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Harnessing flexible host cavities opens opportunities for the design of novel supramolecular architectures
that accommodate nanosized guests. This research examines unprecedented gas-phase structures of
Keggin-type polyoxometalate PW1,040°~ (WPOM) and cyclodextrins (X-CD, X = a, B, v, d, &, ¢ including
previously unexplored large, flexible CDs. Using ion mobility spectrometry coupled to mass spectrometry
(IM-MS) in conjunction with molecular dynamics (MD) simulations, we provide first insights into the
binding modes between WPOM and larger CD hosts as isolated structures. Notably, y-CD forms two
distinct structures with WPOM through binding to its primary and secondary faces. We also demonstrate
that e-CD forms a deep inclusion complex, which encapsulates WPOM within its annular inner cavity. In
contrast, {-CD adopts a saddle-like conformation in its complex with WPOM, which resembles its free

form in solution. More intriguingly, the gas-phase CD-WPOM structures are highly correlated with their
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Accepted 7th June 2024 counterparts in solution as characterized by nuclear magnetic resonance (NMR) spectroscopy. The
strong correlation between the gas- and solution phase structures of CD-WPOM complexes highlight

DOI: 10.1039/d4sc01061b the power of gas-phase IM-MS for the structural characterization of supramolecular complexes with
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Introduction

Supramolecular chemistry relies on noncovalent interactions to
drive self-assembly of molecular architectures. This approach
has been widely used for designing novel materials for appli-
cations in energy harvesting, catalysis, and sensing." Host-guest
chemistry is a major branch of supramolecular chemistry that
focuses on understanding how a macrocyclic host can encap-
sulate one or more guest molecules or ions in its cavity.” The
strength of noncovalent interactions that stabilize the complex
is determined by both entropic factors and the size match
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nanosized guests, which may be difficult to examine using conventional approaches.

between the host cavity and the guest. Both natural and
synthetic macrocycles (e.g., cucurbit[n]urils,® calix[n]arenes,*
and pillar[n]arene®) have been designed to accommodate guest
molecules with diverse sizes and physical and chemical prop-
erties.® Cyclodextrins (CDs), a family of macrocyclic hosts con-
sisting of oligosaccharides,” are popular hosts due to their
biocompatibility, well-characterized structures, tunable cavity
sizes, and reversible complex formation.* CD-based host-guest
chemistry is widely used in analytical chiral separations,’
molecular recognition,'® and drug delivery.**

The most common forms of CDs are a-CD, B-CD, and y-CD
comprising six, seven, and eight o-p-glucopyranosyl units
(referred to as “sugar units” hereafter), respectively.”> The
structures and host-guest binding affinities of these CDs with
a variety of guests” including metal cations," antibiotic
compounds,” cholesterols,*® lipids'” and peptides have been
extensively investigated.™ It has been demonstrated that a-, B-,
and y-CDs adopt well-defined annular geometries, which are
well-suited for forming host-guest complexes (Fig. 1)."* In
recent years, there has been progress in synthesizing large-ring
CDs (LRCDs) with more than eight sugar units.'” LRCDs possess
larger cavities capable of encapsulating nanosized guest ions
and molecules. The potential of LRCDs as host molecules,
however, has not been systematically explored. Furthermore,
their conformational flexibility makes it challenging to predict
their cavity size and host-guest binding properties.** For
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example, an investigation employing molecular dynamics (MD)
simulations explored the conformations of LRCDs containing
up to 100 sugar units.** That study revealed that, in aqueous
solutions, LRCDs preferentially adopt twisted conformations,
which prevents the incorporation of large guest molecules into
their cavities. Moreover, these twisted conformations create
multiple interaction pockets resulting in a complex array of
binding modes with guest molecules.*

It is well established that the hydrophobic effect determines
the thermochemistry of host encapsulation of a hydrophobic
guest in aqueous solution. In this process, a substantial entropy
gain is achieved through binding of nonpolar surfaces of the
host and guest.”® In contrast, the strong affinity of non-
hydrophobic nanoscale guests to CD hosts stems from
a substantial negative enthalpic change accompanied by
a minor entropic penalty known as the chaotropic effect.”*
Complex formation driven by the chaotropic effect is particu-
larly pronounced for “superchaotropic ions”, such as dodeca-
borate anions (B1,X;,>~, X = Cl, Br, I) that exhibit a strong
binding affinity to CD hosts.**

Polyoxometalates (POMs) are a class of early transition metal
oxyanions that display superchaotropic properties.*****” Their
structural diversity, exceptional multi-electron transfer reac-
tivity, and tunable optical and magnetic properties make them
attractive building blocks for functional materials in energy
conversion and storage, molecular electronics, spintronics, and
catalysis.”® Host-guest complexes of CD and POMs are
commonly used as structural units in supramolecular assem-
blies, in which one POM is sandwiched between two CD mole-
cules.”**® Deep inclusion complexes are formed only between
the smallest Lindqvist POM anions (i.e., MgO15° ", M = Mo, W)
and y-CD.** Meanwhile, larger POMs (diameters = 10 A) have
the size that is too big to fit into the 7.5-8.3 A diameter cavity of
v-CD to form inclusion complexes.'” Despite the potential of
LRCDs to accommodate larger POMs, their host-guest chem-
istry remains largely unexplored.

