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bstract

Complexes of �,�-alkyldiammonium cations [H3N+(CH2)nNH3
+, n = 2–10] with the cyclic, hollow ligand cucurbit[6]uril (CB6) were character-

zed in the gas phase using Fourier transform ion cyclotron resonance mass spectrometry with energy resolved sustained off-resonance irradiation
SORI) collision induced dissociation, in combination with HF/6-31G* and B3LYP/6-31G* computational methods. All the complexes have the
iammonium cation threaded through the cavity of CB6. The modeled supramolecular geometries, the SORI energies required for dissociation
f the complexes and for appearance of singly protonated diamine product ions, and the branching ratios for the various dissociation channels
ll suggest that the optimum �,�-alkyldiammonium chain length for binding CB6 in the gas phase occurs for n = 4. This contrasts with observed
omplex stability constants in aqueous formic acid, which are maximum for n = 6, reflecting solvent stabilization of the ammonium groups that

s not possible in the gas phase. At the B3LYP/6-31G* level of theory, the binding energy for the n = 4 complex with respect to dissociation to
ingly protonated butanediamine and protonated CB6 is 204 kJ mol−1. The n = 6 complex exhibits especially low dissociation thresholds, perhaps
eflecting compression of the diammonium cation upon complexation with CB6, forming a loaded “molecular spring.”

2007 Elsevier B.V. All rights reserved.
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. Introduction

Molecular nanotechnology [1], the development and applica-
ion of devices of nanometer size built from single molecules or
upramolecular assemblies of a few molecules, is one of the most
romising new areas of 21st century research. Most researchers
n the nanotechnology area have taken the approach of mak-
ng existing devices smaller (for example, decreasing the size of
ransistors used in microchips) or of carrying out existing pro-
esses on a smaller scale (for instance, using shorter wavelength
adiation to scale down photolithography). Another approach,
ne favored by nature, is to redesign the devices using the small-
st possible components, atoms and molecules. The feasibility of
his approach is demonstrated in biology; biological systems use

xtensive molecule-based “nanotechnology,” with DNA acting
s a molecular information storage device and various proteins
erving as molecular machines.

∗ Corresponding author. Tel.: +1 801 422 2355; fax: +1 801 422 0153.
E-mail address: david dearden@byu.edu (D.V. Dearden).
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With the push to design and synthesize artificial nanodevices
omes an urgent need to develop techniques for characterizing
hem. Most current methods focus on imaging the nanodevices,
sually on surfaces, with high (preferably atomic) resolution.
hile imaging techniques are powerful, they suffer from limi-

ations in their ability to chemically characterize the materials
eing imaged. In addition to imaging, techniques typically used
o characterize nanomaterials and supramolecular assemblies
nclude NMR, UV-vis and IR spectroscopy, thermogravime-
ry, X-ray crystallography, and electrospray mass spectrometry
ESI-MS) [2,3]. If the molecules of interest contain param-
gnetic atoms or undergo rapid exchange/equilibration among
ultiple structures, NMR will be of only limited value. In addi-

ion, it is often difficult to obtain crystals of sufficient quality for
-ray structure determination. ESI-MS is primarily used only for
etection of the molecular ion corresponding to a supramolecu-

ar structure, but seldom is it used for structural characterization
eyond this. Of these methods, all but ESI-MS require relatively
arge amounts of material, and all (including ESI-MS as it is usu-
lly practiced) are strongly influenced by the presence of solvent

mailto:david_dearden@byu.edu
dx.doi.org/10.1016/j.ijms.2007.02.002
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Fig. 1. Structural and space filling models of cucurbit[6]uril, CB6.

r other matrix materials. Thus, an urgent need exists for new
nalytical methods.

Cucurbiturils [4] are pumpkin-shaped cyclic polymers of
lycoluril with hollow interior cavities that are promising as
omponents of supramolecular devices. As shown in Fig. 1,
arbonyl oxygen atoms line the portals of the cucurbituril and
orm ideal binding sites for positive ions, while the interior cav-
ties can contain neutral molecules of proper size. Cucurbiturils
omposed of n glycoluril units are named cucurbit[n]urils, CBn
ereafter.

CB6 has been known for over 100 years, and has been
xtensively characterized in condensed media beginning in the
980s [4]. CB6 is of the proper size to form complexes with
,�-alkyldiammonium cations in solution. In condensed media,

hese complexes have rotaxane structures, where the diammo-
ium chain is threaded through the cucurbituril. Despite its low
olubility in most solvents, CB6 and its complexes are straight-
orward to study using ESI-MS, and provide a good test bed for
ew mass spectrometric methods for characterizing supramolec-
lar assemblies.

