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ABSTRACT: Effects of hydration on the gaseous structures of diprotonated 1,7-
diaminoheptane and protonated heptylamine are investigated by infrared
photodissociation (IRPD) spectroscopy and computational chemistry. IRPD
spectra in the hydrogen bond stretching region (2800−3900 cm−1) indicate that
1,7-diammoniumheptane is linear and that hydration occurs predominantly by
alternate solvation of the two protonated amine groups for clusters with up to 10
water molecules. The relative intensities of bonded versus free hydroxyl (OH)
stretches are greater in the spectra of 1,7-diammoniumheptane with more than 12 water molecules attached than the
corresponding reference spectra of heptylammonium. This indicates that in the larger clusters, 1,7-diammoniumheptane adopts a
more folded conformation in which the two protonated amine groups are solvated by a single water nanodrop. These results are
supported by molecular dynamics simulations which show more hydrogen bonds in representative folded structures of hydrated
1,7-diammoniumheptane versus those with linear structures. These results indicate that the increase in Coulomb energy as a
result of bringing the two positive charges closer together in the folded structures is compensated for by the additional hydrogen
bonds that are possible when a single nanodrop solvates both protonated amine groups.

■ INTRODUCTION
The physical properties of molecules in solution depend on the
delicate balance between intramolecular interactions and
intermolecular interactions with the solvent. For example,
both types of interactions are important in protein
conformation, where hydrophobic groups are often in tightly
packed cores to avoid exposure to water.1,2 Intramolecular and
water−ion interactions can be separated and probed in gas
phase experiments, in which isolated ions or ions with a
controlled number of solvent molecules attached are formed.
Such studies have led to a significantly improved understanding
of the role of molecular structure versus molecule−solvent
interactions in a range of physical properties, including acid−
base chemistry.3,4

Hydrated ions have been probed using a variety of different
methods. The sequential hydration enthalpies and entropies for
various amino acids, peptides, and other organic ions have been
measured with blackbody infrared radiative dissociation
(BIRD),5−7 guided ion beam mass spectrometry,8−10 and
hydration equilibrium and high pressure mass spectrome-
try.11−20 These experiments can provide information about
where water binds to ions, the number of water molecules
needed to stabilize the zwitterionic structures of amino acids in
the gas phase, and reveal the onset of second solvent shell
formation. Computational methods are often used to provide
detailed structural information either independently21−23 or in
combination with experiment.5−13 More recently, infrared
photodissociation (IRPD) spectroscopy24,25 has emerged as a
powerful and sensitive technique for probing the structures and
interactions of various gaseous ions26−34 and their hy-
drates,34−57 including solvation of small inorganic ions35−50

and bioions.52−56

For gaseous ions that are multiply charged, Coulomb
interactions can play a more significant role on molecular
structure than in high dielectric solutions, such as water. For
example, highly protonated gaseous ions are typically more
elongated than the corresponding ions with fewer protons, and
the proton transfer reactivity increases significantly with
increasing charge.58,59 The apparent gas phase basicity of singly
protonated diaminoalkanes decreases with decreasing molec-
ular length of the alkyl chain, and the reactivity can be
accounted for using a simple charge model with an effective
dielectric constant of 1.0 assuming an extended ion geometry
for the diprotonated ion.60,61 Similarly, measured electron
binding energies for dicarboxylate dianions in photoelectron
spectroscopy experiments increase with the alkyl chain length,
which results from the decrease in Coulomb repulsion energy
as the charge separation distance increases.62

