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Role of viologen substituents and host size in the gas-phase
fragmentation of cucurbituril-viologen host-guest complexes

Gas phase fragmentation of host-guest complexes formed
between doubly substituted viologens and cucurbituril

is strongly influenced by the size of the host and by the
substituents on the viologen guests. Two competitive
fragmentation pathways were observed: dissociation by
released the charged reduced guest and loss of viologen
substituent from the doubly charged complex. Surprisingly,
release of doubly charged guest was not observed, which
highlights the strong influence of the ion-dipole interactions
in these host-guest complexes.
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Introduction

Role of viologen substituents and host size in the
gas-phase fragmentation of cucurbituril—viologen
host—guest complexes

Hugo Y. Samayoa-Oviedo, =) Daniel M. Hristov, and

Julia Laskin @2 *

Bethany A. Phillips

Viologens are widely used in the development and fabrication of electrochromic devices. One strategy
to enhance their stability in solution upon electrochemical reduction is to incorporate them within
the cavity of an appropriate host molecule. In solution, the formation of host-viologen complexes is
primarily driven by hydrophobic interactions and the displacement of water molecules from the host
cavity. Studying these complexes in the gas phase provides insights into the intrinsic factors determining
their stability towards fragmentation in the absence of solvent molecules. In this work, we used collision
induced dissociation (CID) to assess the relative stability of host—guest complexes formed between
cucurbiturils (CBs) and viologen dications. Methyl-, heptyl-, and benzyl-disubstituted viologens were
selected as guest species to investigate how alkyl substituents of viologen guests influence the stability
of host—guest complexes. Because these complexes are stabilized by ion-dipole interactions, the
release of the doubly charged guest is not a preferred fragmentation pathway. Instead, fragmentation
occurs via either the release of a charge-reduced guest or the loss of neutral substituents. Substituent
loss is primarily observed for viologen guests with bulky substituents that extend beyond the host cavity.
Meanwhile, the release of a charge reduced guest is a competing pathway for complexes with benzyl or
methyl viologen and for complexes in which the guest is not fully encapsulated within the host. We also
examined the effect of host size on the strength of host—guest interactions. Our results indicate that the
number of effective ion—dipole interactions between the host and the guest is a key factor determining
the stability of the complex. Specifically, CB(7) forms the most stable complexes, while complexes
with CB(6) exhibit lower stability because the smaller CB(6) host cannot fully accommodate the guest.
Meanwhile, the effectiveness of ion—dipole interactions is diminished for CB(8) due to its large cavity size.
Overall, this study provides insights into the intrinsic factors, such as host size and guest substitution, that
determine the stability of cucurbituril-viologen host—guest complexes towards gas phase fragmentation.

guest molecule by its incorporation inside an appropriate host.
The incorporation of viologens into cucurbiturils (CBs)"?

Viologens are species composed of a bipyridinium core with
one or two side alkyl chains that change color depending on
their charge state. Because both their optical and redox proper-
ties may be tailored by varying the alkyl chain, counterion,
and solvent, viologens are attractive building blocks for the
design of functional materials with tunable properties'™ and
the preparation of electrochromic devices.*> However, fully and
partially reduced viologens, especially those with long alkyl
chains, suffer from poor solubility in water, which limits their
use in functional materials.®® Host-guest chemistry has been
previously used to increase the stability’ ! and solubility' of a
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as host molecules has been used to increase their stability
and electrochemical performance in aqueous solutions.®*™°
The presence of electron-rich carbonyl groups at the portals of
the CB cavity generates a negative quadrupolar field, which
stabilizes positively charged viologens via ion-dipole inter-
actions.””?* The magnitude of the quadrupole moment, which
increases with increasing CB size,>*?’ may influence the
strength of host-guest interactions. Meanwhile, the hydropho-
bic cavity of CBs provides a favorable environment for both
partially and fully reduced viologens.'*2%2°

The stability of host-guest complexes has been charac-
terized using a broad range of analytical techniques.>?>3%73*
Among these techniques, mass spectrometry (MS) provides a
unique perspective on the stability of host-guest complexes in
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the absence of counterions or solvent molecules. Using electro-
spray ionization (ESI), intact complexes are transferred into
the gas phase®® and their stability towards fragmentation is
examined using collision-induced dissociation (CID)**° or
other ion activation techniques.*"***"** Furthermore, an inves-
tigation of the fragmentation pathways of host-guest com-
plexes in the gas phase provides insights into the interactions
between the host and the guest.*>*® For example, in systems
where azoalkanes serve as guests, the size of the host deter-
mines whether the azoalkanes dissociate from the complex or
undergo retro Diels Alder reaction inside the host cavity.*”
In addition, ion-molecule reactions of host-guest complex ions
in the gas phase have been used to study their chemical reac-
tivity.*®*° By studying ion-molecule reactions of crown ether
ions in an ion trap, Winkler et.al. showed that they catalyze the
conversion of propylamine into propene and ammonia.>
Meanwhile, ion mobility spectrometry has been used to study
the conformation®®"*> and size®*>* of supramolecular com-
plexes providing insights into their chemical properties both in
the gas and condensed phases.

