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We investigated the gas-phase isomerism and stability of host—guest complexes formed between cucurbiturils
(CBI[6] and CBI7]) and three n,n’-bipyridine regioisomers (n = 2, 3, and 4), focusing on how molecular
geometry and charge distribution influence complex formation. lon mobility spectrometry-mass spectrometry
and collision-induced dissociation experiments, supported by density functional theory (DFT) calculations,
reveal distinct inclusion and exclusion complex isomers. Singly-protonated bipyridines tend to form exclusion
complexes with CB[6], while doubly-protonated forms enable stable inclusion through enhanced charge—
portal interactions. CBI[7], with its larger and more flexible cavity, consistently supports inclusion for all
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host flexibility, and phase-specific effects in supramolecular assembly, which may further offer valuable insights
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1. Introduction

In supramolecular chemistry, particularly during the formation
of host-guest complexes, non-covalent interactions play a pivo-
tal role in determining overall complex stability. However, for
cavity-containing hosts such as cucurbiturils (CBs), pillararene,
and cyclodextrins, it is not only the direct interactions between
host and guest that matter, but also factors such as guest
solvation in solution. In the case of CBs, which possess a
confined cavity, a key driving force behind complex formation
is the displacement of so-called “high-energy water”, partially
hydrogen-bonded water molecules within the cavity, upon
guest inclusion.”™ In contrast, under solvent-free gas-phase
conditions, host-guest complexes may adopt structures mark-
edly different from those found in solution. This discrepancy
can be especially pronounced in complexes involving CBs and
cationic guests, where charge-dipole interactions between the
positively charged guest and the portal region of the CB
significantly influence complex stability.*” In the absence of
solvent-mediated charge screening, these electrostatic interac-
tions become far more pronounced in the gas phase than in
solution. As a result, a variety of host-guest complex isomers,
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for designing bipyridine- or bipyridinium-based materials.

which are distinct from those anticipated in solution, may be
observed under gas-phase conditions.

Elucidating such gas-phase isomers and probing their
energetics and stability are crucial for deepening our under-
standing of host-guest interactions. Recently, these gas-phase
studies have been conducted effectively using ion mobility
spectrometry-mass spectrometry (IMS-MS) in combination with
electrospray ionization (ESI).>®*® While mass spectrometry
clearly identifies the stoichiometry of host-guest complexes,
collision cross section (CCS) values obtained from IMS can
reveal isomerism, such as whether the guest resides within the
host cavity. For example, Dearden and co-workers used IMS-MS
to distinguish the inclusion and exclusion complexes of CB[6]-
phenylenediamine isomers.”” Work by Nau and co-workers
demonstrated that protonated azoalkanes form 1:1 inclusion
complexes with CB[n] by comparing CCS values of the complex ions
with those of empty CB[r] ions.® Kim and co-workers similarly
employed IMS-MS to confirm the inclusion of alkylammonium
ions in CB[r] cavities.® Recently, our group showed that IMS-MS
effectively captures isomerism in various host-guest complexes,
including the formation of alkali halide clusters, the protonation
isomers of the imipramine-CB[7] complex, and the transition from
bucket-wheel to tetrahedral assembly in cyclodextrin tetramers
upon addition of alkali halide clusters.'*® Furthermore, we found
that alkali halide cluster cations form inclusion complexes with
CB[7] during the ESI process."

Despite these pioneering gas-phase studies, relatively few
investigations have explored how host-guest complexes differ
when formed in the gas phase as opposed to in solution. In
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Fig. 1 (a) Structures of cucurbit[n]turils (n = 6 and 7), and (b) protonated
n,n’-bipyridines (nbpy-H*, n = 2, 3, and 4) and their electrostatic potential
map. The region mapped with blue surface represents the positively
charged area. The dipole moments (i, unit: Debye) of protonated bipyr-
idines are given as well.

particular, more work is needed to determine which isomers can
arise based on the location of the charge during gas-phase complex
formation and how these structures correlate with those observed
in solution. Additionally, further study is required to investigate
how guests capable of adopting multiple structural isomers influ-
ence the formation of distinct host-guest complexes under solvent-
free conditions. Detailed host-guest interactions influenced by
guest molecular geometry, charge location, host cavity structure,
and many more should be carefully examined in the gas phase to
fully understand the host-guest interactions.

