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ABSTRACT: Hydration of the ammonium ion plays a
key role in determining the biomolecular structure as well
as local structure of water in aqueous environments.
Experimental data obtained by cryogenic ion mobility-
mass spectrometry (cryo-IM-MS) show that dehydration
of alkyl diammonium cations induces a distinct unfolding
transition at a critical number of water molecules, n = 21 to
23, n = 24 to 26, and n = 27 to 29, for 1,7-diaminoheptane,
1,8-diaminooctane, and 1,10-diaminodecane, respectively.
Results are also presented that reveal compelling evidence
for unique structural transitions of hydrated ammonium
ions associated with the development of the hydrogen-
bond network around individual charged groups. The
ability to track the evolution of structure upon stepwise
dehydration provides direct insight into the intricate
interplay between solvent−molecule interactions that are
responsible for defining conformations. Such insights are
potentially valuable in understanding how ammonium ion
solvation influences conformation(s) of larger biomole-
cules.

A number of competing effects dictate conformational
preferences of biomolecules as they transition from

solution to a solvent-free environment, including solute−
solvent interactions,1−6 Coulombic repulsion of like
charges,7−10 and/or intramolecular charge solvation.11−19

These interactions have been studied by theoretical and
experimental approaches that probe specific effects of solvation
on peptide and protein structure, and it has been established
that, for most biological molecules, the preferred water binding
sites are the accessible hydrogen bond donors or acceptors and
the charged side chains.1,20 Sequential hydration studies of
ammonium, guanidinium, and carboxylate ion groups reveal the
size of the first solvation shell(s),21−26 preferences for self-
solvation, and salt-bridge formation,27−31 and in a number of
cases, binding energies of the first few water molecules have
been determined.20,32−38 For multiply charged ions, the
interplay between Coulombic repulsion and water−ion
interactions has been shown to induce conformational changes
during the desolvation processes of electrospray ionization
(ESI).19 Tracking the structure(s) and dynamics of small ions
at intermediate extents of hydration in an effort to deconvolute
these effects will improve our understanding of ion hydration
and the structural preferences of biomolecules.

Here, cryogenic ion mobility-mass spectrometry (cryo-IM-
MS) is employed to measure changes in the structures of a
series of hydrated doubly charged ions including 1,7-
diaminoheptane (DAH), 1,8-diaminooctane (DAO), and
1,10-diaminodecane (DAD) as a function of the numbers (n)
of attached water molecules. The cryo-IM-MS instrument has
been described in detail previously.6 Ions are generated via ESI
and guided into a variable temperature drift tube, which is
maintained at 80 ± 2 K via liquid nitrogen cooling. This
approach is used to capture hydrated ions formed by ESI that
are separated on the basis of size-to-charge (IM) and mass-to-
charge (m/z) by time-of-flight MS. Cryogenic cooling of the
drift tube is required for the preservation of these weakly bound
cluster ions that have been shown to evaporate under ambient
conditions.6 Here, we show that hydrated alkyl diammonium
cations undergo an abrupt unfolding transition upon stepwise
desolvation over a narrow range of water molecules: n = 21 to
23 for 1,7-DAH, n = 24 to 26 for 1,8-DAO, and n = 27 to 29 for
1,10-DAD.
Kebarle and co-workers previously reported data for the

sequential attachment of the first few water molecules to alkyl
diammonium cations.39,40 Based on the measured binding
energies, they proposed that water molecules bind to both
charged groups in an alternating fashion. Studies of larger
hydrated clusters reported formation of magic number clusters
for hydrated ammonium ions, NH4

+(H2O)n, as well as primary
amines; specifically, n = 20 has been attributed to the formation
of a clathrate cage structure similar to the compact structure of
H+(H2O)n (n = 21).22,41−45 However, the magic number
cluster n = 40 has been absent from the spectra of many doubly
protonated diammonium ions such as 1,12-diaminododecane
and 1,7-DAH, suggesting that both charged groups may favor
solvation by a single water droplet as opposed to separate
solvation shells.22,46 Williams and co-workers used IRPD
spectroscopy to analyze the sequential hydration of 1,7-DAH
with up to 30 associated water molecules and, through a
comparison with the singly protonated heptylamine ion,
determined that, for clusters with >14 water molecules, the
linear molecule begins to fold and form a single droplet that
bridges both charged groups;46 the suberate dianion exhibits
similar behavior.47 Computational studies confirmed that such a
folding transition exists for alkyl diammonium cations, but
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reports on the exact size of the droplet required to bridge the
two charged groups have varied. Janhangiri et al. reported the
water-induced folding transition using molecular dynamics
(MD) simulations, but found evidence for this transition
occurring at 22 water molecules for 1,7-DAH and varying as a
function of alkyl chain length.48