In this study, we investigated the fragmentation pathways
and stability of selected host-guest complexes of CBs and
viologens. Specifically, we examined complexes of CB(6),
CB(7), and CB(8) with methyl, heptyl, and benzyl viologen
(structures shown in Scheme 1) to assess how host size and
alkyl substituents of the guest influence preferred fragmentation
pathways of the complex. The fragmentation of CB-viologen does
not release the doubly charged guest, instead dissociation of the
complex occurs through release of charge reduced guests and
substituent loss from the complex. The reduction of the guest is
facilitated by the negative quadrupole moment of the CB host
produced by a network of oxygen atoms at the portals of its
cavity.>*”®” Meanwhile, substituent loss is observed for guests
containing long substituents that extend beyond the protective
cavity of the host. In addition, the fragmentation of the host-
guest complexes may involve proton transfer, hydride abstrac-
tion, and reduction depending on the individual properties of
both the guest and the host. Collision energy-resolved CID
experiments provide insights into the effect of the host size
on the relative stability of the complex towards fragmentation.
We demonstrate that the cavity of CB(6) is too small to fully
accommodate viologens with larger alkyl chains, resulting in

7 TN Methyl viologen
e C\>_<\:/>N_CH3 VP
/ — .
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Scheme 1 Structures of the doubly substituted viologens studied in
this work.
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half-inclusion complexes, which readily fragment in the gas
phase. In contrast, the larger cavity sizes of CB(7) and CB(8)
promote the formation of stable inclusion complexes with
viologen. Notably, because of the optimal size match between
host and guest, which maximizes ion-dipole interactions,
complexes with CB(7) exhibit the highest gas phase stability
towards fragmentation. Overall, our findings offer insights into
the factors that stabilize CB-viologen complexes and high-
light unique gas-phase ion chemistry arising from host-guest
interactions.

Experimental section
Chemicals

Cucurbiturils 6, 7, and 8 (all hydrates), benzyl viologen dichloride
(B,VCl,), methyl viologen dichloride hydrate (M,VCL,), and 1,1’-di-
heptyl-4,4’-bipyridinium dibromide (heptyl viologen dibromide,
Hep,VBr,) were purchased from Millipore Sigma (St. Louis, MO).
Sodium chloride was purchased from Fisher Chemical (Fair Lawn,
NJ). 1 mM stock solutions of each individual viologen species were
dissolved in DI water. 1 mM cucurbiturils were prepared in 1 mM
aqueous NaCl and stirred to promote dissolution. Host-guest
complexes were formed by mixing the individual host and guest
solutions in a 1:1 molar ratio and adding water to obtain a 40 uM
concentration of each solution.

Instrumentation

Mass spectrometry and collision energy-resolved CID were
performed using an Agilent 6560 ion mobility quadrupole time
of flight (IM-QTOF) mass spectrometer (Santa Clara, CA)
equipped with a custom-designed ESI source.’® A syringe pump
(KD Scientific, Holliston, MA) was used to propel samples from
a 1 mL Hamilton syringe (Reno, NV) through a 150 um O.D. and
25 pum L.D. fused silica capillary (Polymicro Technologies,
Phoenix, AZ) at a flow rate of 0.2-1.0 pL min ". The capillary
was positioned at the mass spectrometer inlet and ESI was
performed by applying —4 kV to the entrance of the glass
capillary. We used gas temperature of the ion source of 325 °C,
fragmentor voltage of 400 V, and octupole RF of 750 V. Data
acquisition and analysis was performed using the Agilent
Qualitative Navigator software and ChemCalc online tool.”®

Collision energy-resolved CID of CB-viologen host-guest complexes

To gain insights into the gas phase fragmentation of
CB-viologen complexes and facilitate comparisons between
complexes containing different hosts, we conducted collision
energy-resolved CID experiments. To compare the relative
stability of the CB-viologen complexes towards fragmentation
we normalized the collision energy to the number of vibrational
degrees of freedom of each complex. This approach compen-
sates for the effect of the kinetic shift on the amount of energy

required to observe fragmentation of each precursor ion.>”®
The excitation energy is calculated using eqn (1):
CE.xz
Excitation energy = ———— 1
=3V 6 1)
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where C.E. is the collision energy in the vendor’s arbitrary
units, z is the charge state of the ion, and N is the number of
atoms in the host-guest complex.

Theoretical calculations

Geometry optimizations of CBs were performed using DFT
calculations in the Gaussian 16 program.®® Previously reported
structures were used as the initial geometries.*® Calculations
were performed at the B3LYP level of theory using the
6-31g(d,p) basis set for closed shell systems.®® Vibrational
frequency calculations were performed to confirm that the
structures correspond to global energy minima. Proton affi-
nities were calculated using approaches reported in literature.®

