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Investigation of activation energies for dissociation of host-guest complexes in

the gas phase using low-energy collision induced dissociation

Parisa Bayat,® David Gatineau,*® Denis Lesage,” Sina Marhabaie,” Alexandre Martinez,® Richard B.

Cole™

Abstract

A low-energy collision induced dissociation CID (low-energy CID) approach that can determine
both activation energy and activation entropy has been used to evaluate gas-phase binding
energies of host-guest (H-G) complexes of a heteroditopic hemicryptophane cage host
(Zn(ID)@1) with a series of biologically-relevant guests. In order to use this approach,
preliminary calibration of the effective temperature of ions undergoing resonance excitation is
required. This was accomplished by employing blackbody infrared radiative dissociation (BIRD)
which allows direct measurement of activation parameters. Activation energies and pre-
exponential factors were evaluated for more than 10 host-guest (H-G) complexes via the use of
low-energy CID. The relatively long residence time of the ions inside the linear ion trap
(maximum of 60 s) allowed the study of dissociations with rates below 1 s'. This possibility,
along with the large size of the investigated ions, ensures the fulfilment of rapid energy exchange
(REX) conditions, and as a consequence, accurate application of the Arrhenius equation.
Compared to the BIRD technique, low-energy CID allows access to higher effective
temperatures, thereby permitting one to probe more endothermic decomposition pathways. Based
on the measured activation parameters, guests bearing a phosphate (-OPOs>") functional group
were found to bind more strongly with the encapsulating cage than those having a sulfonate (-
SO3) group; however, the latter ones make stronger bonds than those with a carboxylate (-CO2")
group. In addition, it was observed that the presence of trimethylammonium (-N(CH3)s") or
phenyl groups in the guest’s structure, improves the strength of host-guest interactions. The use
of this technique is very straightforward, and it does not require any instrumental modifications.
Thus, it can be applied to other H-G chemistry studies where comparison of bond dissociation
energies is of paramount importance.
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Introduction

Ion-pair recognition is an intriguing area of coordination chemistry which involves the designing
of receptors containing both cationic and anionic binding sites.!!'*! Cationic and anionic guests
could be completely separate ions, or zwitterionic species in which the cation and the anion
appear in different portions of the same molecule. The main distinction between these two
situations in host-guest (H-G) chemistry is that in the case of zwitterionic species, the distance
between the two binding sites in the host molecule should be matched with the size and the shape
of the guest molecule.””’l This growing field of study has many applications, such as in the
designing of membrane transport systems, the extraction of salts and their solubilization, and in

4-11

the fabrication of sensors.[* 'l In addition, because amino acids that exist in zwitterionic form at

or near physiological pH are often guests of interest, biological applications are also

burgeoning.[12-1%]

Various hosts have been investigated for ion-pair recognition, such as uranyl—salophen
compounds,'® or calixarene-based,'”! resorcinarene-based,'®! or pillararene-based'®! receptors.
Studies of hemicryptophanes have revealed that they are also an appealing type of receptor for

o [8.20-23]

this purpos Hemicryptophanes are chiral molecular containers that include a

cyclotriveratrylene (CTV) moiety bonded to a C3-symmetrical organic group using three linkers

24.25] Because of the heteroditopic character (i.e.,

whose identity and length can be varied.!
tendency to simultaneously host both cationic and anionic species) of their cavity,
hemicryptophanes can offer recognition properties towards ion-pairs, especially biologically

important guests like taurine!?’! and choline phosphate.[”!

Gas-phase investigation of host-guest systems is of great importance in providing information
regarding their intrinsic structural and binding properties. Solution-phase studies have shown that
hemicryptophane cages of various types can exhibit binding selectivity toward suitable guests,

7:8.2021.26-281 However, the degree of encapsulation and the

resulting in encapsulation of the guest.!
strength of H-G binding in solution may be influenced by solvation and counter ion effects. Gas
phase studies, on the other hand, can provide a more direct means to probe intrinsic interactions
between host and guest without the additional encumbrance of solvent molecules. Direct

knowledge about intrinsic properties of H-G complexes achieved through gas-phase studies can



give synthetic chemists increased insight into fundamental properties of H-G systems, allowing

for the improved design of cavities with refined binding properties.

H-G complexes have been subjected to various mass spectrometry-based studies with a variety
of purposes such as: measurement of the energetics of H-G binding using blackbody infrared
radiative dissociation (BIRD)!??’3% or threshold collision induced dissociation (TCID),l!+32]
obtaining a relative ranking of the stabilities of H-G complexes by comparing fragmentation

[33-351 studying the role of proton affinities of guest

efficiency (or survival yield (SY)) curves,
molecules on the characteristics of fragmentation spectra of H-G complexes,*>! exploring the
structure of H-G complexes and the interactions between the two partners using the Forster

31 quantifying binding affinities by mass

resonance energy transfer (FRET) technique,!
spectrometric titration,*”! and exploring the influence of solvent on H-G affinities.*3! These
kinds of gas-phase studies, however, have been never employed for the study of

hemicryptophane H-G complexes.