The hydration of both diprotonated diaminoalkanes and
dicarboxylate dianions and the effects on molecular structure
have been investigated. Kebarle and co-workers measured
sequential binding energies for the first four water molecules
bound to diammoniumalkanes and found that these water
molecules attach alternately to the two protonated amines in
these linear molecules.16−18 Protonated n-octylamine with 20
water molecules attached is especially abundant in evaporative
cooling mass spectrometry experiments, which was attributed
to the formation of a clathrate-like structure around the
protonated amine group.63 However, doubly charged 1,12-
diammoniumdodecane with 40 water molecules attached is not
unusually abundant, which led the authors to suggest that
separate solvation of the two protonated amine groups is
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energetically less favorable than solvating both charge centers in
a single cluster.63 Wang and co-workers measured adiabatic
electron detachment energies for sequentially hydrated
dicarboxylate dianions,64−67 and showed that these values
increase with hydration extent up to 15 water molecules for the
suberate dianion as a result of a decrease in Coulomb repulsion
energy between the two charge sites.65,66 However, the electron
detachment energy decreased with 16 water molecules
attached, which was attributed to the suberate dianion adopting
a more folded conformation in which the two charge sites are
closer together resulting in higher Coulomb repulsion
energy.65,66 IRPD spectroscopy has also been used to
investigate the combined effects of electrostatic and solvent
interactions on the conformation of the suberate dianion.53

This elegant experiment demonstrates that the intensities of the
symmetric versus asymmetric carboxylate group stretches
provide clear signatures for the conformation adopted by the
suberate dianion, and that about 16 water molecules are
required for this dianion to adopt a folded conformation in the
gas phase, consistent with conclusions from the earlier
photoelectron spectroscopy experiments.65,66

Here, the effects of sequential hydration on the conformation
of 1,7-diammoniumheptane with up to 30 water molecules
attached are investigated using IRPD spectroscopy in the
hydrogen bond stretching region (2800−3900 cm−1). A
comparison to IRPD spectra of hydrated heptylammonium
used as a reference for solvation at a single protonation site
indicates that a structural transition between an extended
structure, in which both protonation sites are equally and
separately solvated, to a folded structure, in which both
protonation sites are solvated by a single nanodrop of water,
occurs with 14 or more water molecules. This conclusion is
supported by molecular dynamics simulations performed to
investigate the average number of hydrogen bonds involved in
solvating representative folded and linear conformations.

■ METHODS
Experiments. IRPD experiments were performed using a tunable

optical parametric oscillator/amplifier (OPO/OPA) laser system and a
2.7 T Fourier transform ion cyclotron resonance mass spectrometer
equipped with a nanoelectrospray ion source and a temperature
controlled ion cell that is described in detail elsewhere.68 Heptylamine
and 1,7-diaminoheptane were obtained from Sigma Chemical Co. (St.
Louis, MO) and were used without further purification. Hydrated
heptylammonium and 1,7-diammoniumheptane were generated via
nanoelectrospray from ∼2 mM aqueous solutions using borosilicate
glass capillaries with tips pulled to an inner diameter of ∼1 μm. A
potential of ∼500−700 V relative to the metal entrance capillary of the
mass spectrometer was applied to a platinum wire that is in contact
with the solution. Ions were introduced into the mass spectrometer via
the heated entrance capillary and were guided with electrostatic lenses
through five stages of differential pumping into the ion cell. The ion
source parameters and trapping conditions were adjusted to optimize
the signal for the clusters of interest. The ion cell is surrounded by a
copper jacket that is temperature regulated with a controlled flow of
liquid N2 and thermocouples on the outside of the jacket to measure
temperature.69 All IRPD spectra were acquired at a copper jacket
temperature of 133 K. Ions were accumulated in the cell for 3−6 s,
during which time N2 gas was introduced to aid with trapping and
thermalizing the ions. The ions were subsequently stored for 4−12 s to
allow the pressure to return to ≤10−8 Torr and to ensure that the ions
had steady-state internal energies. The precursor ion clusters of
interest were isolated using stored waveform inverse Fourier transform
excitation to eject all other ions from the cell, and were irradiated using
tunable infrared light produced from an OPO/OPA system (Laser-
Vision, Bellevue, WA) pumped by the 1064 nm fundamental of a
Nd:YAG laser (Continuum Surelight I-10, Santa Clara, CA) at a 10 Hz
repetition rate. Irradiation times of 0.5−60 s were used so that the
precursor ions were depleted by up to 60−70% of their initial
intensity. The ions were subsequently detected using a MIDAS70 data
system. IRPD spectra were plotted from first-order photodissociation
rate constants obtained from the abundance of the precursor and
product ions after irradiation as a function of the laser frequency.
These rate constants were corrected for background blackbody