Results and discussion

In this work, we explore gas phase fragmentation of host-guest
complexes of CB with doubly charged viologens. Using collision
energy-resolved CID, we examine how host size and alkyl
substituent affect the stability of these dications. Specifically,
we examine the relative stability and fragmentation pathways of
complexes formed between methyl, benzyl, and heptyl vio-
logens with CB(6), CB(7), and CB(8) hosts. The formation of
CB-viologen complexes in solution has been previously
explored' %8261 and these complexes have been also suc-
cessfully transferred into the gas phase using ESL.°* Consistent
with previous studies, we observed abundant signals corres-
ponding to intact CB-viologen complexes in the ESI-MS spectra
of the respective solutions. Mass spectra obtained for all the
complexes are shown in Fig. S1, with assignments listed in
Table S1. A zoom-in view of the mass spectra in Fig. S1 showing
both the experimentally measured and calculated isotopic
patterns of the complexes is shown in Fig. S2. Fig. S3 contains
the mass spectra with extended m/z ranges of singly charged
[CB(n) + M,V] complexes. CID of the complexes reveals that
their fragmentation pathways are largely determined by the
properties of the guest, while the competition between path-
ways is influenced by the host size. To facilitate the discussion,
we present the results obtained for each guest separately and
conclude with a comparison highlighting key similarities
and differences between host-guest complexes with different
guests. We first introduce the CID spectrum of a viologen
complex with CB(7) and compare it with low-energy fragmenta-
tion of the doubly charged viologen guest observed in the MS>
spectrum obtained at 0 eV collision energy referred to as
“isolation spectrum”. This is followed by a comparison of the
fragmentation efficiency curves obtained using collision
energy-resolved CID of the viologen guest with three hosts:
CB(6), CB(7), and CB(8), which illustrate the effect of host size
on the preferred fragmentation pathway of the complexes.

Fragmentation of CB-methyl viologen complexes

Fragmentation spectra of [CB(7) + M,V]*" and [M,V]*" along
with the proposed fragmentation pathways of the complex are
shown in Fig. 1. The CID spectrum of [CB(7) + M,V]*" shown in
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Fig.1 (a) CID spectrum of [CB(7) + M,VI** (m/z 674.2) at 0.307 eV
excitation energy, (b) Fragmentation of [M,VI** (m/z 93.1) during the
isolation step in a mass spectrometer (isolation spectra at 0 eV), and (c)
scheme showing the proposed fragmentation pathway of [CB(7) + M,V]2*.
In panels a and b precursor m/z are highlighted with colored bars. In panel c
the neutral CB host is shown in yellow, while the charged host is shown in
orange.

Fig. 1(a) contains singly charged fragment ions of methyl
viologen, including [C¢HN]", [MV]", [M,V — H]', [M,V]™*, and
[M,V + H]". The zoomed-in region of the spectrum shows the
M,V — HJ', [MpV]"™, and [M,V + H]" fragments, which are
spaced by 1.007 Da, confirming that these ions are not due to
13C isotopes but instead represent different chemical species.
These species were previously observed®® in the ESI mass
spectrum of [M,V]** and, along with [MV]", are formed through
the reduction of [M,V]*" in ESI. Notably, these ions are not
observed in the isolation spectrum of [M,V]** shown in
Fig. 1(b), which instead contains an abundant [MV]" fragment
ion along with several minor fragment ions observed at
mjz < 100. The presence of an abundant [M,V]*" peak in
Fig. 1(b) indicates that the doubly charged methyl viologen
guest is relatively stable in the gas phase. If the fragmentation
of [CB(7) + M,V]*" involved the release of the doubly charged
[M,V]*", followed by its dissociation in the gas phase due to
Coulomb repulsion, the resulting mass spectrum in Fig. 1(a)
would be expected to resemble the isolation spectrum of
[M,V]** shown in Fig. 1(b). The absence of [M,V]>" in
Fig. 1(a), along with the presence of ions [C¢HgN]',
[M,V — H]', [M,V]"*, and [M,V + H]" ions absent in Fig. 1(b)
suggests that the ejection of the doubly charged viologen is not
a dominant fragmentation pathway of [CB(7) + M,V]*". In addi-
tion, the isolation spectrum of [M,V]™ in Fig. S4 contains [MV]" as
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a product, indicating that the [MV]" observed in Fig. 1(a) can arise
from spontaneous fragmentation of [M,V]™.

The presence of singly charged fragments of methyl viologen
in the CID spectrum of [CB(7) + M,V]*" indicates that the guest
undergoes simultaneous reduction and decomposition as it
exits the CB cavity, in a process analogous to the one observed
in the ESI mass spectrum of the guest.” In the proposed
fragmentation pathway shown in Fig. 1(c), we refer to this
process as pathway A. This pathway involves the reduction of
[MpV]*" through electron transfer from the host, facilitated by
the high electron density at the CB portals.”*>>**?® Fragmen-
tation of [CB(7) + M,V]*" via pathway A is expected to produce
[CB(7)]'* as a complementary fragment ion. The absence of
[CB(7)]"* in the CID spectrum of [CB(7) + M,V]>" can be
attributed to the low stability of this radical cation and its
rapid dissociation in the gas phase. Indeed, we observe numer-
ous low-abundance ions with m/z < 673, which likely corre-
spond to fragments of [CB(7)]"*. A zoom-in region of Fig. 1(a)
showing these fragments is provided in Fig. S5, with mass
assignments listed in Table S2.

The fragmentation efficiency curves of complexes containing
methyl viologen, shown in Fig. 2, provide insights into the
effect of host size on their fragmentation. Fig. 2(a) presents a
comparison of the fragmentation efficiency curves of [MV]’, the
major fragment ion produced from all three CB complexes with
methyl viologen. The yield of this fragment is similar for all
three precursors, whereas the energy threshold varies with the
size of the host. Specifically, the energy threshold for the for-
mation of [MV]" increases in the order: CB(6) < CB(8) < CB(7),
reflecting the relative strength of host-guest interactions within
each complex. Previous studies indicate that the negative
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Fig. 2 Fragmentation efficiency curves of the (a) [MV]* fragment produced
from different precursors and other fragment ions of (b) [CB(6) + M,VI**,
(c) [CB(7) + M,VI?*, and (d) [CB(8) + M,VI>* complexes.

