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790-784, Republic of Korea

(Received 26 March 2014; accepted 27 May 2014)

We investigated gas-phase complexes of a,v-n-alkyldiammonium ions with cucurbit[5]uril (CB[5]), decamethylcucurbit[5]

uril (mc5), penta(cyclohexyl)cucurbit[5]uril (CB*[5]), hexa(cyclohexyl)cucurbit[6]uril (CB*[6]), cucurbit[7]uril (CB[7])

and cucurbit[8]uril (CB[8]) using electrospray Fourier transform ion cyclotron resonance mass spectrometry and collision-

induced dissociation techniques. The five-membered cucurbit[n]urils (CB[n]s) form singly charged 1:1 and doubly charged

2:1 diamine:CB[n] complexes. All dissociate via loss of neutral a,v-n-alkyldiamine with only weak dependence of

dissociation thresholds on chain length. For a given diamine, threshold energies are in the order CB[5] , mc5 , CB*[5].

This is consistent with guest hydrogen bonding on the portals of the CB[5]s with no threading into the host’s interior. The n

$ 6 CB[n]s form 1:1 complexes with doubly protonated a,v-n-alkyldiamines. These collisionally dissociate via four

channels: loss of singly protonated a,v-n-alkyldiammonium; fragmentation of the CB[n] cage; loss of neutral a,v-n-
alkyldiamine and fragmentation of the a,v-n-alkyldiamine. The dissociation threshold energies and branching ratios exhibit

strong dependence on the length of the a,v-n-alkyldiamine and the size of the CB[n]. The data suggest that the optimum a,

v-n-alkyldiamine length for binding CB*[6] is three to four methylene groups; for CB[7], four to five methylene groups and

for CB[8], five to six methylene groups, indicating an increasing tendency for the guest to span the host cavity diagonally as

the size of the CB[n] increases.

Keywords: cucurbituril; alkyldiamine; mass spectrometry; collision-induced dissociation

1. Introduction

Host–guest interactions in supramolecules are strongly

influenced by solvent and counterion effects in condensed

phases. Gas-phase studies are ideal for investigating such

interactions because the perturbing effects of solvation are

not present and subtle, yet important differences can be

probed (1). Gas-phase experiments, primarily using mass

spectrometry and ion mobility methods, have increasingly

been used to address such issues (2–19).

Cucurbit[n]urils (CB[n]s) (20–24) are pumpkin-

shaped macrocycles that are cyclic condensation polymers

of glycoluril and formaldehyde. The CB[n]s examined in

this study have two identical openings that are lined with

electronegative carbonyl groups that make CB[n]s ideal

for binding with positive ions. The carbonyls are also good

hydrogen bond receptors. As a result, CB[n]s are

especially good hosts for a,v-n-alkyldiammonium ions,

which, in turn, are prototypical guests.

Complexes of the hollow, pumpkin-shaped guest

cucurbit[6]uril (CB[6]) with a,v-n-alkyldiammonium ions

have previously been characterised in the gas phase as a

function of alkyl chain length using Fourier transform ion

cyclotron resonance mass spectrometry using the sustained

off-resonance irradiation collision-induced dissociation

(SORI-CID) technique (3, 25). The experimental results

yielding relative dissociation energies, combined with

HF/6-31G* and B3LYP/6-31G* computational results,

indicate the diamine complexes with CB[6] are internal

pseudorotaxane complexes and four carbons is the

optimum chain length for binding of an n-alkyldiamine

by CB[6] in the gas phase. This is shorter than the

optimum chain length of six carbons measured in

aqueous formic acid solution (24, 26) and is consistent

with the fact that in solution the terminal charges of the

diammonium ion can be solvated by solvent molecules,

whereas in the gas phase they are only solvated by the CB

[n] host. A more recent study (18) examined complexes

of CB[6] and cucurbit[7]uril (CB[7]) with a series of a,
v-alkyldiammonium ions using isothermal titration

calorimetry and NMR techniques to characterise their

properties in solution, and low-energy CID, travelling

wave ion mobility spectrometry, and density functional

calculations to characterise their gas-phase behaviour.