Figure S1 contains ESI mass spectra of 1,7-DAH, 1,8-DAO,
and 1,10-DAD [NH3(CH2)xNH3]

2+(H2O)n ions, where x = 7,
8, or 10, respectively. The relative abundances of the hydrated
ions in the mass spectra reflect the relative stabilities of specific
cluster ions. Note that magic number clusters are not detected
for either dication because both charged groups prefer to be
solvated by a single droplet at large numbers of n.22,46 The
peaks labeled with asterisks (see Figures 1 and S1) fall at m/z
values that correspond to either the dehydrated singly charged
[M + H]+ ion or a proton-bound dimer ion, [2 M + 2H]2+.
Regardless, these ions appear to be formed by a different
mechanism because hydrated forms of the ions are not
observed. A plausible mechanism is by a charge reduction
reaction to form [M + H]+ ions, as was reported previously,19

i.e., loss of H+(H2O)n ions via proton transfer from [M +
2H]2+(H2O)n ions.
In order to investigate the conformational preferences of the

doubly charged ions as a function of the number of attached
water molecules, two-dimensional contour plots of ion mobility
arrival time distribution (ATD) versus m/z were generated
(Figure 1). The plots reveal a rather obvious discontinuity in
the [M + 2H]2+(H2O)n ATD trendlines over a narrow range of
water molecules for each dication. This deviation is consistent
with an unfolding event upon stepwise dehydration for the [M
+ 2H]2+(H2O)n ions of each diammonium cation. For 1,7-DAH
(Figure 1a), the ATDs for clusters n > 23 fall along a uniform
trendline and the structures of these ions are attributed to a
folded conformation in which both ammonium ions are
solvated by a single droplet. The folded structure is stabilized
on the surface of the droplet because energetically favorable
solute−solvent interactions compensate for the Coulombic
repulsion between the two charged groups and the water
molecules effectively bridge the ammonium ions.46 In this
region, loss of sequential water monomers to evaporation
results in minor changes to the overall structure of the
molecule. As the droplet continues to evaporate, it shrinks in
size and repulsive Coulombic interactions between the charge
sites force the solvated ion to elongate, splitting the water
droplet into two clusters which solvate each ammonium ion
separately. The resulting elongated ion conformation is
accompanied by an increase in arrival time for the “unfolded”
hydrated clusters, clearly evident in the mobility trendline
shown in Figure 1a. For 1,7-DAH, this transition occurs over
the range n = 21 to 23, consistent with computational studies
reported by Peslherbe and co-workers.48 The longer alkyl chain
lengths of 1,8-DAO and 1,10-DAD result in a shift of the
unfolding transition to larger cluster ions owing to the
increased separation of charged groups in the molecule and
subsequent increase in water molecules required to bridge
between the ammonium ions. The 2-D plots shown in Figure
1b and 1c confirm that this is the case for 1,8-DAO and 1,10-
DAD, as an identical transition is observed over the range n =
24 to 26 and n = 27 to 29, respectively.
The proposed transition, from a folded structure in which

both ammonium ions are solvated by a single water cluster at
larger numbers of n to an elongated structure in which the
ammonium ions are solvated separately, was tested by

comparing the hydration of heptylamine. The heptylammo-
nium ion, [CH3(CH2)6NH3]

+, has a single ammonium group
that will serve as the primary site of hydration; consequently,
this ion should not adopt a folded hydrated structure.46 The
mass spectrum of heptylamine is shown in Figure 2, and both
the [CH3(CH2)6NH3]

+(H2O)n and H+(H2O)n series of
hydrated clusters are observed. The 2-D mobility plot of
[CH3(CH2)6NH3]

+(H2O)n ions (Figure 2b) reveals a single
hydration trendline which appears uniform in the region n = 20

Figure 1. Two-dimensional contour plots of ATD versus m/z for [M
+ 2H]2+(H2O)n ions of (a) 1,7-diaminoheptane (DAH), (b) 1,8-
diaminooctane (DAO), and (c) 1,10-diaminodecane (DAD). All
solutions were prepared at a concentration of 500 μM with pure water
(18 MΩ) containing 0.1% formic acid, and the heated capillary ion
inlet temperature was maintained between 338 and 349 K in order to
control the extent of desolvation. The dashed lines are included to
guide the eye along the [M + 2H]2+(H2O)n trendlines. The peaks
labeled with an asterisk correspond to either the [M + H]+ ion or a
proton-bound dimer, [2 M + 2H]2+.
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to 30, indicating similarly structured conformer populations in
this range that are consistent with elongated structures
hydrated by a single solvation droplet around the ammonium
ion.
The 2-D plot of the heptylammonium ion reveals a more