24716 | Phys. Chem. Chem. Phys., 2025, 27, 24713-24725

View Article Online

PCCP

quadrupole moment of CBs increases with CB size.**>” While
an increased negative quadrupole moment results in a higher
magnitude of the ion-dipole interaction of CB-methyl viologen,
the stability trend in Fig. 2(a) suggests that there are other
factors beyond ion-dipole interactions that affect the stability
of these complexes, as discussed later in the text.

In addition to [MV]", CID of CB-methyl viologen complexes
produces several less abundant fragment ions. Fragmentation
efficiency curves of the minor fragments of [CB(6) + M,V]*" are
shown in Fig. 2(b). A product corresponding to the net loss of a
hydrogen atom from methyl viologen radical cation, [M,V — HJ',
is formed at 0.16 eV excitation energy, which is 0.05 eV higher
than the threshold for the formation of [MV]". We hypothesize
that [M,V — H]" is generated via pathway A, where the reduced
[M,V]™ species undergoes hydrogen atom loss.®* Additionally,
three low-abundance fragments: [M,V]"*, [C,H,N40,]', and
[MV]*", are observed at excitation energies above 0.24 eV. The
presence of [M,V]™ in the mass spectrum supports the hypothesis
that the guest is reduced by the host within the complex.
As discussed earlier, its complementary fragment, [CB(6)]" is
unstable and dissociates into multiple low m/z products. The
[C,H,N,O,]" fragment ion, is one of the low-abundance fragments
of the unstable [CB(6)]"* species shown in Fig. S5 and listed in
Table S2. This fragment corresponds to the CB(6) subunit contain-
ing one additional methylene group. The formation of the low-
abundance [M,V]** fragment, which is only observed for the
smallest CB(6) host at high excitation energies, may be indicative
of an entropically favorable pathway that becomes accessible at
higher internal energies. This pathway likely proceeds through the
ejection of the doubly charged guest previously reported for
cyclodextrin-based complexes.’” The absence of this product in
CID spectra of complexes with CB(7) and CB(8) shown in Fig. 2(c)
and (d), respectively, indicates that [M,V]** is not fully accommo-
dated inside the CB(6) cavity and forms a half-inclusion complex.
In contrast, the larger cavities of CB(7) and CB(8) can fully
encapsulate [M,V]**, which hinders the ejection of the doubly
charged guest. Half-inclusion complexes have been experimen-
tally observed and computationally modeled for small hosts or
large guests.”>*

The relative abundance of [M,V]™ increases with increasing
host size, suggesting that larger hosts facilitate the reduction of
[M,V]*". 1t is reasonable to assume that the larger and more
delocalized quadrupole electric field generated by larger
hosts,>*™®” enhances the reduction yield of [M,V]*" to [M,V]",
thereby increasing the abundance of reduced fragments.
Specifically, a comparison of Fig. 2(c) and (d) reveals that the
relative abundance of [M,V — H]" decreases while the relative
abundance of [M,V + H]" increases with host size. In addition,
CID of complexes with CB(7) and CB(8) generates methylpyr-
idinium fragment ion, [CeHgN], a product of [M,V]", which
appears at higher excitation energies above 0.25 eV. The
absence of this product in the CID of [CB(6) + M,V]*" may be
attributed to the low yield of the reduced [M,V]"* species in the
gas-phase fragmentation of this precursor ion.

Overall, the results shown in Fig. 2 indicate that pathway A is
the dominant fragmentation pathway for CB complexes with

This journal is © the Owner Societies 2025
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methyl viologen, suggesting that dissociation primarily pro-
ceeds through the release of a charge-reduced guest. The
reduction proceeds through electron transfer to the host, gene-
rating the radical cation of methyl viologen, [M,V]'* and other
species formed from its decomposition. As the size of the host
increases, the yield of the [M,V]"* fragment also increases, which
we attribute to the higher negative quadrupole moment of larger
CB hosts, leading to more efficient electron transfer. The results
in Fig. 2(a) also indicate that the overall strength of the host-guest
complex increases in the order: CB(6) < CB(8) < CB(7), which
will be further discussed later in the text.

Fragmentation of CB-heptyl viologen complexes

Fragmentation spectra of [CB(7) + Hep,V]*" and [Hep,V]** along
with the proposed fragmentation pathways of the complexes
with all the hosts are shown in Fig. 3. The CID spectrum of
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Fig. 3 (a) CID spectrum of [CB(7) + Hep,VI?* (m/z 758.3) at 0.142 eV excitation
energy, (b) fragmentation of [Hep,VI* (m/z 177.1) during the isolation step in a
mass spectrometer (isolation spectra at 0 eV), and (c) scheme showing the
proposed fragmentation pathway of [CB(7) + Hep,VI>* complexes. In panels a

