensitivity of VOCs in PTR-MS



The sensitivities of various VOCs were determined by the following 3 different instruments: (1) a chemical ionization time-of-flight mass
spectrometer (H;O*-ToF-CIMS, Aerodyne Research Inc. MA, USA; Tofwerk AG, Thun, Switzerland), (2) a modified version of this same
instrument (modified HsO"-ToF-CIMS), and (3) a PTR-MS with a quadrupole mass analyzer (PTR-QMS). The instruments have been described in
detail elsewhere [7,17,18]. Those 3 instruments all consist of (i) a hollow cathode reagent ion source to form HsO" reagent ions, (ii) a drift tube
reaction region where proton-transfer reactions between HzO" and neutral molecules take place, and (iii) a mass analyzer. The H;O*-ToF-CIMS
instrument has two RF-only segmented quadrupole ion guides between the drift tube and mass analyzer, whereas the modified instrument has one
ion guide. The drift tube conditions for the 3 instruments (length, pressure, temperature, voltage, and resulting E/N ratio) are summarized in Table 1a.
In this study, measured sensitivities of the 11 VOCs listed in Table 2 will be used. The calibration of those VOCs for the 3 instruments were

performed utilizing standard mixtures in gas cylinders, in which measurement accuracies are within 20 %.

(Table 1) and (Table 2)

2.2. Product ion distribution of protonated VOCs

In order to obtain the product ion distributions of protonated molecules for the VOCs listed in Table 2, a gas chromatograph (GC) instrument
was used as an interface to the (modified) HsO*-ToF-CIMS and PTR-QMS. The GC collected the VOCs in a liquid nitrogen cryotrap or PFA
(perfluoro alkoxy) Teflon tube maintained at low temperature, and then VOCs were separated by capillary columns. The column eluent was directed
to the inlet of the ToF-CIMS or PTR-QMS. The setups of GC-ToF-CIMS and GC-QMS have been described in detail by Koss et al. [19] and
Warneke et al. [17], respectively.

2.3. Polarizability, permanent dipole moment, and reaction rate constant

The values of polarizability volume for 288 compounds without/with several electronegative atoms, such as oxygen O, nitrogen N and sulfur S,
were taken from the CRC Handbook [20]. Polarizabilities are mostly determined by measurements of a dielectric constants or refractive indices of
compounds, and from quantum chemical calculation using the density function theory-B3LYP [15]. For permanent dipole moments, the values for
349 polar compounds experimentally determined by microwave spectroscopy, molecular beam electric resonance, and high-resolution spectroscopic,

as well as from measurements of the dielectric constant were also taken from the CRC Handbook [20]. Thermal rate constants for sufficiently
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exothermic proton-transfer reactions between HsO* and 110 compounds, whose proton affinities are more than 20 kJ mol™ higher than H,0, at 300 K
were taken from literature on flowing afterglow and/or selected ion flow tube mass spectrometry studies [16,21-33], part of which also used the
parameterized trajectory calculations [14], and PTR-MS studies [1,34]. The VOCs included in this study are classified by functional group, residual
hydrocarbon part, and elemental composition. We use the acronym HCP, to denote different compound classes according to elemental composition,
where P and m represent the species and number of electronegative atoms included in the compounds, respectively, and HC stands for the
hydrocarbon part. The detailed information for the compounds whose dipole moments, polarizabilities, and rate constants are included are

summarized in Tables 3 — 5, respectively.

(Table 3), (Table 4), and (Table 5)



3. Results and discussion

3.1. Correlation between reaction rate constant and measured sensitivity in PTR-MS: the instrument function
It has been shown that the sensitivity of a VOC in PTR-MS is correlated with the reaction rate constant for proton transfer with H;O" [2]. When
it is assumed that proton-transfer reaction (1) between the abundant HsO" reagent ions and a trace VOC convert a small fraction of H;O" into

protonated molecule VOC-H", the concentration of VOC-H" ions formed ([VOC-H"]) can be calculated as follows:

[VOC-H"] ~ k[H30"] [VOC] At 2
where Kk is the rate constant [cm® molecule™ s™], [Hs0*] and [VOC] are the concentrations of the HzO" ions and trace VOC in the drift tube,
respectively, and At is the reaction time [s] for HsO" traversing the drift tube. This equation shows that the density of VOC-H" ions at the end of the
drift tube is linearly related to the concentration of the VOC. The protonated molecules VOC-H" can be fragmented during proton transfer, for

example protonated isoprene and a-pinene (see Table 2c). The reduced concentration of VOC-H" due to fragmentation is expressed by using the
residual fraction of VOC-H" in the drift tube (Fyoc.y+), i-€.,

[VOC-H'] = k[Hs0"] [VOC] At Fy o p.py+ 3)

The reaction time At is determined by the drift tube conditions:

L
At = — = —
vg HE  poNo

(4)

In this equation, L is the length [cm] of the drift tube, vq the drift velocity [cm s™], u (o) the (reduced) mobility [cm? V* 5] of H3O*, No the gas
number density at standard pressure (1 atm) and temperature (273.15 K) 2.6868 x 10'° [molecule cm™], N the number density [molecule cm™] of the
gas in the drift tube, and E the electric field [V cm™] in the drift tube. Using Egs. (3) and (4), the fraction of HsO" that is converted into VOC-H" ions

can be expressed as:



[VOC-H'] _ N
[H3O+] - k X [VOC] X MONO X 5 X FVOC'H+ (5)

To simplify, the other factors that affect the ratio [VOC-H*])/[H3O"] at the end of the drift tube, such as diffusion coefficients depending on
individual ion species [35,36], are not included here. A fraction of H;O" and VOC-H" ions are sampled into the mass analyzer through ion guides
and detected by a detector. The resulting ion intensities (in counts-per-second; cps), Iy, o+ for H3O™ and Iy,4¢.+ for VOC-H" ions, are related to the

guantity to the volume-mixing ratio (= [VOC]/N) by

| S VOC-HT Tyocu+ voc L N2 Tyoc+
voc-HY _ [ +] x —VOCH :[ ] X k X x 2 % FVOC-H+ x —VOCH (6)
Iy,o+ [H30%] Tyso0+ N HoNo E Thy0+

The factors Ty c.y+ and T, o+ are the transmission efficiencies for VOC-H" and H30", respectively. These are determined by (i) the extraction
efficiency of ions from the drift tube into the mass analyzer, (ii) the transmission efficiency of the analyzer, and (iii) the detection efficiency of the
detector for each mass. From Eq. (6), the measured sensitivity in PTR-MS is defined as the ion intensity of VOC-H" obtained at a volume-mixing

ratio of 1 ppbv (parts per billion by volume; 10°) and normalized to a HzO" ion intensity (Iy,0+) of 10° cps [2]:

1
‘I’L'T-x 10° [ncps] r
-11 _ H30 _ oc-Ht
Sensmeqs. [ncps ppbv™' = —5g =k X A X Fypcpy+ X —;’ H (7-a)
T[ppbv] Hzot
_ L N?
A= 1073 x X — (7-b)
HoNg E

where “ncps” corresponds to normalized counts-per-second. The normalization to the Hz;O" ion intensity removes variability due to fluctuations in

the ion source and detector. The fraction of VOC-H" (F,,¢.5+) and the transmission efficiencies (TTVO#T) in Eq. (7-a) depend on the species or
H30

molecular mass of a VOC, while the factor A is a VOC independent constant value that is determined by the drift tube conditions as described in Eq.
(7-b). Equation (7-a) suggests that if the measured sensitivity (Sensmess.) originating from the detected ion intensities of VOC-H* and H3sO" (I, c.p+

and I, o+) is corrected for fragmentation and transmission efficiencies, the resulting sensitivity should be linearly dependent on the reaction rate



constant k. This means that the sensitivity can be calculated from the rate constants, if the instrument factors (HsO" ion intensity, fragmentation, and
transmission efficiency) are determined accurately.
In the following we investigate the linear relationship of the sensitivities with the rate constants for the 11 VOCs in the 3 different instruments

(Fig. 1). The vertical axis in Fig. 1 shows the corrected sensitivities (Senscorr. in Table 2b-11), which are obtained using the measured sensitivities

(Sensmeas.), the fraction of VOC-H" (F,oc.5+), and the ion transmission efficiency (TT"Oﬁ), as follows:
H30+

100 TH30+

Senscory, [ncps ppbv '] = Senspeqs. [ncps ppbv'] x )

Fyoc.u+ [%] Tyoc-u+

T, . . . . .
SeNnsmeas., Fyoc.y+, and T"Lm for each instrument are summarized in Tables 2b-1, 2c, and 1a, respectively. The reaction rate constants for the VOCs
H30+

used here are measured at 300 K, as shown in Table 2d. Figure 1 suggests that the sensitivities of all the VOCs except for methanol are described

well by a linear function (Eq. 9) of reaction rate constant kr=sook, regardless of the type of instrumentation.
Senscorr. [NCPs ppbv™] = a X kr=3oox + b (9)

The deviation of methanol from linear correlation is discussed later.

(Figure 1)

According to Egs. (7-a) and (9), the slope a corresponds to the factor A in Eq. (7-a), whereas the intercept b should be zero, respectively. The
factor A was calculated using the drift tube conditions shown in Table 1a and the literature value of the reduced mobility s = 2.76 [cm? V! s [39].
The resulting A values for the individual instruments are summarized in Table 1b. The agreement in values between the slope a and factor A for the
PTR-QMS is good (an error less than 20 %), while that for the (modified) HsO*-ToF-CIMS instruments do not agree as well (errors over 50 %). The
significant disagreement for the ToF-CIMS can come from specific uncertainties of the factor A, which are caused by the quadrupole ion guides.
Previous work using the H;O*-ToF-CIMS instrument [7] reported the occurrence of chemical reactions inside the ion guides. This suggests that the

reaction time At as described by Eq. (4) needs to be increased to account for the added reaction time in the ion guides, resulting in an increase in the
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value of the factor A (Eq. 7-b). However, ion guide conditions were not included in the calculations of At and A presented here. Additionally, the

T
transmission efficiency T*’i used in Eq. (8) is expected to have significant uncertainties because its determination as a function of m/z value of
voc-H*

VOC-H" is not straightforward [7].

The deviation of the intercept b from zero is observed regardless of the type of instrument. A potential source for this deviation is the use of the
thermal rate constants to obtain the linear function (Eq. 9). The rate constants were determined at 300 K, which is different from the collision
conditions in the drift tube. According to the Wannier equation [39], the total kinetic energies of the HsO" reagent ions accelerated in the drift tubes
used here are 0.5 — 1.0 eV, which are rather high compared to the thermal energy. Therefore, the actual proton-transfer reactions between the H3O*
reagent ion and VOC:s in the drift tube should proceed kinetically. Viggiano et al. [40] reported the Kinetic energy dependence on reaction rate
constant by using a selected ion flow drift tube. They found that the degree of the change in rate constant with varying the kinetic energy is
dependent on the species of neutral molecule involved in the reaction with a definite ion. Therefore, the question is how large the proton-transfer
reaction rate constants between HzO" and individual VOCs depend on the kinetic energy. However, it should be noted that the thermal reaction rate
constants are applicable to estimate the linear relationship between the sensitivity and rate constant in PTR-MS by taking into account the intercept,
as shown in Fig. 1. In other words, the use of the thermal rate constant and intercept b in Eq. (9) leads to an accurate determination of linear
correlation of sensitivity with rate constant for a given PTR-MS instrument. It suggests that if the thermal rate constants of VOCs detected in the
PTR-MS are given, their sensitivities can be calculated only by substituting those rate constants in the instrument function (Eq. 9) determined using
selected standard VOCs.