Figure 1. IRPD spectra of NH3
+(CH2)7NH3

+ + nH2O with n = 1−30. The spectral regions for free and bonded OH, and free and bonded NH
stretches are indicated by the vertical dashed lines.
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infrared radiative dissociation and frequency dependent variations in
laser power.37,68

Computations. Quantum chemical calculations that explore a
large conformational space are impractical for heptylammonium and
1,7-diammoniumheptane with extensive hydration. Instead, an
ensemble of low-energy structures was obtained from molecular
dynamics simulations after initial geometry relaxation.45 These
representative structures were used to obtain the average number of
hydrogen bonds in the hydrated heptylammonium and 1,7-
diammoniumheptane clusters, and to determine how this number
depends on the conformation of 1,7-diammoniumheptane and the
extent of hydration.
Molecular dynamics simulations for hydrated heptylammonium and

1,7-diammoniumheptane clusters were performed using Impact 5.7
(Schrödinger, LLC, Portland, OR) with the OPLS2005 force field to
obtain 5000 structures for each cluster size. The temperature of the
canonical ensemble was 133 K (the copper jacket temperature in the
experiments), and the simulations were performed for 10 ns using a 1
fs time-step and saving a structure every 2 ps. For 1,7-
diammoniumheptane with clusters containing more than 12 water
molecules, both linear and folded starting structures were considered.
Energies, vibrational frequencies, and intensities for structures of 1,7-
diammoniumheptane with up to 10 water molecules were calculated
with B3LYP using the 6-31+G** basis set (see Supporting
Information).

■ RESULTS AND DISCUSSION
IRPD spectra of 1,7-diammoniumheptane with up to 30 water
molecules attached were measured in the hydrogen bond
stretching region between 2800 and 3900 cm−1 and these
spectra are shown in Figure 1. 1,7-Diammoniumheptane has
two protonated amine groups where hydration is favorable16

and these groups are separated by a hydrophobic alkane chain.
Each protonated amine group has three hydrogen atoms
available to hydrogen bond with a total of six water molecules,
which constitute the first solvation shell around each charge
site.
NH3

+(CH2)7NH3
+ + nH2O with n = 1−6. For 1,7-

diammoniumheptane with one water molecule attached, there
is an intense peak at ∼3328 cm−1 and a less intense band at
∼3629 cm−1 (Figure 1). There are also much lower intensity
bands around 2800−3000 and 3700−3800 cm−1. The most
intense band (∼3328 cm−1) can be assigned to free amine
hydrogen (NH) stretches. Only one of the amine hydrogen

atoms is hydrogen bonded to a water molecule, leaving five free
amine hydrogens whose stretches contribute to this band.
Bonded NH bands will be red-shifted from the free NH
stretches49 and can be identified between 2800 and 3000 cm−1.
These bands have significantly lower intensity, in part because
only one of the amine hydrogens is bonded for n = 1, and in
part because a lower photon energy results in a slower
dissociation rate. Carbon−hydrogen stretches from the alkane
chain should appear in this same region; however, these bands
are typically weak.68 The hydroxyl group (OH) stretches from
water molecules will appear in the frequency range ∼3100−
3900 cm−1.35−37 Bands above 3600 cm−1 correspond to OH
groups that are not involved in a hydrogen bond, that is, free
OH stretches. The band at ∼3629 cm−1 in the spectrum of the
single hydrate corresponds to the symmetric free OH stretch of
a single-acceptor (one-coordinate) water molecule. The
broader and much lower intensity OH features observed at
∼3700−3800 cm−1 are similar to features observed for
NH4