In using the above-mentioned techniques to investigate the energetics of H-G binding, because
achievable temperatures are restricted to those accessible by resistive heating of a vacuum
chamber, BIRD is limited to examining only relatively low-energy dissociations. Moreover, due
to the fact that obtainment of reliable energetics in TCID requires decompositions to occur under
single collision conditions, the TCID technique has been devoted primarily to the study of small
systems. There are some other approaches that can be utilized to examine molecular systems
having larger sizes and rather high stabilities. For example, RRKM modelling can be performed
on survival yield curves obtained using a variety of collisional activation techniques such as
collision induced dissociation (CID), surface induced dissociation (SID), or higher-energy
collision dissociation (HCD).®3*] However, RRKM modelling requires information about the

transition state which may not be readily accessible.

Here in this manuscript, we present a low-energy CID approach that can be used to readily
determine both activation energy and activation entropy (which are related to the transition state)
for dissociation of large and, at the same time, stable systems. To illustrate the advantages of the
low-energy CID approach, a model system was chosen consisting of a heteroditopic
hemicryptophane receptor (Zn(II)@1) (Figure 1) as host for some biologically-relevant guest

molecules (Figure 2). Then, activation energy and pre-exponential factors of the various H-G



complexes were measured using this technique in a linear quadrupole ion trap. Because low-
energy CID does not provide absolute measurements, it requires preliminary calibration of
effective temperature that was achieved by employing the absolute energy measurement
technique blackbody infrared radiative dissociation (BIRD)“%! on a reference H-G complex (H-
Gref) composed of a hemicryptophane cage as the host molecule, and betaine as the guest (Figure

S1).

In the BIRD technique, ions of interest are trapped in an ultra-low pressure (< 1 x 1078
Torr)!*! 42 Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer where they
can experience unimolecular dissociation in the absence of any collisions.**! The only source of
activation is the absorption of infrared photons from the surroundings.'*** In treating BIRD

data, the unimolecular gas-phase ion dissociations are characterized by first-order kinetics:

InSY = —kt (D
Here, SY (survival yield) is the fraction of the molecular ions that do not decompose
(SY=L/AI,+> Iy, where I, is the abundance of the precursor ion and }/r is the sum of the
abundances of fragment ions, k is the dissociation rate constant, and ¢ is the trapping time in the

ICR cell.

The dissociation rate constants are obtained at various temperatures and the subsequent plot of /n
k versus 1/T allows one to deduce the activation energy (E.) and pre-exponential factor (A4)

parameters (Equation 2):

T —Ea( ! ) 2
eff T~ R\Ind—Ink 2

For large ions, such as the reference H-G complex under study here, due to the large number of
infrared active modes, the rates of absorption and emission of photons are considered to be much
faster than the rate of dissociation. These conditions characterize the rapid energy exchange
(REX) limit.[*%! In this situation, the population of precursor ions has a chance to reach thermal
equilibrium with the temperature of the surrounding walls, and therefore can be considered to
have a Maxwell-Boltzmann internal energy distribution. Whether an ion fulfills the REX

condition, or not, depends on its size, critical energy (Eo), the transition-state entropy, and the



experimental temperature.[*®) The advantage of working at the REX limit is that the obtained

Arrhenius parameters are directly equal to the characteristic activation parameters of the system.

Methodology Background

In a linear trapping quadrupole (LTQ), trapping of ions in the axial direction is achieved by
applying a dc voltage to the front and back lenses of the four hyperbolic rods. In the radial
direction, confinement of ions is achieved by applying radiofrequency (RF) fields to the rods. In
addition, the presence of helium gas helps to reduce movement of trapped ions away from the
central axis. Thanks to the long residence time of the ions inside the trap, and also to the
relatively high pressure of He, a large number of collisions occur.*”) As a consequence, the ions
are subjected to a considerable number of activation and de-activation steps until they reach a
Maxwell-Boltzmann distribution of internal energy'*’! which is characterized by an effective

47-521 In this condition (absence of any excitation voltage), T, is defined by the

temperature (T,p).!
temperature of the He bath gas which is close to the ambient temperature, as was evaluated by
ion-molecule equilibrium measurements inside the LTQ.[*? During the resonant activation step
(i.e., application of an AC excitation voltage with the same frequency as the secular frequency of
precursor ions leading to energetic collisions with the buffer gas), the kinetic energy of the ions
increases and their effective temperature exceeds their initial temperature, i.e., that of the bath
gas. Goeringer and McLuckey modelled the increase in 7.y with single frequency resonant
activation based on the kinetic theory of ion transport in gases and use of the "forced damped
harmonic oscillator" model and random walk simulations.*3% They concluded that after
resonant excitation (in the Paul trap), in the absence of fragmentation, the population of
precursor ions can still have a Maxwell-Boltzmann distribution, although its effective
temperature has been shifted to higher energies.*® This new effective temperature is a function
of temperature and pressure of the bath gas and the resonant excitation amplitude.’”) After
applying an excitation voltage, the size of the ions will strongly influence whether the new
internal energy distribution remains Maxwell-Boltzmann or not.*¥! As the molecular size
increases, the probability of being under rapid energy exchange (REX)!“¢! conditions also rises
(i.e., the rates of the activation and deactivation steps far exceed the rate of dissociation).[*"]