Figure 1 shows that methanol gives a lower sensitivity relative to the corresponding rate constant in all the instruments. This is due to
significantly large uncertainties of the transmission efficiency inside quadrupole sectors for protonated methanol and its product ions. As protonated
methanol CHsO™ and its major product ion CHs"™ have low mass (m/z 33 and 15, respectively), those ions have large mass discrimination effect inside

T
the quadrupole sectors in the individual instruments. This amplifies the uncertainty of the factors Fy ..+ and 30" \sed in Eg. (8), and possibly
voc-H*

explains the lower than expected sensitivity. Consequently, VOCs with large uncertainties of fragmentation and ion transmission efficiencies should
be avoided to determine the instrument function (Eq. 9).
In the next section, we discuss a method to estimate the thermal proton-transfer reaction rate constants between HsO* and VOCs using

molecular properties.
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3.2. Calculation of the reaction rate constants between HzO* and specific VOCs
In order to accurately calculate collision rate constants between an ion and neutral molecule, various theoretical approaches have been
developed. The first theory was proposed by Langevin in 1905 [41], which provides a good approximation of the rate constants for nonpolar

molecules. The Langevin rate constants (Kiangevin) are calculated based on the polarizability « of a given neutral molecule R:
kLangevin = 27Zq 051/2 (MR-1 + 'VIion-l)l/2 (10)

where q is the charge of the ion, Mg the mass of molecule R, and Mion the mass of the ion. A better approximation, which accounts for the effects of a
permanent dipole moment of the polar molecule and the orientation of the dipole in the molecule with respect to the ion, is the average-dipole-
orientation (ADO) theory, first developed by Su and Bowers in 1973 [13]. This theory is the basis of the numerical trajectory parameterization which
makes it possible to correctly describe the kinetic energy dependence of the cross sections for exothermic reactions at center-of-mass energies below
0.3 eV [14,42].

In the most classical ADO theory [13], the rate constants (kapo) of the proton transfer reaction of H;O* with a given molecule R can be

analytically calculated from (i) the polarizability «, (ii) the permanent dipole moment p, and (iii) the locking constant C, as follows:

Kapo = 2nq (MR_l + Mion_l)l/2 [0{1/2 +C HUD (2/7ZkBT)1/2]

C up (2/mtkgT)1/?
= kLangevin X [1 + %} (11)

where kg and T are the Boltzmann constant and temperature, respectively. In this section, we investigate how accurately the fundamental factors in
Eqg. (11), i.e., polarizability « and dipole moment sp, can be estimated using only the molecular mass, elemental composition, and functionality of

molecules R. Furthermore, the locking constant C suitable for the calculation of the exothermic proton-transfer reaction rate constants between H;O*

and various VOCs is estimated.

3.2.1. Polarizability
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It is known that the polarizability of a compound R, which is the response of the electron cloud to an external electric field, is related to the
molecular mass by the Debye equation (Eq. 12):

3 8%;-1<'5M m

4prN, 86; +2g * 12pek,T

(12)

where o denotes the polarizability volume [m?], p the mass density [kg m™], Na the Avogadro constant 6.022 x 10 [mol™], & the relative
permittivity [dimensionless], Mg the molecular mass [kg mol™], b the permanent dipole moment [C m], & the vacuum permittivity 8.854 x 1072 [C?
Jt m™, ks the Boltzmann constant 1.380 x 102 [J K], and T the temperature [K] at which the permanent dipole of the molecule rotates. The values
of & and up are strongly dependent on the polarity, which is partly governed by the number and type of functional groups present in the neutral. The
correlation between polarizability and molecular mass is investigated for the individual compound categories of HCPy, shown in Table 3a. The
number and chemical properties of species used in each compound category are summarized in Tables 3b and c, respectively. Figures 2a-h show the
literature values of polarizability [15,20] plotted as a function of molecular mass for the classes of compounds in Table 3. All of the figures clearly
show that within each class of compounds, the polarizability can be described by a linear function (Eg. 13) of molecular mass with a very high

correlation coefficient r (r > 0.9536).

a=cxX Mg +d (coefficients ¢c and d depend on elemental composition) (13)

The linear functions obtained using the averages of literature data and corresponding correlation coefficients are summarized in Table 3d. There
were several notable exceptions as indicated by filled symbols in Figs. 2a and d-g. The polarizabilities of the compounds having r-conjugated
systems and/or symmetric structures tend to be higher than those of other compounds in the respective groups, as seen on azulene, phenanthrene,
pyrene, fluoranthene, cyanogen, fumaronitile, and p-dicyanobenzene (see Fig. 2i). Conjugated system leads to electron delocalization, resulting in
significantly enhanced responses of the electron cloud. The high polarizability for the symmetrically-structural compound might be due to relatively
low dipole moment, which results in a negligibly small value of the second term in the Debye equation (Eq. 12). The reasons for the significant

deviation in polarizability of naphthacene, paraldehyde, butylamine, and tetranitromethane are unknown.
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(Figure 2)

It should be noted here that the slope ¢ and intercept d in Eq. (13) correspond to the first and second terms in the Debye equation (Eq. 12),
respectively. That is, the factors p, & and o in Eq. (12) can be assumed as constants for the individual HCP, categories, indicating that the
dependence of the polarizability on the molecular mass is significantly stronger than on the density, permittivity and dipole moment. This result is
consistent with the later discussion in Section 3.2.2, where it is shown that the dipole moments of compounds possessing the same chemical class are
approximately constants. The polarizability calculated using the molecular mass and the linear function for each HCP, category shown in Table 3d,
denoted as (Mg, HCPr,), were compared with those determined by measurements (ameass. [20]). The average relative errors (in %) of a(Mg, HCPp)
with respect to ameas. for individual compound categories were 2.7 — 10.8 % as seen in Table 3f, while the distributions of those relative errors were
within =~ 15 % (Fig. S-1). These results show that if the polarizability of a compound is unknown, it can be estimated with good accuracy from the
mass and the measured composition of a compound, both of which can be determined by mass spectrometry.

If the composition of VOCs cannot be determined by nominal mass measurement, the polarizabilities of such compounds are estimated from
their molecular mass only, denoted as a(Mg). The equation for «(Mg), shown in Table 3e, was obtained by averaging the coefficients c and d for
each HCP, category shown in Table 3d. The errors of a(Mg) relative to ameas. are larger compared to those of a(Mg, HCPy). The average errors of
a(MR) are 5.0 — 26.2 % for individual compound categories (Table 3g) and the distributions of those errors have the peak around 10 % but spread up
to 70 % (Fig. S-2).

3.2.2. Permanent dipole moment

The permanent dipole moment o of a compound R results from the partial charges on the atoms that arise from differences in electronegativity
or other features of bonding (e.g., structural symmetry). When the centers of positive and negative charges in the molecule, which have equal
magnitude ¢ [C], are separated by a distance | [m], the magnitude of up [in Debye; 1 D = 3.3564 x 10°° C m] established is given by the following

equation:

=g x| (14)
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The dipole moment wp of nonpolar compounds with elemental composition HC are typically lower than 1 D. In this case, the effect of the dipole
moment on the collision rate constant is negligible, and therefore, the dipole moments of HC can be approximated as zero. Here the relationship
between the dipole moment of a polar compound R and its physicochemical properties, e.g., molecular mass, chemical properties characterized by
functional group and residual hydrocarbon part, was investigated for various VOCs with several electronegative atoms of O, N and S. It is found in
the present work that dipole moments in a certain class of compounds are relatively constant. Figures 3a — e show measured dipole moment values
(1o meas. [20]) plotted as a function of molecular mass for compounds in different categories of composition HCP, and functional group. The number
of compounds and their chemical properties are summarized in Table 4c. Bars put on some data points in Figs. 3a — e represent the range in values of
Hp meas. fOr regio-isomers and/or stereo-isomers (e.g., ortho-, meta- and para-isomers, and/or cis-, trans-, gauche- and anti-isomers, respectively). The
maxima and minima of the individual bars show the maximum and minimum up meas. Values for the isomers, respectively, while the data points
indicate the average values in these cases. It should be noted in Figs. 3a — e that the dipole moment of a class of compounds possessing a specific
functional group can be approximated as a constant, independent of their molecular mass (Eq. 15). Furthermore, standard deviations in the dipole

moment within a class of compounds are relatively small.

up =K (15)

where K is a constant depending on the functional group.

(Figure 3)

Some compounds, represented as the filled data points in Figs. 3a, b, ¢, and e, have significantly different dipole moments from the other
compounds in that group. Those deviations are likely due to the specific properties of the hydrocarbon parts in the compounds. In the case of
formaldehyde (Fig. 3a), hydrogen cyanide (Fig. 3c) and hydrogen isocyanide (Fig. 3c), which have lower dipole moments than other compounds in
their respective groups, the hydrocarbon parts excluding the functional groups contain only one hydrogen atom (see Fig. 3f). Such properties lead to
shorter distances between the positive and negative charges in those compounds compared with the others having larger hydrocarbon parts, resulting
in a lower dipole moment according to Eq. (14). The exceptions at higher dipole moment in the ketone/aldehyde series (Fig. 3a), i.e., trans-2-butenal,
3-methyl-2-cyclopenten-1-one and 2,4,6-cycloheptatrien-1-one, are enones, i.e. alkenes conjugated to ketones (Fig. 3f). Conjugated system and

resulting electron delocalization can enhance the polarity of a carbonyl group. The other 3 exceptions, i.e., benzyl acetate (Fig. 3b), N,N-
15



dimetylaniline (Fig. 3c) and benzenthiol (Fig. 3e), are aromatic compounds (Fig. 3f). The significantly different dipole moments for those
compounds may be caused by the interactions between individual functional group and resonance structures of the aromatics. In addition,
compounds with symmetric structures are expected to have relatively low dipole moments because of overlapping distributions of positive and
negative charges, i.e., | = 0 in Eq. (14), leads to up = 0, although such compounds were not included in the data shown in Fig. 3.

