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ABSTRACT: Gas phase reactions between hydrated protons H*(H,0), and a substance M, as seen in atmospheric pressure
chemical ionization (APCI) with mass spectrometry (MS) and ion mobility spectrometry (IMS), were modeled computationally
using initial amounts of [M] and [H*(H,0),], rate constants k; to form protonated monomer (MH*(H,0),) and k, to form proton
bound dimer (M,H*(H,0),), and diffusion constants. At 1 X 10'° cm™ (0.4 ppb) for [H*(H,0),] and vapor concentrations for M
from 10 ppb to 10 ppm, a maximum signal was reached at 4.5 us to 4.6 ms for MH*(H,0), and 7.8 s to 46 ms for M,H*(H,0)..
Maximum yield for protonated monomer for a reaction time of 1 ms was ~40% for k; from 107"! to 107 cm®-s™*, for k,/k; = 0.8,
and specific values of [M]. This model demonstrates that ion distributions could be shifted from [M,H"(H,0),] to [MH"(H,0),]
using excessive levels of [H*(H,0),], even for [M] > 10 ppb, as commonly found in APCI MS and IMS measurements. Ion losses
by collisions on surfaces were insignificant with losses of <0.5% for protonated monomer and <0.1% for proton bound dimer of
dimethyl methylphosphonate (DMMP) at S ms. In this model, ion production in an APCI environment is treated over ranges of
parameters important in mass spectrometric measurements. The models establish a foundation for detailed computations on
response with mixtures of neutral substances.

KEYWORDS: atmospheric pressure chemical ionization, reaction kinetics, hydrated proton, rate constant, vapor concentration,
protonated monomer, proton bound dimer

B INTRODUCTION for reactions between hydrated protons (reagent) and
substances M (analyte) commonly occur at elevated or ambient
pressure with ions at thermal energies. Favorable interactions
between M and H*(H,0), form an energetic intermediate
(MH*(H,0),)* which undergoes loss of neutrals to form a
protonated monomer, MH*(H,0),:

Analytical response in atmospheric pressure chemical ionization
(APCI) mass spectrometry (MS)'™* and ion mobility
spectrometry (IMS) at ambient pressure”® is governed by gas
phase reactions between analyte neutrals and reagent ions, often
derived from proton clusters in positive polarity. Such reactions
occur in a significant number of ion sources for MS”® including H*(H,0), + M < MH'(H,0), + yH,0

corona discharges,”'® electrospray ionization,"' ~"* dielectric hydrated proton/ analyte protonated neutral

barrier dis.charges,“"15 and soft X-rays.lé_18 One stable and reactantorreagention 1
reliable source at ambient pressure, the beta emitter 3N, was
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phase ion—molecule reactions were developed and refined by Accepted:  June 23, 2021

the mid-1970s”" with a broad experimental record for mass Published: July 15, 2021

spectrometry including chemical ionization MS**~** and studies
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with ionization detectors. These reactions as shown in eq 1
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Residence times and collision frequencies are often sufficient to
result in larger cluster ions such as proton bound dimers shown
in eq 2.
MH'(H,0), + M < M,H"(H,0), + wH,0
analyte proton
bound

dimer

protonated
monomer

neutral
2)

While proton bound trimers can form at subambient temper-
atures and are observed in mobility spectra, ion lifetimes are
submillisecond at or above 25 °C and are not commonly seen in
applications of IMS today with 1 to 10 ms time scale.””** Only
reactions with hydrated protons are considered in models
developed here although recent studies have demonstrated that
precursor ions includin% O," can be utilized at high electric fields
and reduced pressures.”"