We recently used complexes of 1,4-diaminobutane with CB6
o demonstrate that ESI-MS sample introduction, combined with
andem mass spectrometry, can be used to distinguish between
hreaded, rotaxane structures and non-threaded conformations
5]. Both the reactivity of these complexes with neutral amines
nd their collision induced dissociation (CID) behavior are
istinct. Threaded structures react with propylamine via slow
ddition, whereas non-threaded structures react via rapid amine
xchange. Threaded complexes are relatively difficult to dis-
ociate collisionally and tend to do so via covalent cleavages,
hereas non-threaded structures tend to dissociate via disrup-

ion of the non-covalent interactions between the assembled
olecules.
In this paper we explore the collisional dissociation behav-

or of �,�-alkyldiammonium ion [H3N+(CH2)nNH3
+, n = 2–10]

omplexes of CB6 in much greater detail, using sustained off-
esonance irradiation (SORI) CID techniques [6], which have
ecently been reviewed [7]. We apply SORI in an energy-
esolved manner to characterize fragmentation as a function of
nergy and the relative binding strengths of the various com-
lexes, with an eye toward determining the intrinsic optimum
lkyldiammonium chain length for binding CB6.

With the increasing availability of more powerful comput-

rs, even supramolecular complexes consisting of more than
0 heavy atoms, such as those described here, are within the
each of reasonably accurate computational methods. Compu-
ational chemistry, which excels at the description of isolated

v
e
e
o
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olecules in the gas phase, is an ideal complement to the gas
hase experiments described in this paper, and we employ com-
utational methods extensively to supplement and illuminate our
xperimental studies.

. Experimental

.1. Instrument

All experiments were carried out using a Bruker model APEX
7e FT-ICR mass spectrometer controlled by a MIDAS data sys-
em [8] and equipped with a microelectrospray source modified
rom an Analytica design, with a heated metal capillary drying
ube based on the design of Eyler [9].

.2. Materials

CB6 and n-alkyldiamines (n = 2–10) were purchased from
igma Chemical Co. (St. Louis, MO) and used without
urther purification. CB6 was dissolved in 88% formic
cid (Fisher Scientific, New Jersey), diluted to about 1 mM
n 50:50 methanol/water, and mixed with about 2 mM n-
lkyldiamine. The samples were electrosprayed at a typical flow
ate of 10 �L/h.

.3. SORI–CID experiments

Stored waveform inverse Fourier transform [10] techniques
ere used to isolate target peaks. Sustained off-resonance

rradiation–collision-induced dissociation (SORI–CID) [6]
xperiments were performed by irradiating 1 kHz below the res-
nant frequency of the ion of interest. Collision gas (air) was
ntroduced using a Freiser-type pulsed leak valve [11], which

aintains a constant pressure during the SORI excitation. SORI
vents involved pulsing the background pressure in the trapping
ell up to 10−5 mbar and applying the off-resonance irradiation
or 5 s. The amplitude of the SORI RF pulse was varied program-
atically through a range of values from less than the threshold

or dissociation to several times the threshold value. Ten scans
ere averaged for each SORI amplitude.

.4. Threshold data analysis

Data analysis was performed with a modified version of
he MIDAS Analysis software package [8] that was capable of
xtracting peak amplitudes from a set of spectra that differ in one
r more experimental parameters (in this case, SORI amplitude).
he software generated tables of peak intensities as a function
f SORI excitation voltage.

Meaningful comparison of SORI data for different molecular
ystems requires a relationship between SORI amplitude and
he amount of energy supplied to the molecular system by the
ORI process. Because SORI supplies energy to the parent ion

ia a series of low energy collisions, both the average collision
nergy and the total number of collisions contribute to the total
nergy available, ESORI [12]. ESORI is the product of the number
f collisions the parent ion undergoes, ncoll, and the average
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nergy transferred per collision in the center-of-mass frame of
eference, Ecoll:

SORI = ncollEcoll (1)

The number of collisions the ion undergoes is a function of the
ollision frequency, νcoll, and the time during which collisions
ake place, tcoll (the length of the SORI event):

coll = νcolltcoll (2)

The product of neutral gas number density, N*, collision cross
ection, σ, and ion velocity, v, gives the collision frequency:

coll = N∗σv (3)

