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ABSTRACT

Nanocapsules, made up of the deep cavitand octa amine and several guests, were prepared in aqueous acidic solution andwere found to be stable
in the gas phase as detected by electrospray ionization mass spectrometry (ESI-MS). The observed gas phase host�guest complexes contained
five positive charges and were associated with several acid molecules (HCl or HBr).

During the past three decades a number of cavitands
have been explored in the context of host�guest complexa-
tion in solution. Occasionally these cavitands, prompted
by guest molecules, self-assemble to form a closed contain-
er (capsule).1 These capsular assemblies termed capsule-
plexes are stabilized in solution through noncovalent
interactions such as hydrogen bonding, metal coordina-
tion, electrostatic interactions, and hydrophobic effects.2

Despite the recognized potential of water-soluble hosts for
biorelated applications,3 there are relatively few supra-
molecular cavitands that assemble to form capsular assem-
blies inwater.4 One of the early examples of awater-soluble
closed capsule was provided by Cram.5 Due to its closed
nature and small size, its use as a reaction cavity was limit-
ed. More useful water-soluble capsules that are generated
through self-assembly of cavitands became available
through the efforts of Rebek,6 Reinhoudt,7 and Gibb.8
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Recently we reported a cavitand with internal features
similar to those of Gibb’s octa acid8 but with different
external pendant groups.9 Ours had amine groups at the
periphery that made the cavitand soluble in water under
acidic conditions. We have established during the past
few years the exceptional value of Gibb’s octa acid and
our octa amine (OAm; Scheme 1) as photochemical re-
action vessels in water.9,10 Our recent interest in exploring
the stability of the capsular assemblies in the gas phase has
ledus to carryout adetailed electrospraymass spectrometry
study (ESI-MS) of host�guest systems involving OAm.
The results reported here provide new physical insight into
the capsular formation and stability in the gas phase.

The ESI-MS technique has been recognized as a power-
ful tool to study the stoichiometryand interactionsofmacro-
molecular assemblies in general11,12 and host�guest com-
plexes (caviplexes) and capsular assemblies (capsuleplexes)
in particular.13 In spite of this, to our knowledge, there are
no examples of stable capsuleplexes in the gas phase that
are stabilized primarily by hydrophobic forces in solution.
ESI-MS is useful when the self-assembly is driven by
electrostatic or hydrogen bond interactions.13,14 Since the
solvent and the entropy-driven hydrophobic effect are
absent in the gas phase13,15 such capsuleplexes are expected

to be unstable in the gas phase. This study presents
several examples of detectable capsuleplexes in the gas
phase that are stabilized in solution predominantly by
hydrophobic forces.
The cavitand that we reported recently known as octa

amine (OAm) is soluble in water under acidic conditions
(HCl or HBr) and forms 1:1, 2:1, or 2:2 complexes with
organic guest molecules.9 In this study we are interested in
capsuleplexes in which one or two guest molecules are en-
closedwithin a capsulemade up of twomolecules ofOAm.
The host OAm forms capsular assemblies with the guests
1�8 shown in Scheme 1. By 1-D and 2-D 1HNMR studies
we had shown earlier that the guests 1, 4, and 7 form 2:1
capsuleplexes.9With the help of the photophysical probe 7
we inferred that the interior of the capsule is nonpolar.
In the current study we report that the guests 2 and 3 form
2:2 and 5, 6 and 8 form 2:1 capsuleplexes. Typical 1HNMR
spectra of 2:2 and 2:1 capsular assemblies are shown in
Figure 1 with guests 2 and 6 as prototypical examples.
1H NMR spectra of the other guests are shown in Figures
S1�S8 in the Supporting Information (SI).
An upfield shift of the guest proton signals prompted by

diamagnetic shielding by the aromatic groups that form
the cavity interior generally suggests inclusionof guestmol-
ecules within the capsule of OAm. 1H NMR titration
experiments suggested the formation of capsular assem-
blies in the presence of the guests listed in Scheme 1 in
aqueous acidic solution. Our curiosity to examine the
stability of such complexes in the gas phase prompted the
current investigation. For this purpose we have employ-
ed ESI-MS as a tool. We begin the discussion with the
detection of OAm in the gas phase and follow this with
the results on capsuleplexes.

Under soft ionization conditions (capillary exit potential
100 V, skimmer potential 5 V, desolvation temperature
100 �C; see SI for experimental details) the ESI-MS of a
100 μM acidic aqueous solution (HCl, 0.37%) of OAm
provided signals atm/z 533.8, 711.1, and 1066.2, with four
(Δm=0.25), three (Δm=0.33), and two positive charges
(Δm = 0.5), respectively (Figure 2).