According to Eq. (15), the constant value representing dipole moments of a class of compounds with a specific functional group, denoted as
1p(FG), was obtained by calculating the average values of 1 mess. OF the compounds in the individual functional group series (Table 4d), and were
compared with zp meas. The average values and distributions of the relative errors (in %) of up(FG) with respect to o meas. for the categories of
individual functional groups and composition HCP, are shown in Table 4g and Fig. S-3, respectively. The relative errors for all of the compound
categories except for carboxylic acid series are within 15 %. In contrast, the error distribution for carboxylic acids is gathered around 20 % and
spreads up to 118 %, which leads to a large error of 29.3 % on average. These results suggest that the dipole moment of carboxylic acids may depend
on not only on the -COOH functional group but also other factors which are not included here. However, it is found that for all the functional groups,
including carboxylic acids, the ADO rate constants calculated using zo(FG) have high accuracies with differences of ~ 10 % with respect to rate
constants that were measured, as discussed in Section 3.3.1. This demonstrates that the dipole moments, as estimated by functional groups, can be
used to calculate ADO rate constants.

Although each VOC compound shown in Fig. 3 contains a single functional group, many compounds of interest in the atmosphere have other
functional groups and/or multiple groups. In addition, there are cases where the functionality of VOCs detected by PTR-MS cannot be determined.
As an alternative, the dipole moments zp for such compounds might be estimated from elemental composition HCPr,, denoted as p(HCPr). The
values of up(HCPy) in individual HCPy, categories, shown in Table 4e, were obtained by averaging uno(FG) and o meass. for the compounds
possessing that HCPy, composition and functional groups except for those used in Fig. 3, which are categorized as “Others” in Table 4b. The
accuracy of up(HCPy) relative to up mess. are quite poor compared with that of 4p(FG). The maximum average error of 1p(HCPy) is 160.3 % for the
tertiary amine (Table 4h). However, large errors of up(HCPn) do not necessarily translate into large errors in ADO rate constants. The impact on
ADO rate constant from the uncertainties in zo(HCPr) depends on its relative magnitude compared to induced dipole moment as measured by
polarizability. The details will be discussed in Section 3.3.1.

If VOCs are detected by PTR-MS with only a quadrupole analyzer, that is, if only nominal mass of VOCs are determined, their elemental

composition cannot be determined. In this case, their dipole moments are assumed as a constant value zp(Mg) obtained by averaging upo(HCPy) for
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HC (=0D), i.e., up(Mg) = 2.1 £ 0.9 D (Table 4f). The relative errors of xp(Mg) are rather poor compared to those of pn(HCPy,) for almost all the

compound categories (i.e., the maximum error is 182.6 % as shown in Table 4i).

3.2.3. Locking constant

The locking constant C in the ADO theory (Eq. 11) is a parameter between 0 and 1 (0 < C < 1) that determines the degree of alignment between
the permanent dipole moment of a certain polar compound R with the ionic charge during the ion-molecule collision [13]. Complete alignment of the
dipole corresponds to C =1, no alignment to C = 0. It has been proposed that C is a function of the polarizability « and the permanent dipole
moment up of R, i.e., C = f(up/ a''?), at constant temperature [13]. The open circles in Fig. 4a represents the original data points of the locking
constant C against uo/ o™ at 300 K reported by Su and Bowers [13]. These data points are well-represented by a log-normal function of o/ a2

(correlation coefficient r = 0.993):

K3

2
original C = f(up/a*'?) = Ky + K, exp {— [M} } (16)

Ko=-0.14+0.08, K1 =042+ 0.09, K, =42+13,K3=3.6+0.7

Su and Bowers calculated the values for the locking constant by substituting the theoretical thermal rate constants in the ADO theory (Eqg. 11) for
specific values of « and wp of various compounds [13]. The theoretical thermal rate constants used in their work [13] were obtained based on the
model consisting of a point charge ion interacting with a polar molecule approximated as a two-dimensional rotor, in which only « and up are taken

into account as the main factors [43].
(Figure 4)

Here we calculated the ADO rate constants (kapo) for the proton-transfer reactions between H3O" and 40 polar compounds, using the original
locking constant curve (Eq. 16) as well as known values of polarizability (ameas. [20]) and dipole moment (o mess. [20]). Red symbols in Fig. 5 show
the scatter plot of the resulting ADO rate constants versus the measured ones [16,23,24,26-29]. A linear fit to the data exhibits a slope of 0.75 £ 0.02,

an intercept of 0.29 + 0.06 [x 10 cm® molecule™ s™'], and a correlation coefficient (r) of 0.9886. Relative errors (in %) of ADO rate constants with
17



respect to measured rate constants were 14.1 % on average. The slope of the best-fit line indicates that for exothermic proton-transfer reactions of
HsO", Eq. (16) underestimates the measured values. Su and Bowers remarked that all the proton-transfer reaction rate constants are not accurately
described by the ADO theory using the original locking constant data, because of the limitation of the model to obtain the theoretical thermal rate
constants [13]. For example, when using original locking constant data, the exothermic proton transfer from tert-CsHy" to several amines was
calculated to have ADO rate constants that were 1.18-1.54 times higher than measured values [13]. The difference between the ADO and measured
rate constants has been explained by the internal energy of the tert-CsHs* ion and the nature of ion-molecule collision complex, which are not taken
into consideration in the theoretical thermal rate constants and resulting locking constants [44]. In this work, we found that Kmeass. and kapo for proton-
transfer reactions of H3O" can be corrected only by +0.11-parallel shift of the original locking constant curve along to the C axis, which corresponds

to 4K = +0.11 (Fig. 4). Therefore, the modified locking constant curve shown as Fig. 4b is expressed as follows:

n 1/2 2
modified C = f(uola*?) = modified Ky + K, exp {— [M] } 17

K3

modified Ko =-0.03 £ 0.08, K1 = 0.42 £ 0.09, K; = 4.2+ 1.3, K3 =3.6£0.7
The derivation of Eq. (17) is given in Appendix A.
(Figure 5)

When the modified locking constant curve is applied to ADO theory (Eq. 11), the accuracy of kapo for proton-transfer reactions of HsO* with
respect to measured rate constants significantly improves. The scatter plot of kapo calculated using the modified locking constant curve (Eq. 17)
Versus Kmess. is shown as blue symbols in Fig. 5. The linear fit exhibits a slope of 1.00 + 0.01, an intercept of 0.05 + 0.04 [x 10° cm® molecule s],

and correlation coefficient (r) of 0.9957. Relative errors of those kapo with respect to kmeas. are 2.6 % on average.

3.3. Accuracy of ADO rate constant calculated using molecular mass, elemental composition, and functionality
The comparison between measured and ADO rate constants in Fig. 5 is shown for polar compounds with known polarizabilities and dipole

moments. These parameters are not known for all compounds of interest, but will be estimated using the methods described above in Sections 3.2.1
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and 3.2.2. In this section, we investigate the accuracy of the ADO rate constants for compounds with estimated polarizability and dipole moment,

based on molecular mass, elemental composition, and/or functional groups.

3.3.1. Rate constant for polar compounds

Here the ADO rate constants for proton-transfer reactions between H3O" and 81 polar compounds at 300 K were calculated as described in the
previous sections using the polarizability estimated from molecular mass and elemental composition («(Mg, HCPr,)) or molecular mass only
((MR)), the dipole moment from functional group (uo(FG)), elemental composition (up(HCPm)), or molecular mass only (up(Mr)), and the
modified locking constant (Eq. 17). The number and chemical properties of the compounds used in each compound category are summarized in
Tables 5b and c. Various acronyms for polarizability « and dipole moment up are explained in Scheme 1. Figure 6 shows the comparison of the 3
different ADO rate constants (kapo[ (Mg, HCPn), o(FG)], Kapo[ (Mg, HCPy), tio(HCPw)], and kapo[ a(Mg), to(Mg)]) with the measured ones
(kmeas. [16,23,24,26-29]). The relative errors (in %) of those ADO rate constants with respect to measured values for each compound category are
summarized in Tables 5e — g. Table 4d shows the errors for the ADO rate constants calculated using the measured polarizability and dipole moment
(blue symbols in Fig. 5). These results suggest that the accuracy of kapo[, o] is strongly dependent on the parameterized dipole moment (i.e., the
measured dipole moment, up meas. VS. the dipole moment estimated from the functional group, uo(FG) vs. the dipole moment estimated from the
molecular composition, xp(HCP,) vs. the dipole moment estimated from the molecular mass only, up(Mg)). The kapo values estimated from i meas.
and up(FG) are in good agreement with knmeas., fitted by linear functions with slope = 1, intercept = 0, and correlation coefficient (r) > 0.9658 (blue
symbols in Fig. 5 and Fig. 6a). The resulting average errors of kapo relative to Kmeas. are within 5 %. When only the elemental composition of a
compound is known, the agreement between Kmeas. and kapo is poor; the best linear fit to the data has slope = 0.20, intercept = 2.3 [x 10° cm?®
molecule™ s, correlation coefficient (r) = 0.38, and the corresponding average error is 19.4 % (Fig. 6b). This disagreement is due to significant
deviation of kapo from kmeas. for the categories of ketone/aldehyde, nitrile, primary amine, secondary amine, and tertiary amine. These isobaric
compounds have significantly different structures and, consequently, dipole moments, which are poorly represented by their averages. When only the
elemental composition of a compound is unknown, the agreement between kmeas. and Kapo is further deteriorated and corresponding average error is

24.1 % (Fig. 6¢), which results from large errors of up(Mg) relative to 1o meass. for almost all categories of the compound.

(Figure 6)
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It should be noted here that the accuracy of kapo[«, up] calculated using the dipole moments estimated from functional group and/or elemental
composition, i.e., up(FG) and p(HCPnR), is better than the dipole moments themselves. The maximum relative error of 1p(FG) with respect to up
meas. 1S 29.3 % for the carboxylic acid category (Table 4g). When this p(FG) is used in the ADO theory (Eg. 11), the resulting errors of kapo[ (Mg,
HCPuw), to(FG)] against kmeas. are = 7 % (Table 5e). In contrast, kapo[ (Mg, HCPn), tio(HCPw)] calculated using to(HCPm) with maximum error of
160.3 % for the tertiary amine category (Table 4h) have errors of ~ 50 % (Table 5f). This improvement in accuracy is likely due to the first term in
Eq. (11) containing the polarizabilities (Mg, HCPr), which is known with a high accuracy related to amess. Based on these results, if the dipole
moment of a polar compound is unknown but its functional group is identified, the ADO rate constant can be obtained with good accuracy (10 % on
average). If neither the dipole moment nor the functional group of a compound is known, the estimated dipole moment based on only the elemental
composition has a poor accuracy, but the ADO rate constant can still be estimated within 50 %. This accuracy leads to the calculation of sensitivity

within 50 % error which is sufficient to address specific science questions.