The maximum kinetic energy in the center-of-mass refer-
nce frame during SORI, Emax

CM , has been derived by Laskin and
utrell [13]. In the following expression, β is the trapping cell
eometry factor, q is the charge on the ion, d is the trapping cell
iameter, �f is the frequency offset of the excitation pulse from
he ion’s resonant frequency, M is the mass of the neutral, m is
he mass of the ion, and Vpp is the peak-to-peak amplitude of the
ORI excitation pulse.

max
CM = β2q2

32π2d2(�f )2

(
M

M + m

)
V 2

pp

m
(4)

The maximum kinetic energy in the center of mass frame is
lso related to the maximum velocity of the activated ions, vmax,
nd reduced mass, μ:

max
CM = 1

2
μv2

max (5)

Combining Eqs. (4) and (5), we derive an expression for the
aximum ion velocity during the SORI event:

max = βq

4πd(�f )

Vpp

m
(6)

We assume that the average ion velocity, v, is proportional
o vmax and much greater than the thermal velocity of the
eutral collision partner. The following expression for ncoll
esults, where Kv is the proportionality constant relating v to
max:

coll = N∗σKv

βq

4πd(�f )

Vpp

m
tcoll (7)

Absent knowledge of the kinetic-to-internal energy deposi-
ion function, we assume a constant fraction of the maximum
inetic energy, fE, is deposited into the ion; for systems where
etailed studies have been made [13,14], this is approximately

orrect. Combining Eqs. (1), (4) and (7), we arrive at an expres-
ion for the amount of energy deposited in the ion via the SORI
vent:

SORI = N∗σKvfEtcoll
β3q3

128π3d3(�f )3

(
M

M + m

)
V 3

pp

m2 (8)
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In our experiments, all the terms in Eq. (8) are constant
xcept σ, M, m, and Vpp. Therefore, it follows that ESORI is
roportional to the experimental parameters as expressed in
q. (9):

SORI ∝ σ

(
M

M + m

)
V 3

pp

m2 (9)

We assume collision cross sections to be independent of
elocity (the hard sphere collision limit). Relative collision cross
ections were estimated by computing the solvent accessible
urface areas of the various complexes using a probe radius of
.5 Å; the maximum variation from smallest to largest complex
as less than 8.5%. The relative energy scales for the various
ORI processes were determined using Eq. (9), with no attempt
t quantitative calibration.

Relative thresholds were extracted by linear fitting to the ris-
ng portion of the fragment ion curve and extrapolation to the
-intercept of the fitted line. As we note below, FTICR discrim-
nates against low mass fragment ions, and it is possible such
iscrimination might affect the positions of the measured thresh-
lds. We believe such effects are likely to be small because the
igh mass fragment ions from the various parent complexes all
ave similar masses (varying in general by less than 10%). If
iscrimination were strongly influencing the positions of the
hresholds, we would expect to see systematic variation in the
hresholds as mass varies, but such systematic effects are not
bserved. Therefore, we have made no attempt to correct the data
or potential mass discrimination effects, which at this juncture
emain poorly understood.

.5. Computational methods

Our overall strategy is to use fast, relatively less accu-
ate methods (molecular mechanics conformational searching)
o screen for low-energy complex structures, which are then
xamined using ab initio techniques (HF/6-31G*). In gen-
ral, our calculations used the following protocols. Structures
ere sketched using the Maestro/Macromodel modeling pack-

ge (Macromodel version 7.1; Schrödinger Inc.; Portland,
R). Conformational searches were performed using the
MFF94s [15] force field with no nonbonded cutoffs and
ith conjugate gradient minimization, and using the MCMM

earch method with automatic setup and 20,000 starting struc-
ures.

The lowest-energy structures found in the conformational
earches were used as the starting point for both HF/6-31G*
nd B3LYP/6-31G* full geometry optimizations. These cal-
ulations were performed using NWChem (versions 4.7 and
.0; Pacific Northwest National Laboratory; Richland, WA)
16] and used NWChem default convergence criteria. Molec-
lar symmetry was used to facilitate the calculations where
ossible. Calculations were set up and monitored using ECCE

versions 3.5 and 4.0; Pacific Northwest National Laboratory;
ichland, WA) [17]. VMD (version 1.8.5; University of Illinois
t Urbana-Champaign) [18] was used for visualizing molecular
tructures.