Thus, for larger ions, the REX limit is easier to achieve, and under these conditions, there is less

deviation from a Maxwell-Boltzmann distribution.[*¥! It is worth noting here that the REX limit



was first defined for activation by infrared photons performed at very low pressure conditions in
BIRD experiments.*¥) In BIRD experiments, at the REX limit, the rates of photon
absorption/emission far exceed the unimolecular dissociation rate, and the precursor ion

population arrives at a thermal equilibrium with its surrounding temperature 7.

In the ion trap, owing to the presence of helium at relatively high pressure, the REX limit is
expected to be achieved more rapidly due to the faster energy exchange by collisional activation.
Furthermore, compared to the BIRD technique, higher effective temperatures can be attained,

n.[53-5%) Goeringer et al.

and smaller precursor ions could reach the thermal equilibrium conditio
tried to experimentally determine the relationship between the effective temperature and
excitation amplitude by measuring dissociation rate constants (k) of protonated leucine
enkephalin at different excitation amplitudes, and separately, at different temperatures of the bath

gas.[ 48l

They found a linear relationship between T, and excitation amplitude. In their
experiment, because of the rather high dissociation rates (up to 65 s!) observed under resonant
activation conditions, direct application of the Arrhenius equation was impossible.[*®]
Subsequently, Gabelica et al. attempted to perform a general calibration of effective temperature,
and experimentally derive an equation that relates 7.5 to excitation amplitude for different sizes
of peptide precursor ions in the temperature range of 365 to 600 K.1*®! In order to fulfil the REX
condition, they worked in the regime of relatively low dissociation rates (0.01 to 5 s’'). Their
study found that in the above-mentioned temperature range, effective temperature is a linear
function of excitation amplitude. They explained that, according to the theoretically obtained
equation,[*M%% thig relation should formally be quadratic. However, they argued that, in the
limited temperature range (365-600 K), approximating a linear dependence between T and

excitation amplitude also has validity.[*®

Here we employ a method for estimation of effective temperature of ions undergoing resonant

excitation inside a linear ion trap which is based on the work of Goeringer and McLuckey.**+3%
They extracted an equation describing the effective temperature of the ions activated by dipolar-

single frequency resonant excitation, inside the Paul trap as follows:

T Myas r2Constant?Ves
TP T 6kg (m/2)] §(Ters)?

ion

(3)



in which Tpam 1s the temperature of the bath gas, mgss is the mass of the bath gas, ks is the
Boltzmann constant, (m/z)i,, 1S the mass-to-charge ratio of the ion, /" is the compensation factor
for the hyperbolic geometry of the electrodes, Vzr is the activation amplitude, Constant is a
coefficient that allows conversion of electric field to the applied voltage given by: E = Constant
X Vrr. The parameter &(7ep) is the reduced collision frequency which is a function of effective

temperature, and is given by Equation 4:1>7)

E(Tepr) = gNgas mi:n Ski Zef Lato(1,)) (4)
Here, mjon is mass of the ion, Ngs is the number density of the neutral gas, u is the reduced mass
which is defined by (u = mgasmion/(Mgas+mion)) and QU-D(T.y) represents a collision integral
which depends on the ion/neutral interaction potential.l*8! It should be noted that the “collision
cross section” which is usually measured using ion mobility experiments, is in fact the collision
integral, or more precisely, momentum transfer collision integral (the two terms are often used

interchangeably).[>160]

By substituting Equation 4 into Equation 3, and then replacing all the constant parameters with C

as follows:

3nl'?Constant?
C= > (5)
(16Nyasks)

for singly charged ions, Ty can be given by:

(mgas + mion) VRFZ
Mion  Topr [0 (Teps)]?

Teff = Tpatn + C X (6)

In our linear ion trap, similar to the Paul trap, precursor ions are excited by applying a dipolar -
resonant excitation voltage to one pair of quadrupole rods. Thus, Equations 14 to 17 in reference
49 are applicable to the LTQ as well. The differences in the geometry of LTQ and Paul trap

appear in their associated Constant coefficient and geometry compensation factor, 7".[*"]



By assuming that QD(T,) is quite weakly dependent on temperature within a limited
temperature range (this will be discussed in the Results and Discussion section), Equation 6 is a

quadratic function of Te whose solution is given by:

(mgas + mion) VRFZ
Mion (0(1,1))2

1
Terr = > Thaen + \/(Tbath)z +4C % ()

It should be noted that Equation 7 is the only (acceptable) solution for Equation 6 that results in a
positive value for the effective temperature. We have used Equation 7 for calibration of the T
of ions undergoing resonant excitation in a linear ion trap. To accomplish this, a reference ion
with known collision integral and activation parameters is needed. Preferably, the reference ion
is of similar size compared to the ions under study to lend credence to the 7. calibration
procedure. In the case where the reference ion is in thermal equilibrium under low-energy
resonant excitation conditions, the Arrhenius equation can be used to obtain its effective
temperature at different excitation voltages. In this way, the value of the constant C in Equation 7
can be obtained using a reference ion. Afterwards, with a known constant C, the effective
temperatures of the other ions can be derived at different excitation amplitudes by employing

Equation 7. Therefore, the only main parameters required for 7y calibration are the constant C

and the collision integral QU-D.