This study verified the earlier conclusion that four

carbons are the optimum n-dialkylammonium chain

length for binding CB[6] in the gas phase.
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In this paper, we use SORI techniques to examine

other CB[n] hosts with the same a,v-alkyldiammonium

(H3N
þ(CH2)xNH

þ
3 , x ¼ 2–10) guests. The goal of this

work was to elucidate the effects of CB ring size and

peripheral substitution on the binding of alkylammonium

ions in the gas phase, because prior work has shown that

even small changes can sometimes have surprisingly large

effects. This work can be directly compared with the

results of computational studies, which are normally

carried out under gas-phase conditions, and it also

provides a benchmark for comparison with the much

more common work done in solution. Such comparisons

help reveal the role of solvation and are important because

these systems tend to behave differently in the gas phase

than in solution (18, 25). Cucurbit[5]uril (CB[5]),

decamethylcucurbit[5]uril (mc5), penta(cyclohexyl)cucur-

bit[5]uril (CB*[5]), hexa(cyclohexyl)cucurbit[6]uril (CB*

[6]), CB[7] and cucurbit[8]uril (CB[8]) are examined; the

relevant structures are shown in Figure 1. This affords the

opportunity to compare several hosts (the three n ¼ 5

hosts) that have portals too small to bind the guests

internally with larger hosts (the three with n . 5) that have

the potential to form inclusion complexes as does CB[6].

This set of hosts allows us to examine the interactions

between alkyldiamines and neutral CB[n]s, and specifi-

cally to examine chain length selectivity in larger CB[n]s.

2. Experimental

2.1 Materials

n-Alkyldiamines (x ¼ 2–10, where x is the number of

carbon atoms in the alkyl chain) and CB[5] were

purchased from Sigma-Aldrich (St Louis, MO, USA)

and used without further purification. mc5 was synthesised

by Dr Krzystof Krakowiak using published procedures

(27). CB*[5], CB*[6], CB[7] and CB[8] were synthesised

and provided by Dr Kimoon Kim (28). Stock solutions of

CB[n] were prepared at about 200mM by dissolving the

solid samples in 88% formic acid (Mallinckrodt Baker

Inc., Phillipsburg, NJ, USA) and then diluting with

methanol:water (50:50). The electrospray solutions were

prepared at concentrations of 100mM in CB[n] and

200mM in amines. Argon (99.995%) and SF6 (99.8%)

were purchased from Airgas (Radnor, PA, USA) to be used

as collision gases.

2.2 Instrumentation

All experiments were carried out using a Bruker model

APEX 47e Fourier transform ion cyclotron resonance

mass spectrometer controlled by a MIDAS/PREDATOR

data system (29, 30) and equipped with an infinity cell and

a 4.7-T superconducting magnet. Ions were generated in a

microelectrospray source modified from an Analytica

(Branford, MA, USA) design, with a heated metal

capillary drying tube based on the design of Wigger

et al. (31).

2.2.1 SORI-CID experiments

The stored waveform inverse Fourier transform method

was used to isolate the ion of interest (32). SORI-CID

experimentswere carried out by irradiating 1 kHz below the

resonant frequency of the target ion (33). Argon was

introduced as the collision gas using a Freiser-type pulsed

leak valve (34). SORI events included pulsing the Ar

background pressure in the trapping cell up to 1.7 £ 1025

mbar, waiting 2 s for conditions to fully stabilise and

applying the off-resonance irradiation for a variable amount

of time (which allows variation of the total energy deposited

in the ions; herein, times ranged from 10 to about 500ms,

with amplitudes kept constant at 11.4Vand durations kept

short to minimise radiative cooling between collisions),

followed by a 5-s delay to allow the trapping cell to return to

baseline pressure (about 1029mbar) prior to detection. Five

scans were averaged for each SORI excitation duration.

2.3 Data analysis

Transient signals were analysed using the Igor Pro

software package (version 6; Wavemetrics, Lake Oswego,

OR, USA). For SORI experiments, the Igor program was

used to extract peak amplitudes for a set of spectra that

differ in one or more experimental parameters and then

generate tables of peak intensities as a function of SORI

excitation duration. The resulting parent and product ion

peak intensities were normalised, and the relative SORI

collision energy was scaled to account for differences in

mass and excitation amplitude (although most experiments

were conducted while maintaining a constant excitation

amplitude). Relative SORI energies were calculated as

described previously (25); relative collision cross sections

for these calculations were determined using the cross

sectional areas by Fourier transform ion cyclotron

resonance (CRAFTI) technique (35). Energies obtained

from these experiments may be compared qualitatively,

but are not quantitative due to uncertainties about the

NN
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O H2
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n
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CB[n] CB*[n]

Figure 1. CB[n] hosts examined in this study. R ¼ CH3 for
mc5; R ¼ H otherwise.
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absolute kinetic energies of the colliding ions as well as

uncertainties about the efficiency of kinetic-to-internal

energy conversion.

