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a b s t r a c t

Complexes of doubly protonated 1,n-diaminoalkanes with one or two molecules of 18-crown-6-ether
undergo consecutive and competitive dissociations upon electron capture from a free thermal electron
and femtosecond collisional electron transfer from Na and Cs atoms. The electron capture dissociation
(ECD) and electron capture-induced dissociation (ECID) mass spectra show very different products and
product ion intensities. In ECD, the reduced precursor ions dissociate primarily by loss of an ammonium
hydrogen and the crown ether ligand. In ECID, ions from many more dissociation channels are observed
and depend on whether collisions occur with Na or Cs atoms. ECID induces highly endothermic C C bond
cleavages along the diaminoalkane chain, which are not observed with ECD. Adduction of one or two
crown ethers to diaminoalkanes results in different electron capture cross-sections that follow different
trends for ECD and ECID. Electron structure calculations at the B3-PMP2/6-311++G(2d,p) level of theory
Recombination energies
Excited electronic states

were used to determine structures of ions and ion radicals and the energetics for protonation, electron
transfer, and ion dissociations for most species studied experimentally. The calculations revealed that the
crown ether ligand substantially affected the recombination energy of the diaminoalkane ion and the
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. Introduction

Ammonium radicals are transient species that formally have
ine valence electrons on nitrogen and thus violate the venera-
le octet rule [1]. Simple ammonium radicals such as NH4

• and
number of alkyl and aryl ammonium derivatives of the RNH3

•,
2NH2

•, R3NH• and R4N•-type have been studied extensively by
pectroscopy [2], mass spectrometry [3], and ab initio theory [4],
nd their fundamental electronic properties and unimolecular dis-
ociations are mostly well understood. Recently, the properties of
mmonium radicals have become of increased interest owing to
heir role in dissociations of biomolecular ions, primarily peptides

nd proteins, upon reduction by capture of a free electron [5] or
ransfer from atoms [6] or anions [7] in the gas phase. The interac-
ion of an electron with a multiply protonated protein can result in
xtensive backbone cleavage from which primary [5], and even ter-
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iary structure information may be obtained [5b–d]. Unlike other
on activation techniques, electron capture can result in retention of
abile post-translational modifications [5e–i], which substantially
ncreases the information that may be gained from tandem mass
pectrometry.

Chemical recognition in mass spectrometry has shown poten-
ial for analytical applications in protein structure elucidation. For
xample, charged ammonium groups in peptide lysine residues
ave been found to form gas-phase complexes with crown ethers
CE) [8,9] from which solution-phase structural information may
e inferred. For example, 18-C-6-E adduction in solution to various
roteins has been used to qualitatively probe the surface accessi-
ility of proteins in solution from the number of CE adducted and
he charge state envelopes [9]. Activation of CE adducted peptides
y thermal techniques results in loss of the CE prior to covalent
ond cleavage [8a,10]. Recently, gas-phase complexes of 18-C-6-
with small doubly charged peptide ions containing one or two
ysine residues were studied by collisional electron transfer and
he CE had a large effect on the competitive formation of sequence
ragments [6a]. Furthermore, collisional electron transfer to a CE
dducted dipeptide resulted in backbone fragments, some of which
etained the noncovalent CE ligand [6a]. These results raised some
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undamental questions about the nature of electronic states that are
ormed by attaching an electron to CE·ammonium complexes. The
resent paper reports a systematic study of electron-ion recombi-
ation involving 1,n-diaminoalkane ions and their complexes with
ne and two molecules of 18-crown-6-ether. Electron-ion recombi-
ation is realized either as electron capture by doubly protonated

ons trapped in an ion-cyclotron resonance cell, or as femtosec-
nd electron transfer to doubly protonated ions from alkali metal
toms performed at high ion velocity in a beam experiment. The
xperimental data are complemented by ab initio and density func-
ional calculations for selected species and interesting comparisons
etween the two techniques are made.

. Experimental

.1. Materials

1,n-Diaminoalkanes and 18-crown-6-ether were purchased
rom Sigma–Aldrich (Milwaukee, WI) and used as received. 1,n-
iaminoalkane·CE complexes were prepared in situ by mixing the
omponents in 1:1 or 1:2 molar ratios in methanol or aqueous
ethanol solutions. Gas-phase ion complexes are represented such

hat a doubly protonated 1,n-diaminoalkane with m number of
8-crown-6-ethers (m = 1 or 2) is n-mCE2+. Species which have
ndergone deuterium labeling such that they contain x number of
atoms will be reported as Dx-n-mCE. The D6-7-1CE and D6-7-2CE

omplexes were prepared in CH3OD.