3.3.2. Rate constant for nonpolar compounds

As described in Section 3.2.2, permanent dipole moments sp of nonpolar compounds with elemental composition HC can be approximated as
zero in the ADO theory. Therefore, the ADO rate constant between HzO" and a hydrocarbon is calculated using the Langevin theory (Eg. 10). Here,
values of kapo at 300 K for 29 nonpolar compounds were calculated by using two different polarizabilities; cmess. [20] and a(Mg, HCPr), which are
obtained using molecular mass Mg and the linear function « = 0.142 Mg — 0.3 (best fit to the data in Fig. 2a). The resulting rate constants were
compared with the previously measured rate constants at 300 K (Kmeas. [1,21-25,30-34]), as shown in Fig. 7. The number and chemical properties of
the compounds used here are summarized in Table 5c. Figure 7 indicates that kapo calculated using both cimess. and (Mg, HCPr,) are in good
agreement with Kmeas. A linear regression yields a slope of 0.90 and 0.97, an intercept of 0.2 and 0.1 [x 10°° cm® molecule s, and a correlation
coefficient (r) = 0.97 and 0.95, respectively. We exclude (cyclo)alkanes (i.e., methylcyclohexane, cyclooctane, octane and decane) from this
calculation. It has been reported that kmess. for proton-transfer reactions between HsO" and alkanes are lower than kapo due to fragmentation [15,33].
For example, the exothermic proton-transfer reactions of H;O" with methylcyclohexane and cyclooctane involve significant rearrangement resulting
in ring-dissociation [33]. The average relative error (in %) of kapo calculated using cmess. and (Mg, HCPrm) with respect to Kmeas. (excluding
(cyclo)alkanes) were 6.1 % and 6.5 %, respectively (see Tables 5d and €). These results demonstrate that for nonpolar species, the accuracies of

ADO rate constants calculated using measured polarizability versus estimated one in Eq. (10) are similar to within 10 %.
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(Figure 7)

When only the nominal mass of a compound is known and its elemental composition cannot be determined, Eq. (10) is not used. The ADO rate
constant of such a compound is calculated by substituting polarizability « and dipole moment . estimated from molecular mass only, i.e., a(Mg) =
0.13 Mg — 1.3 (Table 3e) and p(Mg) = 2.1 D (Table 4f), in Eq. (11). For nonpolar compounds, the resulting ADO rate constants significantly
overestimate the measured ones (see green symbols in Fig. 7). This overestimation is due to the value of 1p(Mg) being substantially higher than
dipole moment of nonpolar species (= 0 D). This suggests that the identification of elemental composition by high mass resolution measurement is

needed to accurately calculate ADO rate constants.

3.4. Calculation of sensitivity in PTR-MS

The sensitivities of VOCs detected in PTR-MS can be calculated via the following procedures: (i) Determination of the instrument function
Sensitivity = ax k + b (Eg. 9) using measured sensitivities originating from detected ion intensities and thermal reaction rate constants for a few
selected standards. (ii) Substituting measured or ADO rate constants at 300 K for VOCs of interest in Eq. (9). As discussed in 3.1, the standards used
to determine Eq. (9) should have small uncertainties of fragmentation and ion transmission efficiencies.

The accuracy of calculated sensitivity relative to measured one is estimated from the uncertainties of the instrument function (Eq. 9) and the rate
constant used. When sensitivity is calculated from measured rate constant (kmeas), its accuracy is determined by the uncertainties of the coefficients a
and b in Eqg. (9). The results obtained in Fig. 1 suggest that this accuracy is generally within 15 %. When using ADO rate constant (kapo), the
uncertainty of kapo against kmeas. is involved in the accuracy of sensitivity, as well as the coefficients’ uncertainties. Taking into account error
propagation, the kapo using dipole moment measured or estimated from functional group can result in the sensitivities within a 15 % accuracy. The
sensitivities calculated using kapo with dipole moment estimated from elemental composition have the accuracy within 50 %. The kapo including
estimated dipole moment based on molecular mass only leads to sensitivity with accuracy over 50 %. This suggests that if emissions from a mass
that has various compounds with different elemental composition but the same nominal molecular mass are measured by high mass resolution
instruments, we can at least estimate neutral concentration (in ppbv) of compounds for each elemental composition category within 50 % accuracy.

A measurement accuracy of 50 %, where no calibration standard is available, can still be sufficient to answer specific science questions. It should be
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noted that the calculation of sensitivity with accuracy described above is valid over the range of minimum and maximum rate constants for the
compounds used to obtain the instrument function (Eq. 9).

The overall methodology to calculate the sensitivity in PTR-MS using measured and ADO rate constants are shown in Scheme S-1.

Conclusions

The correlation between sensitivities of VOCs measured by PTR-MS and those calculated from reaction rate constants was investigated. It was
found that the sensitivities normalized and corrected for fragmentation and transmission efficiencies of protonated VOCs are well-represented by a
linear function of the rate constants measured at 300 K. We also described how polarizability, permanent dipole moment, and ADO rate constant for
proton-transfer reaction of HsO" can be estimated for various VOCs, using the information obtained from PTR-MS measurements, i.e., molecular
mass, elemental composition, and functionality of VOCs. The results are summarized as follows:

1. The polarizabilities for a given class of compounds can be described within 10 % by a linear function of their molecular masses.

2. The dipole moments for compounds with a specific functional group but different residual hydrocarbon parts, can be approximated within 15
% as a constant value, except for the carboxylic acid series for which the group average has an uncertainty of within 30 %.

3. The locking constants from the literature using simplified ion-molecule collision assumptions lead to 25 % underestimates of the ADO rate
constant versus the measured rate constant. Using a modified locking constant, a significantly better agreement between measured and ADO
rate constant is obtained.

4. ADO rate constants calculated using polarizability and dipole moment, as estimated from molecular mass, elemental composition, and
functional group, as well as the modified locking constant have a high accuracy within 10 % relative to those that were measured.

5. The dipole moments estimated from elemental composition result in the ADO rate constants with accuracies within 50 %. In the case of the
ADO rate constants estimated only from molecular mass, the corresponding accuracy is distributed up to 65 %.

In conclusion, the sensitivity of a PTR-MS instrument for many species of interest can be estimated with an accuracy of 15 % from the
molecular mass, the elemental composition, and the specific functional groups present, by calibrating the instrument using a few selected standards
only. When the functional group of a compound is not known or a compound has more than one functional group, the sensitivity can be estimated
with a lower accuracy of 50 %. This suggests that if various VOC isobars are measured by high mass resolution instruments, we can at least estimate
the concentrations of neutral VOCs for each elemental composition category within a 50 % accuracy. This accuracy, in the absence of calibration

standards, can still be sufficient to answer specific science questions.
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Appendix A: Derivation of modified locking constant

It has been shown that the measured rate constants used in Fig. 5 [16,23,24,26-29], which have been obtained by selected ion flow mass
spectrometry, are equivalent to the capture rate constants calculated by numerical trajectory parameterization [14]. The assumption of ions and
neutral molecules in the model to obtain the capture rate constants, i.e., the approximation as a point charge and two-dimensional rigid rotor
respectively [14], is the same assumption employed to calculate the theoretical thermal rate constants [13]. However, unlikely the model of thermal
rate constant, the model of the capture rate constants accounts for various factors in addition to polarizability « and dipole moment up, such as
angular momentum and moment of inertia of neutral molecule. It has been reported in the trajectory parameterization study [14] that the ratio of the
capture rate constants (Keapwre) t0 the Langevin ones (KLangevin) at a constant temperature can be expressed as a function of the single variable zp/a?,
i.€., Keapture/KLangevin = f(1n/ &'?). This implies that the dependence of the factors other than polarizability « and dipole moment o on the capture rate
constants can be parameterized in a function of « and o only. Taking into account the equivalence of the measured rate constants (Kmeas.) used here
to the capture rate constants (Keapture), it can be expected that the ratio of Kmeas. 10 Kiangevin (Kmeas./KLangevin) 1S also shown as a function of wup/ cap. It
should be noted here that the variable up/car is common to the functions expressing the locking constants C in the ADO theory and the ratio of ADO
rate constant to Kiangevin (Kano/KLangevin) @s derived from Eq. (11). This suggests that the difference between Kmeas/Kiangevin and Kapo/Kiangevin (i-€., the
difference between kmeas. and Kapo) can be corrected by modifying the coefficients Ko — K4 in the function of the original locking constant curve (Eq.
16).
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Figure A-1 shows the ratios of the measured or ADO rate constants with the original locking constant data to the Langevin ones (Kmeas./KLangevin OF
Kapo/KLangevin) as a function of /o for the 40 compounds used in Section 3.2.3. The Langevin rate constants were calculated by substituting

measured polarizability (omess. [20]) in Eq. (10). Both the ratios Kmeas/Kiangevin and Kapo/KLangevin are well-fitted by a linear function of up/a*?:

Kmeas. or AD0/KLangevin = € X (upl '?) + f (A-1)
Interestingly, the principal difference in linear function between Kmeas/Kiangevin @nd Kapo/KLangevin 1S 0nly the slope e (1.55 for Kmeas/KLangevin @and 1.11 for
Kapo/KLangevin), Whereas the values of the intercept f are almost identical (= 0.75). In order to investigate how the coefficients Ko — K4 in Eq. (16)
should be modified to correct only the slope e in Eg. (A-1), the equation of kapo/KLangevin ShOwn in Eq. (A-2a), obtained by substituting Eg. (16) in Eq.

(12), is approximated as a linear function via Taylor expansion. Eq. (A-2b) corresponds to the first approximation equation of kapo/Kiangevin, in Which

/ 2
the two Taylor series of (i) exp {— [m{("”/;‘iﬂ(ﬂ] } which is a factor in Eq. (A-2a), and (ii) the intermediate factor (uo/?)In(uo/ &%) evaluated
3

at the points @and r, respectively, are used:

_kapo  _ 9 4 X (up/a'/?) x (2/mkgT)V? (A-22)

In{(up/at/?)/K,}]*
K3

K, + K;exp {—[

krangevin
= (2/mkgT)? x [X(InT+ 1) + Y] X (up/a'/?) + [1 = (2/mksT)Y? x X X 1] (A-2b)
X = —-29K, Ky texp(—=9?)
Y = Ko+ Ky X (14292 +29K;7 ' InK,) X exp(—92)
Ko=-0.14 +0.08, K1 =0.42 + 0.09, K; = 4.2 + 1.3, K3 = 3.6 + 0.7

According to Egs. (A-1) and (A-2b), the slope e and intercept f in Eq. (A-1) correspond to (2/ksT)"? x [X(In 7+ 1) + Y] and [1 — (2/7ksT)¥2 x X x 7]
in Eq. (A-2b), respectively. Here we note that the slope e can be changed only by modifying the coefficient Ko in the factor Y, and that Ko
modification does not affect the intercept f. Based on Eq. (A-2b) and the values of the slope e obtained in Fig. A-1, modified Ko can be deduced from

the following equations:
Modified Ko = Ko + 4 Ko =-0.03 (A-3a)
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_  Aslopee _ -
AKo= i = 0.1l (A-3b)

Aslope e = slope e (Kmeas/Kiangevin) — Slope € (Kapo/Kiangevin) = +0.44 (A-3c)

Therefore, the modified locking constant curve is expressed as Eq. (17) in the text.
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Legends of Tables, Schemes, and Figures

Figure 1. Corrected sensitivities (Table 2b-I1) plotted as a function of measured rate constants (Table 2d) for proton transfer reactions of HsO" at 300
K for 11 different VOCs in (a) the H;O*-ToF-CIMS, (b) the modified H;O"-ToF-CIMS, and (c) the PTR-QMS. Error bars show the
uncertainty of the experimental calibration (20 %). The solid line and corresponding equation in each figure are the fit to the data for the

VOCs except for methanol. N in each figure describes the number of compounds used.