+(H2O)n with n = 2−4, which were attributed to the K
rotationally coupled asymmetric stretches of a single-acceptor
water molecule.49 These free OH stretches become more
intense with increasing number of water molecules attached.
The intensity of the free NH stretches decreases relative to

the intensity of the bonded NH stretches with increased
hydration extent (Figure 1). For 1,7-diammoniumheptane with
two and three water molecules attached, there are two distinct
peaks at ∼3293 and ∼3340 cm−1 in the free NH stretch region.
Only the band at ∼3340 cm−1 is observed for n = 4, and the
relative intensity of this band for n = 5 and 6 is substantially
reduced. The decrease in the free NH stretch intensity for n =
1−6 indicates that hydration of 1,7-diammoniumheptane
occurs primarily by water molecule binding to the amine
hydrogens rather than formation of a second solvent shell. This
is further supported by the absence of bands in the spectral
region ∼3200−3600 cm−1, which would correspond to bonded
OH stretches that result from hydrogen bonding between water
molecules.
Solvation of 1,7-diammoniumheptane with an even number

of water molecules can occur either symmetrically with both
protonated amine groups solvated by an equal number of water
molecules, or asymmetrically with one protonated amine group

Figure 2. Expansion of the free OH stretch spectral region for NH3
+(CH2)7NH3

+ as a function of hydration extent. The various types of free OH
stretches are identified in representative water-binding motifs.
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binding more water molecules than the other. Changes in the
bonded NH features as a function of cluster size provide
information on whether symmetric or asymmetric binding is
favored for n = 2−6. For 1,7-diammoniumheptane with two
water molecules, there is a broad feature in the hydrogen
bonded NH region with bands at ∼2820 and ∼2870 cm−1.
Three additional sharper bands emerge at ∼2950, ∼3020, and
∼3080 cm−1 for n = 3 and only these three bands persist and
are sharper for n = 4 (Figure 1). These results suggest that the
bonded NH feature at ∼2800−2900 cm−1 in the IRPD spectra
for n = 1−3 arises from the binding of a single water molecule
to a protonated amine group and the additional bands observed
at ∼2900−3100 cm−1 for n = 3 and 4 correspond to hydrogen
bonded NH stretches that result from two water molecules
binding to a protonated amine group. On the basis of these
trends in the hydrogen bonded NH features, symmetric binding
is favored in the dominant conformer for n = 2 and 4. The
bonded NH stretches shift to higher frequencies with increased
solvation of the protonated amine group. This results from the
weakening of the individual charge−dipole interactions
between the water molecules and the amine group hydrogen
atoms with increasing number of water molecules attached.
Thus, the new band that emerges at ∼3110 cm−1 for 1,7-
diammoniumheptane with five water molecules is consistent
with a structure where one of the protonated amine groups is
completely solvated by three water molecules and the other
amine group has two water molecules attached. This band
becomes more intense relative to the other bonded NH
stretches for n = 6, indicating that symmetric binding with both
amine groups solvated by three water molecules is also favored
in the predominant structure of this cluster size.
NH3

+(CH2)7NH3
+ + nH2O with n = 7−14. In the IRPD

spectra for n > 6, new bands emerge in both the free and
bonded OH stretch region (∼3100−3900 cm−1). Some of the
water−water binding configurations that arise with increased
hydration extent can be identified from bands that appear in the
free OH stretch region. An expansion of this region as a
function of cluster size is shown in Figure 2. The peak that
emerges at ∼3710 cm−1 for n = 6 and persists for larger cluster
sizes is assigned to the free OH stretch of a two-coordinated
water molecule50 that is either involved in donating and
accepting one hydrogen bond or in accepting two hydrogen
bonds (Figure 2). The appearance of this band already at n = 6
indicates the presence of a conformer where a water molecule
hydrogen bonds to two water molecules rather than the amine
hydrogen to fill the first solvation shell around each protonated
amine group. Both the absence of any significant free NH
stretches and bonded OH bands suggest that this is a minor
conformer. An additional band at ∼3684 cm−1 is observed
prominently for n = 9 and is due to the free OH stretch for
three-coordinated water.50 The relative intensity of this band
increases with increased hydration, and by 14 water molecules,
its relative intensity is similar to that of the free OH stretch for
two-coordinated water. In contrast, the relative intensity for the
symmetric free OH stretch of one-coordinated water at ∼3630
cm−1 decreases in intensity with increased hydration for n = 6−
10, and this band is not observed in the IRPD spectra of larger
clusters. With increasing hydration, water molecules become
involved in extensive hydrogen-bonding networks, as indicated
by the appearance of free OH stretches for two- and three-
coordinated water molecules, and concomitant disappearance
of single acceptor water molecules.