Methods

Sample preparation

The hemicryptophane cage, Zn(II)@1 (Figure 1) was synthesized as described previously,!”! and
its stock solution (1 mM) was made using dichloromethane. Stock solutions (I mM) of
betaine (1), glycine (2), B-alanine (3), 4-aminobutyric acid (4), 7-aminoheptanoic acid
(5), 4-aminobenzoic acid (7), choline phosphate (11), choline (12) and acetylcholine (13)
were prepared in methanol; the remaining guest molecules (i.e., phenylglycine (6),
aminomethanesulfonic acid (8), taurine (9), and 3-amino-1-propanesulfonic acid (10)),
were prepared as aqueous solutions. Dilution of the host and each guest molecule (1:1) in
methanol (to a final concentration of 10 M for each partner) gave the final individual

working solutions.



A reference H-G complex (Figure S1) was selected for calibration of the effective temperature.
This complex is in fact [reference cagetbetaine+H]", but for simplicity, throughout this
manuscript, it is called H-Grr In this case, the host cage (Figure S1) was synthesized as
explained previously,!”) and its stock solution (1 mM) was made using dichloromethane. A
working solution of H-Grer was prepared by dilution of stock solutions of the cage and betaine

(1:1) in methanol (to a final concentration of 10°® M for each partner).

Leucine enkephalin was purchased from Sigma-Aldrich (Taufkirchen, Germany) and its stock
solution (1 mM) was made in methanol. A working solution of leucine enkephalin was

prepared by diluting the stock solution to the final concentration of 10 M in methanol.

Low-energy CID experiments
Mass spectrometry experiments were conducted using a linear trapping quadrupole (LTQ)-
XL/Orbitrap hybrid instrument (Thermo Fisher®, San Jose, CA). Solutions were injected into the

ion source at 5 uL/min using a syringe pump. An electrospray voltage of 3.8 kV, capillary
voltage of 50 V, and tube lens offset of 90 V were employed. The drying gas temperature was
275 °C, and sheath, auxiliary and sweep gas flows (all were nitrogen) of 35, 0 and 2, respectively

(arbitrary units), were utilized.

Low-energy CID experiments were performed using the LTQ ion trap of the instrument.
Precursor ions of interest were isolated in the LTQ prior to decomposition with an isolation
window of 10 u. For these experiments, the normalized collision energy (NCE) option was
disabled, and instead, peak-to-peak excitation voltage (Vrr) was used. Helium was used as
trapping and collision gas, and the trapping parameter (¢q) was set at 0.25. In the case of choline
phosphate where a consecutive fragmentation is observed, for the first step of dissociation, the
isolation window was set at 10 u, and for the second step, it was set at 100 u to avoid any
excitation of ions due to the applied waveform employed for isolation. For each resonant
activation voltage, CID spectra were recorded at different activation times (30 ms - 60 s); all
acquisitions were averaged to obtain the final spectrum over a 3 min data collection period. For

each ion, only the intensity of the monoisotopic peak was considered.



BIRD experiments

BIRD experiments were performed using a 7T hybrid quadrupole-FTICR mass spectrometer
(ApexQe, Bruker Daltonics, Billerica, USA). H-G solutions were infused at a flow rate of 120
pLh! into an Apollo II electrospray ionization source with N2 as nebulizing gas. The temperature
of the source was set at 250 °C, ESI voltage at 4500 V, capillary exit at 300 V, skimmer I at 150
V, skimmer II at 8 V. Heating of the FTICR cell for BIRD experiments was performed by
installing a resistive heating metallic "ribbon" external to the vacuum system that covers the
entire vicinity of the cell; applying a variable voltage to the metallic ribbon allows temperature
control. A cell temperature accuracy check was performed by observing the dissociation of the
sodium-bound dimer of leucine enkephalin, (LEK,Na)®, with well-known kinetic parameters,
inside the cell.l®l A temperature probe, placed between the metallic ribbon and cell housing,
shows a maximum temperature difference of 3 °C compared to the temperature obtained by
calibration. All mass spectra were acquired using XMASS (version 6.1, Bruker Daltonics) in
broadband mode. The number of data points was set at 512 K, and the time allowed for the
unimolecular dissociation reaction to occur was varied by changing the "pumping delay"

(without gas introduction, this corresponds to the period of time that ions are trapped in the cell).