1 of M

3

3

a
d
[
a
i

F
e
t
t

f
a
t
a
c
b

S
t
t
p

90 H. Zhang et al. / International Journal

. Results

.1. SORI–CID experiments

SORI–CID was carried out by systematically varying the
mplitude of the SORI pulse. Relative SORI energies were
etermined using Eq. (9) to enable comparison of data for the
H3N+(CH2)nNH3

+]@CB6 complexes as n varies. Disappear-
nce of the parent ions, and appearance of the various fragments,
s plotted in Fig. 2 for all the complexes studied.

Disappearance curves for the various complexes are shown in

ig. 3. The falling portions of the curves all have similar slopes
xcept for the n = 4 data, where too few points were measured
o clearly define the fall-off. Relative energies for 50% loss of
he parent ion, ESORI, 50, were determined by linear fitting of the

c
i
o
s

Fig. 2. SORI ion yield curves for [H3N+(CH
ass Spectrometry 265 (2007) 187–196

alling portion of each disappearance curve, and the energies
nd standard errors are shown in Fig. 4. For n = 4, the use of
oo few points on the falling portion of the curve likely leads to
n overestimate of ESORI, 50; comparison with the slopes of the
urves for other values of n suggests a value of about 80 would
e more appropriate for n = 4.

We observe three general fragmentation pathways in
ORI–CID of [H3N+(CH2)nNH3

+]@CB6 complexes, illus-
rated in Scheme 1. These channels include dissociation of
he complex by loss of a singly protonated diamine (yielding
rotonated CB6 as the complementary product; due to mass dis-

rimination in the instrument, protonated CB6 is usually the
on that is observed representing this channel), fragmentation
f the CB6 cage, and loss of pieces of the diamine (typically
mall monoamines) resulting in doubly charged complexes of

2)nNH3
+]@CB6 complexes, n = 2–10.
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Fig. 3. SORI parent ion survival yield curves for [H3N+(CH2)nNH3
+]@CB6

complexes, n = 2–10. Lines are linear fits used to determine 50% survival for
each complex.

Fig. 4. Relative SORI energies for 50% survival of [H3N+(CH2)nNH3
+]@CB6

complexes, n = 2–10. Error bars represent standard errors from the linear fitting
procedure used to derive the values. The arrow at n = 4 is to suggest the plotted
value is likely too high.

Scheme 1.
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ig. 5. SORI ion yield curves for production of CB6H+ fragments from
H3N+(CH2)nNH3

+]@CB6 complexes, n = 2–10. Lines are linear fits used to
stimate appearance thresholds.

he remaining fragment with CB6. The branching ratios among
hese three pathways strongly depend on the length of the alkyl-
iammonium chain, n.

All the complexes exhibit the protonated diamine loss chan-
el (Fig. 2), which is directly compared for all the complexes in
ig. 5. The relative intensity of this channel varies widely with

he length of the diamine chain, n, but follows a regular pattern.
t is the dominant channel for n = 2, is less abundant for n = 3,
nd falls to only about 10% of the SORI products for n = 4. For
= 5 and n = 6 the relative abundance increases, reaching about
0% of all products for n = 7. For n = 8–10, protonated diamine
oss represents up to about 50–60% of the SORI products.

The threshold energies for protonated diamine loss are also
f interest. The solid lines in Fig. 5 represent linear fits to the
ising portion of the threshold curve that were used to estimate
hreshold energies. The threshold values, with error bars repre-
enting standard errors from the fitting procedure, are shown in
ig. 6 as a function of diamine chain length. The lowest thresh-
ld occurs for n = 2, with threshold values increasing for n = 3 to
maximum for n = 4 or 5. The latter two thresholds have large
ncertainties because of the relatively low abundance of the pro-
onated diamine loss channel for these complexes. Interestingly,
he threshold for n = 6 is relatively low, whereas higher, similar
alues are observed for n = 7–10. The protonated diamine loss
hresholds shown in Fig. 6 qualitatively parallel the disappear-
nce energies shown in Fig. 4, in that the patterns as n varies are
imilar.

Cage fragmentation is not observed for n = 2, but its relative
mportance increases with n to a maximum at n = 4, concomitant
ith the minimum abundance of the protonated diamine loss

hannel (Fig. 2). Cage fragmentation decreases in abundance

or n > 4, until it is no longer observed for n > 8 (Fig. 2h and i).