In more a generalized expression, the waters of hydration in eq
1 can be replaced by solvent molecules or other substance such
as acetone or ammonia to control or enhance selectivity of
response in some IMS and MS measurements.””*>** Details on
reaction enthalpies, mechanisms, and influences of ion
structures were extensively explored from ~1965 to 1990 for
reactions in eqs 1 and 2 with ion sources at high or ambient
pressure.”*~* Interest was given particularly to refined models
of the Langevin rate constant'* and detailed descriptions of
bimolecular collisions.” Significantly, only a limited exper-
imental record, obtained largely at subambient pressures using
selected ion flow tube mass spectrometry, exists on rate
constants specifically for hydrated protons, and these studies
were from Kebarle et al,>® Bohme et al,**** Castleman et
al,**" and others*®*’ are also relevant. Rate constants for
formation of proton bound dimers are known only from studies
with ion mobility spectrometry.’

Insights into reaction kinetics have been used in several APCI
reaction studies where models were developed to predict or
interpret responses in APCI MS or IMS, and these studies were
largely tar$eted to specific designs of technology or
substances.”’ ~>” In a model of response with reactions in a
cylindrical source as found in early APCI MS designs, Siegel
described ion density of positive and negative ions formed from
a beta emitter.”* A thorough discussion was given to the
production of ions and their losses from recombination and
diffusion with an emphasis on source parameters and design.
This model was adapted and extended by Ketkar et al. and
compared to analytical response in APCI MS with a corona
discharge ion source.”® The change in response to dimethyl
methylphosphonate (DMMP) in the presence of a second
constituent, diisopropyl methylphosphonate (DIMP), was
determined experimentally and compared favorably with
predicted values for reaction times of 0.1 ms. Recently, response
of an ion mobility spectrometer to DMMP was compared to
models derived from the work of Siegel and included the
formation of proton bound dimer with reaction times of 10—100
us.>>*¢ Predicted and measured ion abundances were
comparable until reaction times >100 ps after which divergence
occurred and was attributed to recombination reactions. Other
models for glow discharge sources in mass spectrometry”’ and
for proton transfer reaction mass spectromett’y44 are noteworthy
yet limited for use in models here by differences in ionization
chemistry.

Response using hydrated protons in an APCI MS instrument
equipped with a corona discharge was quantitatively described
where reaction times were established by the electric fields, gas
flows, and distances between the ion source and vacuum
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interface.*® High sensitivity with rate constants of 2 X 10~ cm?
s™! were observed for nitrogenous bases where a product ion was
formed on every collision between M and H*(H,0),. In
contrast, not every collision between a hydrated proton and M
forms a product ion with compounds of lesser gas phase basicity.
This is seen in differing sensitivities (ion counts s™' ppb™") in
APCI MS which ranged from 10* to 10* for compounds with
differences in gas phase basicity of 160 kJ/mol. Indeed,
sensitivities for compounds with lesser gas phase basicity were
increased with increased temperature.”” Such increases can be
achieved also with decreased levels of moisture as shown
recently with response or sensitivity for IMS.”>®° Finally,
principles derived from reaction kinetics were used to enhance
selectivity of APCI MS through extended reaction times with
ultratrace vapor concentrations.®'

Where models of APCI reactions have been provided,
interests have been targeted by specific compounds, by precise
applications for chemical measurements,”” or by design
considerations for ion sources’* and models or computational
tools have not been sufficiently general to explore broadly the
sensitivity of reaction kinetics to various parameters. In this
work, a model of APCI reactions has been developed and has
been used to explore the impact of parameters on the rate of
formation of protonated monomers and proton bound dimers
for single substances. The goal in this work is to provide
quantitative measures for APCI reactions with sufficient breath
to inform the design and development of new sources for APCI
MS and IMS and for analysis of response with existing sources
and instrumentation.

Bl DESCRIPTION OF MODEL

Details of Model. The model for APCI reactions is based on
binary kinetics between hydrated protons and an analyte (M) in
air at or near ambient pressure with certain assumptions and
limitations here:

1. Reactant ions, H*(H,0),, are extracted from an ion
source and mixed with sample vapor (M). There is no ion
loss from recombination since there are no negative
species in the reaction volume. The level of hydration (1)
and [H,0] are assumed constant.

. Charge density for hydrated protons is fixed at an initial
value and no further addition of charge is made during the
reaction time. Computations are stopped when
[H*(H,0),] or [M] = 107> cm™ for eq 1 and also
when [MH*(H,0),] = 107> cm™ for eq 2.