.2. Methods

Electron capture dissociation (ECD), collision-induced dissocia-
ion, and infrared multiphoton dissociation (IRMPD) mass spectra
ere measured on a Bruker 4.7 T Fourier transform ion cyclotron

esonance (FT-ICR) mass spectrometer (Bruker, Framington, MA).
he ions were selected by a quadrupole mass filter, accumulated in
hexapole linear trap, and transferred to the ICR cell. The trapped

ons were irradiated with an electron pulse for 300–500 ms. The
lectron energy was adjusted to maximize ECD efficiency. Exper-
ments for measuring the relative efficiency of electron capture
or different ions were performed on both 9.4 T [11] and 2.75 T
12] FT-ICR mass spectrometers with similar operating parame-
ers as described elsewhere [5d,13]. Ions of interest were formed
y nanoelectrospray of aqueous methanol or methanol solutions,
solated using correlated shot techniques on the 9.4 T instrument
r SWIFT on the 2.75 T instrument, and ECD spectra were acquired
sing 30–40 ms electron radiation times. Data analysis was per-
ormed via Xmass 8.1 or Midas Analysis 3.21 for the respective
nstruments. The ECD efficiency was determined by dividing the
um of all product ion intensities by the sum of all ion intensities
resent in the spectrum. For experiments in which two precur-
ors were isolated within the same mass spectrum prior to ECD,
he corresponding products and precursors are considered sepa-
ately.

Electron-capture-induced dissociation (ECID) spectra were
easured on a sector beam instrument described previously [14].
oubly protonated ions were generated by electrospray ionization

rom aqueous methanol solutions that were acidified with 1–5%
cetic acid. The ions were accelerated by a 50 kV potential corre-
ponding to 100 keV ion kinetic energies and mass-selected by a
agnetic sector. The ion velocities ranged from 1.63 × 105 ms−1 for
2-2CE2+ to 3.82 × 105 ms−1 for 72+. Charge transfer was accom-
lished by collisions with Na or Cs vapor that was admitted to
he collision cell to achieve 20–40% conversions of the primary
on beam. The flight times between the collision cell and the
lectrostatic analyzer were within 3–9 �s for the corresponding
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harge-reduced ions. This defines the time scale for dissociations
aking place after collisional electron transfer.

.3. Calculations

Standard ab initio calculations were performed using the Gaus-
ian 03 suite of programs [15]. Optimized geometries were obtained
y density functional theory calculations using Becke’s hybrid func-
ional (B3LYP) [16] and the 6-31+G(d,p) and 6-31++G(d,p) basis
ets for closed shell and open-shell species, respectively. Select
ptimized structures are shown in the pertinent schemes and
gures. Complete optimized structures of all local minima and tran-
ition states can be obtained from the corresponding author (F.
.) upon request. Spin unrestricted calculations were performed
or all open-shell systems. Stationary points were characterized
y harmonic frequency calculations with B3LYP/6-31+G(d,p) or 6-
1++G(d,p) as local minima (all real frequencies) and first-order
addle points (one imaginary frequency). The calculated frequen-
ies were scaled with 0.963 [17] and used to obtain zero-point
nergy corrections, enthalpies, and entropies. The rigid-rotor-
armonic-oscillator (RRHO) model was used in thermochemical
alculations except for low frequency modes where the vibrational
nthalpy terms that exceeded 0.5 RT were replaced by free internal
otation terms equal to 0.5 RT.

Improved energies were obtained by single-point calculations
hat were carried out with B3LYP and Møller–Plesset theory
second-order, frozen core) using the 6-311++G(2d,p) split-valence
riple-� basis set furnished with polarization and diffuse func-
ions. For the molecular system of the 7-1CE size, the larger basis
et comprised 1530 primitive Gaussians and the MP2 calculations
equired over 50 GB of scratch space. The spin unrestricted formal-
sm was used for calculations of open-shell systems. Contamination
y higher spin states was modest, as judged from the expecta-
ion values of the spin operator 〈S2〉 that were ≤0.76 for UB3LYP
nd ≤0.78 for UMP2 calculations. The UMP2 energies were cor-
ected by spin annihilation [18] that reduced the 〈S2〉 to close to
he theoretical value for a pure doublet state (0.75). Spin annihila-
ion lowered the total MP2 energies by 6 millihartree (15.7 kJ mol−1,
oot mean square deviation) for local energy minima and transition
tates. The B3LYP and MP2 energies calculated with the large basis
et were combined according to the B3-MP2 scheme, as described
reviously [19].

Vertical excited state energies were calculated with time-
ependent density functional theory [20] using the B3LYP
unctional and the 6-311++G(2d,p) basis set. Atomic spin and charge
ensities were calculated using the natural population analysis
NPA) method [21]. Excited state wave functions were constructed
s linear combinations of virtual orbitals with expansion coeffi-
ients obtained from TD-B3LYP/6-311++G(2d,p) calculations.

. Results and discussion

.1. Ion formation

Electron capture and transfer were studied for a series of cations
ither free or in complexes with one or two molecules of CE.
iaminoalkanes with chain lengths from n = 4 to 12 were inves-

igated. Doubly protonated ions were produced by electrospray
onization of free amines or in mixtures with CE. The ions are
enoted as 42+–122+ for free diammonium, 4-1CE2+–12-1CE2+ for

omplexes with one molecule of CE, and analogously, 4-2CE2+–12-
CE2+ for the complexes with two CE molecules.