For the higher values of n, the diamine fragmentation chan-
el increases in importance at the same time as the abundance of
age fragmentation decreases. This is typified by a process corre-
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ig. 6. Relative SORI energies for appearance of CB6H+ fragments from
H3N+(CH2)nNH3

+]@CB6 complexes, n = 2–10. Error bars represent standard
rrors from the linear fitting procedure used to derive the threshold energies.

ponding to loss of neutral propylamine from the n = 8 complex
Fig. 2g). For the n = 9 complex, fragmentation corresponding
o loss of neutral butylamine is the most prominent diamine
ragmentation process (Fig. 2h). Presumably this fragmentation
ould produce the same ionic complex ion as is formed in propy-

amine loss from the n = 8 complex. For the n = 10 complex, the
ost prominent diamine fragmentation channel corresponds to

oss of neutral ethylamine (Fig. 2i), which would yield a doubly
harged fragment ion consisting of CB6 and an eight carbon
ragment of the original diamine.

.2. Computational studies

Geometry optimizations were carried out for the doubly pro-
onated complexes of CB6 with each of the diamines, for empty
B6, for singly protonated CB6, and for each of the doubly
rotonated diammonium ions. CB6 was found to protonate on
he carbonyl oxygen rim rather than on one of the glycoluril

atoms; the former structure was more stable than the latter
y 106 kJ mol−1 at the HF/6-31G* level of theory. The lowest
nergy conformers of the doubly-protonated diammonium ions
ere all extended chain structures.
Structures of the various diammonium complexes, optimized

t the HF level of theory, are depicted in Fig. 7. All involve
hreading of the diammonium ion through the CB6 cavity, with
ydrogen bonding between the terminal ammonium groups and
he carbonyl oxygens of the CB6 rims. Visually, the best match
etween the length of the diammonium ion and the CB6 cage
ccurs for n = 4–5. For smaller values of n, the diammonium
on is too short to optimally form hydrogen bonds simultane-
usly with both rims, whereas for larger values the alkyl chain
f the diammonium must bend at one or both ends to allow the
mmonium groups to reach back to the carbonyl oxygens of the
B6 rims. Typically this bending is asymmetric, occurring to a

reater degree at one of the rims than at the other.

Binding of the diammonium ion by CB6 influences the N–N
istance in the diammonium ion, which is of interest because
his is approximately the charge separation distance in these

w
t
v
c

ig. 7. HF/6-31G* computed structures for [H3N (CH2)nNH3 ]@CB6 com-
lexes. Alkyldiammonium ions are represented as space filling models, and
B6 is depicted using tubes.

oubly charged ions. Computed (HF/6-31G*) N–N distances
or the doubly-protonated diamines both free in the gas phase
nd when complexed to CB6 are given in Table 1, along with
oulomb potential energies for the two charges (considered as
oint charges on the N atoms) calculated using the following
quation:

Coulomb = q2

4πε0d
(10)

In Eq. (10), q is the elementary charge, ε0 is the permittivity
f free space (an inaccurate assumption for these complexes,
ut one that is made for the sake of discussion), and d is the
–N interatomic distance from the HF/6-31G* calculation. For
= 2–4, the diammonium N–N distance in the complex is greater

han that for the free dication (although only slightly so for n = 4),

hereas for n = 5–9, the distances in the free dications are greater

han in the complexed species, especially for n > 5. For the larger
alues of n, the N–N distance in the complexes approaches a
onstant value of about 9.8 Å.
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Table 1
Computed (HF/6-31G*) N–N distances (Å) for free and CB6-complexed diammonium ions, and corresponding electrostatic potential energies (kJ mol−1) for two
point charges at those distances

n N–N Δ ECoulomb Δ

Free diammonium CB6 complex Free diammonium CB6 complex

2 3.827 3.865 −0.038 363 359 4
3 5.021 5.118 −0.097 277 271 5
4 6.337 6.342 −0.005 219 219 0
5 7.565 7.384 0.181 184 188 −5
6 8.870 7.624 1.246 157 182 −26
7 10.112 8.779 1.333 137 158 −21

1.56
2.81

1 4.30

g
w
a
C
t
p

T
C
a

n

1

F
H

3
e

8 11.411 9.848
9 12.688 9.870
0 13.994 9.690

Binding energies can be derived from the computed ener-
ies of the complexes and their components. Experimentally,
e observed dissociation of each of the complexes by loss of

singly-protonated diamine accompanied by proton transfer to
B6. Computationally, this process was modeled by calculating

he energies of the complex and of the protonated diamine and
rotonated CB6 dissociation products.