In this study, we focus on the isomerism of host-guest
complexes formed between bipyridine and cucurbiturils (CBs)
in the gas phase. Specifically, we examine how n,n’-bipyridines
(nbpy; n = 2, 3, or 4) form different complex isomers with CB[6]
and CB[7] (Fig. 1). In CB-based systems, charge-portal interac-
tions are key; the effectiveness of these interactions can
strongly impact host-guest complex stability in the gas phase.
Therefore, we employ bipyridine isomers as model guests to
investigate the role of charge location in gas-phase host-guest
complex formation. The three positional isomers of bipyridines
exhibit marked differences in charge distribution and molecu-
lar dipole upon protonation (Fig. 1b). Although these isomers
share a similar molecular shape, their varying charge distribu-
tions can lead to distinct modes of complexation in the gas
phase. We also explore how complex formation differs between
singly- and doubly-protonated bipyridines, thereby illuminat-
ing how charge distribution affects the stability of these host-
guest assemblies in the gas phase. Furthermore, using collision
cross-section (CCS) values obtained from IMS-MS together with
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density functional theory (DFT) calculations, we predicted
possible isomeric structures and then evaluated their gas-
phase stability via collision-induced dissociation (CID). By
integrating these experimental and theoretical approaches, we
aim to elucidate the driving forces governing the formation and
stability of bipyridine-CB complexes in the gas phase, with a
particular focus on bipyridine isomerism and the cavity size of
the CB hosts.

2. Experimental section
2.1. Sample preparation

All chemicals except cucurbiturils were purchased from
Sigma-Aldrich (St. Louis, MI, USA) and used without further
purification. Cucurbiturils (CB[6] and CB[7]) were generously
synthesized and provided by Prof. Kimoon Kim’s group. The
sample solutions for the ESI-IMS-MS were prepared by dissol-
ving CB (CB[6] or CB[7]) and n,n’-bipyridine in pure water or
water/acetonitrile (1/1, v/v) to a final concentration of 50 uM for
both CB and n,n’-bipyridine. A small amount of aqueous HCI or
KCl solution was added to increase H" or K" concentration to
enhance the formation of doubly-charged complex ions. The
sample solution for the nuclear magnetic resonance (NMR)
experiment was prepared similarly, but with elevated concen-
trations (1 mM for both CB and n,n’-bipyridine) in D,O. A small
amount of DCI was added to acidify the solution.

2.2. Electrospray ionization-ion mobility spectrometry-mass
spectrometry (ESI-IMS-MS)

IMS-MS experiments were done by using ion mobility-
quadrupole time-of-flight instrument (6560 IM-Q-TOF, Agilent
Technologies Inc., Santa Clara, CA, USA) equipped with a
home-built nanoelectrospray ionization (nESI) source. An ali-
quot (5 pL) of the prepared sample solution was loaded into the
custom Au-coated borosilicate emitter prepared by micropip-
ette puller (P-1000, Sutter Instrument Inc., Novato, CA, USA),
and sprayed with a voltage offset of 0.8-1.5 kV between the
emitter tip and inlet capillary. Heated N, drying gas (120 °C,
flow rate of 2.5 L min ') was introduced to enhance the
ESI process. Ions generated during the experiment were con-
fined in the entrance ion funnel for 1 ms before being pulsed
into an 80-cm-long drift tube filled with nitrogen buffer gas
(~3.95 torr). Within the drift tube, the ions travelled under a
constant electric field (10-15 V em '), enabling their separation
based on collision cross section and charge state. The separated
ions were subsequently focused in the exit ion funnel and
transported to a high-vacuum region, where time-of-flight
(TOF) mass spectra were acquired for the ions separated by
ion mobility at intervals of 150 ps. To construct the arrival time
distribution (ATD) of a specific ion, the ion signals for a
selected mass-to-charge ratio (m/z) were extracted from the
series of TOF spectra and plotted against the time delay
between ion introduction into the drift tube and TOF detection.
The experimental collision cross section (CCS) for a specific m/z
ion was determined from its measured arrival time using the
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stepped-field method. In this approach, the arrival times (¢4) of
the analyte ion were recorded at different drift tube voltage
differences (drift voltage, Vg4). A plot of ¢4 versus 1/V4 was then
generated, and the ion mobility (K) was calculated through
linear regression. The CCS value was subsequently derived from
the mobility using the Mason-Schamp equation. Details are
given in the SI.

2.3. Collision-induced dissociation

A specific CB-bipyridine complex ion was isolated by its m/z
value at the quadrupole mass filter after the ion mobility
separation. The m/z-selected ions were accelerated by applying
an acceleration voltage (Vi) just before the collision cell filled
with N, collision gas (~1.5 x 10~ torr). Multiple collisions of
mj/z-selected ions with N, collision gas molecules convert the
acquired kinetic energy into internal energy, subsequently
inducing dissociation of collisionally activated ions. The pro-
duct ion mass spectra were obtained by varying the acceleration
voltage. The fractions of precursor and product ions were
plotted as a function of relative collision energy (RCE), where
RCE = z-V¢g (z = charge state of precursor ion).

2.4. Theoretical calculations

All density functional theory (DFT) calculations were done by
using Gaussian 16 program suite.'® The geometries of various
singly- or doubly-protonated 1:1 CB[x]-(n,n’-bipyridine) com-
plex ions (x = 6 or 7, n = 2, 3, or 4) were optimized using PBEO
level® of DFT with cc-pVDZ basis set. The Grimme D3 disper-
sion correction® was applied to attribute the long-range

View Article Online

Paper

interactions, which are common for non-covalent host-guest
interactions. Basis set superposition errors were corrected by
the counterpoise method®' to accurately evaluate the binding
energies between CB and bipyridines.