In this study, we investigated structures of host-guest
complexes formed between Keggin-type PW;,04°" (WPOM)
and a series of CDs (X-CD, X = a, B, v, J, &, {) in the gas phase
using ion mobility spectrometry combined with mass spec-
trometry (IM-MS) in conjunction with MD simulations. IM-MS
is a gas-phase separation technique with sufficient resolving
power to characterize the structural landscape of CD-WPOM
complexes. This technique has been previously used to study
the conformers of CD-metal complexes.*> Using IM-MS, we
observed two distinct structures of y-CD-WPOM complex
formed by binding of the guest to both the primary and
secondary face of y-CD. These binding modes are similar to
those observed for y-CD-WPOM complexes in solution.”” The
two binding modes were also observed using MD simulations.
Moreover, we concluded that a deep inclusion complex is
formed between WPOM and &-CD, but not between WPOM and
the larger {-CD. More strikingly, these gas-phase structures
strongly correlate with solution-phase complexation modes
between CDs and WPOM as evidenced by nuclear magnetic
resonance (NMR) spectroscopic measurements. Our findings
provide new insights into the highly specific host-guest
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chemistry between structurally-flexible macrocycles and
nanometer-sized polyanions. Furthermore, our discoveries
underscore the power of gas-phase IM-MS for studying different
binding modes in host-guest complexes. The speed of analysis
and remarkable molecular and structural specificity of gas-
phase IM-MS measurements make it a promising tool for
identifying important supramolecular structural units.

Result and discussion
Gas-phase studies

Host-guest complexes of Keggin phosphotungstate (PW1,040° ",
WPOM) and cyclodextrins (X-CD, X = a, B, v, 9, &, {) formed in
aqueous solutions were analyzed using electrospray ionization
mass spectrometry (ESI-MS) in negative ionization mode
(Fig. 1). Mass spectra acquired across the m/z 100-3000 range
are shown in Fig. S1.7 In addition to abundant peaks of the
triply charged WPOM anion, PW1,04,°" at m/z = 958, and
doubly charged WPOM anions at m/z = 1438 and 1450 corre-
sponding to proton and sodium adducts, respectively, mass
spectra contain [CD-WPOM]*~ ions corresponding to 1:1 CD-
WPOM complexes. Fig. 1 shows the experimental and calcu-
lated isotope distributions of each [CD-WPOM]’~ species. We
observe only one species in each narrow m/z window of the [CD-
WPOM]®~ anion in all mass spectra except for that of the 3-CD-
WPOM complex. For this system, the [8-CD-WPOM]*~ anion is
observed alongside the doubly charged WPOM anions at m/z =
1438 and 1450. Complex formation between WPOM and «, f3,
and y-CD has been reported in previous studies.*®*** These
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Fig. 1 Left: chemical structures of y-CD and WPOM. The structure in
the middle demonstrates a typical conformation of y-CD in its annular
shape, which presents its primary and secondary faces occupied by
primary and secondary hydroxyl groups, respectively; right: ESI-MS
spectra of 1: 1 CD-WPOM complexes examined in this study. Calcu-
lated isotopic distributions of the complexes are overlayed as red dots
on top of the spectra (black trace).
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complexes have been employed as structural motifs to assemble
molecular materials in the solid state. In this study, we have
examined for the first time 1 : 1 complexes composed of WPOM
and LRCDs: 3-, &-, and {-CD. We note that CD-WPOM complexes
with multiple CD molecules (N = 2) and one WPOM were also
detected in low abundance in ESI-MS. In this study, we focused
on the characterization of 1: 1 CD-WPOM complexes.

We examined gas-phase structures of CD-WPOM complexes
by measuring their collision cross section (CCS) values using
drift tube IM-MS (DTIM-MS). In these experiments, gas-phase
complexes were accelerated through the drift tube of the
instrument and separated according to their size and shape.
Fig. 2a shows the CCS distributions of the CD-WPOM
complexes measured using a constant acceleration field in
DTIM-MS. Arrival time distributions (ATDs) were converted into
CCS distributions using the single-field approach described in
the Experimental section.*® CCS values of all the complexes
obtained using the stepped-field DTIM-MS approach described
in the Experimental section are plotted against m/z in Fig. 2b
(CCS values in Table S1t).>* We observe a general trend with
a gradual increase in CCS values with an increase in the size of
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Fig.2 (a) CCS value distributions of mass-selected X-CD-WPOM (X =

o, B, v, d & ¢ complexes determined using single-field IM-MS
measurements; (b) CCS values of mass-selected X-CD-WPOM
complexes determined from four separate multi-field IM-MS experi-
ments. The four measurements were conducted on four different
days. The purple and blue traces highlight the linear region of the CCS
value vs. m/z trend in the series of complexes to guide the eye.
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the CDs in both Fig. 2a and b. Aside from o- and ¢-CD, most
complexes in this series show a proportional increase in CCS
with m/z indicating their structural similarity. In addition to
ion-induced dipole interactions and dispersion forces,
hydrogen bonding between surface oxygen atoms of WPOM and
hydroxyl (-OH) groups of CD plays an important role in stabi-
lizing the complexes both in the gas phase and in solution. It is
reasonable to assume the most stable structures correspond to
inclusion complexes, where the interactions between WPOM
and CD cavity are maximized. An annular-shaped y-CD features
primary and secondary faces containing primary and secondary
hydroxyl groups in the sugar units, respectively.’> Previous
studies have indicated that WPOM preferentially binds to the
secondary face of B-CD, which has a larger cavity size compared
to the primary face. This finding is consistent with our MD
simulations described in the next section (Fig. S2t).** Conse-
quently, it is plausible that the linear trend observed in the CCS
vs. m/z plot represents more compact structures formed by
WPOM binding with secondary face of CDs.