able 2
omputed enthalpies (kJ mol−1) for binding singly-protonated �,�-
lkyldiammonium guests to singly-protonated CB6 hosts

D[H2N(CH2)nNH3
+-CB6H+]

HF/6-31G* B3LYP/6-31G*

2 −129 −131
3 −190 −170
4 −229 −204
5 −252 −229
6 −240 −228
7 −231 −226
8 −228 −221
9 −208 −201
0 −185 −181

ig. 8. Computed dissociation energies for [H3N+(CH2)nNH3
+]@CB6 →

2N(CH2)nNH3
+ + CB6H+.

o
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F
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4
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e
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3 122 141 −19
8 109 141 −31
4 99 143 −44

Computed energies, derived from HF/6-31G* and B3LYP/6-
1G* geometry optimizations, are given in Table 2. The reported
nergies have not been corrected for zero point energies (because
f the difficulty in performing vibrational calculations for sys-
ems of this size) or for basis set superposition error (because
t is not clear that such corrections are important when compar-
ng relative energies of such similar, homologous complexes).
or the proton transfer process, the HF/6-31G* and B3LYP/6-
1G* results (shown graphically in Fig. 8) are in reasonably
ood agreement, with the HF results generally slightly greater
han the B3LYP results. Both sets of calculations indicate the
owest binding energy for n = 2, the greatest binding for n = 5,
nd gradually decreasing energies for n > 5.

. Discussion

.1. Optimum α,�-diammonium chain length for CB6
inding

In aqueous formic acid solution, the maximum binding con-
tant for alkyldiamines interacting with CB6 occurs for n = 6
4,19]. However, the solution binding constant is likely influ-
nced by solvation, and may not relate directly to the structures
f the binding partners. In fact, the nitrogen atoms in the energeti-
ally favored extended conformation of hexanediammonium are
bout 7.5 Å apart (center to center; see Table 1), which is signifi-
antly greater than the height of CB6 (about 6.14 Å, measured as
he distance between corresponding oxygen atoms in opposite
ims). The best length match occurs for n = 4, with an N–N dis-
ance of 6.34 Å. Is there an optimum diammonium chain length
or binding CB6, and if so, what is it?

The gas phase is the best environment for finding answers
o these questions, because only in the gas phase can the ques-
ions be addressed directly without the perturbing influence of
eighboring atoms. Several pieces of data suggest the optimal
ength occurs for n = 4. As noted above, based on purely geo-

etric considerations from the computational studies, the n = 4
iammonium ion is the best match to the height of the CB6 cage.

his chain length is also the one for which the complex disap-
earance energy, ESORI, 50 (Fig. 4), is maximum. The ESORI, 50
alues may be taken as indicators of the overall relative stabilities
f the various complexes, so it is clear that the n = 4 complex is
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he most robust of those studied. For n = 4 the proton transfer dis-
ociation channel has the lowest relative signal (Figs. 2 and 5),
nd cage fragmentation represents the greatest fraction of the
verall signal (about 90%). The energy required to cause cage
ragmentation should not vary a great deal as alkyldiammonium
hain length is varied. Therefore, at n = 4 the proton transfer
issociation channel does not compete effectively with cage
ragmentation, suggesting it is easier to disrupt the CB6 cage
han to remove the protonated diamine from the cavity. Finally,
he proton transfer dissociation threshold is greatest for n = 4
along with n = 5, which has a similar value; Fig. 6).

On the other hand, the computed proton transfer binding ener-
ies suggest that the optimum �,�-diammonium chain length for
B6 binding in the gas phase is five carbon atoms. These ener-
ies are about 20 kJ mol−1 greater for n = 5 than for n = 4 at both
F and B3LYP levels of theory (Table 2 and Fig. 8). The most

ikely explanation for the difference between computed bind-
ng energies and the experimental threshold data is that these
wo methods probe different features of the potential energy
urface leading to dissociation. The computed binding energies
eflect the energetic difference between a fully relaxed complex
nd fully relaxed products, whereas the experimental threshold
ata probe the activation barriers for dissociation. These values
ill only be the same for reactions with no reverse activation
arrier, and such is certainly not the case for the dissociation
eactions probed here. At minimum the two charges present a
oulomb barrier to the reverse, association reaction. A rough
stimate of the magnitude of the Coulomb barrier to association
s given in the electrostatic potential energies listed in Table 1
or the CB6 complexes. These values, which are the energies
equired to bring two point charges from infinite separation to
he distances calculated for the ammonium nitrogen atom sepa-
ation in the supramolecular complexes, are quite large (ranging
rom 359 kJ mol−1 for the complex of the n = 2 diamine down to
round 140 kJ mol−1 for n = 8–10). Computational methods for
ore accurately determining the dissociation barriers are avail-

ble, but require calculation of the potential surface along the
issociation channel to locate the top of the barrier. Such calcu-
ations would be quite challenging for systems as large as those
xamined here, and we have not attempted them. However the
ood news is that the computational and experimental results
re probably not actually in conflict at all.