Scheme 1. Structure of OAm (Host) and of the Guests 1�8

Figure 1. 1H NMR spectra (500 MHz) of (a) 22@OAm2 and (b)
6@OAm2 ([OAm]=1mM, [2]=1mM, [6]=0.5mM) inD2O/
DCl (pH ≈ 1). Bound guest signals are marked with red *.
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Under harder ionization conditions (capillary exit po-
tential 320V, skimmerpotential 100V,desolvation tempera-
ture 300 �C; see SI for experimental details) the mass spec-
trumofOAmchanged to an envelope of ions atm/z 2059.2,
1030.0, 687.0, 515.6, and 412.9, with one, two, three, four,
and five positive charges, respectively (Figure S9 in SI).
The charge state of each ion was confirmed by Fourier
transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS). Based on the molecular mass of OAm and
on the observed charge states, the ions atm/z 2059.2, 1030.0,
687.0, 515.6, and 412.9 (Figure S9 in SI) were readily assign-
ed to [OAmþH]þ, [OAmþ2H]2þ, [OAmþ3H]3þ, [OAmþ
4H]4þ, and [OAmþ5H]5þ, respectively.
A comparison of the spectra obtained under soft and

hard ionization conditions (Figure 2 and Figure S9 in SI)
shows that the doubly charged ion observed under the
former conditions (m/z 1066.2) had an m/z increase of
36 units (mass 72 and charge þ2) relative to the one
observed under harder conditions (m/z 1030.0). The other
two ions, the triply and quadruply charged (m/z 711.1 and
533.8), also showed an additional 72 Da.

The fragmentations (MS-MS) ofm/z 1066.2 lead tom/z

1048.2 and 1030.2, indicating neutral losses of 36 and

72 Da, respectively (Figure S10a in SI). The same losses

were observed after fragmentation of the ions observed at

m/z 711.1 and 533.8 (Figure S10b and c). All fragmenta-

tions resulted in the same ion observed under hard ioniza-

tion conditions (Figure S9 in SI). The observed mass

change could be accounted for by the loss of two HCl

molecules, four H2O molecules, or a combination of both

chemical species. The definitive assignments of the ions

observed under soft ionization conditions (Figure 2) were

made following the useof a solutionofOAmpreparedwith

D2O and DCl (Figure S11 in SI). The masses of the main

ions from this solution, within experimental error, shifted
by 6Da (m/z 533.8), 5Da (m/z 711.1), and 4Da (m/z 533.8),
which can be accounted for by the presence of 2DClþ4Dþ,
2DClþ3Dþ, and 2DClþ2Dþ, respectively (compare
Figure 2 and Figure S11 in SI). This indicated that the
OAm cavitand came into the gas phase with two HCl
molecules. We therefore assign the ions at m/z 533.8,
771.1, and 1066.2 to [OAmþ2HClþ4H]4þ, [OAmþ2HClþ
3H]3þ, and [OAmþ2HCl þ2H]2þ, respectively. These
assignments are in agreement with the isotope patterns
obtained by FT-ICR-MS (Figure S12 in SI). Experi-
ments conducted with aqueous solutions of OAm with
HBr (0.47%) also formed OAm ions containing HBr
molecules (Figure S13 in SI).
Having established the ESI-MS behavior of the host

OAm, we proceeded to perform the ESI-MS studies of
capsuleplexes of OAm with guests 1�8 whose presence in
aqueous acidic solution, as mentioned above, was estab-
lished by 1H NMR. As an example, a detailed analysis of
mass spectra of 1@OAm2 is presented below. The mass
spectra of the complexes of 2�8withOAmare presented in
the SI, and interpretation of these follows the same reason-
ing used for 1@OAm2, which allowed us to conclude that
capsuleplexes of OAmwith guests 1�8 are stable in the gas
phase.
Complexes of 1@OAm2 gave a mass spectrum with