Harmonic vibrational frequencies and zero-point vibrational
energies were calculated with the same theoretical level and
scaled by 0.984,>> and further used for evaluating thermody-
namic quantities such as enthalpies and Gibbs free energies.
Partial charges of atoms in the optimized geometry were
calculated by fitting the electrostatic potential using Merz-
Singh-Kollman scheme,”® which were further used to predict
theoretical CCS. The theoretical CCS values of the optimized
isomer geometries under the N, drift gas were calculated by
trajectory methods with considering both ion-dipole and ion-
quadrupole interactions®**® implemented in iMoS program
(version 1.13).° The optimized Lennard-Jones potential para-
meters were used for trajectory method calculations. (Table S1)

3. Results

3.1. Singly- and doubly-protonated cucurbituril-bipyridine
complex isomers observed by IMS-MS

As shown in Fig. 2a, CB[6] readily forms both singly- and
doubly-protonated 1:1 complex ions with n,n’-bipyridines
(nbpy; n = 2, 3, or 4), namely CB[6]-nbpy-H" (m/z 1153) and
CB[6]-nbpy-H,>* (m/z 577). However, the formation of CB[6]-
2bpy-H,>" is significantly less abundant compared to the other
isomers. The arrival time distributions (ATDs) of CB[6]-nbpy-H"
ions show clear isomeric differences depending on the
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Fig. 2 (a) ESI-MS spectra of the solution containing CB[6]-(n,n’-bipyridine) (left) and CBI[7]-(n,n’-bipyridine) (right). (b) The arrival time distributions

(ATDs) of singly- and doubly-protonated CBI6]-bipyridine (left) and CBI7]-bipyridine complexes (right) The ATDs of protonated CBI6] (CBI6]-H,2" and
CB[6]-H*) and protonated CB[7] (CB[7]-H,>* and CB[7]-H*) are shown together as yellow and green shades, respectively. Depending on the arrival time,
the observed ATD peaks are grouped into isomers C (compact), L (large), or | (intermediate). Determined collision cross section values are given as well.
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bipyridine isomer. CB[6]-2bpy-H" displays a single peak at
56.2 ms, while CB[6]-4bpy-H" appears at 59.3 ms. In contrast,
CB[6]-3bpy-H" shows two peaks: a minor one at 56.2 ms and a
major one at 59.3 ms, suggesting the coexistence of two isomers
resembling those of CB[6]-2bpy-H" and CB[6]-4bpy-H". Consid-
ering the ATD of guest-free CB[6]-H" at 53.5 ms (corresponding
to a CCS of ~272 A?), the isomers at 56.2 ms (group C, CCS
~282 A%) may be tentatively assigned to inclusion complexes,
where the guest resides inside the cavity. Conversely, the longer
ATD of 59.3 ms (group L, CCS ~295 A?) can be clearly assigned
to exclusion complexes, in which the guest lies outside the host
cavity. Therefore, CB[6]-2bpy-H" and part of CB[6]-3bpy-H" are
presumably inclusion complexes, while CB[6]-4bpy-H" and the
major CB[6]-3bpy-H" isomer form exclusion complexes.

In the doubly-protonated series, CB[6]-nbpy-H,>" ions dis-
play mostly compact structures. CB[6]-3bpy-H,>" and CB[6]-
4bpy-H,>" each show two isomers: a major species at 30.5 ms
(group C, CCS ~303 A%) and a minor one at 33.0 or 32.2 ms
(group L, CCS ~327 A% or 320 A% respectively). CB[6]-2bpy-H,*",
despite its low abundance, displays a single ATD peak at
31.2 ms (CCS ~310 A?), intermediate (I) between group C
and L, suggesting partial guest encapsulation rather than full

(a) CBI[6]-nbpy-H* (b) CB6]-nbpyH,?*
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inclusion or exclusion. When compared to the doubly proto-
nated CB[6]-H,>" ion at 29.8 ms (298 A?), group C isomers are
assigned as inclusion complexes. These findings indicate that
double protonation facilitates bipyridine encapsulation even
within the spatially restricted CB[6] cavity.

Interestingly, the inclusion complexes of singly protonated
CB[6]-nbpy-H" species increase the CCS by ~ 4% relative to free
CB[6]-H", whereas those of doubly protonated CB[6]-nbpy-H,>*
increase it by only ~1.6%. This suggests deeper guest embed-
ding in the doubly protonated complexes, while singly proto-
nated bipyridines remain partially exposed. These observations
highlight the critical role of charge in stabilizing gas-phase
inclusion complexes. While single protonation is insufficient to
retain 3bpy and 4bpy inside the CB[6] cavity, double protona-
tion enables favorable charge-portal interactions at both ends
of the guest, overcoming steric constraints and allowing full
encapsulation.