Several deviations from the trendlines can be observed in
Fig. 2a and b. For example, the CCS value of the most compact
structure of a-CD-WPOM (430 A?) is above the highlighted
trendline. The abnormally large CCS value of 430 A*> may be
explained by the poor size matching between the a-CD cavity
(diameter: ~6 A) and WPOM (diameter: ~10 A). Interestingly,
molecular dynamics simulation described later in the text did
not find a stable complex between o-CD and WPOM. In addi-
tion, for a-CD-WPOM, we observed several peaks at larger CCS
values of 460, 482, and 530 A? in Fig. 2a. These peaks likely
correspond to the weakly bound exclusion complexes or frag-
ments of larger complexes composed of WPOM and multiple o-
CDs. Consistent with previous studies in the crystalline and
solution phases, WPOM exclusively binds to the secondary face
of B-CD (Fig. S27).>

IM-MS of y-CD-WPOM

For y-CD-WPOM, we observe two distinct CCS distributions in
Fig. 2a centered at 458 and 472 A% The distribution with
a higher CCS value, corresponding to a larger structure, lies
above the linear trend predicted for the series (Fig. 2b). Mean-
while, the CCS value of a more compact structure is on the
linear trendline. Additional insights into the two structures
were obtained from in-source collision-induced dissociation
(CID) experiments on the IM-MS instrument. Fig. 3a shows m/z-
selected arrival time distribution (ATD) plots of y-CD-WPOM
complex at different collision energies acquired as described in
the Experimental section. In each trace, the two peaks at ATD
around 22 ms correspond to the two CCS values observed for y-
CD-WPOM, with the lower and higher ATD peak corresponding
to the smaller and larger structure, respectively. We observed
a decrease in the abundance of the larger structure with an
increase in collision energy. Meanwhile, the abundance of the
smaller structure does not change as a function of collision
energy. This observation suggests that the more compact
structure is substantially more stable towards fragmentation in
the gas phase than the larger structure. We hypothesize that the

Chem. Sci., 2024, 15, 11825-11836 | 11827
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Fig. 3 (a) Left: extracted ATDs of y-CD-WPOM complexes in IM-MS measurements with increased collision energies from the front to the back.
Each ATD trace is normalized to the peak at lower ATD corresponding to the structure with a lower CCS value. Right: experimental single-field
CCS distribution of y-CD-WPOM complexes (top) and a histogram of calculated CCSs of 52 low-energy structures obtained from MD simu-
lations (bottom). (c) & (d) representative structures (left: front view; middle: bottom view), calculated CCS values, and table of hydrogen bonding
analyses of y-CD-WPOM host—guest complexes demonstrating WPOM complexation with the secondary (b) and primary (c) face of y-CD from
MD simulations. Hydrogen bonds listed in the tables are represented by light blue bonds in the structure and labeled using Roman numerals.

two structures in the gas phase originate from WPOM
complexation with both primary and secondary face of y-CD. In
particular, the smaller structure likely corresponds to WPOM
that is deeply embedded into the CD cavity via the complexation
with the secondary face of y-CD presenting a larger cavity size

11828 | Chem. Sci,, 2024, 15, 11825-11836

compared to the primary face."”> Meanwhile, the larger structure
may be attributed to the less favorable size matching between
WPOM and the primary face of y-CD.

To test this hypothesis, we examined the structures of 1: 1 -
CD-WPOM complexes using MD simulations and calculated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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their theoretical CCS values using the IMoS program.** AMBER-
compatible GLYCAM-06j force field was used throughout the
simulations (MD simulation parameters are provided in ESIT).
Each MD simulation used a distinctly different initial structure
representing different modes of binding of CD-WPOM
complexes. For all the hosts except for «-CD (B-, v-, &-, and ¢-CD),
host-guest complexes did not dissociate even when subjected to
simulated annealing. Meanwhile, no stable complexes of a-CD-
WPOM could be generated using the same set of MD simulation
parameters. This finding contradicts our experimental obser-
vation of the a-CD-WPOM complex generated using ESI. It is
reasonable to assume that force fields used in MD simulations
underestimate the strength of non-covalent interactions in
these host-guest complexes. A simulated annealing approach
allowed us to identify low-energy structures for CCS calculation,
which were later correlated with experimental IM-MS results
(ESIt). Fig. 3b and ¢ show two representative low-energy struc-
tures of the y-CD-WPOM complex formed by binding of WPOM
to the secondary and primary face of y-CD, respectively. The
calculated CCS values of the complexes (456 and 470 A®) agree
with the experimental CCS values (458 and 472 A%) supporting
our hypothesis of the presence of two structures that involve
binding of WPOM to the secondary (smaller structure) and
primary (larger structure) -OH groups of y-CD.