Figure 2. Literature values of polarizability (asiterawre) plotted as a function of molecular mass (Mg) for various compounds in the HCP,, categories of

(@) HC, (b) HCO4, (c) HCOy, (d) HCO3r4, (€) HCNy, (f) HCN2, (g) HCNyOq (p =1, 2, 4 and q = 1-4, 8), and (h) HCS;, along with a best fit
to the data (solid line). (i) Structures of the compounds represented as the filled data points in (a), (d), (e), (f) and (g), whose polarizabilities

are deviated from those of other compounds. The units of aiterature and Mg used here, [x 10 cm®] and [Da], correspond to [x 10*° m?] and

[x 107 kg mol™], respectively. N in (a) — (h) in each figure represents the number of compounds used.

Figure 3. The measured permanent dipole moments (o meas,) plotted as a function of molecular mass (Mg) for various compounds in the HCPy,
categories of (a) HCO;, (b) HCOq, (c) HCNj3, (d) HCN;0Oq (q = 1 and 2), and (e) HCS;, along with best constant fits to the data (solid lines).
(F) Structures of the compounds represented as the filled data points in (2), (b), (c) and (e), which are deviated from the constant fitting. N in

(@) — (e) represents the number of compounds used.

Figure 4. (a) Original data points of the locking constant C against un/a*? at 300 K reported by Su and Bowers [13] (open circles) and corresponding
fitting curve using a log normal function (Eq. 16). (b) Modified locking constant curve according to Eq. (17). N in each figure represents

the number of compounds used. The detailed information of the individual compounds used here is summarized in Table S-3.

Figure 5. Scatter plots of ADO rate constants calculated using the original and modified locking constants C versus measured ones (Kmeas.) for 40
different polar compounds, along with best fits to the data (solid lines). s, i, and r represent the slope, intercept, and corresponding

correlation coefficient for the linear line of the best fit, respectively. REa. is the average value of the relative errors of kapo relative to

Kmeas. The detailed information of the individual compounds used here is summarized in Table S-3.
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Figure 6. Scatter plots of ADO rate constants (kapo[ e, up]) calculated using (a) [, uo] = [(Mr, HCPw), to(FG)], (b) [&(Mgr, HCPr), tio(HCPw)],
and (c) [a(MR), uo(Mg)] versus measured ones (Kmeas) for various polar compounds, along with best fits to the data (solid lines). s, i, and r
represent the slope, intercept, and corresponding correlation coefficient for the linear line of the best fit, respectively. N in each
figure describes the number of compounds used. Error value in each figure corresponds to the average error of kapo[«, o] for overall polar

compounds shown in Tables 5e — g.

Figure 7. Scatter plots of 3 different ADO rate constants (Kapo[ meas.], Kapo[ (Mg, HCPp)], and kapo[ a(MR), £io(Mr)]) versus measured ones (Kmeas.)
for various nonpolar compounds, along with best fits to the data (solid lines). s, i, and r represent the slope, intercept, and
corresponding correlation coefficient for the linear line of the best fit, respectively. REa. is the average value of the relative errors of

Kapo relative to kmess, in individual rate constant categories. N describes the number of compounds used.

Scheme 1. Diagram of how to obtain the values of polarizability, dipole moment, reaction rate constant, and sensitivity in PTR-MS in this study.
Figure A-1. Ratio of the measured rate constants (kmeass.) 0r ADO rate constants using the original locking constant (kapo) to the Langevin ones
(KLangevin) @s a function of up/ a2 for the 40 compounds used in Section 3.2.3. Solid lines are best fits to the data. N in each figure represents

the number of compounds used. The detailed information of the individual compounds used here is summarized in Table S-3.

Table 1. (a) Instrument conditions and (b) functions for the H;O*-ToF-CIMS, the modified H;O*-ToF-CIMS, and the PTR-QMS.

Table 2. (a) The detailed information of the 11 different volatile organic compounds (VOCSs) used to investigate the correlation between the
measured sensitivities and reaction rate constants shown in Fig. 1. (b) Sensitivities of the VOCs for the 3 different instruments. (c) Product
ion distribution originating from the individual protonated VOCs (VOC-H"). (d) Measured rate constants for proton transfer reactions
between H;O" and the VOCs at 300 K.

Table 3. (a) Elemental composition categories, (b) total numbers and the molecular mass (Mg) range and (c) chemical class of the compounds R used
to investigate the correlation with the literature values of polarizability and number of compounds used in each class shown in Fig. 2. (d)

Linear functions fitting between the averages of literature polarizability values (iitwrature) @nd Mg in individual HCPy, categories and
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corresponding correlation coefficients and exceptions. (e) Linear function to obtain «(Mg). Average relative errors of (f) (Mg, HCP,) and
(9) a(MR) with respect to those previously measured (amess.). The more detailed information of the individual compounds used here is

summarized in Table S-1. Distributions of the relative errors for individual composition categories are shown in Figs. S-1 and S-2.

Table 4. (a) Elemental composition categories, (b) functional groups and molecular mass (Mg) range and (c) chemical properties of residual
hydrocarbon part consisting of the compounds R, which were used to investigate the correlation between the measured dipole moments (up
meas.) @nd number of compounds in each class shown in Fig. 3. (d) Average values of up meas. for R in the individual functional group series,
up(FG). (e) Average values of 1p(FG) and i meas.(Others) in the individual HCPr, categories, tio(HCPw). (f) Average value of up(HCPy),
up(MR). Average relative errors of (f) up(FG), (9) to(HCPw), and (h) uo(Mg) with respect to up meas. The more detailed information of the
individual compounds used here is summarized in Table S-2. Distributions of the relative errors for individual composition categories are
shown in Figs. S-3 — S-5.

Table 5. (a) Elemental composition categories, (b) functional groups and (c) chemical properties of residual hydrocarbon part consisting of the
compounds R, whose measured rate constants were used in Figs. 6 and 7. (d)-(g) Average relative errors of 4 different ADO rate constants
(kapo[ e, wo]) with respect to the measured ones (Kmeas.). The more detailed information of the individual compounds used here is

summarized in Tables S-4 and S-5. Distributions of the relative errors summarized in (d)-(g) are shown in Fig. S-6.
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Sensitivity vs. Reaction rate constant
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Figure 1. Corrected sensitivities
(Table 2b-I11) plotted as a
function of measured rate
constants (Table 2d) for proton
transfer reactions of H;O" at 300
K for 11 different VOCs in (a)
the H;O*-ToF-CIMS, (b) the
modified H;O*-ToF-CIMS, and
(c) the PTR-QMS. Error bars
show the uncertainty of the
experimental calibration (20 %o).
The solid line and corresponding
equation in each figure are the
fit to the data for the VOCs
except for methanol. N in each
figure describes the number of

compounds used.
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Figure 2. Literature values of polarizability (aiitrawre) plotted as a function of molecular
mass (Mg) for various compounds in the HCPy, categories of (a) HC, (b) HCO4, (¢c) HCO,
(d) HCOgzo0r4, () HCN4, (f) HCNg, (g) HCNy,Oq (p =1, 2, 4 and q = 1-4, 8), and (h) HCS,,

along with a best fit to the data (solid line). (i) Structures of the compounds represented as

the filled data points in (a), (d), (e), (f) and (g), whose polarizabilities are deviated from

those of other compounds. The units of aiierature and Mg used here, [x 10?* cm?] and [Da],

correspond to [x 10* m®] and [x 10 kg mol™], respectively. N in (a) — (h) in each figure

represents the number of compounds used.
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Permanent dipole moment p, vs. Molecular mass M,
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Figure 3. The measured permanent dipole moments (uo meas.) plotted as a function of

molecular mass (Mg) for various compounds in the HCPy, categories of (a) HCO4, (b) HCO,,
(c) HCNjy, (d) HCN1Oq (g = 1 and 2), and (e) HCS;, along with best constant fits to the data

(solid lines). (f) Structures of the compounds represented as the filled data points in (a), (b),

(c) and (e), which are deviated from the constant fitting. N in (a) — (e) represents the

number of compounds used.
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Figure 4. (a) Original data points of the locking constant C against up/a*? at 300 K reported
by Su and Bowers [13] (open circles) and corresponding fitting curve using a log normal
function (Eg. 16). (b) Modified locking constant curve according to Eq. (17). N in each
figure represents the number of compounds used. The detailed information of the

individual compounds used here is summarized in Table S-3.
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Kapo VS. Kmeas. depending on the original

and modified locking constants C
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Figure 5. Scatter plots of ADO rate constants (kapo) calculated using the original and
modified locking constants C versus measured ones (Kmeas.) for 40 different polar compounds,
along with best fits to the data (solid lines). s, i, and r represent the slope, intercept, and
corresponding correlation coefficient for the linear line of the best fit, respectively.
RE.ve. is the average value of the relative errors of kapo relative to kmess. N describes the
number of compounds used. The detailed information of the individual compounds used

here is summarized in Table S-3.
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A O HCO, (N =44)
520251005 O HCo, (N=18)
i=25+0.2 A HCN]_ (N = 14)
r=0.4745 X HCs, (N<5)
0.0 210 4.‘0 6.0

Ikmeals. [)( 10 cm3 molecule? 5'1]
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Figure 6. Scatter plots of ADO rate
constants (Kaoo[a, uo]) calculated
using (a) [a, uo] = [&(Mg, HCPp),
#o(FG)], (b) [a(Mr, HCPn),
po(HCPm)], and (c) [a(MRg), uo(Mr)]
versus measured ones (Kmeas) for
various polar compounds, along with
best fits to the data (solid lines). s, i,
and r represent the slope, intercept,
and corresponding correlation
coefficient for the linear line of the
best fit, respectively. N in each
figure describes the number of
compounds used. Error value in each
figure corresponds to the average
error of kapo[e, upo] for overall polar

compounds shown in Tables 5e —g.



Kapo VS. Kmeas. fOr nonpolar compounds

4.0 T Methylcyclohexane

Cyclooctarle Eo.da"e A \

W
o

s=13+01
i=0.7 £0.2
r=0.9200

RE,.. =63.7 %

ave,

g
o

s=0.97 +0.07
i=0.1%0.1
r=0.9481
RE,ve = 6.5 %

=
o

/

k apo [x 10° cm3 molecule™? s]

O : kapol@meas] (N = 18)

s=0.90 + 0.06
i=0.2 £0.1
r=0.9676

RE e =6.1 %

O : kapola{Mr, HCP,)] (N =29)
A knpolod M), po(MR)] (N =29)

0.0
0.0

1.0 2.0

3.0

K meas, [x 10° cm? molecule s]

4.0

Figure 7. Scatter plots of 3 different ADO rate constants (Kapo[ @meas.], Kano[ @(MRg,

HCP:)], and kapo[ @(MR), up(Mr)]) versus measured ones (Kmeas.) for various nonpolar

compounds, along with best fits to the data (solid lines). s, i, and r represent the slope,

intercept, and corresponding correlation coefficient for the linear line of the best fit,

respectively. RE.... is the average value of the relative errors of kapo relative to Kmeas. in

individual rate constant categories. N describes the number of compounds used.
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Measured

a meas.

a(MR.l HCP,,,)
alMg)

Estimated from

- molecular mass (M)

- functionality (FG)

- elemental
composition (HCP,,)

Polarizabilty o
@ meas.r a(MRﬂ HCPm), a(MR)

Permanent dipole moment yp

Lp(FG)
Hp(HCP)
Hn(Mg)

Hp meas.» ALtD(FG)’ ﬂD(HCPm), HD(MR)

N
/

ll‘tD meas.