In contrast, CB[7] forms stable inclusion complexes with all
three bipyridines, regardless of protonation state. As shown in
Fig. 3a, both CB[7]nbpy-H" (m/z 1319) and CB[7]-nbpy-H,>*
(m/z 660) ions are abundantly observed. For the singly-
protonated species, a single ATD peak (group C) is observed
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14{®®00000e,_CB[5] 2bpy-H" 14 CBI[6]-2bpy-H,2* 1{0®e0eeq cB7]2bpyH 1] CB[7]-2bpy-H,?*
0 ® o 2 ) ® Q 2
2 ® o e 2 o 2
S eisomerC & ) S b S lo ]
= L& Ep=54V 2 Y S C[):_lsoinzerl ° b=  a— %lsoingrvl
_g Y _g “ 50% _g | ) _S 1 & 50%
© (] bo) © A ©
o o o Y o)
2 ) = Oo = isomer C ® 2 Q
© © © = ) ©
2 \ 2| 9 2 Far ¥V T s| o
°
0 *-e 0 0-0000—0 0+ 0 0200000000
L L LA B L B WL LA L L B B L B L B L B B L B L B B
11 CB[6]-3bpy-H* 11 CB[6]3bpy'H?  1{eeeee CB[7]-3bpy-H*  {{eeeeeeee. CB[7]-3bpyH2
g RS e oo g |o © g * g * 2
£ ‘Q% = O(b - @ isomer C = =
{ = L)
2 ® ~eisomerC g2 ; Ep=41V 2 ° =
2 oq Ew=49V 3 ; O isomer L 2 ® 2
© < © E =14V © 4 ® 2
o i\e [} 50% 1) /@ o !
2 | isomerLo—f G@ 2 2 isomer C ® -/ 2 isomer C @ O.
‘T‘,; Ey,= 46 O; . ‘T‘,; (T,'_S En=T6V .. g Eyy=88V °®
o
0 OO o; 0+ %eee 0 %o
L L LA B L B WL L L L B B B L R L B L B B L L B L B B L
w1 {o-o Oo, CBIBL4bpy-H' m1 % CBl6] 4bpy-H,? ®1 *eeee  CrrabpyH <|J1 —oooooo... CBI7] 4bpy H>
o [$) (8] (8]
& % G & ®/°° isomer C = ° S )
2 ° S/ En=30V ° e
3 R 3 8 i O isomer L 2 2 ®
Q ") Q % """ L Ay Qa a | 1
g / $ ® Egp=14V g R g {
2 isomer L O - R 2 ?D (] 2 isomerC @ — ® 2 isomer C ® —
. E, =47V OOO s 8 | EmooV . 3 Ex=81V o
0 -0 04 &?@m 01 0- *—o
| SUURURBURIURSURERA T T T T T T T T T T 177 ESUBUSBUSBUSIE IR ESUBUSBUSBUSIE IR
0 1020304050607080 0 1020304050607080 0 20 40 60 80 100120 0 20 40 60 80 100120
RCE (V) RCE (V) RCE (V) RCE (V)

Fig. 3 The energy-dependent survival yield of precursor ions, the singly- and doubly-protonated CBIx]-bipyridine complexes (x = 6 or 7): (a) CBI[6]-
nbpy-H™, (b) CB[6]~nbpy~H22+, (c) CBI[7]-nbpy-H*, and (d) CB[7]»nbpy-H22* (n =2, 3, and 4 for top, middle, and bottom, respectively). Red lines denote the
sigmoidal fits of the precursor (CB[x]-bipyridine complex ions) depletion. RCE denotes the relative collision energy (RCE = z-Vg), where z is the charge
state of complex ion and Ve is acceleration voltage before entering the collision cell. For each isomer, the RCE for 50% precursor dissociation (Esps,)

value is shown together.
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for all regioisomers, with CCS values nearly identical to CB[7]-
H' (~305 A%, indicating inclusion complexes. In the doubly
protonated series, CB[7]-3bpy-H,>" and CB[7]-4bpy-H,>" exhibit
dominant isomers with CCS values similar to CB[7]-H,*",
further supporting encapsulation. However, CB[7]-2bpy-H,>"
displays a slightly larger CCS (~337 A?), suggesting the guest
is only partially encapsulated, consistent with the behavior of
CB[6]-2bpy-H,*".

No exclusion-type (group L) isomers are observed for CB[7]-
based complexes, emphasizing the impact of host cavity size on
complexation behavior. The larger cavity of CB[7] accommodates
bipyridines more efficiently, promoting inclusion even for singly
protonated guests, unlike the more size-constrained CB[6].

3.2. Dissociation energetics of cucurbituril-bipyridine
complex ions in the gas phase

To gain further insight into the gas-phase stability of the
CB-bipyridine complexes, we conducted energy-resolved
collision-induced dissociation (CID) experiments (Fig. 3). The
resulting survival yields were used to extract the center-of-
sigmoid voltage (Esoq), reflecting the energy required to frag-
ment 50% of the precursor ions. Representative product ion
spectra are provided in Fig. S1-S4.