We obtained a total of 52 low-energy structures of y-CD-
WPOM complexes from four complete MD runs with simulated
annealing (Table S2t), which used distinct initial structures of
the complexes representing different binding modes (Fig. S37).
Two sets of low-energy structures from two complete MD runs
are shown in Fig. S4 and S5.1 A histogram of calculated CCS
values of the 52 structures shown in Fig. 3a (right). We observed
two distinct distributions of structures with CCS values
centered at ~455 and ~468 A%, which is consistent with the
experimental observations (Fig. 2b). Several representative
structures are shown in Fig. 3b, c, and S6A.T A majority of the
simulated structures that have CCS values close to the center of
the lower and higher CCS distributions show WPOM binding to
the secondary and primary face of y-CD, respectively. Previous
"H NMR investigation demonstrated that WPOM forms host-
guest complexes with both the primary and secondary faces of
v-CD in solution.?” Here for the first time, we observe the
presence of these two complexation modes of y-CD-WPOM
using CCS measurement in the gas phase.

The number of stable hydrogen bonds between WPOM
oxygen atoms and -OH groups in CDs is a major contributing
factor to the stability of the complex in the gas phase. Because of
the better size matching between the guest and host, the
complex between WPOM and secondary face of y-CD forms is
more effectively stabilized by hydrogen bonding interactions
than the complex formed through WPOM binding to the
primary face. This hypothesis is confirmed by the analysis of
hydrogen bonding in the representative structures shown in
Fig. 3b and c. In this analysis, we only considered stable inter-
actions through hydrogen bonds with a length of less than 2.5 A
and bond angle greater than 150°. The number of hydrogen
bonds will be used as a measure of the stability of the complex.
In particular, six strong hydrogen bonds are present in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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simulated structure of the complex formed between WPOM and
the secondary face of y-CDs (Fig. 3b). In contrast, only two
hydrogen bonds are present in the complex formed with the
primary face of y-CDs (Fig. 3c). Hydrogen bonding analysis of
several other structures shown in Fig. S6t further confirms
stronger interactions between WPOM and the secondary face of
v-CD. As a result, the more compact structure formed between
WPOM and the secondary face of y-CD with a better size
matching and more stable hydrogen bonding interactions is
more stable than the larger structure.

IM-MS of LRCD-WPOM

As shown in Fig. 2, the CCS values of the 8- and e-CD-WPOM
complexes follow the trendline in the CCS vs. m/z plots, indi-
cating that they form similar inclusion complexes to that of B-
CD and the more compact structure of y-CD-WPOM. In
contrast, the CCS value of the {-CD-WPOM complex of 507 A? is
substantially lower than what is predicted based on the linear
trend (~535 A%). This observation suggests a substantial
difference between gas phase structures &- and {-CD-WPOM
complexes.

MD simulations summarized in Fig. 4 provides additional
insights into structural differences between the LRCD-WPOM
complexes. LRCDs are known to adopt folded conformations.
Fig. 4a shows two different views of a representative folded
conformation of e-CD, which we will be referring to as a “saddle-
like” conformation. It has been demonstrated that host-guest
complexes of LRCDs with dodecaborate anions (By,l;,>7) in
solution are formed by accommodating the guest into a folded
pocket of the host.? WPOM and B,,1;,>~ are both large anions
with similar sizes classified as superchaotropic ions.** We
hypothesize that the observed {-CD-WPOM complex in the gas
phase with substantially lower CCS may be formed by binding
WPOM to the folded pocket of {-CD. To test the hypothesis, we
used MD simulations with the same parameters as those
described earlier to obtain a group of low-energy structures of &-
and (-CD-WPOM complexes and subjected them to IMoS CCS
calculations. Six distinct initial binding modes between LRCDs
and WPOM were sampled due to the larger size of LRCDs
(Fig. S77). A total of 66 low-energy structures were obtained for
e- and (-CD-WPOM, respectively (Tables S3 and S4f). In the
optimized structures with annular CD conformations, both e-
and ¢-CD have sufficiently large inner cavity sizes to accom-
modate WPOM through deep encapsulation (Fig. 4b). In addi-
tion, we observed a group of low-energy structures with
a saddle-like CD conformation that resemble the conformation
of the free ¢-CD in an aqueous solution (Fig. 4a). All complexes
formed with a saddle-like £-CD conformation have substantially
lower calculated CCS values than those of deep inclusion
complexes (Fig. 4b). Good correspondence between the experi-
mental and calculated CCS values was obtained for the deep
inclusion complex of e- (Fig. 4c) and {-CD-WPOM (Fig. 4d) with
a saddle-like CD conformation.