Ion mobility experiments

Ion mobility experiments were performed using a trapped ion mobility mass spectrometry
(TIMS) instrument (Bruker Daltonics, Bremen, Germany). Solutions were injected at a flow rate
of 5 uL/min into an electrospray ionization source operating in the positive ion mode. Capillary
voltage was set at 3.6 kV, end plate offset at 500 V, and nebulizer gas pressure at 4.4 psi. The
drying gas temperature was set at 200 °C, and its flow rate at 3 L/min. Nitrogen was used as
buffer gas at a temperature of 300 K. Separations were first performed in a long inverse reduced
mobility (1/Kp) range (0.77 to 1.93 V.s/cm?), and then, depending on the position of the ions of
interest on the (1/Ky) axis, the spectra were recorded again in a decreased inverse mobility range.
Accumulation time for a single analysis was set at 10 ms and the spectra were recorded for 1
min. Calibration of the inverse reduced mobility (1/Ky) axis was performed using Agilent tune
mix (Agilent Technologies, Santa Clara, Ca, USA) and collision cross sections (CCSs) were

calculated by the Compass Mobility Calculator (version 2.0) using the experimental 1/Kj values.



Results and discussion

Zinc metal coordination with negatively charged ligands, and the simultaneous possibility for
cation-7t interactions, make the Zn(II)@1 host molecule (Figure 1) a promising receptor for ion-
pair recognition. To systematically investigate the hosting capabilities of Zn(II)@1, a series of
guest molecules with varying cationic, anionic, and linker portions (Figure 2) were selected for
study. Separate solutions containing the Zn(II)@1 host with each of the thirteen guest molecules
were prepared individually as 1:1 mixtures. Positive ion mode ESI-MS spectra of these 1:1
(H:G) mixtures revealed that, with Zn(Il) initially present, the majority of the complexes had
undergone deprotonation to form the singly charged species. Two notable exceptions, however,
were the cases of acetylcholine (13), where the H-G complex was not observed in the gas phase,
and choline (12), where the singly charged H-G complex was observed, but with two additional
chloride anions (or one chloride plus loss of a proton). For choline phosphate (11) with one
negative charge, the singly charged H-G pair was detected. These observations are in keeping
with the heteroditopic property of the hemicryptophane cage Zn(ID@1. Two example

electrospray mass spectra are shown in Figure S2.

The first tandem mass spectrometry experiments attempted were BIRD experiments on the
eleven H-G complexes. None of the complexes, however, were able to decompose within the
accessible temperature range of our BIRD set-up (300 to 410 K). It should be noted that 410 K is
the maximum value of our heating system, and even if it were possible to go higher, a further
increase of the temperature would risk damage to the pre-amplifier located near the ICR cell. It is
thus not possible to observe BIRD decompositions of the H-G complexes in our apparatus. Due
to this constraint, the low-energy CID technique was selected to measure the bonding strengths
of the various H-G pairs. In order to use this technique, the first step is calibration of the
effective temperature of the ions during resonant excitation by exploiting Equation 7. For this
purpose, a reference H-G complex (H-Grer) was selected that is characterized by a structure
(Figure S1) and a number of degrees of freedom (DOF) very similar to those of the H-G
complexes under study. Fortuitously, the activation energy and pre-exponential factor of this H-
G complex could be measured using BIRD, as decompositions were sufficiently abundant below

410 K, leading to its selection as the reference.



BIRD to determine activation energy and pre-exponential factor of reference compound

Figure 3a displays the kinetic plots for the dissociation of H-Grer at different temperatures. In
Figure 3b, the corresponding Arrhenius plot is shown. As is evident from Figure 3, extremely
linear plots (kinetic and Arrhenius) are obtained. The activation energy (E,) of 1.27 + 0.05 eV
and the logarithm of the pre-exponential factor (log 4) of 14.2 + 0.6 can be deduced from the
slope and intercept, respectively, of the Arrhenius plot. According to Price and Williams, ¢! for a
peptide ion with log 4 of 14.5 and Ey of 1.2 eV, the minimum molecular weight of the ion should
be 787 Da to be considered as satisfying the REX limit requirements. Thus, H-Grer, at m/z 1068,
number of DOF of 462, E, of 1.27 (£0.05) eV and log 4 of 14.2 (£0.6) is anticipated to readily
fulfill the REX limit condition.

Low-energy CID

The low-energy CID technique requires that the selected reference H-G complex have only a
single dissociation pathway. This avoids difficulties that may arise from different competitive
decomposition pathways taking precedence in different dissociation time-windows (which
consequently influence derived activation parameters). Therefore, it is necessary to use a
reference system with a unique dissociation route, such as H-Gyer. Furthermore, in low-energy
CID experiments, the probability of consecutive fragmentation is very low due to the resonant
excitation of only the precursor ion and not the fragments, and to the very low amount of energy
deposited on precursor ions, resulting in the production of fragment ions that do not have enough
energy to undergo dissociation. By obtaining fragmentation efficiency curves at different times
and energies, one can ensure the absence of consecutive fragmentation, and finally obtain the

activation parameters for individual dissociation pathways.