The efficiency for the formation of doubly protonated ions by
lectrospray was found to increase with the diaminoalkane chain
ength and the number of crown ether molecules in the com-
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Table 1
Calculated proton affinities and gas-phase basicitiesa,b

Species/reaction �H◦
g,298 (PA) �G◦

g,298 (GB)

(1,7-Heptanediamine + 2H)2+ → (1,7-heptanediamine + H)+ + H+ 690 672
(1,12-Dodecanediamine + 2H)2+ → (1,12-dodecanediamine + H)+ + H+ 749 735
(4-1CE + 2H)2+ → (4-1CE + H)+ + H+ 734 700
(5-1CE + 2H)2+ → (5-1CE + H)+ + H+ 756 723
(7-1CE + 2H)2+ → (7-1CE + H)+ + H+ 790 755
18-Crown-6-ether 954 (967)c 914 (910)c

1,7-Heptanediamine 987 (998)c 942 (945)c

Pyridine 928 (930)c 896 (898)c

CH3OH 750 (754)c 720 (725)c
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for the non-deuterated ones from 7-1CE , indicating a substantial
kinetic isotope effect on their consecutive dissociation.

The ECD spectra of 4-2CE2+ through 12-2CE2+ were simple and
are represented by the spectrum of 7-2CE2+ (Fig. 3). This showed
a major fragment at m/z 395.302 (ion M+) corresponding to a
a In units of kJ mol−1.
b From combined B3LYP and MP2/6-311++G(2d,p) calculations and B3LYP/6-31+G
c Experimental PA and GB values in parentheses are from reference [23].

lex. For 42+ through 72+, electrospray did not produce sufficient
opulations of doubly protonated diaminoalkanes to allow ECD
pectra to be obtained. Coulomb repulsion in the doubly proto-
ated ions increases with decreasing chain length and results in
lower apparent gas-phase basicity with decreasing ion size [22].
lthough 52+ can be formed [22a], proton transfer to methanol

s rapid. The proton transfer reactivity decreases with increasing
hain length; for 72+, proton transfer to methanol occurs at a rate of
× 10−12 cm3 mol−1 s−1 whereas this value for 82+ is substantially

ess [22a].
Proton affinities and gas-phase basicities (GB) were calculated

sing B3-MP2 for several species of interest, as summarized in
able 1. The majority of the calculated PA or GB values were
ithin 4–5 kJ mol−1 of reliable tabulated values [23], e.g., those

or methanol, pyridine, and 1,7-diaminoheptane. CEs solvate pro-
ons and ammonium ions and thus increase the stability of ion
omplexes in the gas phase. The PA of 18-crown-6-ether is impor-
ant for the energetics of the dissociation of these complexes.
he calculated PA of 18-crown-6-ether (954 kJ mol−1) significantly
iffers from the experimental value from ref. [23] (967 kJ mol−1,
able 1). We note that the original experimental datum resulted in
G◦

g,600 = 11 ± 8 kJ mol−1 for proton exchange with pyridine (Eq.
1)) at a temperature of 600 K [24], and the PA value was later
xtrapolated using an entropy estimate [23]. Experimental diffi-
ulties were noted by Mautner that were due to ion decomposition
eactions [24]. Our calculations of the thermochemistry of Eq.
1) reproduce the experimental �G◦

g,600 but provide a lower PA
ecause of smaller entropy correction.

(18-Crown-6-ether + H)+ + pyridine

→ 18-crown-6-ether + (pyridine + H)+ (1)

H◦
g,298 = 26.7 kJ mol−1; �G◦

g,298 = 18.6 kJ mol−1; �G◦
g,600 =

1.4 kJ mol−1.
Since our calculations reproduce well both the experimental

A of pyridine (928 kJ mol−1 calculated, 930 kJ mol−1 experimental,
able 1) [23] and the �G for the (Eq (1)) reaction, we believe that the
alculated PA = 954 kJ mol−1 is to be preferred over the extrapolated
xperimental estimate.

The complexes 4-1CE2+ and 5-1CE2+ were also difficult to gen-
rate by electrospray, as the majority of ions being formed were
ingly protonated complexes. The formation of doubly protonated

omplexes 4-2CE2+–12-2CE2+ was facile, presumably due to the
ecreased proton transfer reactivity of the CE complexated ammo-
ium. The ions generated by electrospray were used for electron
apture and electron transfer experiments. The mass spectrometric
ata are first described separately and then the results are com-
ared.

F
a

zero-point energies, enthalpies, and entropies.

.2. Diaminoalkane complexes with one and two CE molecules

Electron capture of doubly protonated diaminoalkane·CE is illus-
rated by the ECD spectrum of 7-1CE2+ (Fig. 1). The spectrum shows
very weak peak at m/z 395 corresponding to the charge-reduced

on that has lost one hydrogen atom, which is denoted as M+,
nd singly charged fragments originating from protonated CE, e.g.,
8H17O4 at m/z 177.112, C6H13O3 at m/z 133.085, and C4H9O2 at m/z
9.059. These ions also arise by CID and IRMPD of protonated CE
nd diammoniumalkane·CE complexes, as determined by indepen-
ent measurements and shown in Fig. S1 (Supplement), although
he fragment relative intensities differ for IRMPD and ECD. Com-
lementary ions in the ECD mass spectrum that correspond to 7+

ere found at m/z 131.154, denoted as A+, and m/z 114.127 by loss of
mmonia from A+. The formation of the major ECD fragments can
e accounted for by dissociations shown in Scheme 1, which were
urther corroborated by deuterium labeling. The ECD spectrum of a

ixture of D6-7-1CE2+ (m/z 201.178) and D5-7-1CE2+ (m/z 200.675,
rom incomplete exchange) showed fragments at m/z 400.341 and
99.337 due to loss of an ammonium D from the charge-reduced
omplex, and the D5-7+ at m/z 136.186 and D4-7+ m/z 135.179
Fig. 2). Interestingly, the relative intensity of the deuterated M+

ons from D6- and D5-7-1CE2+ was ca. 10-fold greater than that
2+
ig. 1. Electron capture dissociation mass spectrum of 7-1CE2+. The precursor ion is
t m/z 198. Inset shows the expanded m/z 395 region.
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Scheme 1.