Measured

Measured
l kmeas.
ADO Reaction rate constant k
kADO[a: .uD] kmeas.' kADO[aI MD]

Scheme 1. Diagram of how to obtain the values of polarizability, dipole moment, reaction

rate constant, and sensitivity in PTR-MS in this study.
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H 1/2
Ratio of rate constants k / k,ngevin VS- tp /
4.0
Kineas, / Kiangevin = (1.55 + 0.03) x (11, @/2) 0
+(0.74 £0.02) (r=0.9941)
3.0 -
£
>
@
L] ]
- 2.0
~
K
1.0 - Koo / Kiangevin = (1.11 £ 0.01) x (1ip/ */2)
+(0.76 £0.01) (r=0.9978)
<> : k= ADO rate constant using the original C, kyp (N =40)
O : k = Measured rate constant, k..., (N = 40)
0.0 T T T
0 0.5 1 1.5 2

tp / 02/2 [D x 1012 cm3/2]

Figure A-1. Ratio of the measured rate constants (kmeas) 0Or ADO rate constants using the
original locking constant (Kapo) to the Langevin ones (KLangevin) as a function of up/a? for
the 40 compounds used in Section 3.2.3. Solid lines are best fits to the data. N in each figure
represents the number of compounds used. The detailed information of the individual

compounds used here is summarized in Table S-3.
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Table 1

Instrumentation
. Modified
H30*-ToF-CIMS [7] H;0*-ToF-CIMS PTR-QMS [27,28]
Length [cm] 11.0 11.0 9.6
Drift tub Pressure [mbar] 2.4 2.4 2.4
tuhe Temperature | [K] 323 323 323
condition
Voltage [V] 710 715 547
(a) E/N ratio [Td]? 120 120 106
Instrument . . . 6 .
condition H30" intensity, lu3o0+ [cps] 2.5x10 9.0x 10 4.0x10
m/zreference % 0.14 b m/zreference %0.32 b 0 63
lon transmission efficiency, Thszo:/Tvoc-n+ m/Zyocn+ \J m/Zyocp+ .
Li f ion: itivity = a k + =(9.0 £ 0.
(b) bmear unction: Sensitivity = a Sens = (13.8 £ 0.5) Kinece IS:ens (9.0 +0.2) Sens = (7.4 % 0.6) Kiineic
kinetic
:::;tcrtl.;zent Factor A [x 10° molecule s cm3] 6.7 6.7 6.6
Error (slope a vs. factor A) 107.5 % 35.1% 10.6 %

alTd=10-17Vcm2

b The first factor, (m/zreference / m/z VOC « H +)1 /2 , is related to the correction for ToF duty cycle effect, which corresponds to the transmission efficiency of the analyze.

The duty-cycle correction accounts for differences in ion residence time in the extraction region of the ToF and eliminates one mass-dependence of the sensitivity [47].

m/zreference is an arbotrary reference mass (in this study, m/zreference = 55).

The second factor, 0.14 or 0.32, corresponds to the extraction efficiency from the drift tube into the analyer and the detection efficiency.
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Table 2.1

Measured sensitivity in PTR-MS vs. kinetic reaction rate constant

( a) Volatile organic compound (VOC)

( b) Sensitivity [ncps ppbv]

Vapor (1) Meausred, Sensmeas. ® (1) Corrected, Senscor.®
Functional Proton |pressur
Molecula roup / affinity | e + ifi + ifi
HCP,, Formula | r mass g P V_ o H3;O*- Modified PTR- H3;O*- Modified PTR.
Mk [Da] chemical [kimol" | [°Cat | ToF- H:O"-ToF- | QWS | ToF- | H:0"ToF- |
group '1[11] | 100 kPa] | cims CIMS [27] CIMS | CIMS
[30]
Methanol CHO |32 Alcohol /o0 3 1642 63.2¢ | 27.7 15.9 |11.6 |12.7 9.9
phenol
Acetaldehyde C,H.O |44 Ketone / | Jco s | 20.0 261.6¢ |89.0 345 (409 |31.8 21.6
aldehyde
Ethanol C,HO |46 Alcohol /| _oc 4+ 17820 12.8 |- 3.0 2.1 ] 3.8
phenol
. Ketone /
Acrolein CsH;0 56 797.0 52.8 - 39.4 - - 12.9 -
aldehyde
HCO,
Polar Ketone /
Acetone C3HO |58 812.0 |55.7 366.4¢ |95.3 415 |51.5 30.6 28.8
compoun aldehyde
d
Methyl ethyl Ketone /
ketone CsHsO |72 827.3 |79.2 354.4¢ |97.1 34.1 |45.7 28.6 21.3
aldehyde
(MEK)
Anisole C;HsO | 108 Ether 839.6 |153.2 - 37.9 - - 9.0 -
.. Carboxyli
Formic acid CH,0, 46 c acid 742.0 100.2 62.8 - - 9.8 - -
HCO: Carboxyli
Acetic acid C,H,0, |60 c acid Y7837 |1175 220.4¢ |- - 38.6 - -
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HCN: | Acetonitrile CHsN |41 /nitrﬁ‘;a"'de 779.2 | 81.2 328.8¢ | 86.0 495 |53.1 |32.1 30.9
HCN.O Nitrobenzene CeHsNO 123 Nitro 800.3 210.3 - 88.8 - - 20.3 -
2 2
Isoprene CsHs 68 Diene 826.4 33.7 82.4¢ 35.7 25.8 29.2 17.7 16.1
Benzene CeHe 78 Aromatic | 750.4 79.7 197.2¢ | 61.6 25.0 23.3 16.6 15.6
Nonpolar
compoun | HC .
d Toluene C/Hsg 92 Aromatic | 784.0 110.1 231.6¢ |75.6 35.0 26.0 19.1 21.9
o-Xylene CsHio 106 Aromatic | 796.0 143.9 269.2¢ | 87.9 10.2 27.1 20.2 6.4
1,2,4-
Z"me"hy'be"ze" CoHi, | 120 Aromatic | - 168.9 |274.4c |93.8 ] 259 |20.2 ]
(1,2,4-TMB)

a Obtained using Eq. (7-a) involving the detected ion intensities of VOC-H+ and H30+. b Obtained using Eq. (8). ¢ Reported in reference [7].
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Table 2.2

Measured sensitivity in PTR-MS vs. kinetic reaction rate constant

( f) Kinetic
reaction rate
( a) Volatile organic compound (VOC) ( ¢ ) Product ion distribution constant : 9
( e ) Kkinetic [X 10
Measure cm3 molecule!
(d) q st]d
Measured E/N
. ...|permane
polarizabili nt dioole =
ty [30] : mompent E/N= | 106
Modified H30*- 120Td, |Td,
*.ToF- - 2 30]:
H;0"-ToF-CIMS ToF-CIMS PTR-QMS [27] [30] Tor =323 | Tor
Formul Molecul Ke =
HCP,, 3 ar mass 323
Mk [Da] Ke
( (
lon lon .
formul | Fractio :‘z:‘mul Fractio formul | Fractio Qlmeas. [X HD meas. fjl\)/l:dcl;‘:_e ?TR
a n [%] n [%] a n [%] 1024 cm?] | [D] 3
(m/2) a (m/z) (m/2) ToF- Qm
CIMS) S)
C C C
HsO0* |97 Hs0* 90 HsO* | 100
(33) (33) (33)
C
Polar Hs 2.3
Meth | CH;0 32 Hs* 2 8 3.28 1.70 2.30
compou | HCO; ethano 4 3 0*(19) 5
(15)
nd
0 C
thers 1 Hs” 2
(15)
Acetaldehyde |C;H,O |44 C |99 C2 |99 C (100 4.60 2.75 3.09 3.1
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2HsO* HsO* 2HsO* 6
(45) (45) (45)
(o) (0)
thers 1 thers 1
C C
,H,0* |93 ,H,0* |50
Ethanol C2HgO |46 (47)C - (47)C 5.26 1.69 2.31 (2)'4
2Hs* 7 oHs* 50
(29) (29)
G
HsO* 96 3.2
Acrolein CsH4O |56 - (57) - 6.38 2.83 3.14 9'
0 4
thers
C G C
3H;0* | 96 H,0* 96 3H;0* | 90
(59) (59) (59)
Acetone C3HeO |58 H3O+C 3 H30+c 3 3H7+C 10 6.37 2.88 3.23 i.3
(31) (31) (43)
(o) (0)
thers 1 thers 1
C Cs C
aHoO* |94 HoO* 94 4HoO* | 100
(73) (73) (73)
C C
Methyl ethyl R R
ketone CiHsO |72 2Hs0," | 2 Hs0," 2 8.13 2.78 3.21 3-3
(MEK] (61) (61) 0
C C
2HsO* |1 HsO0* 1
(45) (45)
O3 O 3
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thers thers
Cs
HeO* 96 23
Anisole C;HsO |108 - (109) - 13.10 1.38 2.23 8.
0 4
thers
C
Hs0,* |97 1.9
Formic acid CH,0, |46 (47) - - 3.40 1.43 1.92 8.
0 3
thers
HCO; C
2Hs0,* | 76
Acetic acid C,H,0, | 60 (61) c - - 5.10 1.70 2.20 ;'2
2H30* | 24
(43)
C Cz C
2HaN* | 99 HiN* 98 2HasN* | 100 a1
HCN; | Acetonitrile C:H3N (41 (42) (42) (42) 4.44 3.93 3.98 1'
(o) 1 (0) 2
thers thers
Ce
HeNO, |93
(124)
:fNi Nitrobenzene g‘*ZHSN 123 - Co |, - 13.81 4.22 4.25 ‘7"4
He (78)
(0)
thers 6
Nonpola |, | soprene CsHs |68 €35 Cs | sg € 100 9.99 0.25 1.92 1.9
r sHo* Ho* sHo* 2

49




compou
nd

(69) (69) (69)
C
s’ 2 thers0 32
(67)
C
sHs* 56
(41)
(0]
thers 7
C Cs C
eH7* 99 H;* 99 eH7 100 1.9
Benzene CeHs 78 (79) (79) (79) 10.35 0.00 1.93 3'
(0] 1 (0] 1
thers thers
C C; C
7Ho* 96 Ho* 97 7Ho* 100
Toluene C/Hs 92 (93) (93) (93) 12.12 0.38 2.05 2.0
C G 5
7H7* 4 H;* 3
(91) (91)
C Cs C 22
O-XY'EI‘IE C3H1o 106 3H11+ 100 H11+ 100 3H11+ 100 14.50 0.64 2.22 2.
(107) (107) (107)
1,2,4-
Trimethylbenz ¢ Co 2.3
ene CoHi2 | 120 oHis* | 100 His* 100 - 17.17 0.33 2.39 9
(1,2,4-TMB) (121) (121)

d Calculated by substituting (d) ameas. and (f) mD meas. in Egs. (11) and (13).