Because ¢-CD is the largest in the series of complexes that
follow the linear trend of CCS value vs. molecular size and m/z
shown in Fig. 2, it is reasonable to conclude that, similar to
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Fig.4 (a) Side-on (top) and 45° angle (bottom) views of the conformation of the free e-CD that forms a saddle-like geometry. (b) Four sets of the
experimentally-determined CCS values of g- and {-CD-WPOM complexes (colored triangles with error bars) and calculated CCS values of
representative simulated complex structures (dark crosses) with their proposed geometries. In these structures, CD and WPOM are illustrated by
sticks and polygons, respectively. For both g- and (-CD-WPOM complexes, deep inclusion of WPOM (top) gives rise to a much higher CCS value
than the complexes formed with the saddle-like CD pocket (bottom). Side and top view of structures of the deep inclusion complex of e-CD—
WPOM (c) and the {-CD-WPOM complex with the {-CD in a saddle-like conformation (d). The calculated CCS values of these two complexes

are in an excellent correspondence with their experimental results.

smaller CD hosts that adopt annular conformations and for
inclusion complexes, e-CD adopts an annular geometry to
accommodate WPOM. Meanwhile, {-CD assumes a folded
saddle-like conformation that accommodates WPOM. We note
that the observed CCS trend vs. molecular size does not indicate
WPOM binding modes with primary or secondary face of CDs.
In fact, as the cavity becomes larger in the series, WPOM
becomes gradually more embedded into the CD cavity and
interact with the hydroxyl groups on both faces of CDs (Fig. 4c).

The observed difference in the mode of complexation
between & and ¢-CD can be explained by considering the
stability of these complexes. Fig. 5a and b show several repre-
sentative simulated structures of &- and (-CD-WPOM, respec-
tively, in which CDs adopt an annular conformation. We
observed a larger number of hydrogen bonds in all of the e-CD-
WPOM deep inclusion complexes in comparison with ¢-CD-
WPOM. In particular, the complex shown in Fig. 5a (top)
exhibits six stable hydrogen bonds between e-CD and WPOM.
MD simulations indicate that e-CD has a cavity size that
matches WPOM more favorably than {-CD, thereby making
closer contacts and stronger interactions. As a result, the deep
inclusion complex between &-CD and WPOM is preferably
formed, which is consistent with the experimentally observed
complex that has a larger CCS value than that observed for the
saddle-like conformation of ¢-CD.

1830 | Chem. Sci, 2024, 15, 11825-11836

Solution-phase NMR analysis

To understand of how gas-phase structures of CD-WPOM are
related to their structures in solution, we used NMR-based
approaches to probe solution-phase binding modes between
CDs and WPOM. Fig. 6 shows '"H NMR spectra obtained in
titration experiments, in which WPOM was added to different X-
CD (X =, g, {) solutions in steps of 0.5 equivalents to generate
CD:WPOM = 1:x (x = 0-3) solutions. '"H NMR spectra of
complexes of Keggin POM and o/B-CD has been previously re-
ported and will not be further discussed in this study.** We also
note that because the sample of 3-CD contained a substantial
amount of y-CD in about 1:1 ratio, the strong overlap of
spectral features between 3-CD and y-CD prevented us from
studying 3-CD-WPOM complexes using ‘H NMR. The spectrum
shown at the bottom of each panel contains peaks corre-
sponding to the six types of hydrogen atoms in a free CD host,
which are consistent with previous reports.” In particular, H1,
H2 and H4 are hydrogen atoms pointing outwards from the CD
rim. NMR chemical shifts of these peaks are less affected by
complex formation. In contrast, peaks located at ~3.8 ppm
corresponding to H3, H5, and H6 are downshifted significantly
upon the addition of WPOM due to the encapsulation of the
electron-repelling WPOM into the CD cavity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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H-Bond | Non-covalent Donor-H-
Number | bond length, A | Acceptor Angle, °
| 2.19 1611
I 1.69 172.8
In 1.83 165.8
\% 1.76 156.1
\Y 213 156.2
Vi 2.15 150.0

H-Bond | Non-covalent Donor-H-
Number | bond length, A Acceptor Angle, °
| 2.01 164.6
Il 1.64 162.4
1l] 1.78 155.5

(b)

Calculated CCS: 535.5 A?
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H-Bond | Non-covalent Donor-H-
Number | bond length, A | Acceptor Angle, °
| 1.75 162.7
Il 2.01 162.0

H-Bond | Non-covalent Donor-H-
Number | bond length, A | Acceptor Angle, °
| 1.81 161.9
Il 1.66 165.4

H-Bond | Non-covalent Donor-H-
Number | bond length, A | Acceptor Angle, °
| 1.92 154.6
I 2.06 162.9
I 1.98 176.3

H-Bond | Non-covalent Donor-H-
Number | bond length, A | Acceptor Angle, °
| 1.77 154.6
I 2.46 150.5

Fig. 5 Representative simulated structures and calculated CCS values of ¢- (a) and {-CD-WPOM (b) complexes. For each structure, there are
side-on and plan views (top) of the complexes and a table (bottom) of hydrogen bonding analysis. All of the parameters of hydrogen bonds
shown in the tables are labeled with Romanic numerals in the related plan view illustration.

In previous reports, the formation of a 1:1 y-CD-WPOM
complex as a major host-guest complex was verified using
diffusion ordered spectroscopy (DOSY).”” We have also
confirmed the major presence of 1:1 CD-WPOM complexes
using DOSY. Fig. S8-5101 show DOSY NMR spectra of y-, e- and
{-CD before and after the addition of one and two equivalents of
WPOM, respectively. Only one additional diffusion coefficient
distribution was observed for each CD in the presence of
WPOM, which confirms that the 1:1 X-CD-WPOM (X = v, ¢, ()
complex is the dominant species in solution.