For singly protonated CB[6]-nbpy-H" complexes (Fig. 3a),
dissociation proceeds primarily via proton transfer from bipyr-
idine to the CB[6] portal, yielding CB[6]-H" and neutral bipyr-
idine (Fig. S1). Since the gas-phase proton affinities of CBs can
be enhanced by sharing a proton by two or three portal
carbonyls, the proton transfer from bipyridine to the CB portal
can be favorable. Notably, the L isomers of CB[6]-3bpy-H" and
CB[6]-4bpy-H", assigned as exclusion complexes, exhibit nearly
identical dissociation profiles (Esgq, = 46-47 V). The C isomer of
CB[6]-3bpy-H", attributed to an inclusion structure, requires
slightly higher energy (Esqy = 49 V), suggesting marginally
enhanced stability. The CB[6]-2bpy-H" complex (isomer C)
dissociates at a noticeably higher energy (Esqo, = 54 V), likely
due to a different mechanism: in this case, 2bpy-H" is ejected
from the cavity without prior proton transfer (Fig. S1), reflecting
the intrinsic stability of the proton on 2bpy, stabilized by both
nitrogen atoms. These results suggest that, for singly-
protonated complexes, the dissociation energetics are largely
governed by the ease of proton transfer rather than inclusion
geometry.

In contrast, doubly protonated CB[6]-nbpy-H,”" complexes
exhibit pronounced isomer-specific dissociation behavior
(Fig. 3b). The inclusion isomers (isomer C) of CB[6]-3bpy-H,>"
and CB[6]-4bpy-H,>" require significantly more energy to dis-
sociate (Esqo, = 41 V and 30 V, respectively) compared to their
exclusion isomers (isomer L) (Esoy, = 14 V). The dissociation
pathway involves charge separation into CB[6]-H" and nbpy-H"
(Fig. S2). The higher stability of the inclusion isomers indicates
that dual charge-portal interactions stabilize the encapsulated
bipyridines. Interestingly, CB[6]-3bpy-H,>" shows greater stabi-
lity than CB[6]-4bpy-H,>", highlighting the influence of proton
location on complex energetics.

2+
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The CB[6]-2bpy-H,>" complex (isomer I) displays the lowest
stability among the doubly charged species (Esoq, = 2 V). Given
the unfavorable double protonation on 2bpy due to strong
Coulombic repulsion, it is likely that one proton resides on
the guest and the other on CB[6], weakening the overall bind-
ing. The same may apply to the L isomers of CB[6]-3bpy-H,>"
and CB[6]-4bpy-H,”", in which minimal host-guest interactions
result in lower dissociation energies.

These findings suggest that the inclusion isomers of CB[6]-
nbpy-H,>" consist of a doubly protonated bipyridine stabilized
within a neutral CB[6] host, whereas the exclusion or partially
bound forms distribute charge between host and guest. The
additional proton in the doubly-charged complexes is thus
critical for stabilizing inclusion complexes, particularly for
3bpy and 4bpy.

For CB[7]-bipyridine complexes (Fig. 3¢ and d), dissociation
pathways are similar to those CB[6]-bipyridine complex ions
(Fig. S3 and S4). However, dissociations of CB[7]-bipyridine
complex ions generally require higher collision energy than
their CB[6] counterparts, consistent with stronger host-guest
interactions afforded by the larger cavity. It should be noted
that the direct Esqq, comparison between CB[6]-bipyridine and
CB[7]-bipyridine complex ions is not feasible due to their
different vibrational degrees of freedom. Nevertheless, the
Es00, values of CB[7]-bipyridine complex ions are significantly
higher (>50%) than those of CB[6]-bipyridine complex ions,
even considering the differences in the vibrational degrees of
freedom. Singly protonated CB[7]-nbpy-H" isomers dissociate at
Es500, values of 91 V (2bpy), 76 V (3bpy), and 69 V (4bpy), all
assigned as inclusion isomers (isomer C). This trend supports
the notion that CB[7] can accommodate bipyridines more
effectively than CB[6]. Doubly-protonated CB[7]-nbpy-H,>* com-
plexes exhibit similar behavior, with inclusion isomers (isomer
C) dissociating at Esqe, = 88 V (3bpy) and 81 V (4bpy), again
indicating strong stabilization. The CB[7]-2bpy-H,>* complex
(isomer I) shows largely reduced stability (Esqe, = 9 V), consis-
tent with CB[6]-2bpy-H,>" case.

In summary, the dissociation energetics highlight the coop-
erative effects of charge and cavity size on gas-phase complex
stability. While CB[6] relies on charge-enhanced portal interac-
tions to stabilize inclusion complexes, CB[7] forms robust
inclusion complexes more universally. Moreover, the position
of the proton(s) on bipyridine critically modulates host-guest
interaction strength, particularly in the spatially constrained
CB[6] cavity.