Bands with significant intensity also begin to appear in the
bonded OH stretch region for 1,7-diammoniumheptane with
seven water molecules at ∼3405 and ∼3538 cm−1, signifying
the onset of second solvent shell formation. The band near
3540 cm−1 corresponds to a four-membered ring48,49 structure
formed by the amine group and three water molecules, where
two acceptor−donor water molecules each accept a hydrogen
from the amine group and donate a hydrogen bond to a third
water molecule (acceptor−acceptor). The emergence of this
band at n = 7 for 1,7-diammoniumheptane correlates well with
previous results48,49 for CH3NH3

+(H2O)4 and NH4
+(H2O)5,

indicating that formation of this ring structure occurs for
clusters with one water molecule in excess of the number
required to fill the first solvation shell around the protonated
amine groups or ammonium ion. The bonded OH feature
around 3400 cm−1 in the IRPD spectrum for 1,7-
diammoniumheptane with seven water molecules likely arises
from a conformer where the second solvent shell water
molecule binds to only one of the inner shell water molecules.
With increasing cluster size, the hydrogen bonded OH region
becomes more complex. For cluster sizes with n = 8−14, a
distinct band at ∼3369 cm−1 and a broader feature at ∼3452
cm−1 are identifiable. However, it becomes increasingly more
difficult to resolve individual bands for n ≥ 16.
The bonded NH features provide less structural information

for n > 6; these bands become significantly broader with fewer
distinguishable peaks. The absolute intensities of these bands
increase with cluster size, reaching a plateau for clusters with
more than 10 water molecules. However, the relative intensities
of these bands compared to those for the bonded and free OH
stretches decrease with increasing hydration for n > 6,
consistent with both protonated amine groups predominantly
solvated by n = 6.

NH3
+(CH2)7NH3

+ + nH2O with n = 16−30. Many isomers
with different hydrogen bonding configurations become likely
for the larger 1,7-diammoniumheptane clusters, consistent with
the disappearance of distinct peaks in the bonded OH region
for n ≥ 16. The bonded OH stretch intensity increases
significantly relative to the intensity of the bands for the free
OH stretches with increased hydration, indicating that an
increasing number of water molecules are involved in hydrogen
bonding with other water molecules. This is further supported
by the increase in the intensity of the free OH stretch for three-
coordinated water relative to that of two-coordinated water
with increasing cluster size (Figure 2).
Increased solvation of the protonated amine groups should

lead to a decrease in the Coulomb repulsion, making it more
energetically favorable for 1,7-diammoniumheptane to adopt a
folded conformation at larger cluster sizes, with the two
charged amine groups more effectively solvated by a single
water nanodrop. Previous results for microsolvated suberate
dianion, that is, two carboxylate groups separated by a six-
carbon alkane chain, showed that this dianion adopts a folded
conformation with about 16 water molecules attached.53,66 The
relative intensities of the symmetric (∼1390 cm−1) and
asymmetric (∼1570 cm−1) stretches for the two carboxylate
groups measured by IRPD spectroscopy were used as
signatures for solvent-mediated folding.53 Here, an indication
of a change in the structure of 1,7-diammoniumheptane with
increased hydration is obtained by comparing the IRPD spectra
for hydrated 1,7-diammoniumheptane with spectra for hydrated
heptylammonium, a reference ion that has only one protonated
amine group. The IRPD spectra of 1,7-diammoniumheptane
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with an even number of water molecules should closely
resemble the spectra for hydrated heptylammonium if
sequential hydration of 1,7-diammoniumheptane occurs by
alternately solvating the two protonated amine groups in a
linear structure.
Comparisons of Hydrated NH3