e TDT represents the drift tube temperature.
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Table 3

Polarizability «

C und R (d) Linear function to obtain Relative
ompo a(Mg, HCP,,)) [x 10"%* cm?] (e) error [%] ©
( b ) Qiterature [X 10-24 a(MR) [X
3] = D f
(a) Total ( ¢ ) Chemical class cm-] = b Mg [Da] . 1024 cm3] (f) I(g)
HCP number (number) +c Exception d Mg, | ol MR)
" (Mg ( Correlation HCP,,) |
range) coefficient : r)
(
Alkane 18
)
(
Alkene 17
)
(
118 ( 0.002) M __(0 3 phenanthrene, +0.01)
HC (Mg = Diene 10 +'0 3 R™ 152 | pyrene, Mg 4.6 |16.7
16-300) ) = .0)9838) fluoranthene, -(1.3 ¢
r=0.
Cyclo-alkane, ( naphthacene 1.0)
alkene and
(
. 17
iene
)
Bicyclo-alkane and g
alkene )

o1




Aromatic

o

Polyaromatic

Others

3.9

5.1

(
Ketone / aldehyde |24
)
(
Alcohol / phenol 15
)
(
55 Ether 11| |a=(0.133 %
0.002) Mr - (1.2
HEO: | (Me = 2 +oz)) !
30198) | Furan )2 (r = 0.9946)
(
Epoxide 2
)
(
Others 1
)
HCO, |35 Ester ( a=(0.142

5.5

15.0
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(Mg =

0.005) Mx - (3.4

Secondary amine

0.004) Mg - (0.1
+0.3)°P

)
46-208) ( +0.5)
Carboxylic acid 5 (r=0.9786)
)
(
Quinone 3
)
(
Others 16
)
( a=(0.12 £ 0.03)
2 | Mg-(2.11%
7 Others ( _
HCOs.r (Mg = 5 (r: 0'83981 Paraldehyde
4 90_174) ) a= (0-110 =
0.006) Mk - (2.0
+ 0.8)?
(r=0.9932)
(
Cyanide / nitrile 10| |@=(0.129¢
) 0.005) M + (0.2
30 ( + 0.5)
HCN; | (Mk= Primary amine 8 (r=0.9773) Butylamine
31-143) ) a=(0.131+
(
3
)

9.4

26.2
2.7°2
7.0

13.7
6.4°
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Tertiary amine

(r = 0.9897)

Pyridine
Quinoline
20 ( a =(0.13 + 0.01) | cyanogen,
HCN; |(Mg= Others 20| |Mi-(1.2+1.1) |fumaronitrile,
52-180) ) (r=0.9536) p-dicyanobenzene
( a=(0.104 +
Amide 5 | 10.009) Mg + (0.2
Hcl“’io" ) | |+1.1)
(p=1, |18 . (1 1 (r=0.9468) ,
2,4, (Mg = Nitro 6 Tetranitromethane
a=(0.119 £
q = 1-4, | 45-215) )
) ( 0.006) My - (1.0
Others 7 +0.6)°¢
) (r=0.9833)
(
5 Sulfide 3 a=(0.14 £ 0.02)
HCS; (MR = ) Mr-(1.4+£1.3) |-
62-90) Thiol (1 (r=0.9770)

10.8 [10.0
10.2

14.4
7.3°¢
3.6 5.0
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Thiophene

— ) [

Overall
HCP,,

a Except for paraldehyde. b Except for butylamine. ¢ Except for tetranitromethane. d Slope and intercept were obtained by averaging coefficients ¢ and d in the equations for individual HCPm categories shown in (d).

- - - - - 5.6 |13.3¢

e RelativeBrrorZd[ (Mg, HCP,,) BB (MR)F A peas )T B meas. XALO0H %]

f Exceptions described in (d) were included.

g Error of a(MR, HCPm) or a(MR) for overall HCPm, which is obtained by averaging the average relative errors (REave.) of individual HCPm categories: ErrorZE5 RE ave.
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Table 4.1

Permanent dipole moment up

Compound R Estimated dipole moment K [D] Relative error [%] ¢
(b)
d) From
Functional ) (d) . (e) From (f) From
( ¢ ) Chemical property of functional .
(a) jgroup residual hydrocarbon part group; elemental molecular (8) o (h)uo (1) uo
HCP,, | (Total (number) (FG’)a composition; | mass; /p (FG)e© (HCP,,)f (MR)f
number, Mg Ho i Up (HCP,) P (Mg)©
range) (exception)
(
Chain/saturated aliphatic 18
)
(
Chain/unsaturated aliphatic )6 28+0.2
( (Formaldehyde,
Ketone / Cyclic/saturated aliphatic 7 trans-2-butenal
aldehyde ) | | 3methvi-2
(37 My 30 ( cyclopenten-1- 5.8 42.4 27.9
’ R= =
HCO, 152) Cyclic/unsaturated aliphatic |3 ;T'G 1.6+0.7 2.1£0.9
z cycloheptatrien-
Aromatic + chain/saturated ) 1-one)
aliphatic )
(
Non-benzenoid aromatic 1
)
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Alcohol : Chain/saturated

(
aliphatic ;l 8
Chain/unsaturated (5
aliphatic )
Alcohol / (
phenol Cyclic/saturated aliphatic |2 1.6 0.2
(35, Mg = 32- )
130) (
Aromatic + 1
chain/saturated aliphatic )
Phenol : Chain/saturated (9
aliphatic )
(
Chain/saturated aliphatic 11
)
(
Ether Chain/unsaturated aliphatic )5
(19, MR = 46- ( 1.2+0.2
170) Aromatic + chain/saturated >
aliphatic )
(
Aromatic 1
)
Epoxide Chain/saturated aliphatic g 1.93 £ 0.06

9.5 9.5 29.5
10.4 42.3 78.2
2.7 14.5 7.1
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(3, M = 44-72)

Furan

Chain/saturated aliphatic

aliphatic

Aromatic +
chain/unsaturated aliphatic

.73 +0.
(4, Mr = 68-94) 0.73%0.08
Chain/unsaturated aliphatic
Others _
(8, Mk = 42-86)
Overall HCO, - -
(
Chain/saturated aliphatic 20
)
(
Ester Chain/unsaturated aliphatic )5 L8401
HCO, | (30, Mk = 60- ( (B. B I. tate) 1.9+0.5
340) Aromatic + chain/saturated 4 enzyl acetate
)
(
1
)

14.5 125.6 182.6
- 14.2 36.5
8.68 41.48 60.3¢8
5.0 8.6 14.6
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Carboxylic
acid

(13, Mg = 46-
282)

Chain/saturated aliphatic

Chain/unsaturated aliphatic

14+04

Others
(38, Mk = 46-
138)

29.3

56.7

66.1

44.0

43.5

Overall HCO,

17.2¢

36.4¢

41.48

HCO;

Others
(15, MR - 88-
152)

24+1.1

32.4

27.3

HCO,

Others
(8, Mr = 144-
390)

25%0.3

9.0

18.7

a ”3'( FG)“: ”5'h1eas."

+ standard deviation : In the case of regio-isomers and/or stereo-isomers, average mD meas. for those were used.

=+ standard deviation : Exceptions described in parentheses were excluded. In the case of regio-isomers and/or stereo-isomers, average mD meas. for those were used.

b ”z'(HCPm)":'S ”Z-(FG)"'*‘"WZ-meas_-(Others)"




oG (MR)BEB o5 (HCP,, )G (HC)
c + standard deviation : mD(HC) =0

(pch FGIEHCPmrrWR)E' oq}ﬁneas.l)l?@bl_?meas. XE[OOEII%]

d Relative error =

e Exceptions described in parentheses in (d) were excluded.

f Exceptions described in parentheses in (d) were included.

ErrorZ3 RE ..

g Error of mD(FG), mD(HCPm) or mD(MR) in each HCPm category, which is obtained by averaging the average relative error (REave.) of appropriate functional group categories:
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Table 4.2

Permanent dipole moment /p

Compou

nd R

Estimated dipole

moment K [D]

Relative e

rror [%] ¢

(d) From

Cyclic/saturated aliphatic

: . e ) From f) From
(a) ’(;o)uzunctlonal (¢) Chemical property of functional (ele:nental ino)lecular (g) (h) (i)
residual hydrocarbon part group; - f“ ﬂDf 'ufD
HCP,, |(Total number, (number) 1o (FG)® composition; | mass; up (FG) (HCP) (M)
MR range) (exception) Up (HCP,) P (Mg) €
(
Chain/saturated aliphatic |9
)
Chain/unsaturated 5;
aliphatic )
Cyanide / (1 14.0£0.3
?llznll\; . Cyclic/saturated aliphatic |1 | | (Hydrogen 5.6 46.2 46.3
117') R= &I ) | | cyanide)
Aromatic + (1
HCN, chain/saturated aliphatic ) 211209
(
Aromatic 1
)
( +
Isocyanide Chain/saturated aliphatic |2 ?I:Ioz;oofnz 0.3 44.5 44.7
(4, Mg = 27-103) ) | | YOTOB ' ' '
( isocyanide)
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Aromatic

Primary amine

Chain/saturated aliphatic

Chain/unsaturated
aliphatic

(18, Mg = 31- Cyclic/saturated aliphatic 1.31+0.1 2.1+13
121)

Aromatic +

chain/saturated aliphatic

Aromatic
Secondary (
amine Chain/saturated aliphatic |5 | |1.02 £ 0.08
(5, Mg = 45-129) )

. . ( +

Tertiary amine Chain/saturated aliphatic |3 0.68 £ 0.07
(4, Mg = 59-121) (N,N-

9.1 61.7 61.2
5.6 104.6 103.9
9.2 160.3 159.5
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Aromatic +
chain/saturated aliphatic

Dimethylaniline)

Pyridine
(7, Mg = 79-121)

Chain/saturated aliphatic

2.1+0.1

Others
(11, Mg = 43-
129)

Overall HCN;

HCN,

Others
(13, Mg = 42-
104)

3.0£0.9

HCN,O,

(=1,
2)

Amide
(7, Mg = 45-87)

Chain/saturated aliphatic

—

3.8+0.2

Nitro

Chain/saturated aliphatic

—

3.7x0.4

3.5+04

13.0 13.0 13.0
- 67.4 67.0
7.18 71.18 70.8¢8
- 39.4 32.0
3.8 9.1 45.6
6.9 7.7 43.1
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(5, Mg = 61-123)

Aromatic

V’_\AV

Others
(22, Mr = 43-
113)

Overall
HCN, O,

HCS,

Sulfide
(7, Mg = 62-146)

Chain/saturated aliphatic

1.58 £ 0.02

Thiol
(10, Mr = 48-
110)

Chain/saturated aliphatic

Aromatic

1.58 + 0.05
(Benzenethiol)

Others
(10, Mk = 46-98)

1.589 £ 0.008

- 60.2 36.7
5.48 25.7¢% 41.8%
1.7 1.7 30.2
2.9 5.5 33.7
- 49.7 71.2
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Overall HCS; - -

2.3¢8

19.08

45.08

a ”B'( FG)": nZ'}'neas.“

b IB-(HCPm)":'S %'(FG)ll.-l-'lm'i'neas.'(Others)"

o (Mg)BE o5 (HCP,)E B (HC)
c + standard deviation : mD(HC) =0

(Fkbli( FG;I}ICPm;rWR)@ ocDI?t‘neas.|)|?®(:Dlineas. XL?.[OO@%]

d Relative error =

e Exceptions described in parentheses in (d) were excluded

.f Exceptions described in parentheses in (d) were included.

g Error of mD(FG), mD(HCPm) or mD(MR) in each HCPm category, which is obtained by averaging the average relative error (REave.) of appropriate functional group categories:
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* standard deviation : In the case of regio-isomers and/or stereo-isomers, average mD meas. for those were used.