After obtaining the activation parameters for the reference H-G system, temperature calibration
was performed as follows: first, for H-Grer, dissociation rate constants at various amplitudes (1.2
to 1.6 V) were measured (Figure 4). Relatively low dissociation rates (0.01 to 0.35 s™!) were
observed inside the LTQ, again strongly suggesting that the REX limit condition is fulfilled, and
consequently, the Arrhenius equation (Equation 2) can be appropriately applied to calculate the

effective temperature of H-Grer ions at each excitation amplitude.



In addition to the Vgzr and its corresponding T.;, we need the collision integral QU-D of the
reference H-G complex in order to derive the constant C in Equation 7. For this purpose, ion

mobility mass spectrometry was employed.

The measured value for Q") can vary depending on the employed buffer gas in the ion mobility
mass spectrometer. Low-energy CID experiments were performed using helium as collision gas,
therefore, ideally, collision integrals should be measured by an ion mobility mass spectrometer
that uses He. However, our employed TIMS instrument is designed for use with nitrogen as the
buffer gas (Experimental N-based collision integrals are presented in Table SI1). The
proportionality between He-based and N»-based collision integrals depends on the chemical
nature of the ions, and their difference is more pronounced for small ions.°! Therefore, it can be
expected that this proportionality holds for H-G complexes in this study, with very similar
chemical nature, and quite large size. This proportionality has been previously observed®?! for
various compounds that are very close in size to the H-G complexes under investigation in this
study. According to the data presented in the supporting information from May et al.,[®? the ratio
of He-based to N>-based CCS values is almost constant (~0.75) for rather diverse types of
compounds (carbohydrates, peptides and lipids). Furthermore, although it has been shown in a
previous study that N> interactions with the metal portion of metal-containing ions can have a
significant effect on drift times!®¥], the Zn(II) used in the current study is confined in a molecular
cage while also interacting with a guest molecule. Thus, Zn(II) is only slightly exposed to
interactions with the N> molecules and therefore, only a minimal effect on drift times is
anticipated. Moreover, the ratio of the experimentally obtained Nj-based cross section, for
example, for [Zn(ID@1+1-H]" vs. H-Grer, is 1.1 according to Table S1, which is very close to
the calculated He-based CCS ratio obtained using the trajectory method (1.2). This small
difference in ratios has only a minor influence on the obtained activation energy. As such, N»-
based collision integrals were utilized instead of He-based ones. Afterwards, employing a bath
gas temperature of 298 K,[*! the constant C was derived using H-Grer (Table S2). This obtained
value for the constant was subsequently used to calculate the effective temperature of the other

ions at different excitation amplitudes (employing Equation 7).

For all H-G pairs, dissociation rate constants (k) were measured at various amplitudes (Equation

1), and then Arrhenius plots were obtained as /n k versus 1/T.; (Equation 2). The m/z, number of



DOF, fragment ion and measured N»-based collision integrals for different H-G complexes are
presented in Table S1. A typical low-energy CID spectrum along with the kinetic plot for an
example H-G complex are presented in Figure 5, and the Arrhenius plots of all the complexes are
presented in Figure 6. Finally, £, and log A values for each H-G complex were calculated using
the slope and intercept of the corresponding Arrhenius plot (Table 1). Details concerning the

calculation of uncertainties are explained in the Supporting Information.

All the H-G complexes in this study dissociate in a very narrow effective temperature range, and
the difference between the minimum and maximum temperature of the Arrhenius plot for each
individual H-G complex is less than 64 K. In a very recent paper of Gabelica and Marklund,?!
the effect of temperature on CCS was studied, and based on their findings, it seems that our
assumption (used in the Methodology Background section) that the collision integral is
independent of the temperature is, in fact, very close to reality. In the context of that study, for a
singly charged ion, a change of 64 K in the temperature span of 390-590 K should not result in a

[641165] tabulated numerical calculations

significant change in CCS. Furthermore, in another study,
of QD(T,y) for various compounds show that as T.; increases, the collision integral decreases
very slowly. Therefore, for a temperature range of 64 K, we consider our assumption to be

reasonable.

It should be noted that the dissociation of complex 11, [Zn(ID@1+11]", consists of two steps
(Figure S3), and the activation parameters reported in Table 1 correspond to the second step of
dissociation. Fragmentation of this complex will be discussed later. Parenthetically, it should be
mentioned that, as a consistency check, similar experiments were performed on the sodium
bound dimer of leucine enkephalin (LEK>Na)" with m/z of 1133.5 and number of DOF of 459,
and its Arrhenius plot is included in Figure 6. The reason for selection of (LEK:Na)® as a
reference compound is that it has a single dissociation pathway and therefore its pre-exponential
factor obtained using BIRD or low-energy CID utilizing different time windows and amounts of
internal energy deposition can be conveniently compared. Furthermore, in order to be cautious, it
was preferred to use a system with a size quite similar to our employed H-G complexes. Because
(LEK;Na)" has almost the same cross-section as those of the H-G complexes, it was a good

candidate for comparison purposes. Measured activation parameters: E, = 1.61 £ 0.10 eV and log