and b precursor m/z are highlighted in colored bars. In panel c the neutral CB
host is shown in yellow, while the charged host is shown in orange.
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[CB(7) + Hep,V]** shown in Fig. 3(a) reveals a distinct fragmen-
tation pattern, containing singly charged fragment ions
[C4Ho]", [V + H]', [HepV]", and [CB(7) + H]". The mass spec-
trum also contains doubly charged [CB(7) + V + 2H]*" and
[CB(7) + HepV + H]*" ions corresponding to one and two losses
of C,Hy, from [CB(7) + Hep,V]*, respectively. When comparing
the CID spectrum of [CB(7) + Hep,V]** (Fig. 3(a)) with that of
[CB(7) + M,V]** (Fig. 2(a)), we observed three key differences
that indicate that fragmentation of [CB(7) + Hep,V]** does not
involve pathway A. First, the CID spectrum of [CB(7) + Hep,V]**
contains [CB(7) + H]" which indicates that the fragmentation of
the complex results in proton transfer to the host. Second, the
spectrum of [CB(7) + Hep,V]*" in Fig. 3(a) contains abundant
doubly charged fragment ions in which the guest is retained
inside the host. Finally, the CID spectrum in Fig. 3(a) does not
contain fragment ions resulting from electron transfer to the
guest, i.e. [Hep,V]™®. Furthermore, a comparison of the CID
spectrum of [CB(7) + Hep,V]*" in Fig. 3(a) with the isolation
spectrum of [Hep,V]*" in Fig. 3(b) indicates that the release
of doubly charged guest does not occur in dissociation of
[CB(7) + Hep,V]*". Specifically, if [Hep,V]*" were produced from
fragmentation of [CB(7) + Hep,V]*", it should appear in
Fig. 3(a), given that [Hep,V]”" is a relatively stable species in
the gas phase as shown in Fig. 3(b).

The presence of abundant [CB(7) + V + 2H]** and
[CB(7) + HepV + H]*" ions in Fig. 3(a), indicates that the loss
of alkyl chains from the complex is a major fragmentation
pathway of [CB(7) + Hep,V]*". In this pathway (pathway B in
Fig. 3(c)), an alkyl chain is lost as a neutral species with the
chemical formula C;Hj,. The loss of neutral alkyl chain is
accompanied by proton transfer from the leaving group to the
complex, resulting in the formation of [CB(7) + HepV + HJ*"
which undergoes a sequential fragmentation step forming
[CB(7) + V + 2H]". Loss of heptyl chains from heptyl viologen
should produce [C4H,]" as shown in the isolation spectrum of
[Hep,V]*" in Fig. 3(b). [C4H,] is a product of the decomposition
of the heptyl cation®*®® and is the complementary species to
[V + H]" and [HepV]". Although [C4H,]" is a major species in
Fig. 3(b), it is practically absent in Fig. 3(a). We suggest that
during fragmentation of [CB(7) + Hep,V]*" proton transfer to
the host competes with the formation of [C,Ho]". Theoretical
calculations of gas phase proton affinities of CBs, based on
their optimized electronic structures and the methodology
described in the experimental section, yield values of 1041,
1029, and 1020 kJ mol~" for CB(6), CB(7), and CB(8), respec-
tively. In comparison, the reported proton affinities for isobu-
tene and ¢rans-2-butene, the neutral counterparts of the
cationic products of the heptyl cation decomposition,®*®® are
significantly lower, at 823.4 and 773.6 kk] mol ", respectively.®’
This indicates that CBs can efficiently compete for proton®®
with the heptyl cation during the fragmentation of
[CB(n) + Hep,V]** complexes.

We suggest that the singly charged [V + H]", [HepV],
and [CB(7) + H]' species observed in Fig. 3(a) are products
of sequential fragmentation of either [CB(7) + V + 2H]*" or
[CB(7) + HepV + H]**. We analyzed the fragmentation efficiency
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Fig. 4 Fragmentation efficiency curves of (a) [CB(6) + Hep,VI*H,

(b) [CB(7) + Hep,VI?*, and (c) [CB(8) + Hep,VI3*.

curves of the complexes shown in Fig. 4 to confirm this
assertion. We observe that the fragmentation efficiency curves
of complexes with CB(7) and CB(8) (Fig. 4(b) and (c),
respectively) are similar to each other, yet notably different
from those of the CB(6) complex shown in Fig. 4(a). Specifically,
Fig. 4(b) and (c) show that the lowest energy fragmentation of
[CB(7) + Hep,V]*" and [CB(8) + Hep,V]** occurs via pathway B,
which becomes accessible at ~0.05 eV excitation energy. The
major low-energy fragment, [CB(n) + HepV + H]’, formed
through the loss of one heptyl substituent, undergoes the loss
of an additional heptyl chain at higher excitation energies,
resulting in the formation of the [CB(n) + V + 2H]" fragment ion.
In contrast, the fragmentation curves of [CB(6) + Hep,V]’" in
Fig. 4(a) indicate that [HepV]" is the major low-energy fragment
of this complex, while, [HepV]" and [V + H]" in Fig. 4(b) and (c)
are only observed at substantially higher collision energies as
secondary products of [CB(7,8) + V + 2H]* or [CB(7,8) + HepV + H[*".
This observation indicates that [HepV]" and [V + H]" are not
produced directly from [CB(7,8) + Hep,V]**. The MS? spectrum of
[CB(7) + HepV + H** shown in Fig. S6 corroborates that [V + H]"
and [HepV]" are instead the products of [CB(7) + HepV + HJ**
formed probably through Coulomb fission.