. Losses from diffusion are included for ions in a cylindrical
geometry of radius r and height (h) = 2r>t

. Moisture and temperature are “fixed” so the water cluster
size n, in H*(H,0),, is considered to be a weighted
average between ~2.5 and 3.5, consistent with rate
constants reported by Bohme et al.>

. There is no loss of ion density from dilution by gas flow or
extraction of ions from the reaction volume.

. Backward reactions are considered negligible. Once
formed, a product ion lifetime exceeds the time scale of
any experiment. That is K, yere <K Kgoryarg in €qs 1 and 2.

. Higher order ions such as proton bound trimers and
tetramers are not considered due to short lifetimes.

. Coulombic repulsions®* are not included in this model.

. The model is general and suitable for use with above-
ambient pressure where rate constants are increased
significantly with increased pressure;*® thus, rate con-

https://doi.org/10.1021/jasms.1c00158
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stants are higher than those sometimes seen in API
conditions.

10. Recycling of [M] from diffusion-based neutralization of
M,H*(H,0), was shown to be less than 1% for reaction
times below 10 ms and was omitted.

11. The model did not include reactions between H*(H,O),
and 2M or M, since rate constants or ion lifetimes are
unknown.

12. The compounds are assumed to be volatile and chemically
stable with ranges of reactivities toward hydrated protons,
and vapor concentrations are from sub-ppb to low ppm
ranges.

Rate Equations. The rate of change in protonated
monomer, or [MH*(H,0),], in eq 1 is described mathemati-
cally in eq 3 and simplified without recombination since this
model is based on a unipolar condition (i.e., hydrated protons
have been extracted from an ion source into a reaction volume
free of negative charge). The model includes loss of ion density
by ion diffusion and collision on surfaces of the reaction volume.
The positive term in the right side of this equation refers to the
rate at which MH*(H,0), ions are formed during the time
interval df, whereas the negative expressions indicates the losses
by sequential reactions, i.e. formation of proton bound dimer, or
M,H*(H,0),, and diffusion losses. Here, k; is the reaction rate
constant of the reaction, [M] is the abundance of the neutral
compound, D, is the diffusion constant for positive ions over the

diffusion length A.
d[MH*(H,0),]
S ELOM ot (1,0),)

D
— k,[M][MH"(H,0),] — X;[MHJr(HZO)x] 3)

+
d[Msz—inO)z] = k,[M][MH*(H,0),]
Dy
S IMH (H,0).1 (4)
d[H*(H,0 D
% = —k[MI[H'(H,0),] = —5[H"(H,0),]

(s)
i —k[M][H*(H,0),] — k,[M][MH"(H,0),]
(6)

Units in the computations differ from SI units in time and
volume to match the familiar literature on ion molecule reaction
kinetics. Time in ms or ys and volume in cm® also match the
parameters of experimental technology.

B EXPERIMENTAL SECTION

Procedures. The sensitivities of ion formation and ion
distributions to reaction parameters were explored using the
model described above and six experiments are described in
Table 1 with lists of parameters and links to graphics. Standard
parameters or initial values were drawn broadly from
experiences and reports of ion—molecule reactions. Unless
noted, they were the following: [H*(H,0),] = 1 X 10"® cm™
(0.4 fpb); k; =1.0 X 107 em® s7%; k, = 0.8k;;”° D = 0.05 cm?
s, r=1.5 cm; h = 2r, and [M] = 10 ppb (2.46 x 10" cm™).
Reaction time is variable unless noted.

Experiment I.
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a

Table 1. Computational Experiments Using a Model for Formation of Product Ions from Sample Neutral M and Hydrated Protons

Figure

variable and range

name

no.