© 2024 The Author(s). Published by the Royal Society of Chemistry

NMR titration spectra of y-CD and WPOM in Fig. 6a are
consistent with previous reports.”” For example, a significant
simultaneous downshifting of H3, H5, and H6 of y-CD with the
addition of POM has been previously observed. Downshifting of
H3 indicates interactions of WPOM with the secondary face of
v-CD, while downshifting of H5 and H6 is attributed to the
interactions of WPOM with the primary face of y-CD. Because of
the relatively small cavity of y-CD (diameter 7.5-8.3 A)' relative
to WPOM (diameter 10.4 A),* simultaneous downshifting of H3,
H5, and H6 cannot be induced by the deep encapsulation of
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Fig. 6 H NMR spectra in titration experiments of y- (a), e- (b) and ¢-
CD (c), in which WPOM was added in a portion-wise manner into each
of the solution in 0.5 equivalent interval of each CD. NMR peaks
corresponding to hydrogen atoms (H1-H6) in CD are labeled
accordingly.

WPOM into y-CD. Instead, WPOM binds to either the primary
or secondary face of y-CD. These observations are in excellent
agreement with the presence of two distinct structures of y-CD-
WPOM complexes observed in the gas phase, which were
attributed to WPOM binding to either the primary or secondary
face of y-CD. We note that the downshifting peaks of H3, H5,
and H6, are poorly resolved, indicating a complicated structural
landscape of the 1:1 y-CD-WPOM complex in solution.

We used a similar NMR-based titration approach to examine
solution phase structures of LRCD-WPOM complexes. Fig. 6b and
¢ show "H NMR spectra obtained by adding different equivalents
of WPOM to &- and ¢-CD, respectively. Similar to y-CD-WPOM,
downshifting of the H3, H5 and H6 peaks is observed for both &-
and (-CD-WPOM complexes, indicating that WPOM interacts
with both the primary and secondary faces of these LRCDs. NMR
peaks do not show any further shift upon the addition of more

1832 | Chem. Sci, 2024, 15, 11825-11836
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than two equivalents of WPOM (2.5 and 3 equivalents in Fig. 6b
and c, respectively), which indicates that an equilibrium is
established at a 1:2 CD-WPOM stoichiometry. Among the
downshifting peaks of e-CD, H3 and H5 peaks partially overlap
with each other. In a previous report, changes in chemical shifts,
Adys > Adysz, have been identified as a signature of a deep
encapsulation of By,I;,>" into the inner cavity of e-CD.>* In this
structure, WPOM protrudes deep enough into the CD cavity and
comes in close proximity to both H3 and H5 atoms. As a result of
the narrower opening of the primary CD face, the distances
between WPOM to H5 atoms are shorter than the distances
between WPOM and H3 atoms. As a result, more significant
downshifting is observed for the H5 peaks. Furthermore, despite
the substantial overlap between the H5 and H3 peaks, we observe
a more significant downshifting of the H5 bands than H3 bands.
It is notable that NMR shifts observed for deep inclusion
complexes of e-CD-WPOM are dependent on the size of the guest
anion. In particular, we observe a less pronounced H5 downshift
for e-CD-WPOM (~0.2 ppm) in comparison with the value re-
ported for &-CD-B;,1;,>~ (0.3 ppm),* indicating that the distance
between H5 and WPOM is longer than that for Bi,li,2 7. We
attribute this observation to the larger size of By,I;,> (~11.7 [i) as
compared to WPOM (~10 A). For the larger B;,1;,> guest, the
distance between the guest and H5 atoms in &-CD is shorter,
which results in a more significant downshift of H5 peaks in
comparison to what we observed for the e-CD-WPOM complex in
this study.

Additional insights into the structure of the deep inclusion
complex of e-CD-WPOM are obtained by examining the down-
shifting of the H6 peaks in Fig. 6b. The H6 peaks in the "H NMR
spectrum of free e-CD show a doublet of doublets pattern. This is
attributed to the diastereotopic nature of H6,"” in which the two
CH, protons reside in two distinct chemical environments. The
H6 peaks are broadened in the spectrum of the e-CD-WPOM
host-guest complex and show an increase in the coupling
constants. This may be attributed to an increase in electron
density on the H5 atoms upon WPOM encapsulation. Broad-
ening of the H6 peaks indicates the heterogeneous chemical
environments that H6 atoms exhibit upon complexation. In
particular, the -CH,OH groups that are at different distances
from WPOM experience different levels of deshielding from
WPOM. The observed changes in both H5 and H6 peaks indicate
that e-CD does not adopt a perfect annular shape when a deep
inclusion complex with WPOM is formed. Indeed, MD simula-
tions indicates that deep inclusion &-CD-WPOM complexes
assume partially folded e-CD conformations in the gas-phase as
shown in Fig. 4c and 5a. In these structures, the cavity in &-CD is
folded slightly towards the side of the primary face. This folding
brings several -CH,OH groups closer to the WPOM guest than in
other structures, which is in agreement with the observed
broadening of the H6 peaks. Collectively, these solution-phase
NMR spectra confirm the formation of a deep inclusion
complex between WPOM and &-CD, which resembles the corre-
sponding stable gas-phase structure determined based on the
experimental CCS measurement and MD simulations.