The fragmentation efficiency curve of [CB(6) + Hep,V]*" in
Fig. 4(a) indicates its low gas phase stability with consider-
able fragmentation occurring even during isolation in the
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collision cell. At lower excitation energies, the fragmentation of
[CB(6) + Hep,V]*" produces [HepV]" and [CB(6) + H]". This
pathway involving the release of charge reduced guest with
proton transfer to the host (pathway A in Fig. 3(c)) is not
observed for complexes with CB(7) and CB(8) hosts, indicating
structural differences between [CB(6) + Hep,V]”" and its
CB(7) and CB(8) analogs. It is reasonable to assume that in
[CB(6) + Hep,V]*", the guest is only partially incorporated into
the CB(6) host, forming a half-inclusion complex similar to
the one previously observed in solution.”” Such complexes
readily release the guest. Meanwhile, a small fraction of
[CB(6) + Hep,V]*" ions that undergo fragmentation via pathway B
at higher excitation energies between 0.05 and 0.13 eV likely
correspond to inclusion complexes that exhibit stronger bind-
ing of the guest. For [CB(n) + Hep,V]*" complexes, the loss of
alkyl substituents through pathway B is facilitated by the long
alkyl chains extruding from the cavity of the host. Conse-
quently, the threshold excitation energy for the observation of
products from pathway B should be largely independent of the
host size. Indeed, Fig. 4 shows that, for all three precursors,
the first loss of the neutral alkyl chain is observed at the
same excitation energy of ~0.05 eV. Moreover, the relative
abundances and appearance energies of [CB(n) + HepV + H]**
are almost identical for the inclusion complexes of CB(7)
and CB(8).

Another striking observation from the fragmentation effi-
ciency curves in Fig. 4 is the decrease in the relative abundance
of the protonated host, shown as an orange trace, with increas-
ing host size. In Fig. 4(a), the relative abundance of [CB(6) + H]"
reaches 25% at the excitation energy of 0.13 eV, highligh-
ting the importance of pathway A in the fragmentation of
[CB(6) + Hep,V]*". In contrast, the relative abundance of
[CB(7) + H]" and [CB(8) + H]" remain below 3% across all
excitation energies. This trend may be attributed to increased
scattering at higher excitation energies where pathway A occurs,
as well as to the lower proton affinity and increased delocaliza-
tion of the electric quadrupole in the larger CBs,>*>” which
collectively reduce the stability of the protonated host in the
gas phase.

Overall, the results presented in Fig. 3 and 4 indicate that
pathway B, involving the loss of neutral C;Hy,, is the predomi-
nant fragmentation channel for [CB(7) + Hep,V]>" and
[CB(8) + Hep,V]** complexes. It is reasonable to assume that
the long alkyl chains of the guest extend outside of the
protecting cavity of the host, making them more susceptible
to fragmentation. In contrast, [(CB6) + Hep,V]*" adopts a half-
inclusion conformation in the gas phase and its fragmentation
follows predominantly pathway A, involving proton transfer to
the host and the release of charge-reduced guest.

Fragmentation of CB-benzyl viologen complexes

Fragmentation spectra of [CB(7) + B,V]*" and [B,V]*" along
with the proposed fragmentation pathway of the complexes
with all the hosts are shown in Fig. 5. The CID spectrum of
[CB(7) + B,V]*" in Fig. 5(a) contains singly charged frag-
ment ions, [B]" and [BV]', in the low m/z range, along with
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[CB(7) — H]" and [CB(7) + BV]' ions in the high m/z range. While
ions [B]" and [BV]" may initially appear as complementary species
formed through gas phase fission of [B,V]*", the absence of [BV]"
in the isolation spectrum of [B,V]*" (Fig. 5(b)) suggests an alter-
native fragmentation pathway. We note that the precursor ion,
[B,V]*", is absent in Fig. 5(b), indicating its low stability towards
gas phase fragmentation. This is consistent with its low abun-
dance in the ESI mass spectrum shown in Fig. S7. The low
stability of [B,V]*" may be attributed to both its facile reduction
during ESI®* and Coulomb repulsion under vacuum. Despite the
low abundance of [B,V]*, we were able to acquire its isolation
spectrum by averaging 162 individual scans. Fig. 5(b) shows that
the fragmentation of [B,V]*" in the gas phase releases both benzyl
substituents as cations, producing neutral bipyridine (C;oHgN,) as
complementary species.

We propose that [BV]" observed in the MS? of [CB(7) + B,V]**
is generated through pathway A. Unlike complexes with methyl
and heptyl viologen, the release of charge-reduced [B,V]*" is
accompanied by hydride abstraction from CB(7). This process
produces [BV]', [CB(7) — H]", and neutral benzene, with both
cations observed in Fig. 5(a). Hydride abstraction has been
previously reported in reactions of benzyl cations with electron
donating species capable of stabilizing hydride loss.”%”"
In Fig. 5(a), the fragmentation of [CB(7) + B,V]*" also produces
[B]" and [CB(7) + BV]', which are likely complementary species
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Fig. 5 (a) A 425 eV CID spectrum of [CB(7) + Hep,VI** (m/z 750.3),
(b) Fragmentation of [Hep,VI** (m/z 169.1) during the isolation step in a
mass spectrometer (isolation spectra at 0 eV), and (c) Scheme showing the
proposed fragmentation pathway of [CB(7) + B,VI?" complexes. In panel a
precursor m/z is highlighted in color bar. In panel c the neutral CB host is
shown in yellow, while the charged host is shown in orange.
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formed through the loss of alkyl substituent (pathway B) from
[CB(7) + B,V]*". In contrast with complexes containing heptyl
viologen where the substituent is lost as a neutral species after
proton transfer to the host, in complexes containing benzyl
viologen, the substituent is lost as a benzyl cation. Additionally,
the loss of benzyl cation from [CB(7) + B,V]*" is favorable due to
the high gas phase stability of [B]". These observations high-
light the effect of the substituent on the fragmentation of the
host guest complexes of substituted viologens.

