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Figure S1 - Instrument schematic for the modified SCIEX Triple TOF 5600. Dual emitters,

which are sequentially pulsed to allow for the admission of oppositely-charged ions, are depicted

near the entrance to the atmosphere-vacuum interface.
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Ion parking model:
Frequency spacing between adjacent charge states.
The m/z-dependent frequencies of ion motion are given by:

(2n £ B)Q

wn,u 2

(S1)

where 7 is an integer, u is the x- or y-dimension, and { is the angular frequency of the drive RF.!
The so-called fundamental secular frequency is that for which n=0, i.e.:

B
wO,u = 2 = 2T[fO,u

(82)

where f;, is the fundamental secular frequency in Hz. Bu can be approximated from the
dimensionless a and q parameters of the Mathieu equation, the solutions of which describe ion
motion in electrodynamic quadrupole ion traps:

|
B u= |a, +—
2 (83)
which is valid for q, < 0.4.! The a, parameter in a linear quadrupole ion trap is given by:
8zelU
QW= 22
m;r,€) (S4)

and the g, parameter is given by:

4zeV pp

qu =
22
m;r ()

(S5)

where z is the unit charge of the ion, m; is the mass of the ion, r, is the inscribed radius of the
quadrupole rod array, U is the amplitude of the quadrupolar DC, and Vgg is the 0-p amplitude of
the drive RF used to confine ions.? Ion parking is generally performed in the absence of a
quadrupolar DC potential (i.e., a,=0). Hence, equation (3) can be simplified to:

q,0
(1.)0' -
Y22 (S6)

The secular frequency can also be written as:
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(87)

From the standpoint of parking a selected charge state from all others for a given protein, the
frequency spacing between charge states is relevant. The difference in the fundamental secular
frequencies of adjacent charge states can be estimated by:

\2(z + 1)eVgp \/EzeVRF~\/§eVRF

2 264 2
mirOQ mirOQ miroﬂ (S8)

A(")O,u,z —state — Pouz+1~ Pouz—

(Recall that Awoyz-state = 2TAL) 2 state-) The masses of the ions in adjacent charge states are not
strictly equal, as they differ by the mass of the species responsible for the charge difference
(usually a proton). However, this mass difference is negligible relative to the mass of the native
complex.

Mechanisms of ion parking. The preceding discussion relates the dependence of ion
frequency on the trapping parameters and the m/z values of the ions, which is key to ion parking
using resonance excitation. The following part of the discussion describes how trapping
parameters and m/z values of the ions relate to the mechanism of ion parking using resonance
excitation. The basis for ion parking is the the selective inhibition of an ion/ion reaction rate, Ry,
given by:

Ry =k[cations][anions] (S9)

where k. is the rate constant and [cations] and [anions] are the respective concentrations of the
reactants. The reaction can be inhibited by reducing the numbers of reactants, reducing the
physical overlap of the reacting ion populations, thereby reducing their effective concentrations
(i.e., the effective [cations] and [anions] decreases when they do not occupy overlapping regions
of space), and/or by reducing k.. The reduction of ion cloud overlap has been demonstrated using
a dipolar DC potential across opposing electrodes in a 3-D ion trap? and by resonance excitation
of ions in 2-D* and 3-D? electrodynamic ion traps. The rate constant can be reduced by increasing
the relative velocity of the reactants. Under typical ion trap conditions, the rate constant for an
ion/ion reaction can be approximated by the Thomson three-body model:®

zlzze2 5

kc = vrel,] - IT[ 2
Hi—1Vrel1-1

(S10)

in which the v, ;; is the relative velocity of the oppositely charged ions, z; and z; are the elementary
charges of the cation and anion, respectively, and py is the reduced mass of the collision partners:
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Eq. 10 shows that the rate constant is dependent upon the squares of the charges of the reactant
ions and is inversely related to the third power of the relative velocity. Hence, acceleration of one
or both of the reactants can, in principle, result in a marked decrease in the reaction rate constant
via the rate constant dependence on relative velocity. In the absence of resonance excitation and
assuming both ions are thermalized from collisions with the bath gas, the mean v, ;s can be
approximated as:

Vreli-1,T=

-1 (S12)

where kg is the Boltzmann constant. As the mass of the analyte ion increases, the reduced mass
approaches that of the reagent ion. In other words, the light ion has a much greater velocity and
therefore has a greater influence on relative velocity. The result is that the relative velocity
becomes less sensitive to resonance excitation of the analyte ion as the mass of the analyte ion
increases. For selective rate inhibition, the analyte ion of the charge state of interest must be
accelerated since acceleration of the reagent ion would lead to the diminution of the reaction rates

of all ions. If the ions are not in thermal equilibrium, the square of the relative velocity is given
by’

2

vrel,I—I - vanion cation anion” cation

+v 2 _2w v cosO -, (S13)

Where Vanion and veasion are the anion and cation velocities, respectively, and O¢y, is the center-of-
mass scattering angle. For estimating the average relative velocity, the average 0¢y can be taken
as 9008 leading to:’

2+U 2

2 o
Vreti-1 = Vanion cation (S14)
The average velocity of the thermalized reagent anion is given by:

8kgT
mm

anion (S 1 5)

where mg,io, 1S the anion mass. The average velocity of the thermalized cation is given by:
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cation (S16)

where m.,o, 1S the cation mass. The average velocity of the cation undergoing resonance excitation
can be determined from its average kinetic energy:

vcation =

cation

(S17)

The average kinetic energy of an ion undergoing resonance excitation includes both its initial
thermal kinetic energy and the additional kinetic energy resulting from acceleration by the dipolar
oscillatory filed. While the latter is determined by several variables, the maximum kinetic energy,
KE ax, is limited by the product of the ion charge and the pseudopotential well-depth, D,:1%!1

where D, for a linear electrodynamic ion trap can be approximated by:!2

B 9,V rr

Y4 (S19)

The maximum average cation velocity that can be reached before ion ejection, therefore, can be
estimated as:

ZZeDu

Veationmax—

Meation (820)

The above relationship can be used with relation relations (14) and (15) to estimate the maximum
relative velocity, Vrel1.1.max, Value for each analyte charge state that can be achieved via resonance
excitation for a given set of trapping conditions:

8kgT 2zeD,,

vrel,] - I,maxE
mcation (521)

The ratio of the ion/ion reaction rate constants with and without resonance excitation can then be
estimated by:
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(S22)

lon cloud size. As indicated in Figure 1 of the main text, the reduction of the rate constant
of an ion/ion reaction via an increase in relative ion velocity is increasingly difficult as the mass
of the analyte ion increases relative to that of the reagent ion. The other mechanism for ion rate
reduction is to minimize ion overlap as the cation ion cloud oscillates back and forth. The product
of charge and well-depth, zeD,, also plays a role in limiting the extent to which ion overlap can be
minimized using resonance excitation. We have recently used a model originally described by
Trypogeogos, Foot, et al.!>!* for estimating the size of an ion cloud in the x-y plane in a linear
quadrupole ion trap using a simple harmonic oscillator analogy.!> The model treats an ion as a
harmonic oscillator with a spring constant, «, that determines the root-mean-squared extent of the
ion cloud in dimension u at temperature T, ur, i.e.:

1 1,
2 2 (S23)

where kg is the Boltzmann constant. The spring constant is estimated by:

2zeVypr q, zeD,

K=mw, = > 3 >
"o "o (S24)

where ®, is the natural frequency of the harmonic oscillator, which we take as the fundamental
secular frequency of the ion in question. Substituting Equation 24 in Equation 23 and solving for
ur yields:

2
(k BTrO) 1 /5

T 5

Zely (S25)

which, using the relationships for D, (Eq. 19) and q, (Eq. 5), expands to:

mikBTrgQ2 1 /5

U=\ "2 2, 2
z2°eVip (S26)
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When ut approaches 1, the stored ion cloud begins to undergo ion evaporation as the high
energy tail of the ion kinetic energy distribution exceeds D,,.