Fig. 2. ECD mass spectra of D6-7-1CE2+. Insets show expanded regions of ECD fragments.
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ig. 3. ECD mass spectrum of 7-2CE2+. The precursor ion is at m/z 330.231. The
rrow with X indicates the position of the missing charge-reduced 7-2CE+ ion at
/z 660.46. The peak labeled with an asterisk is a third harmonics of the m/z 330
eak. Inset shows the expanded low mass region.

ombined loss of an H atom and one CE molecule from the charge-
educed complex. Less abundant fragments appeared at m/z 177,
33, and 89 that originated from the protonated CE, and at m/z 131
or protonated 7+ (ion A+).

.3. Electron transfer to free diammonium cations

Charge transfer collisions with alkali metal atoms were first
tudied for 72+ and 122+. The ECID spectra showed some com-
on features that are exemplified by the Na-ECID spectrum of 72+

t m/z 66 (Fig. 4). The spectrum does not show an intact charge-
educed ion at m/z 132. The major charge-reduced fragment is at
/z 131 corresponding to 7+ formed by loss of a hydrogen atom.
ther, less abundant, fragments appear at m/z 115 (loss of NH3),
14 (combined loss of H and NH3), 98 (loss of two NH3 molecules),
nd 97 (combined loss of H and two NH3 molecules). Interest-
ngly, the spectrum also shows backbone fragments due to C C

ond cleavages, e.g., cation-radicals at m/z 101 (loss of CH2NH3), 87
loss of CH2CH2NH3), closed-shell amine cations at m/z 72, 44, 30
CH2NH2

+), and 18 (NH4
+), and hydrocarbon cations at m/z 69, 55,

1, and 39. The formation of cation-radical fragments is interesting
ecause it indicates high-energy dissociations occurring either in

Fig. 4. ECID mass spectrum of 72+, collisions with Na.
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Fig. 5. ECID mass spectrum of 7-1CE2+, collisions with Na.

he charge-reduced ion or in the m/z 131 and m/z 115 fragments.
ote that C C backbone fragmentation was previously observed

or radicals derived from singly protonated butane and hexane
,n-diamines under conditions of endothermic electron transfer at
keV [3l]. Hence the donor–acceptor energy balance does not seem

o play a dominant role in electron transfer collisions at keV kinetic
nergies [25].

ECID of 122+ with Na and Cs atoms gave similar results. The spec-
ra did not show intact charge-reduced ions at m/z 202, while the

ajor fragment in each case was at m/z 201 due to loss of a hydro-
en atom. The other less abundant fragments were at m/z 185 (loss
f NH3), 184 (combined loss of H and NH3), and 157 (combined loss
f H and two NH3 molecules). Backbone dissociations gave rise to a
ation radical at m/z 171 (loss of CH2NH3) and closed-shell cations
t m/z 156, 142, 128, 114, 44, and 30, as well as the usual hydrocar-
on fragments at m/z 83, 69, 55, and 41. Overall, the spectra were
airly insensitive to the identity of the electron donor (Na or Cs) and
he charge transfer conversion, although some differences deserve
note. The abundance ratios for the m/z 201 (loss of H) and m/z

84,185 (loss of NH3) fragments were [M − H]/[M − NH3] = 30 for
harge transfer with Na at 41% conversion and 60 for charge transfer
ith Cs at 34–87% conversions from several measurements made

n different days. The peaks in the Cs-ECID spectra are broader, so
he m/z 185 and 184 peaks were not resolved. The spectra indicate
hat electron transfer from Cs favored loss of H over loss of NH3 even

ore than did collisions with Na. The energetics of electron trans-
er to diammonium dications and their dissociations are addressed
ater in the paper.

.4. Electron transfer to diammonium complexes with one or two
rown ether molecules

Charge transfer collisions with Na and Cs were studied for com-
lexes of diaminoalkanes (n = 6, 7, and 12) with one or two CE
olecules. The spectra of single CE complexes are represented by

he Na-ECID spectrum of 7-1CE2+ at m/z 198 (Fig. 5). The spectrum
oes not display an intact charge-reduced ion at m/z 396. The most
bundant fragment is at m/z 395 (M+) due to loss of a hydrogen
tom. Other fragments appear at m/z 379 (loss of NH3), 265 (pro-
onated CE by loss of H and 7). 131 (7+, A+), and 114 (loss of NH3

+
rom A ). In addition, the spectrum shows an ion series at m/z 365,
351 and 350), 337, 323, 309, 294 and 295, 280, etc., that arise by

C bond dissociations at various positions of the diamine back-
one in the complex. Fragments originating from dissociations of
rotonated CE (m/z 265) appear at m/z 177, 89, and 45.
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tance between the N atoms in the fully optimized structures was
ig. 6. ECID spectra of 12-1CE2+ (a) collisions with Cs and (b) collisions with Na.