In contrast with &-CD, we did not observe evidence of the
formation of a deep inclusion complex between ¢-CD and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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WPOM in solution (Fig. 6¢). Indeed, all the H3, H5, and H6
peaks showed a simultaneous downshifting without significant
changes in their relative chemical shifts and multiplicities. In
particular, the H6 doublet of doublets peak in free {-CD spec-
trum transitioned into a broadened doublet pattern in the
presence of WPOM with negligible change in its coupling
constant. These changes indicate that complex formation of
WPOM and ¢-CD does not distort the conformation of the host
to a significant extent. We propose that, similar to the previ-
ously reported®® ¢-CD-By,l;,>", ¢-CD in the {-CD-WPOM
complex adopts a saddle-like conformation. This result is in
good agreement with the proposed structure of this complex in
the gas-phase (Fig. 4b and d). The saddle-like ¢-CD conforma-
tion forms hydrogen bonds with WPOM without a significant
geometry rearrangement. Meanwhile, the large cavity of the
annular conformation of {-CD cannot bind WPOM strongly
enough to form a stable complex. Although we cannot rule out
the existence of deep inclusion complexes of {-CD and WPOM,
we show that the dominant structure of the {-CD-WPOM
complex in solution is preserved in the gas phase and can be
characterized using IM-MS measurements.

Conclusion

We characterized gas- and solution-phase structures of host-
guest complexes of Keggin polyoxometalate PW,04,° (WPOM)
and a series of cyclodextrins (X-CD, X = a, B, v, d, &, {) using
a combination of experimental and theoretical methods. Using
IM-MS and MD simulations, we uncovered two distinct binding
modes of WPOM to y-CD. Specifically, a more compact struc-
ture is formed when WPOM binds to the secondary face of y-CD.
Meanwhile, binding of WPOM to the primary face of y-CD
generates a less stable complex with a greater CCS value.
Additionally, we observe the formation of a deep inclusion
complex between WPOM and ¢-CD. In contrast, {-CD with its
larger cavity assumes a folded saddle-like conformation in the
complex with WPOM. These observations based on rotationally
averaged CCS measurements in the gas phase are strongly
correlated with the results of solution-phase NMR character-
ization indicating that solution-phase structures are largely
preserved in the gas phase. Our findings underscore the power
of gas-phase IM-MS as an analytical tool for exploring the
structural landscape of supramolecular complexes with excep-
tional molecular and conformational resolution. The formation
of deep inclusion complexes with nanoscale guest ions opens
up intriguing opportunities for designing new supramolecular
materials. Moreover, the ability to preserve solution-phase
structures of host-guest complexes in the gas phase opens
new directions in employing well-defined gaseous ions of these
complexes for preparing layered supramolecular architectures
using preparative MS approaches.*”

Experimental section

Sodium phosphotungstate tribasic hydrate (Nas[PW;,040]
xH,0, CAS: 12026-98-1), a-cyclodextrin (#-CD, C3sHg0O30), B-
cyclodextrin  (B-CD, C4,H70035), vy-cyclodextrin  (y-CD,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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C,gHgo040) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). 3-Cyclodextrin (3-CD), e-cyclodextrin (e-CD), and ¢-cyclo-
dextrin ({-CD) were synthesized and purified according to re-
ported procedures.”® We note that the 3-CD sample was
a mixture of 3-CD and y-CD in a ~1:1 molar ratio.

Aqueous solutions of CD-POM complexes for gas-phase IM-
MS measurements were prepared by dissolving X-CD (X= a, B,
Y, 8, & () and Naz[PW;,04] (WPOM) at 100 and 500 puM
concentrations, respectively. The resulting solution was diluted
in methanol to a final concentration of 10 pM of X-CD assuming
all CD molecules were in the complex form. Electrospray ioni-
zation (ESI) IM-MS measurements were performed using
a custom-designed ESI source coupled to an Agilent 6560 ion
mobility quadrupole time-of-flight (IM QTOF) mass spectrom-
eter (Agilent Technologies, Santa Clara, CA, USA). Samples were
filled into a gas-tight syringe (Hamilton, Reno, NV), propelled
using a syringe pump (KD Scientific, Holliston, MA), and
introduced into the mass spectrometer inlet by direct infusion
through a fused-silica capillary (50 pm ID, 150 um OD) at a flow
rate of ~500 nL min . Typical mass spectrometer conditions of
IM QTOF in negative ionization mode were as follows: ESI
voltage: —3.5 kV, capillary temperature: 325 °C; drift tube gas
pressure: 3.95 torr; drift tube temperature: 25.4 °C; trap fill
time: 5 ms, trap release time: 100 us; m/z range: 100-3200. In-
source collision-induced dissociation (CID) experiments were
performed by increasing the voltage gradient between the dual
exit grids in the ion funnel trap region of the IM QTOF instru-
ment. For MS settings without in-source fragmentation, —88
and —87 V potentials were applied to Exit Grid 1 and 2,
respectively. In-source fragmentation was induced by varying
the Exit Grid 1 voltage from —89 to —95 V while keeping the Exit
Grid 2 at —87 V.