3. Results and discussion

3.1 Electrospray of CB[n]s with a,v-n-alkyldiamine
complexes

Solutions of a,v-n-alkyldiammonium complexes with CB

[5], mc5 and CB*[5] were electrosprayed, and Fourier

transform ion cyclotron resonance mass spectrometry was

carried out. Doubly charged ions with 2:1 guest:host

stoichiometry ([CB[n] þ 2H2N(CH2)xNH3]
2þ) and 1:1

singly charged ions ([CB[n] þ H2N(CH2)xNH3]
þ) were

observed in the mass spectra for these solutions.

Solutions of the various guests with CB*[6], CB[7] and

CB[8] were also electrosprayed. Except for the mass spectra

for 1,2-ethanediamine and 1,3-propanediamine with CB[8]

(in which peaks from complexes were not consistently

observed), all the mass spectra involving these larger hosts

have one point in common: only one main peak was

observed in each spectrum, corresponding to one doubly

protonated diamine cation attached to the CB (a 1:1

complex). Considering the similarity between CB[6] and

these larger CB[n]s, we assume that these 1:1 complexes are

also pseudorotaxanes (written as [H3N
þ(CH2)xNH3

þ]@CB

[n]), like the CB[6] complexes studied previously (3, 25); in

fact, ion mobility data strongly suggest that both the CB[6]

and the CB[7] complexes have threaded structures (18). The

difficulty in observing complex peaks when spraying

solutions of ethane- or propanediaminewith CB[8] suggests

that complexes of these shorter guests with CB[8] have low

stability as a result of the size mismatch between the bigger

cavity and wider portal of CB[8] and the shorter chain

lengths of these guests.

3.2 Characteristic dissociation channels for SORI-CID
of CB[n] complexes

To better understand the structures of these complexes,

SORI-CID experiments were carried out on the ions of the

various complexes; the average energy deposited was

varied by varying the SORI duration while holding the

amplitude constant.

3.2.1 Dissociation behaviour of singly charged 1:1 a,v-
n-alkyldiamine complexes of CB[n]s

Except for 1,4-butanediamine with CB[5], the dissociation

fragments observed for CB[5], mc5 and CB*[5] 1:1

complexes are all the same type, yielding protonated CB

[5] and hydronium complexes of CB[5]. An example is

given in Figure 2, where the relative signal abundance of

the parent ion and product ions are plotted against the

relative SORI dissociation energies. The [CB[5] þ H2N

(CH2)4NH3]
þ complex yields one additional minor

dissociation product corresponding to loss of neutral

ammonia, [CB[5] þ H2N(CH2)4NH3–NH3]
þ.

The data suggest only one primary dissociation

pathway for these 1:1 complexes, loss of the neutral

diamine with proton transfer to the CB. At first glance, the

hydronium complexes are surprising as no primary

dissociation process could produce them. Indeed, we

believe that they are not primary dissociation products, but

rather are secondary products arising from reaction of the

protonated primary fragments with background water

vapour in themass spectrometer. Because the SORI events

are relatively long (from tens to hundreds of milliseconds,

typically), there are ample opportunities for reaction with

background water during these events and the subsequent

5-s delay period before the ion population is measured in

each experiment. As H3O
þ has been proposed as a

template ion in the formation of CB[5] (36), [CB[n]

þ H3O]
þ might be expected to form easily. Similarly, the

importance of water complexes in gas-phase CB[6]

chemistry has previously been discussed (18). Interest-

ingly, in contrast to the alkyldiamine complexes with CB

[6] (3), no cage fragmentation is observed for the 1:1

complexes of the CB[5] hosts. We conclude that these

singly charged complexes involve external binding of the

diamine guest, with the protonated ammonium group

attached to the carbonyl groups of the CB rim while the

remainder of the molecule stays outside the CB[5] cage.

It can be shown that the average energy deposited in a

SORI event is directly proportional to the duration of the

event and to the collision cross section, and also depends

on the masses of the neutral collision gas and the ion (25).