An interesting effect was observed for ECID with Cs and Na.
ollisions with Cs resulted in [M − CE]+/[M]+ ratios which were in
eneral lower than those obtained for collisions with sodium, indi-
ating less dissociation. For example, with 12-1CE2+ these ratios
ere 0.1 and 0.4 for Cs and Na, respectively (Fig. 6), and a quali-

atively similar trend was observed for 7-1CE2+. Since the loss of
he CE ligand from M+ is endothermic (see Table 3 and discussion
elow), the ECID data indicate that M+ ions produced by electron
ransfer from Cs were less excited than those formed by collisions
ith Na. However, removal of an electron from Cs requires 1.25 eV

ess energy than from Na, and so resonant electron transfer to the
oubly charged CE complex should be more exothermic for Cs.

n addition, the center of mass (COM) collision energy with Cs is
reater than that for Na, although any effects of the COM on internal
nergy deposition in these ECID experiments should be minor. Both
f these factors, however, should result in more energy deposited
nto the ECID products with Cs. This effect is discussed later in
onjunction with the dissociation energetics.

Collisional charge transfer from Na and Cs to dication complexes
ith two CE molecules was studied for n = 6, 7, and 12, and the

CID spectra are represented by that of 7-2CE2+ (m/z 330, Fig. 7).
he spectrum shows a very weak peak at m/z 659 due to loss of
n H atom from the charge-reduced ion, and its dissociation prod-
cts due to fragmentation of the CE (m/z 437, and 408). A major
ragment is found at m/z 395 due to loss of an H atom and one CE
olecule. The spectrum also shows a series of fragments at m/z
79, 365, 351, 337, 323, etc., that arise by C C bond dissociations
n the 7+ chain in a complex with one CE molecule. Protonated CE
t m/z 265 is much weaker than 7+ at m/z 131, consistent with the

6
t
b
7

Fig. 7. ECID mass spectrum of 7-2CE2+, collisions with Na.

igher basicity of the diamine. CE fragments appear at m/z 177, 89,
nd 45.

.5. Relative electron capture and transfer efficiencies

As described above, ECD of 12-1CE2+ and 12-2CE2+ ions resulted
n a fragment ion that has lost a hydrogen atom and a single CE lig-
nd. Fragment ions corresponding to the loss of a single hydrogen
tom or the loss of both CE from the doubly adducted species were
ot observed (<0.5%) under these conditions. To compare the ECD
fficiency of ions with one or two CE adducted, these ions were iso-
ated and ECD spectra simultaneously acquired with both ions in
he cell. ECD efficiencies of 6.8 ± 0.2% and 11.0 ± 1.3% were obtained
or the 12-1CE2+ and 12-2CE2+ adducts, respectively, on the 2.7 T
T/ICR mass spectrometer. Values of 9.7 ± 0.2% and 15.9 ± 1.5% were
btained for these respective ions on the 9.4 T instrument. Although
he absolute ECD efficiencies depend on many experimental param-
ters and can be varied over a wide range, the relative difference in
CD efficiencies for these two ions was the same over a reasonable
ange of experimental conditions. The 1.6-fold greater ECD effi-
iency for the two crown ether adduct versus the one crown ether
dduct measured with two different instruments and two differ-
nt isolation methods (and different isolation waveforms) indicates
hat the difference is intrinsic to the ions rather than an artifact of
on isolation which might result in differing residual excitation of
hese ions. Similar results were obtained for 7-1CE2+ and 7-2CE2+.

ECID efficiencies of 122+, 12-1CE2+, and 12-2CE2+ measured
nder conditions of constant precursor velocity (1.9 × 105 m/s)
ere 20%, 15%, and 9 ± 1%, respectively. In contrast to ECD, the ECID

fficiency is lower for the complex with two crown ether ligands
ersus the one crown ether adduct. The nature of this difference is
ot clear although it does indicate that different factors affect the
ross-sections under the conditions of free electron capture and
emtosecond collisional electron transfer.

.6. Ion and radical structures and energetics

The doubly charged 1,n-diaminoalkane ions adopt fully
xtended all-anticonformations induced by Coulomb repulsion
etween the charged groups, as shown for 72+ (Fig. 8). The dis-
.4, 7.6, 10.2, and 16.6 Å for n = 4, 5, 7, and 12, respectively. Regarding
he complexes, the CE ligand forms three non-equivalent hydrogen
onds to the internally solvated ammonium group, as shown for
-1CE2+ (Fig. 8) and likewise for 4-1CE2+ and 5-1CE2+. The distance
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The RE of 4-1CE2+ through 7-1CE2+ are 0.87 and 0.60 eV lower
than those of the respective free diaminoalkane cations (Table 2).
The crown-ether effect on the RE is probably due to the polariza-
tion of the crown-ether ligand by hydrogen bonding to the inner