The ion cloud sizes of the anions and cations in an ion parking experiment are relevant in
establishing the extent to which they can be separated under resonance excitation conditions. If'it
is assumed that the ion cloud under resonance excitation conditions moves coherently and that the
clouds of oppositely charged ions are of sufficiently low densities that they have minimal influence
over each other’s size, the amplitude of the ion cloud oscillation, A ¢, must exceed the sum of the
radii of the cation and anion clouds for complete separation of the ion clouds:

Apc > Urcation T Yranion (S27)

When the sum of the A, and ur,cation approaches ry, resonance excitation will result in cation loss
as the cation cloud begins to contact the rods. Hence, 1 is the limit for the sum of Axc and Ut cagion:

7o > Auc + Ur cation (S28)
Alternatively, the oscillatory amplitude due to resonance excitation is:
AAC <To-— UT cation (S29)

Charge state resolution. Another important figure of merit of an ion parking experiment
is the specificity (or resolution) with which ion parking can be performed. Given the fact that the
frequency spacings of adjacent charge states are constant under typical reaction conditions and
that the secular frequencies decrease with m/z, it is of interest to examine the extent to which off-
resonance power absorption by adjacent charges states might complicate parking ions into a single
charge state of interest. A simple model to examine the effect of the resonance excitation signal
on the amplitude of oscillation of ions of different secular frequencies is based on regarding the
resonance excitation experiment in an ion trap as a driven harmonic oscillator with damping. Such
an approach has long been used to model secular ion motion in ion traps. The maximum oscillatory
amplitude, Anaxac, of @ damped harmonic oscillator with a natural frequency, o, driven by an
external frequency, wac, is given by:!6

aV ,cze

2, .2 2 2\2

Amax,AC =

(S30)

where “a” is a term to account for the fact that the dipolar excitation is applied to round rods rather
than to flat plates (a=0.798'713), Vsc is the p-p amplitude of the dipolar AC applied to opposing
rods, and c is the term to account for damping resulting from collisions with a bath gas. Many
ion trap modelling papers'® base the determination of collision frequency on polarization theory
and usually use the familiar Langevin formalism. A convenient consequence of the use of the
polarization model is that the collision rate constant is velocity independent, which leads to a
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constant damping factor. However, the Langevin ion-induced dipole model assumes the ion to be
a point-charge, which is most appropriate for relatively small ions. However, the sizes of the ions
encountered in native MS generally have cross-sections much larger than those determined via the
Langevin formalism. We therefore have used a combined hard-sphere + ion-induced dipole model
for determining the collision frequency and assume an elastic model for momentum transfer. The
damping term, ¢, is determined from:

c=R

coll

mg )
mg + Meation (S3 1)

Where my is the bath gas mass and Ry 1s the ion/bath gas collision frequency. Ry is taken as
the sum of the hard-sphere collision rate plus the ion-induced dipole collision rate based on the
charge state of the ion,

Rcoll = ngo-h - svrel,l -M + ngULvrel,I -M (832)

where n, is the bath gas number density, oy 1s the hard-sphere cross-section, which can be
approximated, or taken directly, from reported ion-mobility measurements, and o is the Langevin
cross-section:

1
2mze a \5
o, ( )

(A7) Vygy y M\“I -M (S33)

where g, is vacuum permittivity, a is the electronic polarizability of the bath gas (1.710 A3, or
1.90x104° C-m2-V-! in SI units, for N»?%), and p is the reduced mass of the ion/bath gas pair:

mcationmg
Hp_m=
mcation

tm, (S34)

The v, 1.m terms cancels in the Langevin contribution to the collision rate so that the Langevin
rate constant, ki :

_ ane( a )5
b me)\wy_y (S35)

can replace the aLv

rel,I - M term in relation (32):
Rcoll = ngah -sYrel1-M + ngkL (836)