3.3. Theoretically predicted gas-phase structures and
stabilities of cucurbituril-bipyridine complex isomers

To complement the experimental IMS-MS and CID results, we
performed density functional theory (DFT) calculations to pre-
dict the low-energy structures and dissociation pathways of the
singly- and doubly-protonated CB bipyridine complex ions
(Fig. 4). For each singly- and doubly-protonated complex, we
evaluated both inclusion and exclusion configurations and
compared their relative Gibbs free energies in the gas phase
and theoretical CCS values.
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The calculated structures align well with the experimentally
observed isomer types: the inclusion structures correspond to
the experimentally identified C isomers, while the exclusion
structures match the L isomers. As shown in Fig. 4a, for CB[6]
2bpy-H', the inclusion complex is significantly more stable
than the exclusion form (AG,esk = —200.2 vs. —104.6 k] mol ™),
consistent with the dominant population of isomer C in the
ATDs. In contrast, for CB[6]-3bpy-H" and CB[6]-4bpy-H", the
exclusion complexes are predicted to be energetically favored,
in agreement with the strong presence of isomer L in the
experiments. Notably, for CB[6]-3bpy-H", the inclusion complex
is only slightly less stable (~8.8 k] mol™" higher in AG,ogx),

(@ , CB[6]-2bpy-H*
A

CB[6]-3bpy-H"

View Article Online
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and its minor presence (isomer C) is consistent with this small
energy difference. In the case of doubly-protonated CB[6]-
bipyridine complexes (Fig. 4b), inclusion complexes are pre-
dicted to be significantly more stable than exclusion complexes
for all three bipyridine isomers. This agrees with the dominant
observation of inclusion-type C isomers in the ATDs and their
enhanced stability in CID experiments. These findings high-
light that additional protonation reinforces charge-portal inter-
actions, favoring guest encapsulation even in the sterically
constrained CB[6] cavity. In case of the CB[6]-2bpy-H,>", mean-
while, exhibit half-inclusion complex while CB[6]-3bpy-H,>"
and CB[6]-4bpy-H,>" are forming full-inclusion complexes

CB[6]-4bpy-H"
300 A2
=812 CBl6] + nbpyH*

0.0

--- CB[6]'H* + nbpy
-100.9

-136.1

s - CB[6]-H* + nbpy-H"*

JW

301 A2

CB[7]-4bpy-H*

---- CB[7] + nbpy-H*

---- CB[7]'H* + nbpy

---- CB[7]:H* + nbpy-H"

Fig. 4 The low-energy structures of CB[x]-bipyridine complex ions (x = 6 or 7) predicted by density functional theory in the gas phase: (a)
CBI6]-nbpy-H*, (b) CBI[6]-nbpy-H,>*, (c) CB[7]-nbpy-H*, and (d) CBI7]-nbpy-H,2* (n = 2, 3, and 4 for left, center, and right, respectively). Lowest-
energy structures for both Inclusion and exclusion complexes are shown with their relative binding Gibbs free energies and predicted collision cross
section values. The detailed molecular geometries are given in S| (Fig. S5-S8).
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(Fig. 4c), which is in line with our experimental observation of
intermediate I isomer.

For CB[7]mbpy:H" and CB[7]-nbpy-H,>* complexes
(Fig. 4c and d), inclusion complexes are consistently more
stable across all bipyridine isomers, with AG,osx differences
exceeding 70 k] mol ™' in most cases. The larger CB[7] cavity
accommodates the bipyridine guest more readily, explaining
why only inclusion isomers were observed experimentally,
regardless of regioisomer or charge state. Once again, the most
stable structure of CB[6]-2bpy-H,>* has half-included 2bpy,
which is well assigned to the intermediate I isomer. This
emphasizes the impact of charge location of the protonated
guest on the complex structure in the gas phase where the
electrostatic interactions become dominant. Altogether, the
DFT-predicted energetics correlate well with the experimental
IMS-MS and CID results, confirming that gas-phase host-guest
isomer distributions largely follow thermodynamic stability in
the gas phase. Charge location, bipyridine geometry, and host
cavity size collectively dictate whether inclusion or exclusion
structures dominate in the gas phase.

Notably, as shown in Fig. 5, the inclusion complex of CB[6]
with bipyridine (CB[6]-4bpy-H,>*, representatively) exhibits an
optimized gas-phase structure in which the guest is well-
aligned along the principal axis of the host. However, to
accommodate the rigid bipyridine molecule, CB[6] undergoes
noticeable flattening, resulting in a distorted, compressed
conformation. Since DFT calculation estimates that the defor-
mation of CB[6] is ~23 k] mol " less stable than the unde-
formed CB[6], the inclusion of bipyridine in CB[6] itself is
intrinsically unfavorable in the gas phase unless charge—portal
interactions compensate the energetic disadvantage. In con-
trast, in the CB[7]-bipyridine inclusion complex (CB[7]-4bpy-
H,>", representatively in Fig. 5), the host retains a more sym-
metric and less distorted shape, while the bipyridine guest
adopts a tilted (~15°) orientation within the cavity. DFT
calculation estimates that this guest tilting provides an ener-
getic gain of ~58 k] mol™". These distinct structural features,
showing host distortion in CB[6] complexes and guest tilting in
CB[7] complexes, appear to be critical determinants of the
complex stability in the gas phase.