Table 2
Calculated adiabatic and vertical recombination energiesa

Ion REa
b,c REv

b

CH3NH3
+ 4.31 (4.24)d

(1-Heptaneamine + H)+ 3.96 3.79
H2N(CH2)7NH3

+ 3.26 3.06
(18-Crown-6-ether + H)+ 2.19 2.05
(18-Crown-6-ether + CH3NH3)+ 1.74 –
(18-Crown-6-ether + H3N(CH2)7NH2)+ 1.85 –
(1,4-Butanediamine + 2H)2+ 6.67 6.44
(1,5-Pentanediamine + 2H)2+ 6.32 6.11
(1,7-Heptanediamine + 2H)2+ 5.72 5.61
(1,12-Dodecanediamine + 2H)2+ 5.22 5.02
4-1CE2+ 5.80 –
5-1CE2+ 5.60 –
Fig. 8. B3LYP/6-31+G(d,p) optimized struct

etween the N atoms in 4-1CE2+, 5-1CE2+, and 7-1CE2+ was cal-
ulated to be 6.4, 7.6, and 10.2 Å, respectively, which is essentially
he same as in the respective free diaminoalkane ions. The 122+CE
omplex and those with two CE ligands were too large to be treated
dequately by high-level ab initio calculations.

Ion recombination energies (RE) are perhaps the most impor-
ant parameters characterizing ion-electron recombination and
lectron transfer from atomic targets and their values can be accu-
ately measured using ion nanocalorimetry [13,26]. Here, both
diabatic (REa) and vertical (REv) recombination energies were
alculated for several singly and doubly charged ions of inter-
st and are reported as absolute values, |REa| = IEa, where IEa is
he adiabatic ionization energy. Adiabatic recombination ener-
ies express the energy difference between the ground electronic
nd vibrational state of the charged species and those of its
harge-reduced or neutralized radical counterpart. They involve
he corresponding potential energy minima and include zero-
oint vibrational energy corrections for both species. A particular

eature of charge reduction in doubly protonated diaminoalka-
es is the removal of coulomb repulsion between the charges

n the product that allows for chain folding to form conform-
rs with intramolecular hydrogen bonds that would be unstable
n doubly charged precursor ions. These changes contribute to
ifferences between the adiabatic and vertical recombination ener-
ies for these ions. Vertical recombination energies are obtained
s the energy upon attachment of an electron to the frozen
ptimized geometry of the ion in its ground electronic and vibra-
ional state. The difference between the REa and REv is used
s a measure of vibrational excitation of the charge-reduced
pecies upon vertical electron transfer [27]. Since the charge-
educed species is not in the potential energy minimum, zero-point
orrections are not applicable for REv. Recombination energies
or the formation of the N-th excited electronic state of the
harge-reduced species (REv)N, are obtained from the REv and
he pertinent radical vertical excitation energy from the singly
ccupied molecular orbital (SOMO, X) to the N-th state (REv)N =
Ev − �E(X → N).

The adiabatic and vertical recombination energies depend on

he diaminoalkane chain length that determines the distance
etween the charged ammonium groups and thus affects the
oulomb energy which is released upon electron attachment. The
alculated data for 1,n-diaminoalkane ions and their CE complexes
re summarized in Table 2. Both REv and REa can be least-squares

7

f 1,7-diaminoheptane ions and complexes.

tted in Coulomb-like formulas, e.g., for 1,n-diaminoalkane ions
Eq. (2)),

Ev(eV) = 3.83 + 14.4
0.84r

(2)

here r is the distance in Angstroms between the ammo-
ium nitrogen atoms in the dication. The additive constant
3.83 eV) represents the recombination energy at an infinite
harge distance, such as in a monocation, e.g., REv = 3.79 eV
or 1-ammoniumheptane. The adiabatic recombination energies
etermine the energy deposited in the charge-reduced cations
pon electron capture. The REv are important for collisional elec-
ron transfer which occurs as a vertical process. Note that the REv

or the short diaminoalkane ions exceed the IE of Na (5.139 eV) and
s (3.894 eV) making the electron transfer exothermic. The REv for
22+ is slightly lower than IE (Na). Nevertheless, the ions that are
harge-reduced upon collisions with Na completely dissociate, con-
istent with the behavior of simple ammonium radicals formed by
ndoergic collisional electron transfer [3d–n].
-1CE2+ 5.12 5.08

a Absolute values in units of electron volts.
b From combined B3LYP and PMP2/6-311++G(2d,p) single-point calculations.
c Including B3LYP/6-31++G(d,p) zero-point energies.
d CCSD(T)/aug-cc-pVTZ value from reference [28].
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Fig. 9. Electronic states in 7-1CE•+. Excitation energies in e

mmonium group. This results in delocalization of the positive
mmonium charge onto atoms which are more remote from the
uter (free) ammonium, thus diminishing the Coulomb energy
elease upon electron attachment.

CE complexation also has a pronounced effect on the recombi-
ation energy of the ammonium group, as shown for complexes
f methylammonium and 7-aminoheptyl-1-ammonium (Table 2).
he CE-complexated ammonium cations show conspicuously
ower recombination energies than the free ammonium cations,
.g., �RE = −2.57 and −1.41 eV for methylammonium and 7-

minoheptyl-1-ammonium. The calculations indicate that the
round electronic state of charge reduced 1,n-diaminoalkane·CE
omplexes should retain the inner, CE-coordinated, ammonium
ons while the electron enters the outer free ammonium group
onverting it into a hypervalent ammonium radical.

e
s
t
h
R

from TD-B3LYP/6-311++G(2d,p) single-point calculations.