A =16.7 £ 1.5 are close to published values for (LEK:Na)" obtained using the BIRD technique
(E.=1.46+0.07¢V and logA=16.7+0.9).[°1]

Comparison of H-G complexes for various guests

The pre-exponential factors obtained using low-energy CID experiments in the LTQ are very
similar for all the H-G complexes (an average of 14.6). Therefore, for comparing their stabilities,
one can directly rank their activation energies. In addition, it can be expected that dissociation of
all the complexes is occurring with almost the same type of rather “loose” transition state (i.e., a
high value of the activation entropy (usually log 4 > 14),[*% is characteristic of direct bond
cleavage from a transition state whose structure resembles those of the fragments (late transition

state) with a negligible reverse activation barrier).

A closer look at the series of guests bearing a carboxylate function (Table 1): glycine (2), B-
alanine (3), 4-aminobutyric acid (4) and 7-aminoheptanoic acid (5), reveals relatively weak
interactions in this group of guests. Moreover, increasing the size of the alkyl chain does not
have a substantial effect on the H-G binding strength. Each guest molecule in this group is likely

to exhibit similar types of interactions with the host, i.e., zinc metal coordination with the

nl221,[66 [67]

carboxylate,!” along with possible cation-r interactio I'and hydrogen bonding.

In considering the complexes of phenyl glycine (6) and 4-aminobenzoic acid (7) (Figure 2), their
sizes are similar, but their main difference is the position of the ammonium and carboxylate
functional groups. As can be seen in Table 1, their activation energies are almost the same,
indicating that the H-G interaction in this case is only slightly influenced by the relative location
of the carboxylate and the ammonium. In addition, their complexes are more stable compared to
the previous group, likely due to the possibility for m-w interactions between the phenyl groups of

these two guests and the linkers in the cage structure.

In considering betaine (1) versus glycine (2) (Figure 2), these two molecules differ only by the
presence of a trimethylammonium group (-N(CH3)3") on the former, instead of an ammonium
group (-NH3*) on the latter. The main interactions that methyl groups of betaine (1) could
participate in are C-H...m interactions with the host, and the contribution of this interaction
results in a distinction between 1 and 2, because the trimethylammonium moiety clearly

augments the host-guest interaction.



In comparing the three guests bearing a sulfonate group (Figure 2), only the length of the alkyl
chain separating the sulfonate function from the ammonium group is changing. It can be seen
that complexes of taurine (9) and 3-amino-1-propane-sulfonic (10) acid have higher binding
energies compared to that of the shortest chain aminomethanesulfonic acid (8). With the
sulfonate group tethered to the Zn(II), this result suggests the importance of the ammonium

position to participate in H-G stabilization and increase interaction with the host.

For all of the guests in this study, deprotonated H-G complexes (+1 charge state) are formed in
the gas phase except for choline phosphate (11) which has a net charge of -1. Guest 11, like 1 has
a 3-methylammonium group on one extreme, but unlike any other guest, it has a phosphate
functional group. The higher stability of [Zn(I)@1+11]" results from substantial interactions
such as coordination of the phosphate ligand to the metal, C-H...wt and cation...7 interactions,
and hydrogen bonding. Additional evidence for this strong interaction comes from the unique
fragmentation pattern of [Zn(ID@1+11]" (Figure S3). For all other H-G pairs, the only
fragmentation pathway is the loss of guest molecule, but for [Zn(I)@1+11]", at low collision
energy, the main fragment comes from loss of N(CH3)s. Then, at higher energies, loss of the
whole guest becomes evident (Figure 7). The reported £, value in Table 1 corresponds to the
second step of dissociation. It should be noted that in deriving the activation parameters for
[Zn(I1)@1+11-N(CH3)s3]", the experimental collision integral for the initial H-G pair was used,
not that of H-G after loss of N(CH3)s. This inaccuracy is considered in the calculation of
uncertainties for this H-G complex, and it was seen that even a deviation as large as + 30 A? does

not have a substantial effect on the measured activation parameters.

The result that the binding energy of [Zn(ID)@1+11]" is higher than all other guests (Table 1) is
in complete accordance with what was observed previously in the solution phase (dimethyl
sulfoxide containing 2% water).[”! In that study, nuclear magnetic resonance spectroscopy
showed that 11 is fully encapsulated by the Zn(I)@1 cage, and fluorescence spectroscopy
showed that this guest has the highest power of quenching the fluorescence of the host.[”! These
results, as well as the geometry optimization using density functional theory (DFT) for the
[Zn(AD)@1+11]" complex in a previously published paper,”! allow us to classify host-guest
interactions between hemicryptophane, Zn(Il)@1, and biologically-relevant guests 1-11 as a

function of two principal interactions. First, the anionic moiety that becomes coordinated to