—
— W

time 0—2 ms; k, = 0; [M] from 2.46 X 10" (10 ppb) to 1.23 X 10" cm™ (5000 ppb)

time 0—20 ms; [M] from 2.46 X 10° (0.1 ppb) to 2.46 X 10" cm™ (1 ppm)

time 0—100 ms; k, = 0.8k,

k,=1x%x10"° cm?s™!
1

A. depletion of hydrated proton and formation of product ions at fixed vapor
concentrations for a single compound

I

o\l

B. rate of formation of protonated monomer with the formation of proton

(M]

C. rate of formation of protonated monomer and proton bound dimer over a

bound dimer, for a single compound, over a range of vapor concentrations
range vapor concentrations and for a single compound

time 0—1000 ms; [M] interval from 2.46 X 10° (0.1 ppb) to 2.46 X 10"> cm™ (1 ppm)

o
< vy O o~ e} w
j2lo)y
5R=]
8
-8
2o
o
c £
S
o
ol
=5
'Q)J-l
=.E
<
~
S
-2

1.09 X 107 cm®s™Y; diffusion constants D for [H*(H,0),]

v and [My;H*(H,0),] ..., refers to the maximum

oy

5k, from 1.0 X 107" t0 5.0 X 10™° cm-s ™!
time (t) variable, at time of maximum yield ([M],¢ctea /[MIiniga) X 100; [H*(H,0),] 1 X 107 to 1 X 10" em™3; [M] 0.1, 1, 10, and

M] interval from 0.1 to 10000 ppb (0.0001 to 10 ppm)
0).]

¥

obtained across all reaction times; [H*(H,0),] 1 X 10 cm
257!, for MH*(H,0), 0.049 cm?s~!, for M,H*(H,0), 0.037 cm>s ™!

—100 ms; rate constants™ k, = 1.35 X 107 cm®s7Y, k,

100 ppb

time (t) variable, at time of [MH"(H,0),] ..o [MH"(H
0.056 cm

time = 1 ms; k, from 1.0 X 107" to 1.0 X 107® cm3s™%; [

time = 1 ms; k,/k, 0.1, 0.5, and 0.8
time 0—1000 ms; k,/k, interval from 0 to 0.9

influence of rate constant k; (a variety of vapor compounds) on the formation time 0—1000 ms; k; interval from 1.0 X 107! to 1.0 X 10™* cm®s™"

of product ions
impact on ion density from losses of ions by diffusion and collision on walls of ~ time 0

C. influence of k, on the maximum protonated monomer yield, for various
reaction volume for DMMP

rate constants k, over an interval of k,
effects of [H*(H,0),] on relative product ions yield—limiting reagent

influence of k;[M] on the formation of product ions
B. influence of k, on the formation of product ions

IV A influence of the dimerization rate constant k, on the relative ion yield of
product ions

I
I

The model was based on standard parameters (see text) unless noted.

A%
VI

a
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A. The depletion of [H*(H,0),] and the formation of
product ions MH*(H,0), and M,H*(H,0),, for a single
compound reacting with a fixed k;. Standard parameters
were used with the model for a time step <1 us from 0 to
100 ms. Plots were made in OriginLab for ion densities
with time.

Only the formation of MH*(H,0), occurs: in this
experiment, the sequential reaction to M,H*(H,0), was
not included in the model (k, = 0 in egs 3, 4, and 6) to
show behavior for substances that do not form proton
bound dimers. Standard parameters were used with a
broad range of vapor concentrations for times from 0 to 2
ms.

. The formation of MH*(H,0), and M,H*(H,0), for a
specific substance (k; = 1 X 107 cm® s7'). In this
experiment, the sequential reaction to M,H*(H,0), was
included in the model (k, = 0.8k,) in eqs 3, 4, and 6. Five
values for vapor concentration were considered: 0.1, 1, 10,
100, and 1000 ppb and plots for ion yield are shown as a
function of time.

C.

The formation of product ions over an interval of vapor
concentrations and time.

Experiment Il. The formation of product ions over an interval
of rate constants k; as a function time.

Experiment ll. Four values of k; extracted from experiment
II-C for line plots of ion yield at 1 ms, as a function of an interval
of [M].

Experiment IV.

A. The rate of formation of MH*(H,0) M,H*(H,0), overa

range of ratios for k,/k; of 0.1, 0.5, and 0.8 for a fixed
reaction time of 1 ms and an interval of [M].