The relative energies for 50% loss of the parent ion,

ESORI,50, were determined taking these factors into

account and are shown in Figure 3. The ESORI,50 values,

which are an indicator of the overall relative stability of

E

Figure 2. (Colour online) Typical SORI dissociation curve for
singly protonated 1:1 CB[5]:a,v-n-alkyldiamine complexes.
These data are for the complex of CB[5] with a,v-
pentanediamine.
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each complex, are similar for all complexes with the same

CB[5] host; no obvious trends are evident as the length of

the guest alkyl chain varies. This suggests that all these 1:1

singly charged complexes have similar dissociation

energies, as expected if the guests are all bound externally,

because each would involve similar hydrogen bonding to

the five carbonyl oxygen atoms of the portal.

Comparing CB[5] complexes with the same guest

cation, the ESORI,50 values all follow the same trend: CB[5]

, mc5 # CB*[5]. Two factors likely account for this. The

first is the relative polarisabilities of the hosts. Polarisa-

bility plays an important role in determining the strength

of ion–neutral interactions (37), and the polarisabilities of

the neutral CB[n]s go up with increasing number and size

of substituents (38). For instance, the relative polaris-

abilities of CB[5], mc5 and CB*[5] can be estimated using

the method of Miller and Savchik (38); they are 54, 73 and

87 Å3, respectively, in the same order as the observed

ESORI,50 values. Therefore, the larger mc5 and CB*[5]

complexes have greater intrinsic dissociation energies than

the smaller corresponding CB[5] complexes.

The second factor is related to the dissociation kinetics

for the complexes. The more highly substituted hosts have

more internal degrees of freedom in which energy

deposited by collisions may be distributed prior to

dissociation. This causes the dissociation rates of the

larger complexes to be slower, meaning that more energy

may be required to facilitate dissociation at the same rates

as observed for the less-substituted hosts (39). Because the

time scale for dissociation in SORI is quite long (several

seconds), we do not expect these degree-of-freedom

effects to be large; the polarisability effects probably

dominate and the observed CB[5] , mc5 # CB*[5]

trends in ESORI,50 probably reflect real differences in

intrinsic binding strengths.

3.2.2 Dissociation behaviour of doubly charged 2:1 a,v-
n-alkyldiamine complexes of CB[5]s

As for the 1:1 complexes, SORI-CID experiments were

carried out on the 2:1 alkyldiamine complexes of CB[5],

mc5 and CB*[5] with a constant SORI excitation

amplitude. A typical plot of normalised parent and

product ion signals in the dissociation of complexes of two

singly protonated diamines with one CB[5] host is shown

in Figure 4. These 2:1 complexes all have the same three

types of fragments: singly charged 1:1 complexes,

protonated hosts and hydronium complexes of the hosts.

Therefore, we observe two dissociation pathways for the

2:1 complexes: loss of one protonated diamine cation and

loss of an additional neutral amine. Just as with the 1:1

complexes, we observe no cage fragmentation for the 2:1

complexes. This again suggests that the alkyldiammonium

is too large to thread through the portals of CB[5] or its

substituted analogues. Rather, the ammonium cations bind

with the ammonium groups hydrogen bonded to the CB

rims without including the rest of either molecule within

the CB cavity. This conclusion is consistent with the

observed small variation in binding strengths as alkyldia-

mine chain length varies for complexes with CB[5] and its

analogues (Figure 3): the binding strengths are determined

primarily by the hydrogen bonding interactions, which are

similar regardless of chain length. The observed

dissociation behaviour of the 2:1 complexes also provides

one more evidence for the external structure of the 1:1

complexes: if the 1:1 complexes were inclusion com-

plexes, dissociation of the 2:1 complexes should result in

doubly charged 1:1 complexes with the loss of a neutral

diamine, not the observed loss of a protonated diamine (3).

The average SORI energies required for 50% loss of

the various parent 2:1 complex ions as the guest chain

length is varied are plotted together in Figure 5. For

complexes with the same hosts, values of the disappear-

ance energies do not vary greatly with diammonium chain

E

x x

Figure 3. (Colour online) Relative SORI energies for 50%
survival of [H2N(CH2)xNH

þ
3 ]·CB[5], [H2N(CH2)xNH

þ
3 ]·mc5 and

[H2N(CH2)xNH
þ
3 ]·CB*[5] complexes, x ¼ 2–10. Error bars

represent standard errors from the linear fitting procedure used
to derive the value.