Fragmentation efficiency curves of CB-benzyl viologen com-
plexes are shown in Fig. 6, where product ions formed through
pathway A are marked in purple and pink, while those formed
through pathway B are marked in green. Similar to the results
obtained for the [CB(n) + Hep,V]*" precursors, fragmentation
efficiency curves for benzyl viologen complexes with CB(7) and
CB(8) shown in Fig. 6(b) and (c), respectively, are similar to each
other but distinctly different from that of the CB(6) complex
(Fig. 6(a)). For example, in CID of [CB(6) + B,V]*", pathway A
(purple and pink traces) occurs at lower excitation energies
than pathway B (green traces). In contrast, for complexes with
CB(7) and CB(8), pathway B is preferred at lower excitation
energies. The [CB(6) + B,V]>" complex exhibits low gas phase
stability, fragmenting at 0.02 eV, while fragmentation of more
stable [CB(7) + B,V]*" and [CB(8) + B,V]** precursors is observed
at higher excitation energies of 0.07 and 0.09 eV, respectively.
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Fig. 6 Fragmentation efficiency curves of (a) [CB(6) + B,VI**,

(b) [CB(7) + B,VI?*, and (c) [CB(8) + B,VI>™.
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We propose that, similar to the previously discussed
[CB(6) + Hep,V]*" complex, [CB(6) + B,V]*" adopts a half-inclusion
configuration. Additionally, CID of [CB(6) + B,V]** produces distinct
product ions compared to [CB(7) + B,V]*" and [CB(8) + B,V]*".
Notably, [CB(6) + B]" is a unique product ion observed exclusively
in the fragmentation of [CB(6) + B,V]>". We propose that
fragmentation of this complex through pathway B generates
[CB(6) + B]" by eliminating [BV]". This process is likely facili-
tated by the half-inclusion conformation of [CB(6) + B,V]**
where the viologen core is less protected by the CB(6) cavity.
The [C33H33N2,044]" ion is another fragment of [CB(6) + B,V]**
observed at excitation energies above 0.12 eV. Its chemical
formula corresponds to five CB subunits and a C3;H;3N,O
moiety, representing exactly half of a CB subunit. We propose
that this fragment ion, labeled as [CB(5.5)]" in Fig. 6(a) and
Table S2, is a secondary product of [CB(6) — H]". The higher
abundance of [CB(6) — H]" in Fig. 6(a) enables the detection of
[CB(5.5)]" at higher excitation energies.

The fragmentation efficiency curves in Fig. 6 indicate
that the release of [B,V]*" is not an observed fragmentation
pathway for the complexes. Specifically, [CB(7,8) + B,V]*" and
[CB(7,8) + Hep,V]*" exhibit similar threshold excitation ener-
gies (~0.08 eV) for pathway B, which involves substituent loss.
This similarity suggests that substituent loss is more favorable
than release of [B,V]** at lower excitation energies.

In summary, host-guest complexes of CB(n) and [B,V]**
undergo fragmentation via both pathways A and B. Pathway A
is the predominant pathway for the smaller CB(6) host, which
cannot fully accommodate the guest. Notably, pathway A
involves hydride transfer from the host to the [B]" cation
forming [CB(n) — H]" and a neutral toluene fragment.”
In contrast, complexes with CB(7) and CB(8) preferentially
fragment via pathway B. Pathway B is attributed to the benzyl
substituents extending outside the protective cavity of the host,
which facilitates their loss from the complex.

Summary of the observed fragmentation pathways

Collectively, the results of collision energy-resolved CID experi-
ments in Fig. 1-6 indicate that the fragmentation pathways of
CB-viologen complexes in the gas phase depend on the identity
of the host and guest molecules. We have identified two main
pathways for their fragmentation, which are summarized in
Scheme 2. In pathway A, a charge reduced guest is released from
the host while pathway B involves the loss of a substituent from
the CB-viologen complex. Notably, we do not observe evidence for
the release of doubly charged viologen guests from the complexes.
This may be attributed to strong ion-dipole interactions between
the doubly charged viologen and the negatively charged portals of
CBs.”?*?%2¢ Dissociation of the complex during CID involves the
transfer of the guest through one of the negatively polarized
portals of CB**™*” and results in the release of a charge reduced
guest. Additionally, the absence of intact viologen dications
among the dissociation products may reflect the inherent instability
of these species in the gas phase due to Coulomb repulsion.”
Based on the observations from the previous sections,
we can draw conclusions about the preferred fragmentation
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pathways for these complexes. Fragmentation of complexes
containing guests with long substituents extending outside of
the cavity of CB follows pathway B. In this pathway, complexes
containing heptyl and benzyl viologen lose the substituent as a
neutral and charged species, respectively. The release of charge
reduced guest (pathway A) is a competitive pathway to pathway B.
Pathway A is the only observed fragmentation pathway for
guests with short alkyl substituents, ie. [M,V]*". In pathway A,
[M,V]*" gets reduced as it leaves the cavity of the host due to the
negative electric field at the portals of CBs which increases with
host size. Hydride transfer to the guest through pathway A
is observed for complexes with benzyl viologen and results
in the formation of toluene, [BV]", and [CB(rn) — H]". Mean-
while, proton transfer through pathway A was observed for
[CB(6) + Hep,V]>" but not for its analogs with CB(7) and CB(8).
In addition, the results above highlight the remarkable influence
of the host size on the preferred fragmentation pathways of
CB-viologen complexes. Complexes with CB(7) and CB(8) frag-
ment through pathway B at lower collision energies, while half-
inclusion complexes with CB(6) fragment through pathway A.