The rate of formation of MH*(H,0), and M,H*(H,0),
over an interval of k,/k; ratios.

B.

C.

The monomer MH*(H,O), maximum yield as a function
of an interval of k, for various compounds (i.e., k).

Experiment V. Influence of the reactant ion [H*(H,0),] on
product ion yield and the effect of the limiting reagent on the
distribution of [MH"(H,0),] and [M,H*(H,0),].

Experiment VI. The density of each ion species decreased by
diffusion and collision on walls of the reaction volume. Loss of
charge upon collision with a surface was modeled for dimethyl
methylphosphonate (DMMP).

Computational Procedures. MatLab. The system of
differential equations (eqs 3—6) was introduced into MatLab
R2021a from MathWorks in order to find instantaneous analytic
solutions. The latter were found from nested “for loops”, for time
and another varying parameter (i.e., k;, k,, [M]; see Table 1).
For each value of the latter, the equations were solved for the
entire time interval with a step size A, filling output arrays with
instantaneous values. The time step size At was chosen carefully
(ie., At < 1/k;[M]) so that concentrations are not depleted
rapidly in a few iterations, implicating unresolved solutions.
Limiting reagents were taken into consideration: when one of
the reactants is depleted, its consumption stops and so does the
reaction. Only a limited number of elements was selected in
time, as a sample from the output matrices of interest and
exported in text files, to avoid graphics memory saturation when
plotting contour plots. The reduced matrices were imported into
OriginPro 2020 SR1 9.7.0.188, from OriginLab Corp. for
plotting. MatLab files are accessible under the open access
documentation (European Union’s Horizon 2020 FET Open
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program under grant agreement no. 899261) at https://www.
jottacloud.com/s/2616d6f1a4adba34e928097bc2be3e3e3f2.

B RESULTS AND DISCUSSION

Vapor Concentration and lon Distributions. The
abundances of protonated monomer and proton bound dimer
with a single neutral substance (M) at a vapor concentration of
2.46 X 10" cm™ (or 10 ppb) are shown in Figure 1 for reaction

1.0E4+10
H*(H,0),
8.0E+9 — MH(,0),
— —— MH*(H,0),
£
S
5 6.0E+9-
2
=
c
S 40E+9-
2.0E+9
0.0E+0 ——— . .
0 20 40 60 80 100
Time (ms)

Figure 1. Time-dependent changes in ion densities for reaction of M
with H*(H,0), for [M] = 10 ppb (= 2.46 x 10" cm™).

times of 0—100 ms (experiment 1A, Table 1). The plot for ion
density of H*(H,0), follows eq 5 and is consistent with second
order kinetics. The stepwise formation of product ions through
egs 1 and 2 can be seen in the increase in [MH*(H,0),] from t =
0—4.5 ms and in the increase in [M,H*(H,0),] with concurrent
decrease in [MH*(H,0),]. The sequential nature of this
reaction is seen also in the growth in intensity for
MH*(H,0), and the slight lag by a few milliseconds in the
appearance and an increase in intensity for M,H*(H,0),.

After this time, [M,H*(H,0),] continues to increase until
[MH*(H,0),] is depleted at ~45 ms as [H*(H,0), ] is depleted
at ~30 ms. Since [H*(H,0),] was initially 1 X 10'® cm™ (~0.4
ppb), there is an excess density of 2.26 X 10'! cm™ for M) when
the reaction has proceed entirely to [M,H'(H,0),]; this
constitutes a reaction yield for M of only 8.11%. A gradual
decrease in [M,H*(H,0),] between 40 to 60 ms arises from ion
diffusion and collisions on surfaces of the reaction volume under
quiescent flow condition exclusive of Coulombic repulsions.’**®

Reaction times to reach maximum [MH'(H,0),] were
dependent on the concentration of M and some representative
values were the following: 45.3 us for 2.46 X 10" cm™ (1000
ppb); 90.6 s for 1.23 X 10" cm™ (500 ppb); 454 us for 2.46 X
10'2 cm™ (100 ppb); 909 s for 1.23 X 10'* cm™ (50 ppb); and
4.62 ms for 2.46 X 10" cm™ (10 ppb) (see Table 2). This
dependence is also shown partially in Figure 2 for reaction times
under 20 ms.