E

Figure 4. (Colour online) Typical SORI dissociation curve for
doubly protonated 2:1 a,v-n-alkyldiamine:CB[5] complexes.
These data are for the 2:1 complex of a,v-pentanediamine with
CB[5].
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length. For complexes with the same diammonium cation,

values of disappearance energies follow a consistent trend:

CB[5] , mc5 , CB*[5], the same as for the 1:1

complexes, with the same explanation. Comparison of

Figure 5 with Figure 3 reveals that the energies required to

dissociate the 1:1 complexes shown in Figure 3 are

consistently larger than those required to dissociate the 2:1

complexes of Figure 5. This is consistent with the idea that

Coulombic repulsion plays a significant role in lowering

the intrinsic stability of the doubly charged 2:1 complexes,

as has been seen previously for 2:1 alkali cation:CB[5]

complexes (40).

3.2.3 Dissociation behaviour of alkyldiammonium

complexes of CB*[6]

Four general fragmentation pathways were observed in the

dissociations of the [H3N
þ(CH2)xNH3

þ]@CB*[6] com-

plexes. First, we note proton transfer dissociation, in which

the main products are protonated CB*[6] and singly

charged diamine (due to mass discrimination in the

instrument, the relative abundance of H2N(CH2)xNH3
þ is

much lower than that of CB*[6]Hþ) and diamine

fragments. Second, we observe cage fragmentation; this

includes both singly and doubly charged fragments of the

CB[n] cage. Third, we observe loss of the neutral diamine,

resulting in doubly charged CB*[6]. Finally, we observe

losses that appear to originate from the neutral diamines,

resulting in doubly charged ions of the remaining part of

the diamine with intact CB*[6]. These included losses

of neutrals with the formulae CyH2yNH2 as well as losses

of neutral ammonia. The fraction of fragmentations via

each of these four channels, at average kinetic energies

sufficient to cause the complete disappearance of each

parent complex ion, is plotted as a function of number of

carbon atoms in the n-alkyldiamine chain in Figure 6.

For x ¼ 2–4, cage fragmentation is the principal

dissociation channel, with other channels accounting for

less than about 20% of the dissociation products. For x ¼ 5,

the relative importance of loss of the neutral diamine

(resulting in the [CB*[6] þ 2H]2þ product) becomes

significant, and this becomes the dominant channel for

x ¼ 6–7. For x ¼ 7–10, loss of neutral pieces of diamine

become more abundant, becoming the dominant channel

for x ¼ 8 and longer. It is likely that these larger diamines

are too long for optimal binding with both rims of the CB

cage. Furthermore, the longer diamines likely protrude

from the CB*[6] cavity and are therefore less protected

from collisional cleavage.

3.2.4 Dissociation behaviour of alkyldiammonium

complexes of CB[7]

The same four dissociation channels noted for CB*[6] are

observed for the CB[7] complexes: proton transfer

dissociation, cage fragmentation, loss of neutral amines

and loss of neutral fragments of the amines. The relative

abundances of the various dissociation channels are

plotted in Figure 7.

Proton transfer dissociation and cage fragmentation are

observed for every diamine complex with CB[7], and the

relative abundances of these two channels appear to mirror

each other as a function of alkyl chain length. Proton

transfer is the most abundant channel for x ¼ 2, decreases

in relative abundance for x ¼ 3–5, then increases again for

x ¼ 6–8 and remains the most abundant channel for

x ¼ 9–10. Cage fragmentation increases in abundance

from x ¼ 2 to a maximum of over 80% for x ¼ 5, then falls

steadily from x ¼ 6–10,with,10%abundance for x ¼ 9–

10. The prominence of the cage fragmentation channel for

x ¼ 4–5 suggests that this chain length is close to the

optimum for hydrogen bonding between the protonated

x

x

x

E

x x

Figure 5. (Colour online) Relative SORI energies for 50%
survival of [CB[5] (H2N(CH2)xNH2)2 þ 2H]2þ, [mc5·(H2N
(CH2)xNH2)2 þ 2H]2þ and [CB*[5] (H2N(CH2)xNH2)2 þ 2H]2þ

complexes, x ¼ 2–10. Error bars represent standard errors from
the linear fitting procedure used to derive the value.

x x

Figure 6. (Colour online) Fragmentation channels for
[H3N

þ(CH2)xNH
þ
3 ]@CB*[6] ions as a function of guest alkyl

chain length.
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diamine and the two opposite rims of CB[7]. Interestingly,

thismaximum in the cage fragmentation channel occurs at a

larger value of x for CB[7] (x ¼ 5) than for the smaller CB*

[6] (x ¼ 4). The other two channels, loss of neutral diamine

and loss of neutral diamine fragments, only become

important for the longer chain lengths and are much less

prominent than was observed for the CB*[6] complexes.