a base peak at m/z 921.3 and a minor signal at 232.0
(Figure 3a). The weak signal at 232.0 was assigned to the
free protonated guest. The isotope pattern near m/z 921
(Figure 3b) revealed ions with five positive charges
(Δm = 0.2). The fragmentation of m/z 921.3 resulted
mainly in free OAm, with three or four charges and
containing one or two HCl molecules (Figure S14 in SI).
The free guest is also observed after fragmentation
(m/z 232.0), indicating that the aggregate detected at m/z
921.3 contained both the host and the guest. Based on the
m/z value, on the charge state, on the fragmentation patterns
andon thebehaviorof the freeOAm(seeFigure2andFigure
S10 in SI), the ion observed atm/z 921.3 should correspond
to a capsule containing two OAm and one molecule of 1
(2:1 host�guest complex) and sevenHCl molecules.
The results for 1@OAm2prepared inD2O andwithDCl

gaveanm/zvalue for the aggregate shifted by 2.5 relative to
the samples prepared in H2O and with HCl (Figure S15
in SI). Since the charge state of the ion is five, the shift
corresponded to∼12 Da. Seven DCl molecules plus 5 Dþ

ions account for the observed shift.We therefore assign the
ion atm/z 921.3 to [1@OAm2þ7HClþ5H]5þ. The experi-
mental and the simulated isotope patterns, together with
high accuracy mass measurements, both determined by
FT-ICR-MS, were in agreement with the assigned struc-
ture of the capsule. FT-ICR-MS generates nearm/z 921 an
isotope distribution shown in Figure 3b. Spectra provided
in Figure 3c and 3d show the simulated isotope profiles
of the ions [1@OAm2þ7HClþ5H]5þ and [1@OAm2þ
14H2Oþ5H]5þ. Consistent with the above conclusion,
the simulated spectrum for [1@OAm2þ7HClþ5H]5þ fits
the experimental one. Furthermore, the exact mass for the
first peak of the isotope series is 920.45289, which is

Figure 2. ESI-MS spectrum (full scan) of an aqueous solution of
OAm (100 μM) with HCl (0.37%). Desolvation temperature
100 �C, capillary exit 100 V, skimmer 5 V. The insets show the
isotope patterns at each m/z value determined by FT-ICR-MS.
Assignments: m/z 533.8 [OAmþ2HClþ4H]4þ; m/z 711.1
[OAmþ2HClþ3H]3þ; m/z 1066.2 [OAmþ2HClþ2H]2þ.
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consistent with the formula C270H333O34N17Cl7, the mol-
ecular formula of the ion [1@OAm2þ7HClþ 5H]5þ.

The mass spectra of the complexes of 2�8 with OAm
recorded under soft conditions are provided inFigures S16
(22@OAm2), S17 (32@OAm2), S18 (4@OAm2), S19
(7@OAm2), S20 (5@OAm2), S21 (6@OAm2), and S22
(8@OAm2) in the SI. In all cases the base peak is the ion

corresponding to the capsuleplex with 7 HCl and 5 Hþ.
At this stage we are unable to offer any explanation for the
preference of 7 HCl and 5 Hþ. The capsule has 16 NEt2
groups, and of these, apparently, only 12 are protonated in
the gas phase.
It is important to point out that in the gas phase we did

not detect empty capsules, i.e., two associated host mole-
cules without any guest within. Even in solution, the
presence of empty capsules was not evident in the 1H
NMR spectrum. These observations confirm that capsule
formation in solution is guest induced and driven by
hydrophobic effects. The detection of stable 2:1 and 2:2
guest@OAm complexes without water molecules sur-
rounding them in the gas phase suggests that interactions
other than the hydrophobic effect should contribute to
capsule stability in the gas phase.15 Since the capsules are
detected in the gas phase with seven HCl molecules, the
ion�ion interactions involving the protonated amine
groups of the hosts and the external chloride ions are likely
to be an important attractive force that keeps the capsules
stable in the gas phase.16,17 In summary, we have demon-
strated (a) the use of ESI-MS to prepare and detect stable
OAm capsules in the gas phase, (b) gas phase OAm
complexes are seen as five charged ions with seven acid
(HCl/HBr) molecules, and (c) the involvement of ion�ion
interaction in capsule stability in the gas phase.
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Figure 3. ESI-MS spectra of 1@OAm2. (a) Full scan spectrum;
(b) experimental FT-ICR-MS spectrum near m/z 921; (c) simu-
lated isotope pattern for [1@OAm2þ7HClþ5H]5þ; and (d)
simulated isotope pattern for [1@OAm2þ14H2Oþ5H]5þ. Deso-
lvation temperature 100 �C, capillary exit 100 V, skimmer 5 V.
Assignments: m/z 232.0 [1þH]þ; m/z 921.3 [1@OAm2þ
7HClþ5H]5þ. The exact mass (920.45289) generates the mol-
ecular formula C270H333O34N17Cl7.
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