Where reactions form proton bound dimers, reaction times to
full response or maximum [M,H*(H,0),] are shown in Table 2
and seen in Figure 2 (dashed lines). They could reach times of
45.63 ms for [M] = 10 ppb, also with unreacted M, e.g., 91.89%
excess at 10 ppb to 99.99% excess 10 ppm (Table 2). A complete
description for ion distributions, reaction times, and vapor
concentrations is shown as a contour plot in Figure 3 and
encompasses parameters of modern APCI MS and IMS

https://doi.org/10.1021/jasms.1c00158
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Table 2. Metrics for Reaction of M with H*(H,0),, Leading to Formation of MH*(H,0), and M,H*(H,0),”

d
2)

time to unreacted
[MyH (Hy0) e/ [MoH(H,0), ] [M] em ™ (X
[H*(H,0), Jinitial ms 10') % unreacted M
0.99064 45.627 0.0022643 91.892
0.99790 10.394 0.012120 98.375
0.99889 5.5257 0.024441 99.187
0.99975 1.2654 0.12300 99.836
0.99987 0.66782 0.24621 99.917
0.99997 0.14990 1.2318 99.982
0.99998 0.078440 2.4639 99.990

3 are shown in Table 3. Comments on significant figures are found in Supporting Information.

time to
(M]  [MH'(H,0),] [MH'(H,0)Jm/ [MH (H,0)\Jmw [MH'(H,0O
ppm am™ (X 10%) [H*(H;0), Jiniial ms em™ (X 10
0.01 4.0925 0.40925 4.6183 9.9064
0.05 4.0953 0.40953 0.90913 9.9790
0.1 4.0957 0.40957 0.45368 9.9889
0.5 4.0962 0.40962 0.090590 9.9975
1 4.0964 0.40964 0.045280 9.9987
5 4.0983 0.40982 0.0090500 9.9997
10 4.1005 0.41005 0.0045200 9.9999
“Values for [M] in cm
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Figure 2. Time-dependent changes for [MH"(H,0),] (solid lines) and
[M,H*(H,0),] (dashed lines), at five vapor concentrations of M.
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Figure 3. Contour plots of [MH'(H,0),)] and [M,H*(H,0),)] in
percent of initial [H*(H,0),], vapor concentration, and reaction time
under standard conditions of the model.

measurements. The plots show that reaction times for maximum
yield of MH*(H,0), are dependent on vapor concentration and
that MH"(H,0), is depleted by M,H"(H,0), uniformly across
all [M], except at 100 to 300 ppt, where M is the limiting reagent.
In this region, the limiting reagent is M and only H*(H,0), and
MH*(H,0), are visible at this scaling. The protonated
monomer reaches maximum ion density at times from 0.1 to
>100 ms for [M] from 1 ppm to 0.1 ppb, respectively.

The scale for reaction yield shows that a maximum near 40%
(in percent of initial [H*(H,0),], Figures 2 and 3) for
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MH*(H,0), is reached (referenced to initial [H*(H,0),]),
regardless of vapor concentration and reaction time.

In summary, reaction time scales for vapor concentrations of

analytes, as found in IMS and API MS studies with low ppb to
low ppm, occur at times from low microseconds to tens of

milliseconds and are governed significantly by the onward
reaction to form protonated monomers by k; and proton bound
dimers by k,. In the discussion above, k; was fixed at a relatively
high value as found with compounds with favorable response
such as amines or organophosphorus compounds and k, was
fixed against k,.”” Differences in rate constants should also
influence reaction kinetics both in time scales and in the
quantitative abundances of ions.