This likely reflects the larger size of CB[7] and a greater

tendency to include the alkyldiamine guests than is possible

for the smaller CB*[6].

3.2.5 Dissociation behaviour of alkyldiammonium

complexes of CB[8]

SORI-CID experiments similar to those done for the CB

[7] complexes were carried out on the diamine complexes

with CB[8] (Figure 8). Dissociation of these CB[8]

complexes also follows four pathways, analogous to those

observed for the CB[7] complexes. Among the four

channels, proton transfer dissociation and cage fragmenta-

tion are the most abundant for the CB[8] complexes, as

they are for the CB[7] complexes. As was noted for the CB

[7] complexes, the patterns in proton transfer dissociation

and cage fragmentation roughly mirror each other. The

greatest abundances for cage fragmentation are observed

for x ¼ 5–6. As chain lengths increase beyond that, proton

transfer, loss of neutral diamine and loss of neutral

diamine fragments all grow in prominence. The relative

abundance of the diamine fragmentation channel is greater

for the CB[8] complexes than for the corresponding CB[7]

complexes; perhaps the larger portal of CB[8] leaves the

diamine guests less protected from collisional fragmenta-

tion than in the CB[7] complexes. To sum up, although

cage fragmentation is predominant for x ¼ 4–7, based on

the fraction of proton transfer dissociation, the x ¼ 5 and 6

diammonium ions appear to have the highest binding

affinity with CB[8].

3.3 Relative dissociation energetics of
alkyldiammonium complexes of CB*[6],
CB[7] and CB[8]

As we did with the CB[5] complexes, we can measure the

average SORI energy required to dissociate 50% of each of

the complex ions formed from the larger CB[n]s. These

values are plotted in Figure 9, along with data from Ref.

(7) for complexes of unsubstituted CB[6].

The energy required to dissociate complexes of these

four CB[n]s is much greater than was needed for

dissociation of either the 1:1 singly charged or 2:1 doubly

charged complexes of the CB[5]s. This is likely due to two

factors. First, the larger CB[n]s have more internal degrees

of freedom and would therefore be expected to require

larger internal energies to dissociate on the same time

x x

Figure 7. (Colour online) Fragmentation channels for
[H3N

þ(CH2)xNH
þ
3 ]@CB[7] ions as a function of guest alkyl

chain length.

x x

Figure 9. (Colour online) Relative SORI energies for 50%
survival of [H3N

þ(CH2)xNH
þ
3 ]@CB[6] (from Ref. (7)),

[H3N
þ(CH2)xNH

þ
3 ]@CB*[6], [H3N

þ(CH2)xNH
þ
3 ]@CB[7] and

[H3N
þ(CH2)xNH

þ
3 ]@CB[8] complexes, x ¼ 2–10. Error bars

represent standard errors from the linear fitting procedure used to
derive thevalue.Relativevalueswithin a serieswith a givenhost are
accurate, but comparisons between different hosts are approximate.

x x

Figure 8. (Colour online) Fragmentation channels for
[H3N

þ(CH2)xNH
þ
3 ]@CB[8] ions as a function of guest alkyl

chain length.
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scales as the smaller CB[5]s (39). However, we believe

that the second factor is probably more important: the CB

[5]s form externally bound complexes, whereas the data

suggest that the n . 5 CB[n]s form pseudorotaxanes with

alkyldiamines. Thus, in the CB[5] complexes, only one

end of each alkyldiamine guest is hydrogen bonded to the

CB[5] rim, whereas for n . 5, both ends of each guest are

bound (as long as the guest is sufficiently long to allow

this). In fact, the dissociation energies for the shortest

guests bound to the n . 5 CB[n]s approach the energies

observed for the CB[5] complexes, which is expected if the

guest is too short to bind simultaneously to both rims.