In summary, n = 4 is most likely the optimum chain length
or CB6 binding in the gas phase. It is reasonable to expect a
maller optimum length in the gas phase than was found in solu-
ion (n = 6), because in solution the ammonium charges can be
tabilized by the solvent as well as by the CB6 cage. Therefore,
rotrusion of the �,�-diammonium ion out of the cage and into
he solvent is favorable, favoring longer chain lengths than in
he gas phase, where such stabilization is not possible.

.2. Complexed α,�-diammonium ions as “molecular
prings”
Both the ESORI, 50 and protonated diamine loss threshold
alues are low for the n = 6 complex in comparison to the neigh-
oring complexes. This raises the question of what is special

c
t
m
f

ass Spectrometry 265 (2007) 187–196

bout the n = 6 complex to cause such experimental results, espe-
ially when the computed binding energies for n = 6 seem to fit a
egular pattern with n = 4, n = 5, and n = 7; computationally, the
alues for n = 6 are not especially low and do not particularly
tand out.

Reference to Table 1 suggests the geometry of the n = 6 com-
lex is somewhat unique. For n < 6, the N–N distances in the
ree diammonium ions are similar to those in the correspond-
ng complexed diammonium ions, with differences all less than
.2 Å. For n = 6, complexation draws the two nitrogen atoms
uch closer together than they are in the free �,�-diammonium

ation, by about 1.2 Å. This is achieved by bending the alkyl
hain on one end to allow the terminal ammonium greater prox-
mity to the CB6 rim (Fig. 7); the n = 6 diammonium cation is
he only one with a single bend when complexed to CB6.

For two point charges in free space, this change in distance
ue to bending corresponds to 26 kJ mol−1 greater electro-
tatic potential energy. Charge delocalization and the intervening
toms probably make the effect smaller for the complex than it
ould be for point charges in free space, but in a sense the
exanediammonium ion in the complex is like a loaded spring;
erhaps this contributes to the relative ease with which this
omplex dissociates.

It is important to remember that whereas the computational
tudies probe the overall energetics of the dissociation reactions,
he SORI experiments probe the activation barriers. Overall
eaction energetics directly correspond to reaction barriers only
or reactions with no reverse activation barrier; the dissocia-
ion reactions discussed here are not barrier-free. The fact that
he thresholds are low for dissociation of the n = 6 complex,
hereas the overall energetics are not, suggests that dissociation
f the n = 6 complex is kinetically different from its neighboring
omologues. The single bend near one end of the alkyl chain
n the n = 6 complex very likely means the two ends of the
iammonium ion are not attached to CB6 with identical bind-
ng energies. Mechanistically, it is possible that one end of the
hain is significantly more easily detached than the other, shift-
ng the position of the transition state and lowering the activation
nergy, and supplying a plausible explanation for the unusually
ow threshold energies for this complex.

For n > 6, the alkyl chains each have two bends, and likely are
ound more symmetrically. The n = 7 and 8 complexes are long
nough and inflexible enough that their change in electrostatic
epulsion upon complexation is less than for n = 6. The n = 9 and
0 complexes are significantly more compressed geometrically
han n = 6, but apparently relieve this electrostatic strain through
iamine fragmentation rather than through loss of protonated
iamine from the complex. It may be possible to exploit these
molecular spring” effects in future molecular machines.

.3. Quantification of SORI threshold data

Because of the relative ease with which SORI experiments

an be performed, their applicability to larger molecular sys-
ems, and their wide use, it is highly desirable to develop these

ethods for quantitative thermochemistry. SORI-CID differs
rom traditional threshold CID [7,20,21] in at least two important
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ays. First, SORI is inherently a multiple-collision technique,
n which energy is added to the ion through a series of low
nergy collisions rather than in a single high-energy collision.
his adds ambiguity to the energy scale, and is probably the prin-
ipal reason quantitative SORI has not been widely practiced.
n addition, the stepwise nature of ion activation means that
he lowest-energy dissociation channels are selectively popu-
ated, discriminating against higher energy channels [7]. Second,
he time scale for SORI experiments is much longer (ms to
) than that for single collision CID experiments (�s). This
s advantageous for SORI because it means SORI experiments
re much less subject to kinetic shifts in threshold, and there-
ore can be applied to much larger molecular systems than
raditional CID methods with less need for large kinetic shift
orrections.