+(CH2)7NH3
+ and

NH3
+(CH2)6CH3. IRPD spectra were measured for heptylam-

monium with 1−15 water molecules attached and are
compared to the corresponding spectra for hydrated 1,7-
diammoniumheptane with twice the number of water
molecules attached (Figure 3). There are similar features in
the IRPD spectra of both ions. However, there are notable
differences in the frequencies and relative intensities of some of
the bands. For example, there are differences in the frequencies
of the bonded NH bands in the spectra of hydrated
heptylammonium and 1,7-diammoniumheptane that likely
arise from differences in the charge state of these ions. The
bonded NH stretch frequencies for 1,7-diammoniumheptane
with two, four, and six water molecules are slightly red-shifted
from those for heptylammonium with one to three water
molecules, respectively (Figure 3), consistent with slightly
stronger charge−dipole interactions between the water
molecules and the hydrogen atoms on the diprotonated ions.
Similarly, there are differences in the symmetric free OH

stretch frequency in the spectra of hydrated heptylammonium
and 1,7-diammoniumheptane. This frequency is plotted as
function of hydration extent for heptylammonium and 1,7-
diammoniumheptane in Figure 4. The frequency of the
symmetric free OH stretch for 1,7-diammoniumheptane shifts
from ∼3629 cm−1 for n = 1 to ∼3646 cm−1 for n = 10 (Figure
4). For heptylammonium, the frequency of this band shifts
from ∼3637 cm−1 for n = 1 to ∼3647 cm−1 for n = 5, and is
consistently higher than the frequency observed for the
corresponding hydrated 1,7-diammoniumheptane as a result
of the higher charge state of the latter ion. This frequency
difference between hydrated heptylammonium and 1,7-

diammoniumheptane is reduced with increased solvation,
indicating that the water molecules effectively solvate the
additional charge on 1,7-diammoniumheptane. The data for
heptylammonium are consistent with IRPD spectroscopy
results for NH4

+(H2O)n, which show the frequency of the
symmetric stretch increasing from ∼3636 cm−1 for n = 1 to
∼3648 cm−1 for n = 7.49

The frequency of the symmetric free OH stretch for hydrated
1,7-diammoniumheptane changes in two water molecule steps
for n > 3. This trend is consistent with water molecule binding
occurring alternately between the two protonated amine groups
with increased hydration extent, thereby affecting the
symmetric free OH stretch frequency only after addition of
every two water molecules. Symmetric solvation of diproto-
nated diamines for up to four water molecules attached was

Figure 3. IRPD spectra of (a) NH3
+(CH2)6CH3 + nH2O with n = 1−15 compared with (b) corresponding IRPD spectra for hydrated 1,7-

diammoniumheptane.

Figure 4. Comparison of the symmetric free OH stretch frequency for
heptylammonium (squares) and 1,7-diammoniumheptane (circles) as
a function of hydration extent, n.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja303313p | J. Am. Chem. Soc. 2012, 134, 11216−1122411220



indicated from water binding energy measurements.16−18 Our
experimental results indicate that water molecules solvate the
two protonated amine groups in a largely symmetrical way for
up to at least 10 water molecules attached. Calculated IR
spectra and relative energies at the B3LYP/6-31+G** level of
theory for various structures of 1,7-diammoniumheptane with
up to 10 water molecules (Supporting Information) also
support symmetrical binding to the two protonated amine
groups. Structures with asymmetric binding are higher in
energy by ∼3 kcal/mol for n = 2, but become more competitive
with increasing cluster size, and for n = 8, an asymmetric
structure (5 and 3 water molecules) is comparable in energy
(within 1 kcal/mol) to the lowest energy symmetric structure.
For n = 8, the calculated spectrum for the symmetric structure
matches better with the experimental spectrum suggesting that
symmetric binding is favored in these experiments at least up to
this cluster size. It becomes more difficult to determine
computationally all possible isomers with increased hydration
extent, and thus, only a few representative structures are
considered for 1,7-diammoniumheptane with 10 water
molecules attached. An asymmetric structure with 6 and 4
water molecules is calculated to be isoenergetic with the lowest
energy symmetric structure and its spectrum agrees equally well
with the experimental spectrum as the calculated spectrum for
the symmetric structure. However, an asymmetric structure
with 7 and 3 water molecules is calculated to be 4 kcal/mol
higher in energy. This suggests that only symmetric and
asymmetric structures with 6 and 4 water molecules likely
contribute to the experimental spectrum of 1,7-diammonium-
heptane with 10 water molecules attached.
Bonded versus Free OH Intensity. The intensities of the