The variation in relative dissociation energies with

alkyldiamine chain length shows how the stabilities of the

various complexes change as the chain length increases.

The data indicate that in cases where the diamine can

thread through the CB[n], the host exhibits selectivity for

certain n-alkyldiamine chain lengths. The [H3N
þ(CH2)x-

NH3
þ]@CB*[6] complexes have the highest average

dissociation energies for x ¼ 3–4 and the dissociation

energy peaks sharply (Figure 9), whereas the maximum for

[H3N
þ(CH2)xNH3

þ]@CB[7] occurs for x ¼ 4–5, peaking

less sharply, and the maximum for [H3N
þ(CH2)xNH3

þ]
@CB[8] occurs for x ¼ 5–6, with the weakest chain

length dependence. This suggests that the optimum

alkyldiamine chain length for binding CB*[6] is 3–4

carbon atoms (interestingly, this is shorter than the

optimum of 4 carbon atoms observed for CB[6]) (25). The

slightly shorter optimum observed for CB*[6] may reflect

greater rigidity and stronger size selectivity in this host

than in unsubstituted CB[6]. The optimum alklydiamine

chain length for CB[7] is 4–5 carbon atoms, and for CB

[8], it is 5–6 carbon atoms. Because all CB[n]s have the

same height, this increase in optimum chain length must

reflect increasing ability for the alkyldiamine to pass

through the CB[n] portal at greater angles to the CB[n]

molecular axis, ‘diagonally’ through the cavity, as n

increases.

It is interesting to compare the dependence of average

dissociation threshold energies on chain length (Figure 9)

with the tendency for the complex to undergo cage

fragmentation (Figure 10). In general, the highest average

dissociation threshold energies correspond to greatest

abundances in the cage fragmentation channels. This

again suggests that these complexes are strongly bound

pseudorotaxanes in the gas phase; removal of the guest

generally requires breaking covalent bonds in the CB[n]

cage, whereas for the externally bound CB[5]s, lower

energies are needed to remove the guest and the only

important dissociation channel is loss of the neutral

alkyldiamine. One interesting exception to this trend is the

1:1 CB*[6] complex with ethylenediammonium. Despite

the relatively low ESORI,50 value for this complex

(Figure 9), cage fragmentation accounts for about 75%

of its collisional dissociation products (Figures 6 and 10).

The low ESORI,50 value is easily rationalised in terms of the

short chain length of ethylenediamine, too short to span

the distance between the two CB*[6] rims. The high

incidence of cage fragmentation may occur because the

other dissociation channels are not readily accessible.

Proton transfer dissociation is not abundant for any of the

CB*[6] complexes (Figure 6), suggesting that the proton

affinity of CB*[6] is relatively low compared with the

diamines. If so, this would also disfavour loss of neutral

ethylenediamine. That would leave fragmentation of the

diamine as the only other dissociation channel, but this

process is only observed for longer diamines in all the CB

[n] complexes.

4. Conclusions

Complexation of a,v-alkyl diammonium ions with CB[5],

mc5, CB*[5], CB*[6], CB[7] and CB[8] in the gas phase

was studied via SORI-CID techniques. The similarity in

dissociation thresholds as guest chain length varies and the

preponderance of simple diamine losses suggest that the

CB[5] complexes all involve external binding of the

diamine in the gas phase. On the other hand, observation of

extensive cage fragmentation and strong chain length

dependences in both the dissociation threshold energies

and the fragmentation branching ratios indicate the

complexes of CB*[6], CB[7] and CB[8] are pseudorotax-

anes in the gas phase, with the alkyl chain threading

through the CB cavity. Although all CB[n]s have the same

intrinsic height, for CB[7] and CB[8] it is possible for the

guest to span the CB[n] cavity diagonally, so these larger

CB[n]s can accommodate longer alkyldiamine guests. The

patterns in both average dissociation energies and

dissociation channel branching ratios suggest that for

CB*[6] the optimal chain length is x ¼ 3–4; for CB[7],

x ¼ 4–5; and for CB[8], x ¼ 5–6, where x is the number

of carbon atoms in the n-alkyl chain.

x x

Figure 10. (Colour online) Fractional abundance of the cage
fragmentation dissociation channel for [H3N

þ(CH2)xNH
þ
3 ]@CB

[n] as a function of chain length for CB*[6], CB[7] and CB[8].
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