+ standard deviation : Exceptions described in parentheses were excluded. In the case of regio-isomers and/or stereo-isomers, average mD meas. for those were used.

ErrorZ5 RE ..




Table 5

Capture rate constant k.,

Compound R whose kneas. is used

Relative error of ko[, up] [%]? (number)

[«
(Total ( ¢ ) Chemical ’ (e)[aAMr (f) [adMr
d eas.y ’ ’ M ’
(a) |(b) number, Mk | property of (number) o LD”ai“b HCPn), HCP.,), ,(ui()lv[lf)(] )
HCP | Functional |range) residual ] e Uo(FG)] € Ho(HCPr)]
m group hydrocarbon =
Therm | Kinet | part Therm | Kinet Therm | Kinet Therm | Kinet Therm | Kinet Therm | Kinet
al ic al ic al ic al ic al ic al ic
Chain/saturate
d aliphatic (13) 1(3)
Chain/unsatur
(18, (| | ated aliphatic (2) (1)
Ketone |Mr= |4, Mg | |Cyclic/saturate (1) (0) 4.8 5.4 9.1 53 22.8 |30.1 14.6 |19.8
/ aldehyde 30- =44- d aliphatic (7) (3) (18) ((4) (18) ((4) (18) ((4)
154) |[72) Aromatic +
Polar chain/saturate | (1) (0)
HC d aliphati
compou phatic
nd O: Aromatic (1) (0)
(17 ( Alcohol :
Alcohol | M= |2, Mk g:“;;“f;it:rate (15) (1) 39 (21 | 61 |14 | |67 |07 | 189 |13.4
/ phenol 32- =32 > (8) [(2) —(17) {(2) —(17) [(2) —(17) ((2)
Chain/unsat
156) |86) urated (0) (1)
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aliphatic

Cyclic/satur
ated aliphatic

(1)

(0)

Phenol :
Chain/saturate
d aliphatic

(1)

(0)

Chain/saturate
d aliphatic

(6)

(8, MR Chain/unsatur
Ether = 74- ated aliphatic (1) - 8'39 - 7.82 - 12'7 - 3;'9 -
108) Aromatic + (3) (8) (8) (8)
chain/saturate [(1)
d aliphatic
Others;
tetrahvdrofu | (1? VR Chain/saturate (1) |- ] ] ] ) 29 | 158 |
etrahydrofu =72) d aliphatic (1) (1)
ran
Overall q d d q 4 115.4 4 116.6
HCO, 5.9 3.7 7.5 3.3 13.09 |, 20.3° |,
Chain/saturate (7)
HC Ester (-S’GQTIR z:;:zz:izi - 2.4 6.5 8.9 15.7
0 136) chain/saturate | (1) (5) (8) (8) (8)
d aliphatic
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Chain/saturate

Carboxy (_8;2?" _ daliphatic |7} | 38 | 55 | 13.4 | 215 |
lic acid 102) Chain/unsatur (1) (4) (8) (8) (8)
ated aliphatic
Others;
k k
etone/keto 2 M. Chain/unsatur | | | | 50.1 | 59.5 |
ne, - ated aliphatic (2) (2)
alcohol/alco | 90)
hol
Overall d d d d
HCO, 3.1 6.0 24.1 32.3
Cyanide (_2;1""‘ . M( g:“::;ﬁs;ltc”rate (1) (1) 52 |13 | 43 1.6 | |348 |32.8| |36.8 |36.3
oy ® - = ’ R
/ nitrile 103) |=41) | | Aromatic (1) 1(0) (2) (1) —(2) [(1) (2) (1) —(2) |[(1)
HC
Na Primary (5, M Cha.m/sa.turate (4) 4.3 3.7 29.5 25.8
. =59- |- d aliphatic - - - - -
amine 93) Aromatic (1) (4) (5) (5) (5)
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(3r MR

Second a5 |- Chain/saturate (3) ) 9.3 _ 6.8 ) 47.8 ) 43.3 )
ary amine 73) d aliphatic (2) (3) (3) (3)
. (2, Mr .
Tertiary —59. |- Chain/saturate (2) ) 3.8 _ 4.5 _ 52.1 _ 47.9 _
amine 101) d aliphatic (2) (2) (2) (2)
Pyridin | (1, Mg ) Chain/saturate (1) ) 4.4 _ 4.1 _ 2.2 _ 0.6 )
e =79) d aliphatic (1) (1) (1) (1)
Others; |(1, My |, | | chain/saturate | |\ | |\ | | 105 (02 | 7.3 |25
pyrrole = 67) ='67)R d aliphatic (1) (1) | |(1) [(1)
Overall q d d q 4 116.5 4 119.4
HCN, 5.4 1.3 4.7 1.6 29.5° |, 27.0° |,
Chain/saturate
sulfide | o] daliphatic | 2] | 20 | 39 | 20 | 17.9 |
;0) Chain/unsatur (1) (1) (4) (4) (4)
HCS ated aliphatic
1
. (1, MR Chain/saturate 7.4 5.8 6.0 23.0
- . . 1 - - - - -
Thiol 1 _¢5) daliphatic |\ 1) (1) (1) (1) (1)
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Overall q g q
. - . - . - 20.5¢9 |-
HCS, 5.7 4.8 5.0 0.5
Overall
15. 18.
polar 5.2¢ 12,99 | |5.69 |2.79| |20.89 | >3 | 2549 d8 0
compounds
Alkane (2)
N | Alkene (10)
onpofa Alkyene (1)
r HC |- (29, Mg = 40- Diene (1) 6.1°¢ 6.5°¢ ) 63.7°
142
:Ic:jmpou ) Cycloalkane (2) (15) (25) (25)
Bicycloalkene [(4) | ] L
Aromatic (9)
, Average relative error = (I Kcap = Kimeas. D / Kmeas. X 100 [%]

b kcap[ameas., mD meas.] for HC corresponds to kcap[ameas.].
c kcap[a(MR, HCPm), mD(FG)] for HC corresponds to kcap[a(MR, HCPm)].

d Error of kcap[a, mD] in each HCPm category or overall polar compounds, which is obtained by averaging the average relative errors (REave.) of appropriate functional group categories:

ErrorZE5 RE ...

e (Cyclo)alkanes were excluded.
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Table 6

Calculated vs. measured sensitivity in PTR-MS

( a) Volatile organic compound (VOC)

(b ) Measured
sensitivity [ncps

( ¢ ) Sensitivity calculated using capture
rate constant kcap[ @, o] [ncps ppbv]
(corresponding relative error [%] with

b -17a
ppbv~] respect to measured sensitivity)
Vapor
Functional aP;z:\?tn pressur Modifie (1) (1) () (1v)
Formyl | Molecula | / e H0* | 1 o [, [ [aMR, | [a(Mg, (M)
HCP., ; r mass fhen:)ical \[/k | [°C at -ToF- ToF3 Lo ﬂmeas' HCPy), | HCPw), Lo MR)'
- _ ) D R
Mk [Da] aroup mol] 100 CIMS CIMS 1= MRT Uo(FG) | up(HCP,,) I
[11] kPa] ] ]
[30]
. . 2 .
Pentanone | CsHO |86 Ketone |834.8 |101.8 46.1 |- ?:e?)e :‘;87) ?:0 . ?26140)
44.1 46.2 . .
Hexanone CeH120 | 100 Ketone |- 125.2 40.7 |- (8.3)° (163 4) ?13831) (39658)
Phenol CcHsO |94 Phenol |817.3 |181.4 - 14.4 (1395'41) (2418'31) (2418'49) (2635'89)
Heo, . . . .
Cresol C;HsO | 108 Phenol |818.3 |197.9 - 14.7 (2:5'45) (2429'09) (252(;16) (2: 1;28)
Polar ; : : .
compoun Furan CsH,O |68 Furan 803.4 |31.0 235 |- (2: :) o (2: 66) (3;229) (356 ;lzo)
d . . . .
2-Methylfuran | CGsHsO | 82 Furan 865.9 |64.5 - 17.0 :1701) e :1793) (2202.87) (2339.75)
. 22, 23.
HCO, | Furfural CsH402 |96 Others |- 161.4 - 30.3 ?13198) - (2557) (23187)
4 7. 7.1 .
HCN; | Pyridine CHsN |79 Pyridine | 930.0 |114.9 31.7 |- ?281 2) ?1998) (317 1) (316437)
HCN;0 | Methyl 43.1 49.3 36.0
. isocyanate C,H3:NO |57 Others |764.4 |38.8 42.0 | - (2.6)¢ | (17.3) (14.4)
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Overall polar REave. | REave. = REave. = REave. =
p =14.6 |19.8% |, . 4 |34.0%
compounds o d d 29.2 % 4
0
Aromari 19.7 20.1 24.2
E 1 . 135. - 14. -
thylbenzene | CsHio 06 c 788.0 35.7 4.9 (32.7) | (35.5) (62.4)
a- .
Aromati 20.8 21.1 24.6
Methylstyren | CoHjo 118 c 864.2 |164.9 - 20.6 (1.0) |(2.4) - (19.2)
Nonpolar HC €
Aromati 22.3 25.2
;ompoun p-Cymene CioHia | 134 c - 176.6 ) 18.9 i (18.0) | (33.4)
] Bicycloa 34.5 38.9
a-Pinene CioHis |136 Ikene - 155.1 31.9 |- ) (8.2) | (21.9)
Overall nonpolar REave. | REave. = REave. =
P =16.9 {16.0% |- 343 %
compounds oz d d d
(1]

a Corrected for fragmentation and ion transmission efficiencies via Eq. (8). b kcap[ameas., mD meas.] for HC corresponds to kcap[ameas.]. ¢ kcap[a(MR, HCPm), mD(FG)] for HC corresponds to

kcap[a(MR, HCPm)]. d REave. represents the average relative error in each rate constant category.

e Using a(MR, HCPm) because of no data of ameas.
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