Arrival time distributions (ATDs) and rotationally-averaged
CCS values of CD-WPOM complexes were obtained using
drift-tube (DT) IM-MS on the IM QTOF instrument. In these
experiments, ions generated in the source were first separated
by shape and size in the drift tube under the effect of a constant
acceleration electric field and low-energy collisions with the
drift gas. Mass-to-charge ratios (m/z) of mobility-separated ions
were subsequently determined using QTOF MS. CCS values
were calculated from an adapted Mason-Schamp equation
using either single-field or stepped-field approaches described
in detail elsewhere.*® Specifically, for single-field measure-
ments, CCS were converted from ATDs according to a CCS
calibration curve obtained from a series of standard calibrants
measured under identical IM-MS instrument parameters.** For
stepped-field measurements, the voltage gradient in the drift
tube was varied by varying the drift tube entrance voltage from
850 to 1450 V (corresponding to 10.9-18.5 V cm™ ') in 100 V
steps at which ATDs of the complexes were recorded. To ensure
reproducibility, the CCS measurements were repeated four
times on different days. In specific cases, m/z-selected ATDs
obtained using identical instrument parameters were directly
used for a qualitative comparison of CCSs of different CD-
WPOM complexes. In this case, the top five peaks from the
isotopic distribution were selected to construct the ATD of the
complex.
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Solution-phase '"H NMR titration experiments were per-
formed in D,O at 25 °C. "H NMR spectra were acquired using
a Bruker AV-III-400-HD spectrometer (Bruker, Billerica, MA,
USA) at Larmor frequency of 400 MHz using 5 mm standard
NMR tubes. For each CD, an "H NMR spectrum was first
acquired for a 1 mM solution. Titration experiments were per-
formed by successively adding a 1 M WPOM to the solution in
0.5 mole equivalents of CD to prepare CD-WPOM solutions
with molar ratios of CD : WPOM =1:x (x = 0.0, 0.5, 1.0, 1.5, 2.0,
2.5, 3.0). NMR spectra were acquired for each solution.

Diffusion ordered spectroscopy (DOSY) experiments were
performed in D,O at 25 °C. DOSY NMR spectra were acquired
using a Bruker Neo 600 MHz spectrometer (Bruker, Billerica,
MA, USA) with working frequencies of 600 MHz using 5 mm
standard NMR tubes. For the spectrum of each X-CD (X=1, ¢, {)
solution, 500 pL of 10 mM solution was added to the NMR tube.
For the NMR spectroscopic characterization of CD-WPOM
complexes, 1 and 2 equivalents (5 and 10 puL) of 1 M WPOM
solutions were added to the previous X-CD solution,
respectively.

Molecular dynamics (MD) simulations

Molecular dynamics (MD) simulations of X-CD-WPOM (X = £,
v, & ) complexes were performed using the VMD (Visual
Molecular Dynamics) software to examine their structures and
conformations in the gas phase for comparison with IM-MS
experiments. As a result of the complex conformational land-
scape of LRCDs, we employed simulated annealing (SA) to find
minima on the potential energy surface of these complexes and
obtain the corresponding structures. For comparison with the
experimental CCS values obtained in IM-MS experiments, we
calculated CCS values for selected low-energy structures. We
used the optimized structure of WPOM reported in literature®
as the initial structure for all the CD-WPOM complexes
including the partial charges from this structure. Initial struc-
tures of CDs were obtained from Cambridge Crystallographic
Data Centre (CCDC): 8- (CCDC 1107196), v- (CCDC 1126610),
and &-CD (CCDC 100656). The crystal structure of ¢-CD has not
been previously reported. The initial structure for {-CD was
generated from the structure of ¢e-CD by adding one more glu-
copyranosyl unit. MD simulations were performed using the
AMBER force field. In particular, the beginning structures for
the CD-WPOM complexes used the AMBER-compatible GLY-
CAM-06j force field.*® MD simulations with SA were performed
by first setting WPOM at geometrically inequivalent locations
relative to CDs, which allows for sampling of distinct initial
locations in the reaction coordinate. For 8- and y-CD, we set
(Fig. S3, ESIt) WPOM at four initial positions relative to CDs,
while for LRCDs (e- and {-CD), we selected (Fig. S7, ESIt) six
positions according to the relatively large size of the host. In all
SA simulations, CDs and WPOM were heated from 293 K to
a final temperature of 393 and 800 K, respectively. Heating
WPOM to 800 K did not result in significant structural rear-
rangements. Heating WPOM to a higher temperature allowed
us to better explore the energy landscape. CDs were heated to
393 K. In each SA simulation, we performed (Fig.ure S11, ESIt)
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25 consecutive heating and cooling cycles. Each cycle lasted 100
ps with a structure recorded every 250 fs. In each heating and
cooling cycle, the initial structure was heated at a constant rate
for a total of 50 ps to reach the final temperature, maintained at
the final temperature for 40 ps, and cooled to the initial
temperature at a constant rate for a total of 10 ps. The structures
at 293 K at the end of each cycle were considered as optimized
energy minima structures.
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