Rates Constants and lon Distributions. The favorability
of reaction chemistry with hydrated protons is based on the
strength of the dipole—ion association of M--H' and is
described by reaction enthalpies. In reaction rates, the
differences in “reactivity” are reflected in the magnitude of rate
constants and these can range from 1 X 107" cm’ s~ for weakly
reactive substances such as alkenes to ~7 X 107 cm® s™! for
strongly reactive substances such as amines. The influence of k;
is shown in Figure 4 as contour plots for reaction yield, k;, and

[MH*(H,0),] [M,H*(H,0),]
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= 60%
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Figure 4. Contour plots of MH*(H,0), and M,H*(H,0), abundances
(in percent), rate constant k,, and time under standard conditions of the

model.

reaction time. Calculations show the impact of k; in the time to
depletion of H*(H,0),,. This occurs at 1 ms reaction time at 20
ppb for a “reactive” compound with k; of 1 X 107* cm®s ™' and in
contrast will occur at 2 ppm for an “unreactive” compound with
k; of 1 X 107" cm® s™" (Figure ).

The results are consistent with k;[M][H*(H,0),] through eq
3. At fixed reaction times (1 ms in Figure 5), the maximum
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Figure 5. Sensitivity of ion abundances to k; X [M] at t = 1 ms. Plots are
shown for four values of k; (color code in legend): (solid lines)
[H*(H,0),]; (dashed lines) [MH"(H,0),]; (dotted lines)
[M,H"(H,0).].

percent yield for MH*(H,0), is ~40% from the product of
k;\[M] over a range of [M] and values for k;. An increase in [M]
would shift the maximum yield for MH*(H,O), toward reaction
times <1 ms (and vice versa) (Figure 3). This explains the drop
in the protonated monomer yield at 1 ms for increasing [M].

Results in Figure 4 and 5 show quantitatively that maximum
yield of protonated monomer spans a range of k;[M] and
reaction times, although k; is also expected control product ion
distributions.

In Figure 6, distributions of [MH'(H,0),]
[M,H*(H,0).]

and

max
are shown for 1 ms reaction time, over a

max
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Figure 6. Sensitivity of ion abundances to k,/k; (color code in legend):
(solid lines) [H*(H,0),] and [MH*(H,0),]; (dashed lines)
[M;H*(H,0).].

range of [M] and ratio of k,/k, where k, is fixed. The maximum
yield for the protonated monomer, [MH*(H,0),]m. is
dependent on k, with characteristic values for [M] and reaches
near 80% of [H*(H,0), Jiniia When k, is 0.1k;.

In Figure 7, these behaviors are shown for [M] at 10 ppb with
an increased range in the ratio k,/k;. The protonated monomer
rises, for k,/k; = 0.8, above 20% from ~1 to 20 ms with a
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Figure 7. Contour plots of [MH*(H,0),] and [M,H"(H,0),] (in
percent), ratio k,/k;, and reaction time, at standard conditions of the
model.

maximum yield ~40% near 4 ms. The maximum yield of ~20%
(at 1 ms) is clearly seen in Figure 6 (blue dashed line at 10 ppb).

In contrast, a timespan of 1 ms to nearly 80 ms was obtained
for k,/k; = 0.1, where [MH*(H,0),] > 20%. This ratio would be
characteristic of substances with low tendency to form a proton
bound dimer. In addition, reaction yield for [MH"(H,0),)] will
be elevated for compounds with weak reactivity for k, and will
exceed the 40% noted above. When formation of proton bound
dimer is particularly slow, reaction yield for [MH*(H,0),)].
could reach more than 90% (Figure S2).

Limiting Reagent, [H*(H,0),)], and Relative Product
lon Yield. In all studies described above, [H*(H,0),)] was the
limiting reagent where excess unreacted M ranged from 95 to
99.99% (Table 3), depending on [M] and k;. Certain aspects of
ion distributions are seemingly independent of [H*(H,0),)];
for example, in the regime where H*(H,0), is the limiting
reagent ([H*(H,0),] < [M]), the ratio of [MH*(H,0),] ./
[M,H*(H,0),]mex is nearly constant over the range of
[H*(H,0),] (Figure 8). In principle, excessive levels of
H'(H,0), could be introduced into the reaction volume
where M becomes the limiting reagent.