Survival yield curves of CB-viologen complexes

The collision energy required to fragment CB-viologen com-
plexes in the gas phase may be used to compare the intrinsic
stability of the complexes towards fragmentation in the absence
of solvent molecules or counterions. We used collision energy-
resolved CID to obtain the survival yield (S,) of the precursor
ion as a function of collision energy. The Sy represents the
relative abundance of the precursor ion normalized to the total
signal of the precursor ion and its fragments at a given collision
energy. The survival yield curves for all complexes are shown
in Fig. 7(a)-(c) and the excitation energies required to achieve
50% fragmentation of each complex (Sy o) are summarized
in Fig. 7(d). We observe that, for all the guests, complexes
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the excitation energies required to achieve 50% fragmentation (Sy s0%) for
the CB-viologen host—guest complexes.

of CB(7) are more stable than their CB(6) and CB(8) analogs.
Although hosts with larger cavity size are expected to better
accommodate the guest and that a larger negative quadrupole
moment of the CB cavity can better stabilize doubly charged
viologen guests, the relative stability of the complexes does not
follow the expected trend with cavity size and quadrupole
moment.>*?” This finding indicates that other factors influ-
ence the stability of the CB-viologen host-guest complexes.
We propose that the number of effective host-guest interac-
tions plays a dominant role in determining the stability of
CB-viologen complexes. These complexes are stabilized by
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13,2021 wwhich are diminished when

ion-dipole interactions,
the host size is either too small or too large relative to the
guest. Our results indicate that CB(7) offers an optimal cavity
size that maximizes interactions with viologen guests, thereby
enhancing the stability of the host-guest complex. In contrast,
the smaller cavity of CB(6) cannot fully accommodate the guest,
leading to half-inclusion complexes, which are less stable
toward fragmentation than inclusion complexes with CB(7)
and CB(8). Additionally, the larger cavity of CB(8) likely results
in increased distances between the cationic sites of the guests
and the functional groups lining the host cavity, weakening the
overall interaction as compared to complexes with CB(7).

Conclusions

The intact transfer of CB-viologen host-guest complexes into
the gas phase provides an opportunity to investigate the effect
of the host size and the structure of the alkyl substituents of
viologen guests on the stability and fragmentation pathways.
For complexes containing the same guest, the strength of host-
guest interactions is primarily determined by the number of
effective ion-dipole interactions between the charged guest and
negative cavity of the host, which is influenced by the cavity
size. Our results reveal that the optimal fit of viologen guest
inside the CB(7) cavity helps maximize its interactions with the
oxygen atoms lining the host cavity. As a result, complexes with
CB(7) exhibit the highest stability toward fragmentation.
In contrast, complexes with CB(6), which predominately assume
half-inclusion configuration, exhibit lower stability, while com-
plexes with CB(8) are slightly destabilized compared to their
CB(7) analogs because their larger cavity reduces the effectiveness
of ion-dipole interactions.

Upon collisional activation, the complexes either undergo
dissociation by releasing the charge reduced guest (pathway A)
or lose a substituent from the doubly charged complex (path-
way B). The strong ion-dipole interaction in these complexes
prevents the release of intact doubly charged guest from the
host. Fragmentation of complexes with viologens with long
alkyl chain substituents, such as heptyl and benzyl viologen,
results in pathway B as the preferred low-energy pathway.
An alternative fragmentation pathway emerges for complexes
with short alkyl chains, such as methyl viologen, in which the
reduced guest is released from the host as a consequence of the
negative quadrupole electric field of the host. Complexes with
benzyl viologen also undergo fragmentation through pathway A
with hydride transfer to the guest which results in the for-
mation of toluene and [BV]" with [CB(n)-H]' as the comple-
mentary ion. The extent to which products from pathway A
are observed is influenced by the strength of the negative
quadrupole moment of the host. Pathway A was also observed
for complexes with CB(6) because of the lower stability in
complexes with half-inclusion conformation.

Overall, the study of the fragmentation pathways of
CB-viologen complexes indicates that there are other factors
beyond ion-dipole interactions that affect their stability towards
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fragmentation in the gas phase. Our results provide insights into
the intrinsic stability and fragmentation pathways of CB-viologen
host guest complexes. This knowledge has broader implications
for the design of materials that rely on strong host-guest inter-
actions such as supramolecular assemblies.
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