4. Discussion

4.1. Impact of the molecular geometry on the host-guest
complex stability in the gas phase

Compared to CB[6], CB[7] possesses a larger cavity, which
allows more favorable accommodation of guests without large
cavity distortion in the gas phase by optimizing cation—portal
interactions. Although bipyridine molecules are slightly larger
than the portal-to-portal distance of cucurbiturils, doubly-
protonated guests can still be partially inserted into the cavity,
because the guest bipyridine can be tilted inside the cavity. In
CB[6], however, the restricted internal space imposes large
steric hindrance that forces larger structural distortion to
accommodate a bipyridine guest. Moreover, limited cavity size

This journal is © the Owner Societies 2025
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CBI6]-4bpyH,>

CB[7]-4bpyH,**

Fig. 5 Detailed structure displays (top and side views) of the optimized
CBI6]-4bpy-H,2" and CB[7]-4bpy-H,>* inclusion complex ions.

inhibits the tilting of bipyridine, making it difficult to fully
optimize cation-portal interactions. This tilting of the bipyr-
idine guest in CB[7] cavity facilitates simultaneous interaction
of both terminal nitrogen atoms with the carbonyl-rich portals,
thereby stabilizing the inclusion complex more effectively than
in CB[6]. The observed differences in gas-phase complexation
behavior between CB[6] and CB[7] thus arise from their differ-
ing structural flexibility and cavity sizes. This interpretation is
consistent with prior studies by Kim and co-workers, who
examined the gas-phase inclusion of o,m-alkylammonium ions
in CB[6] and CB[7].® In those systems, the guests were less bulky
and more conformationally flexible than bipyridines, enabling
favorable inclusion complexes with both CB[6] and CB[7] hosts.
In contrast, bipyridines exhibit greater intrinsic rigidity than
alkylammoniums, making the cucurbituril’s cavity size and
flexibility crucial factors in stabilizing the inclusion complex.
However, the enhanced charge—portal interaction in the gas
phase serves as a strong driving force that can overcome
unfavorable structural factors. For instance, in the case of
CB[6]-4bpy-H", the inclusion complex is less stable than the
exclusion complex. DFT-optimized structures indicate that only
the protonated pyridyl ring is inserted into the CB[6] cavity to
minimize steric hindrance. In contrast, the doubly protonated
CB[6]-4bpy-H,>" complex forms a more stable inclusion
complex, which is also observed experimentally. Despite the
structural limitation that prevents 4bpy-H,>* from effectively
engaging in close-range interactions with the carbonyl-lined
portals of CB[6], the complex still adopts an inclusion geome-
try, indicating that the additional positive charge provides
sufficient stabilization to offset steric repulsion. This observa-
tion highlights the role of double protonation in reinforcing
charge-portal interactions at both ends of the CB cavity,
effectively promoting inclusion complex formation in the gas
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phase. A similar principle explains why CB[6]-3bpy-H,>" forms a
more stable complex than CB[6]-4bpy-H,>". Structurally, the
distance between the protonated nitrogen atoms is shorter in
3bpy than in 4bpy, allowing better alignment with the portals.
Additionally, the tilted geometry of 3bpy allows more favorable
interactions with the carbonyl oxygens compared to the linear
axis-aligned structure of 4bpy. More specifically, the singly- and
doubly-protonated 3bpy in the CB cavity have charges more
closely and strongly solvated by two or three portal carbonyl
oxygens. In case of the protonated 4bpy, conversely, the charge
is solvated weakly by entire portal carbonyl oxygens unless 4bpy
is tilted inside the CB cavity.

Together, these findings indicate that the gas-phase stability
of CB-bipyridine complexes in the gas phase arises from a
delicate balance between structural distortion, steric con-
straints, and charge localization. Double protonation, in parti-
cular, enhances portal binding interactions and can com-
pensate for structural mismatches between host and guest,
thereby enabling inclusion complexation even in sterically
constrained environments.

4.2. Relevance to the solution phase isomers

To compare the gas-phase findings with solution-phase beha-
vior, we performed 'H NMR experiments under aqueous con-
ditions (Fig. S9-S11). These results show that none of the
bipyridines form significant inclusion complexes with CB[6].
For CBJ[7], only 4bpy yields a clearly defined inclusion complex,
while 3bpy shows negligible interaction, and 2bpy exhibits
weak interactions towards inclusion. In contrast, gas-phase
measurements reveal that doubly-protonated bipyridines form
inclusion complexes with both CB[6] and CB[7], with CB-3bpy
complexes often more stable than CB-4bpy complexes. This
trend is opposite to what is observed in solution, where CB[7]-
4bpy is supposed to be the most stable. In addition, the
observations of doubly-protonated complexes are not relevant
to the solution characteristics, either. Even accounting for
pKa shifts upon complexation,?” the formation of doubly-pro-
tonated bipyridine inclusion complexes in aqueous media
remains unlikely due to electrostatic repulsion and solvation
effects.