hydrogen bonded and free OH stretches can be used as a
measure of the relative number of hydrogen bonds in the
hydrated heptylammonium and 1,7-diammoniumheptane
clusters. The ratio of the intensities for bonded to free OH
stretches is compared for heptylammonium and 1,7-diammo-
niumheptane at corresponding cluster sizes in Figure 5. The
ratios for 1,7-diammoniumheptane overlap with those for
heptylammonium at small cluster sizes, that is, up to about 6
and 12 water molecules for heptylammonium and 1,7-

diammoniumheptane, respectively. These ratios should be
similar if solvation of the protonated amine groups occurs
independently. The ratios for hydrated heptylammonium and
1,7-diammoniumheptane diverge for clusters with n ≥ 7 and 14
respectively, with the ratio for 1,7-diammoniumheptane
consistently larger than that of heptylammonium. The deviation
in the ratios observed for these larger clusters suggests that
water molecules can more optimally hydrogen bond with 1,7-
diammoniumheptane as a result of this dication adopting a
more folded conformation where both protonated amine
groups are solvated by a single water nanodrop which makes
possible maximum hydrogen bonding. Evidence for this is also
indicated by molecular dynamics simulations.

Molecular Dynamics Simulations. The number of
hydrogen bonds in hydrated linear and folded structures of
1,7-diammoniumheptane was investigated using molecular
dynamics. The ratio between the number of hydrogen bonded
and nonbonded hydrogen atoms of water was obtained for
5000 representative structures. The average value of this ratio as
a function of cluster size is shown in Figure 6a for
heptylammonium and 1,7-diammoniumheptane. The range of
values indicated corresponds to one standard deviation in the
average value. For 1,7-diammoniumheptane with n ≥ 14, both
linear and folded starting structures were considered in the
molecular dynamics simulations. During the 10 ns long
molecular dynamics simulations, the linear structures for 1,7-
diammoniumheptane remained linear and the folded structures
(except for n = 14) remained folded. The results from the
molecular dynamics modeling indicate that the number of
hydrogen bonds in the folded 1,7-diammoniumheptane
structures (closed circles) is higher than that for linear
structures (open circles) for n > 14. In contrast, the relative
number of hydrogen bonds for hydrated heptylammonium
(closed squares) is similar to that for hydrated 1,7-
diammoniumheptane with linear conformations (open circles).
These results are consistent with the experimental data in
Figure 5 and further support that the differences in the
observed experimental ratios between hydrated heptylammmo-
nium and 1,7-diammoniumheptane arise from a change in the
conformation of 1,7-diammoniumheptane from a linear to
folded structure.
The distance between the two amine group nitrogen atoms

(N−N distance) for 1,7-diammoniumheptane is used to
characterize the extent of folding in these structures and this
average distance is shown in Figure 6b. The average distance
for linear structures decreases slightly as a function of hydration
extent from 10.1 to 10.0 Å for 1,7-diammoniumheptane with 6
and 30 water molecules, respectively. This effect is attributed to
the decreasing Coulomb repulsion with increasing hydration
extent. For folded structures, the N−N distance decreases more
significantly with increased hydration from 7.7 to 6.3 Å for n =
16 and 30, respectively. The large range of values for n = 14 is
due to the large spread in the distance as the initially folded
structure became unfolded during the course of the simulation.
The Coulomb repulsion energy between the two protonated

amine groups can be approximated for the modeled structures
using the following expression60