Collision induced dissociation threshold techniques are well
stablished for obtaining quantitative thermochemical informa-
ion [20,21]. Threshold CID experiments are carefully controlled
o the kinetic energy in the center-of-mass reference frame is
ell known prior to collision and single collision conditions
verwhelmingly dominate; under multiple collision conditions,
nowledge of the collision energy for all collisions but the first
s lost, making it difficult to determine how much energy is
ollisionally deposited.

By its nature, SORI is a multiple collision technique. Under
ORI conditions, ions undergo many low energy collisions with
ackground gas, gradually adding energy until the dissociation
hreshold is reached. Energy deposition during the SORI pro-
ess has been characterized for several small molecule systems
13,14] and for biomolecules [12,22]. SORI is routinely used in
any laboratories to cause dissociation of peptides and proteins,

ut has not been widely used to obtain quantitative thermochem-
stry. By carefully modeling the collisional energy deposition
unction and using the results to fit the experimental fragmen-
ation curves, Laskin and Futrell have successfully used SORI
o quantitatively characterize the dissociation of bromobenzene
14] and bromonaphthalene [13] ions, obtaining good agree-
ent with values obtained by other methods. Using pump-probe

echniques, Heeren’s group was able to quantify the amount of
nergy deposited into leucine enkephalin ions during each SORI
ycle, and to show that infrared cooling of the ions was a signifi-
ant energy loss mechanism at low ambient temperatures during
ORI [12].

To make the SORI results quantitative, energy must be added
o the ions in a measurable way until dissociation is observed,
nd the measured quantities must then be related to the binding
nergies we desire to determine. Energy deposition can be var-
ed by varying the amplitude of the off-resonant RF waveform
as was done in this study), by varying the difference between
he applied frequency and the ions’ resonant frequency, by vary-
ng the duration of the SORI event, or by varying the pressure
nd/or mass of the background gas. Heeren’s work [12] makes a
trong case that the best way to vary SORI energy deposition is

y varying the length of the SORI event, rather than varying the
mplitude as we have done. Heeren’s approach removes possible
mbiguities about variation of energy deposition with changes in
verage kinetic energy, at the expense of being slightly more dif-
ss Spectrometry 265 (2007) 187–196 195

cult to implement experimentally; we plan to use this approach
n the future.

Although we have made no attempt to calibrate and quantify
he SORI energy scale, the results from the work of Laskin and
utrell, and those from Heeren’s group, suggest that this should
e possible. Similarly, the results of this study give qualitative
rends in dissociation energy that are reproducible and in accord
ith expectations, bolstering the idea that quantitative SORI is
ossible in principle.

. Conclusions

The results presented in this study have significant implica-
ions for both the supramolecular chemistry community and the

ass spectrometry community, which unfortunately are usually
eparate groups.

For supramolecular chemists, we have attempted to show
hat energy-resolved SORI-CID will likely prove to be a pow-
rful addition to the arsenal of characterization techniques for
upramolecular complexes in the gas phase. Specifically, we
ave demonstrated that �,�-alkyldiammonium binding by CB6
s optimum for a shorter alkyldiammonium chain in the gas
hase than in solution, which is reasonably interpreted in terms
f solvation of the ends of the chain by bulk solvent that is not
resent in the gas phase environment. The work further suggests
hat compressed alkyldiammonium “molecular springs” might
e detectable via tandem mass spectrometric methods.

Two key messages emerge for mass spectrometrists. First,
ore work is needed to make SORI-CID a more powerful

ool. The next important step in the development of SORI-
ID as a characterization method will be to add quantitation

o that it can be used to obtain quantitative thermochemical
nformation. Second, this work provides another example of the
ynergy that is possible between theory and experiment, even
or supramolecular systems that are somewhat larger than the
mall molecules gas phase chemists typically examine. HF and
3LYP calculations using the 6-31G* basis set are generally
onsistent with the experiments and provide valuable data to
omplement the experimental work, while the agreement with
xperiment also increases our confidence in the computational
esults.
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