We attribute this discrepancy to two key factors. First, in
solution, the portals of cucurbiturils can also be solvated,
which weakens the impact of cation—portal interactions on
the complex formation relative to the gas phase. Second, gas-
phase conditions allow both host and guest to undergo slight
structural distortions that enhance binding as mentioned pre-
viously: the CB host can contract or elongate, and the bipyr-
idine can tilt to optimize electrostatic interactions. Such
distortions are energetically unfavorable in solution, where
the solvation shell imposes constraints on molecular flexibility.

Drawing on previous work showing that alkali halide clus-
ters form inside CB[7] during electrospray droplet desolvation,
we propose that the CB-bipyridine inclusion complex ions
observed here arise as solvent is removed and charge—portal
interactions strengthen, driving the bipyridine into the CB[6]
cavity. For CB[7], only the 4bpy inclusion complex seen in
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solution remains stable; other inclusion complexes are gener-
ated during the ESI process.

These findings underscore an important caution for host-
guest studies. Although solution-phase complexes are often
retained in the gas phase, guests with high charge density,
such as doubly-protonated bipyridines, may form different
inclusion complexes during electrospray when interacting with
hosts like CB[6] or CB[7] that emphasize charge-portal binding.

4.3. Implications on the design of bipyridine-based
supramolecular assemblies

The present study highlights how the molecular geometry and
charge distribution of bipyridine isomers critically influence
their ability to form stable inclusion complexes with cucurbi-
turils in the gas phase. Although the three bipyridine regioi-
somers share a similar backbone, their protonation patterns
lead to markedly different charge localizations and dipole
moments, which in turn determine whether they adopt inclu-
sion or exclusion geometries within CB[6] or CB[7]. These
findings suggest that even subtle changes in guest structure
can result in significant variation in host-guest interaction
modes. This insight indicates that, in supramolecular design,
charge localization can serve as an effective handle for mod-
ulating host binding specificity, particularly in systems where
electrostatic interactions play a dominant role. For example,
these results are directly relevant to the design of functional
supramolecular systems based on bipyridinium derivatives
such as methyl viologen (MV>"). MV is widely used in redox-
active materials, pseudorotaxanes, and electrochromic poly-
mers, where its strong affinity for cucurbiturils and well-
defined dicationic structure play essential roles. The observa-
tion that inclusion complex stability depends sensitively on
both charge state and host deformation suggests that the redox
switching behavior of MV-based systems could be finely modu-
lated by host selection and cavity engineering.

Taken together, our findings bridge fundamental gas-phase
host-guest chemistry with the rational design of bipyridine-
based functional materials. They emphasize the need to con-
sider not only guest structure and charge state, but also host
flexibility, environmental context, and the possible divergence
between solution and gas-phase assembly pathways. Such
knowledge will support the development of more robust and
tunable supramolecular systems for applications in molecular
electronics, sensing, ion recognition, and responsive materials.

5. Conclusions

In this study, we investigated the isomerism and stability of
cucurbituril-bipyridine complexes in the gas phase using IMS-
MS, energy-dependent CID, and DFT calculations. By system-
atically comparing three bipyridine regioisomers (2bpy, 3bpy,
and 4bpy) and two cucurbiturils (CB[6] and CB[7]), we demon-
strated how charge state, guest geometry, and host cavity
size govern the formation and stability of inclusion versus
exclusion complexes. Our results reveal that singly-protonated
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bipyridines tend to form exclusion complexes with CB[6], while
doubly-protonated species are more likely to be fully encapsu-
lated, highlighting the critical role of electrostatic charge-
portal interactions in the gas phase once again. CB[7], with
its larger and more flexible cavity, consistently favors inclusion
complexes regardless of the bipyridine isomer or charge state.
The DFT-predicted structures and binding energetics are in
excellent agreement with IMS and CID measurements, confirm-
ing that the observed gas-phase isomers correspond to thermo-
dynamically favorable structures. However, the observed gas-
phase structures are supposed not to reflect the host-guest
interactions in solution. Comparison with solution-phase NMR
experiments reveals notable discrepancies: while CB[7]-4bpy
forms a stable inclusion complex in solution, most other
CB-bipyridine complexes are expected to arise during the
electrospray process. This highlights the unique influence of
desolvation and structural relaxation on host-guest complexa-
tion in the gas phase, especially for rigid, multiply charged
guests.

Overall, our findings underscore the importance of consid-
ering both molecular geometry and charge distribution when
interpreting gas-phase host-guest interactions, particularly in
systems involving rigid guests and highly electrostatically
biased hosts like cucurbiturils. This work contributes to a
deeper understanding of the structural dynamics governing
host-guest chemistry across different phases and provides a
framework for rationalizing ESI-generated complex ions
beyond their solution-state behavior.
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