Analysis of electronic states in charge-reduced 4-1CE•+ through
-1CE•+, as represented by the latter species in Fig. 9, corrobo-
ates this hypothesis. Fig. 9 shows the SOMO (X state) as being an
mmonium 3 s Rydberg [28], which is delocalized over the outer
mmonium group, but has no significant odd-electron density in
he CE-complexated ammonium. Accordingly, the latter carries 60%
f the charge in 7-1CE•+ with additional 12% delocalized over the
E ligand. The outer, reduced, ammonium group carries 91% of
pin density and has a total of −0.22 negative atomic charge. The
lectron distribution changes rather dramatically in the low-lying

xcited electronic states of 7-1CE•+ (Fig. 9). Of these, the A and B
tates can be characterized as 3s-type Rydbergs delocalized about
he alkane chain �-CH2 group and the CE ligand, respectively. The
igher C through H states resemble symmetry-adjusted 3p and 3d
ydberg-like orbitals, which are delocalized primarily about the
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Table 3
Dissociation energies

Reaction Energya

B3LYP 6-31+(+)G
(d,p)b

B3-PMP2 6-311++G
(2d,p)

7-1CE+ → 7+ + CE 174 189
7-1CE+ → 7a-1CE+ 35 24
7-1CE2+ → 72+ + CE 270 287
7-1CE2+ → 7+ + (CE + H)+ 13 25
7-1CE•+ → 7•+ + CE 176 220
(CE + H)• → CE + H• −135 −156
CH3NH3

+·CE → CH3NH3
+ + CE 263 273

[CH3NH3·CE]• → CH3NH3
• + CE 11 35

4-1CE•+ → 4-1CE+ + H• −6 −28
5-1CE•+ → 5-1CE+ + H• −10 −25
7-1CE•+ → 7-1CE+ + H• −11 −37
7•+ → TS(N H)diss 49 23
7•+ → 7+ + H• −18 −69
7•+ → 7a•+ −21 −47
7•+ → TS(C C)rot 13 13
12•+ → 12+ + H• 2 −17
12•+ → 12a+ + H• −5 −67
12a•+ → 12a+ + H• 2 −17

a In units of kJ mol−1. Including zero-point vibrational energies and referring to
0

r

t
e
i
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E (C, D, H) and diaminoalkane (E, F, G) moieties. Noteworthy are
he very low excitation energies that indicate that some of the
ow excited states rovibrational envelopes overlap and are popu-
ated by electron capture or transfer. Note that only the X state
f REv = 5.08 eV is near resonant with electron transfer from Na,
hile the E through G states of REv = 5.08 − 1.15 = 3.93 eV are near

esonant with electron transfer from Cs.

.7. Discussion of ECD and ECID

The dissociations upon electron capture and transfer share some
ommon features but also show differences. In discussing these,
ne has to realize the different experimental conditions for ECD and
CID. In ECD, the charge-reduced ion receives the entire recombi-
ation energy that, in combination with the ion thermal energy,
rives dissociations that are observed on a millisecond to second
ime scale. In ECID, the charge-reduced ion receives internal energy
hich is due to a difference between the recombination energy

o the electronic state of the incipient radical and the ionization
nergy of the alkali metal atom. In addition, a fraction of the non-
onserved COM collision energy, TCM = 3–15 keV, can be transferred
o the charge-reduced ion to drive high-energy dissociations. The
CID dissociations occur on the experimental time scale of 3–9 �s.

ECID of free diaminoalkane ions results primarily in loss of
n H atom and minor elimination of ammonia. This behavior
s consistent with the dissociation thermochemistry and kinet-
cs of other alkane ammonium hypervalent radicals [3f–n]. For
xample, loss of H from 7•+ is 69 kJ mol−1 exothermic and
equires an energy barrier of 23 kJ mol−1 in the X electronic state

Table 3). The low barrier allows for an extremely fast dissoci-
tion, considering the excitation (Eexc) due to electron transfer,
.g., Eexc = RE(72+) − IE(Na) = 56 kJ mol−1. Because of the absence
f Coulomb repulsion, the charge-reduced ion 7•+ can competi-
ively fold to conformer 7a•+ (�Hrxn,0 (7•+ → 7a•+) = −47 kJ mol−1)

t
d
e
h
t

Scheme 2
K.
b Calculations with the 6-31+G(d,p) and 6-31++G(d,p) basis sets for cations and

adicals, respectively.

hrough a sequence of low-energy transition states (Scheme 2) and
liminate an ammonium hydrogen atom from 7a•+ or one of the
ntermediates. Complete dissociation also occurs with 12•+ where
he loss of H is exothermic by �Hrxn,0 = −17 kJ mol−1 and can be

riven by the rovibrational thermal energy of the precursor ion,
.g., Hrovib (122+) = 48 kJ mol−1 at 298 K. Loss of ammonia, albeit also
ighly exothermic [3m], is known to have higher energy barriers
han loss of H and is kinetically disfavored in the X states of ammo-

.
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ium radicals. The presence of the chain fragments is remarkable,
ecause they must be formed by highly endothermic C C bond dis-
ociations. These minor dissociations probably occur from excited
lectronic states of charge reduced 7•+ and 12•+ that are accessed
pon keV collisions with both Na and Cs, by analogy with dissoci-
tions of 1,n-diaminoalkane radicals reported previously [3l].