The hard-sphere collision rate, on the other hand, is dependent on v, .. For a given charge state
of an ion under fixed trapping conditions, the maximum relative velocity, Viel1-m .max, 18 limited by
the product of the charge and well-depth, in analogy with the v 1.1 max discussed above. A similar
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relationship can be used to approximate this value using the mass of the bath gas in place of the
mass of the anion:

8kyT 2zeD,  [BkgT  \[2zeVg
= +
Y

v = +
rel,] - M,max
n g cation n g cation

(S37)

The value of c (i.e., the damping factor) is dependent on v .\, Which depends on the
amplitude of the resonance excitation voltage. For a given analyte ion, the range of ¢ values, C,
to Cmax, can be estimated by determining c,,;, in the absence of resonance excitation, as estimated

by:

8kgT m
c,.=|n o _—+n k|| —
m gohos Tl _m gt (mg + mcation)

which uses the value of the average relative velocity of the ion-neutral pair at temperature T,
8k,T
B

(S38)

Hi-m , for vie1 v, 1, the minimum relative velocity, and determining c,,x at the maximum extent

of resonance excitation prior to ejection from the ion trap, as reflected by Vrel] - Mmax:;

BkpT  ~[2zeVpp m,
AP S
mg + Meation (839)

c =In.o
max g h-s
( ( T[mg mcationrO‘Q‘

S11



List of symbols:

Wn,u
(DO,u
A(»‘)O,u,z—state

Mcation
Manion
mg

Ty

Vrr
RI-I

ke
kc,parking
Vrel I
VrelI-M
M1

MM

T
Vrel1-1,T

Vrell-M,T
- 2
vrel,I—I
2
anion
-2
cation

v

v

cation,max
kg

KE

KE

max

Dy
K

v

ur

secular frequencies (rad/s) of motion in dimension u

fundamental secular frequency (rad/s)

approximate difference in fundamental secular frequency between
adjacent z-states (rad/s)

fundamental secular frequency (Hz)

approximate difference in fundamental secular frequency between
adjacent z-states (Hz)

beta value in dimension u (dimensionless)

ion trap drive frequency (rad/s)

fundamental secular frequency (Hz)

a-Mathieu parameter for dimension u (dimensionless)
g-parameter for dimension u (dimensionless)

ion unit charge

fundamental charge (C)

quadrupolar DC (V)

ion mass (kg)

cation mass (kg)

anion mass (kg)

bath gas mass (kg)

ion trap inscribed radius (m)

amplitude of the quadrupolar radio-frequency (RF) potential (V_p)
ion-ion reaction rate (s!)

ion-ion capture rate constant in the absence of parking

ion-ion capture rate constant for an ion being parked

relative velocity of the ion-ion reaction reactants

relation velocity of the ion-bath gas pair

reduced mass of the ion-ion pair

reduced mass of the ion-bath gas pair

temperature (K)

average relative velocity of the ion-ion pair at temperature T (m/s)

average relative velocity of the ion-bath gas pair at temperature T (m/s)

square of the average ion-ion relative velocity (m/s)

square of the average anion velocity (m/s)

square of the average cation velocity (m/s)
average maximum cation velocity (m/s)
Boltzmann constant

average kinetic energy of the cation

maximum kinetic energy of the cation
pseudo-potential well-depth in dimension u (V)
spring constant of the ion trap

ion cloud radius in dimension u at temperature T
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47e

amplitude of the ion oscillatory amplitude under resonance excitation
maximum amplitude of ion oscillation under resonance excitation
damping factor (s*!)

ion/bath gas collision rate (s!)

number density of the bath gas

hard-sphere collision cross-section

ion-induced dipole collision cross-section (Langevin)

bath gas polarizability

permittivity of free space
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Figure S2. Plot of the frequency spacing between adjacent charge states (Hz) as a function of ion
mass (Da) under trapping conditions listed in the figure insert.
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Figure S3 - Plot of the maximum relative ion velocity for an ion-molecule reaction under the
storage conditions indicated in the figure for ions of 17 kDa (grey), 467 kDa (orange), and 2 MDa
(blue) using Eq. 19 of the main text (SI Eq. 36).
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