Zn(II) is of primary importance to stabilize the complex, leading to the following stability trend:
phosphate (-OPQ3?) >> sulfonate (-SQ3") > carboxylate (-COz’) in agreement with results
obtained in solution. Second, the cationic portion can have an interaction with the CTV cap of
the hemicryptophane or the naphthyl linker. The ammonium moiety of guests 2-7 is deduced to
have a very weak interaction in the host-guest complexes because no matter what the
carboxylate-ammonium distance, the dissociation energy is almost the same. However, in the
case of sulfonate 6-8, the ammonium-sulfonate distance becomes more important to stabilize the
host-guest complexes. Lastly, a pronounced feature enabling a heightened H-G interaction is the
presence of trimethylammonium (-N(CH3)3*) instead of ammonium (NH3"). Even so, this

interaction remains less important than ligand-metal coordination.

Conclusions

A low-energy CID technique was implemented to investigate H-G energetics of a host
hemicryptophane with heteroditopic character that is potentially useful in ion-pair recognition.
This low-energy CID approach, that included kinetic experiments in a LTQ, permitted the
derivation of activation parameters of various H-G complexes of Zn(I)@1. The relatively large
residence time of the ions inside the linear ion trap (maximum of 60 s) allowed studying
reactions with rates less than 1 s’'. This possibility, as well as the large size of the ions, ensures
the fulfillment of rapid energy exchange conditions, and as a consequence, accurate application
of the Arrhenius equation. From another point of view, owing to the collisional activation
occurring, even smaller systems can fulfill the rapid energy exchange conditions compared to the
BIRD technique. Another contrast with the BIRD technique is that low-energy CID offers access
to the higher effective temperatures required to probe more endothermic decomposition
pathways. As a result, it was possible to measure activation parameters for H-G complexes that
were not sufficiently fragile to undergo fragmentation within the practical (limited) upper
temperature range of our BIRD set-up. Lastly, this method is much faster to implement than the

BIRD technique and does not require any instrumental modifications.

Based on the measured activation energies, and considering the fact that all complexes were
characterized by similar pre-exponential factors, the contribution of various functional groups to
the final stabilities of H-G complexes can be ranked: guests bearing a phosphate (-OPQ3%)

functional group make stronger interactions with the encapsulating cage than those with a



sulfonate (-SQO3") group, and the latter ones make stronger bonds than those with a carboxylate (-
COy) group. In addition, we showed evidence that the presence of -N(CH3)s™ or phenyl groups

in the guest’s structure, improves the strength of host-guest interactions.

In summary, low-energy CID has been used to compare a series of H-G complexes with similar
size and chemical nature that were dissociating in a limited temperature range (390-590 K). Due
to its simplicity and wider energy range of applicability, low-energy CID can be a convenient
alternative technique to other existing methods for studying the energetics of ion dissociation in

the gas phase.
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Figure 2- Guest molecules studied in this work.
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Figure 5- (a) MS/MS spectrum of the m/z 1252 [(Zn(IT)@1+3)-H]" precursor obtained using low-energy
CID at 1.9 V excitation voltage and 50 s decomposition time. Due to the employed resonant excitation,
only the monoisotopic peak of the precursor ion (m/z 1252) is decomposed. (b) Kinetic plots of
[(Zn(IT)@1+3)-H]" obtained at different excitation amplitudes.
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Figure 6- Experimental Arrhenius plots of the eleven H-G pairs obtained using low-energy CID. The
Arrhenius plots of the reference H-G complex H-G.r and (LEK>Na)" are also displayed.
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Figure 7- Normalized intensities for the [Zn(I)@1+11]" and its fragments as a function of collision
energy in the laboratory frame of reference (Eu»), acquired using the higher-energy collision dissociation
(HCD) mode of the (LTQ)-XL/Orbitrap hybrid mass spectrometer.



Table 1 Activation parameters for dissociation of Zn complexes measured by low-energy CID in the

linear quadrupole ion trap.

H-G Pairs E. (eV) log A
[Zn(D)@1+1-H]* 1.66 (2:0.08) 15.0 (1.1)
[Zn(D)@1+2-H]* 1.45 (0.10) 14.2 (1.2)
[Zn(D@1+3-H]* 1.44 (£0.08) 14.1 *1.2)
[Zn(D@1+4-H]* 1.47 (£0.09) 14.3 (1.3)
[Zn(D@1+5-H]* 1.51 (20.08) 14.4 (+1.2)
[Zn(D@1+6-H]* 1.66 (2:0.08) 15.3 (+1.2)
[Zn(D@1+7-H]* 1.57 (0.10) 14.5 (+1.3)
[Zn(D)@1+8-H]* 1.48 (£0.13) 14.4 (£1.5)
[Zn(D@1+9-H]* 1.79 (+0.06) 14.7 (0.8)
[Zn(D)@1+10-H]* 1.72 (0.06) 14.2 (+0.9)

[Zn(D@1+11]" 1.93 (£0.11) 15.1 (£0.9)