subtle deviation in the trendline at n = 5 to 6 that may shed
light on a similar deviation observed in the low-mass region of
the spectra for the diammonium cations shown in Figure 1.
There, a second structural transition is observed at n = 10 to 11,
evident from the abrupt change in slope observed for ATDs
falling on the [M + 2H]2+(H2O)n trendlines. Previous cryo-IM-
MS studies of protonated water clusters, H+(H2O)n, elucidated
structural transitions for small ions corresponding to changes
associated with the evolution of the hydrogen-bond network
around the excess proton.49 Upon desolvation, clusters
transitioned from 2-D net-type structures into elongated
chain structures over the range n = 8 to 11. This transition
was characterized by the change in slope observed for ATDs
along the hydration trendline indicating structural differences in
the two types of clusters. Such a transition is predictable from
spectroscopic results,50−52 but the structural implications are
directly revealed in the cryo-IM-MS hydration trendlines. The
transition observed at n = 10 for 1,7-DAH, 1,8-DAO, and 1,10-

DAD may result from a similar development of the H-bond
network around the ammonium ion.
The deviation in the trendline of hydrated clusters is

observed at n = 10 to 11 for the diammonium cations whereas a
similar deviation is observed at n = 5 to 6 for the
heptylammonium ion, a difference that is consistent with
symmetric solvation of the two charged groups. This supports
the assignment of these deviations to structural changes in the
H-bond network surrounding the ammonium ion, consistent
with interpretation of spectroscopic data. Williams and co-
workers probed the free-OH stretch spectral regions of 1,7-
DAH hydrated clusters and showed that bands associated with
one-coordinated water molecules, which are present in chain-
like structures, dropped off sharply at n = 10, whereas the band
attributed to three-coordinated water molecules, present in
larger 2-D net structures, began to grow in simultaneously at n
= 9.46 This suggests that, for 1,7-DAH, the transition from
chain-like structures into net-like structures should occur
around n = 10, with five water molecules surrounding each
charged group separately. IRPD spectra of hydrated hepty-
lammonium clusters revealed a similar decrease in intensity of
the free-OH stretches corresponding to one-coordinated water
molecules at ∼n = 5 to 6.46 Again, this is consistent with the
transitions observed in the 2-D plots for the diammonium
cations shown in Figure 1, as well as the deviation observed at n
= 5 for the heptylammonium ion (Figure 2), which possesses
only a single charged group.
Collectively, results indicate that the structural evolution of

1,7-DAH upon desolvation is characterized by multiple
transitions. While the water-induced unfolding transition was
predicted based on spectroscopic studies, results presented here
definitively establish that the transition occurs at a specific,
narrow range of water molecules. When greater than 23 water
molecules are bound to the ion, it adopts a folded conformation
in which both charged groups are brought into close proximity
by solvation from a single droplet of water. Loss of water
monomers through evaporation coupled with Coulombic
repulsion then promotes the elongation and separation of the
ammonium ions located on opposite ends of the molecule. This
unfolding occurs abruptly over the range n = 21 to 23 for 1,7-
DAH and varies as a function of alkyl chain length. Clusters
smaller than [M + 2H]2+(H2O)n (n = 21) exist as extended
structures in which both charged groups are solvated by
separate droplets. In this range, the water molecules solvating
the ammonium ions form an interconnected network of H-
bonds made up of two- and three-coordinated water molecules.
Beginning at n = 10, loss of water monomers results in
expansion of the net-type hydrated ions into chain-like
structures possessing one-coordinated water molecules. This
transition has been previously observed for protonated water
clusters, H+(H2O)n, but is shown to occur over a different range
indicating subtle differences between hydration of the
ammonium and hydronium ions. The ammonium ion is
present in a wide range of peptides and proteins and plays an
essential role in the structural preferences of these molecules,
especially in the presence of water. Understanding the
hydration behavior and conformational changes of small
systems as a function of the number of waters attached
provides insight into the interactions, hydrations, and structural
transitions that would be expected in more complex biological
molecules.

Figure 2. (A) ESI mass spectrum and (B) 2-D contour plot of ATD
versus m/z for heptylamine [CH3(CH2)6NH3]

+(H2O)n ions. The inset
in panel (A) contains an expanded view of the region surrounding
[CH3(CH2)6NH3]

+(H2O)n (n = 0 to 7). In addition to hydrated
heptylammonium ions, protonated water clusters are formed from ESI
in small abundance.
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