π
=

ϵ ϵ −

q
r

Coulomb Energy
4

2

0 r N N (1)

where q is the elementary charge, ϵ0 is the vacuum permittivity
constant, ϵr is the intrinsic dielectric polarizability with a value

Figure 5. Ratios of the intensities for bonded to free OH stretches for
heptylammonium (squares) and 1,7-diammoniumheptane (circles) as
a function of hydration extent, n.
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of 1.0 (in the absence of solvent) for 1,7-diammoniumhep-
tane,60 and rN−N is the distance between the amine group
nitrogen atoms. The increase in Coulomb energy upon folding
for n = 16 and 30 is 11 ± 1 and 20 ± 7 kcal mol−1, respectively,
not taking into account the effect of water on ϵr. The energy
gained from additional hydrogen bonds formed in the clusters
of the folded structures is 13 ± 7 and 14 ± 10 kcal mol−1,
respectively, assuming an energy of ∼5.0 kcal mol−1

(approximately half of the heat of vaporization for bulk
water71) for each hydrogen bond. Assuming that the effects of
water on ϵr further reduce the Coulomb energy, this crude
approximation indicates that the increase in Coulomb energy as
a result of folding can be compensated by the additional

hydrogen bonds that form between the water molecules upon
solvating the folded structure of 1,7-diammoniumheptane.

■ CONCLUSIONS

These results for hydrated 1,7-diammoniumheptane demon-
strate that the number of water molecules needed to stabilize
the folded conformation of a dication in the gas phase can be
determined with IRPD spectroscopy by comparing the IRPD
spectra of the hydrated dication with those of a reference
monocation, which serves as a model for the separate solvation
of each charge site. In a folded conformation, the two charge
sites of the dication are solvated by a single water nanodrop,
which results in an increase in the number of hydrogen bonds
formed compared to the separate solvation of each charge site
in a linear conformation. The increase in the number of
hydrogen bonds is reflected in the relative IR intensity of the
bonded to free OH stretch bands in the IRPD spectra, and a
conformational change from linear to folded in the dication is
indicated by an increase in the relative bonded to free OH
intensities compared with those for the monocation.
Although folding of 1,7-diammoniumheptane requires about

the same number of water molecules (∼14) as the suberate
dianion,53 different stabilizing forces are responsible for the
water-induced change in conformation of these two oppositely
charged ions. For the suberate dianion, the stability of the
folded structure was attributed to additional ion−water
molecule bonds, rather than water−water hydrogen bonds.53

This contrasts with the results for 1,7-diammoniumheptane,
where the first solvent shell around each protonated amine
group is completed with a total of 6 water molecules attached
and therefore no additional ion−water molecule bonds are
formed for larger hydrates. Instead the increase in Coulomb
energy that results from bringing the two charge sites together
in the folded configurations is compensated by additional
water−water hydrogen bonds that are formed. These differ-
ences in solvation of multiply protonated and deprotonated
functional groups can have implications in the hydration and
structure of biomolecules, such as proteins, that have both
protonated and deprotanated basic and acidic residues.
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Figure 6. (a) Average ratio of the number of bonded to free OH
stretches for heptylammonium (squares) and 1,7-diammoniumhep-
tane (circles) as a function of cluster size, n, obtained from 5000
structures generated by molecular dynamics simulations. The range of
values indicated corresponds to one standard deviation in the average
ratio. In addition to a linear starting structure, a folded starting
structure is considered in the molecular dynamics simulations for 1,7-
diammoniumheptane with n > 12. Ratios obtained for a folded and
linear starting structure for 1,7-diammoniumheptane are shown as
closed and open circles, respectively. (b) The average distance
between the two amine group nitrogen atoms of hydrated 1,7-
diammoniumheptane is plotted as a function of hydration extent, n, for
5000 structures obtained from molecular dynamics simulations. The
range of values indicated corresponds to one standard deviation. The
average distance between the two amine group nitrogen atoms for
both linear (open circles) and folded (closed circles) starting
structures is shown for 1,7-diammoniumheptane with n > 12.
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