In Figure 8, the effect of [H*(H,0),)] is shown for time-
independent maximum product ion yield, for a range of [M]
with standard conditions of the model. When [M] = 0.1 ppb,
[MH*(H,0),];max and [M,H*(H,0),],,.0x increase proportion-
ally with increased [H*(H,0),)], from 1 X 107 to 1 X 10° cm ™.

At even higher levels of [H*(H,0),)], [MH"(H,0),]mnax
continues to increase proportionally while [M,H*(H,0),] .
decreases. Eventually, [MH"(H,0),] ..« cannot increase indef-
initely with [H*(H,0),)] and reaches a plateau at a density very
close to that of [M]. The decrease of [M,H*(H,0),],..x arises
from k, > k,, and the rapid consumption of [M] in producing
MH*(H,0),, thus suppresses the formation of proton bound
dimer via k,[MH*(H,0),][M].

Diffusion Losses. Ion density for proton bound dimers in
Figures 3, 4, and 7 all exhibit a noticeable loss with reaction times
>200 ms, exhibited by the fading of the red color. This loss
occurs through ion collisions on walls of the reaction volume,
resulting in neutralization and decreases in [M,H"(H,0),].
Findings from experiment VI are shown in Figure S3 where radii
of reaction volumes were 0.5—2 cm”* and height was 2r. Under
these conditions, diffusion losses for DMMP increase with
decreasing volume (radii) and are below 1% for time intervals <S
ms, even for the smallest selected radius (r = 0.5 cm). Another
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Table 3. Metrics for Reaction of M with H*(H,0), Leading to Formation of MH*(H,0), without Formation of Proton Bound

Dimer (k, = 0)

[M] [M] em™3 (X [MH*(H,0),] e cm™ (X [MH*(H,0), ] max/ time to maximum yield  unreacted [M] cm™ (X
ppm 10'*) 10°) [H*(H,0),Jinitial ms 10") 9% unreacted M
0.01 0.0024641 9.93721 0.99372 30.122 0.0023641 95.943
0.05 0.012321 9.98531 0.99853 7.1983 0.012220 99.187
0.1 0.024641 9.99216 0.99922 3.8702 0.024540 99.592
0.5 0.12321 9.99820 0.99982 0.90275 0.12310 99.917
1 0.24641 9.99905 0.99990 0.47934 0.24630 99.957
5 12321 9.99979 0.99998 0.10885 12319 99.990
10 2.4641 9.99989 0.99999 0.057200 2.4639 99.994
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Figure 8. Influence of [H*(H,0),] on maximum product ion yield for
four concentrations of [M] (100 ppb = 2.46 X 10'> cm™>, 10 ppb = 2.46
x 10" cm™, 1 ppb =2.46 X 10" cm ™, and 0.1 ppb = 2.46 X 10° cm™):
(solid lines) [MH*(H,0),]; (dashed lines) [M,H*(H,0),].

parameter that may affect diffusion losses is the diffusion rate
constant that is dependent on the ionized compound and the
electric field environment. In the literature,>* a value of D = 0.05
cm? 57! has been used. In the case of experiment VI, diffusion
constants for the DMMP monomer and dimer were derived
from reduced mobility coefficients using the Nernst—Einstein
equation.”® The findings demonstrate the validity of assumption
10.

B CONCLUSIONS

Models of reactions of hydrated protons with an analyte (M)
provide reaction times, ion distributions, and maximum reaction
yields for a range of parameters common to APCI MS and IMS
measurements. These models are sufficiently general to permit
refinement or adaptation for specific conditions which may be
found in various ion sources operated at or near ambient
pressure in mass spectrometry. Models here disclose the
sensitivity of ion distributions in time, particularly to the
product k;[M], the ratio k,/k;, and to the introduction of
hydrated protons as excess reagent. Consequently, these models
may provide a foundation and tools for the development of new
technologies or methodologies for ion processing in analytical
measurements, based on reaction kinetics, including the
separation of ion mixtures.®’
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