Both ECD and ECID of the diaminoalkane·CE complexes result in
he loss of an H atom (M+ ions) combined with the loss of the crown
ther ligand (A+ ions). However, there are major differences in the
elative intensities of these fragments. In ECID, a major fraction of

+ survive to be detected and, in fact, represent the most abun-
ant charge-reduced species. In ECD, the majority of M+ dissociate
o form A+. A loss of an ammonium H atom resulting from elec-
ron capture by the outer ammonium group can proceed from the
round electronic state of the charge-reduced complex. The disso-
iation by H atom loss is exothermic, e.g., (�Hrxn,0 = −37 kJ mol−1)
or the charge-reduced intermediate 7-1CE•+. In contrast, loss of
E from 7-1CE•+ is calculated to be >200 kJ mol−1 endothermic,

ndicating strong H-bonding between the CE and the coordinated
mmonium group.

Dissociation of M+ by loss of a neutral CE molecule is
lso endothermic, e.g., �Hrxn,0 = 189 kJ mol−1 for 7-1CE+. This
nergy can be readily supplied by electron-ion recombination
RE(7-1CE2+) = 5.12 eV = 494 kJ mol−1), but not by resonant elec-
ron transfer from Na or Cs alone where the ion excitation is
114 kJ mol−1 if formed in the ground electronic state. This indi-
ates that the dissociating fraction of M+ must have been formed
rom an excited electronic state of charge-reduced 7-1CE•+ that was
ccessed by the keV collision. Formation of excited electronic states
ould also account for the different extent of M+ dissociation fol-

owing electron transfer from Na and Cs. Nevertheless, the fact that
he nominally more exothermic electron transfer from Cs results
n less extensive dissociation is puzzling. One possible explana-
ion is that the hydrogen atom eliminated from the E through G
tates of 7-1CE•+, which are near resonant with electron transfer
rom Cs, departs with substantial kinetic energy leaving the M+ ion
ith less internal energy. There are no calculated electronic excited

tates that are near resonant for Na. Similarly, ejection of a kinet-
cally excited H atom upon electron capture by small clusters of
Mg(H2O)n]2+ has been recently observed [13].

Finally, it should be noted that cross-sections for femtosecond
lectron transfer depend on the Franck–Condon factors for the par-
icular electronic state of the incipient charge-reduced species and
hus the population of electronic states may be different for dif-
erent electron donors and also different from that accessed by
apture of a low-energy free electron. This and the very different
ime scales for dissociation explain the principal differences in the
elative intensities of the primary (M+) and secondary (A+) product
ons in ECD and ECID.

The ECD and ECID spectra of diaminoalkane ion complexes with
wo CE ligands also show similarities and differences. The main
ragments in both kinds of spectra are due to loss of H and one
E molecule to form stable M+. While facile loss of H is intrinsic
o the reduced ammonium group [3f–n], the loss of the CE lig-
nd is presumably due to its weakened bonding to the neutral
H3 and/or NH2 groups. Further dissociation proceeds by loss of

he remaining stronger bound CE molecule to yield A+ ions. The
ifferences in CE binding to ammonium cations and radicals are
ocumented by the substantially different dissociation energies
or the [CH3NH3

+·CE] ion and [CH3NH3·CE]• neutral complexes,

Hrxn = 273 and 35 kJ mol−1, respectively (Table 3). The main differ-

nce between the ECD and ECID spectra is the presence in the latter
f the ion series due to C C bond cleavages in the diaminoalkane
hain. These dissociations correspond to high-energy processes
hat likely originate from excited electronic states accessed by
ass Spectrometry 276 (2008) 116–126 125

ollisional electron transfer, but not upon capture of a free
lectron.

. Conclusions

This comparative study of ECD and ECID of model ammonium
ications points to different energies and time scales in dissoci-
tions triggered by electron capture and fast collisional electron
ransfer. The main dissociation due to loss of an ammonium hydro-
en atom occurs in both ECD and ECID. However, the spectra
ubstantially differ in the consecutive dissociations by loss of the
E ligand. In addition, the ECID spectra show unique minor dissoci-
tions that can be assigned to the formation of different electronic
tates upon charge reduction. The CE ligand is found to have a
ubstantial effect on the recombination energy of the ammonium
ation and also affects the electronic properties of the charge-
educed cation-radical species.
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28] E.A. Syrstad, F. Tureček, J. Am. Soc. Mass Spectrom. 16 (2005) 208.

http://webbook.nist.gov/chemistry

	Electron capture, femtosecond electron transfer and theory: A study of noncovalent crown ether 1,n-diammonium alkane complexes
	Introduction
	Experimental
	Materials
	Methods
	Calculations

	Results and discussion
	Ion formation
	Diaminoalkane complexes with one and two CE molecules
	Electron transfer to free diammonium cations
	Electron transfer to diammonium complexes with one or two crown ether molecules
	Relative electron capture and transfer efficiencies
	Ion and radical structures and energetics
	Discussion of ECD and ECID

	Conclusions
	Acknowledgements
	Supplementary data
	References


