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Hydration Behavior of Alkyl Amines and Their Corresponding Protonated Forms. 1.
Ammonia and Methylamine

I. Introduction

During the past decade the modeling of condensed phases
has received a large amount of attentioh.The development
of computing power, new tools and methods as well as improved
force-fields, higher basis sets, and more sophisticated functionals
has made computational chemistry an important tool for
researchers. An increasingly popular technigtiee ab initio
MD simulation procedurehas been developed to improve the
investigation of condensed phases. In particular the—Car
Parrinello approachpased on density functional theory, showed
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The structure and dynamics of hydration of ammonia/ammonium and methylamine/methylammonium systems
have been studied by CaParrinello molecular dynamics simulation. While methylamine interacts weakly

with the aqueous environment, the interaction of ammonia is found to be much stronger than expected. Both
protonated species show a highly structured first solvation sphere. The solvent exchange mechanisms for all
species were also investigated, along with the geometry of the hydration spheres. Comparison of these exchange
mechanisms with that published for the ammonium ion shows only a minor difference. Analysis of the
respective distribution functions has allowed insight into the thermodynamics of solvation for both systems.
The calculated ¥, values (9.23/10.65) correspond very closely with the published experimental values of
9.25 and 10.65.

recently, several new approaches and enhanced methods have
been published that move toward a detailed and comprehensive
descriptior?2-25 Even so, in such studies it has to be concluded
that one or more parameters were generally described very well,
while others deviated significantly from the corresponding
experimental values. The goal of the present work was to attempt
an exact and detailed description of amine hydration without
using empirical parameters. In our approach both the amine itself
and also its protonated form were included in the overall
description.

high applicability to such systen€. The main advantage of
the use of ab initio MD simulations when compared with time !l Methods

independent ab initio calculations with an empirical continuum
solvent model is that the treatment of solute and solvent are
handled on an equal footing without external parametrization.
Nevertheless, the biggest problem in modeling fluid systems is
to treat the influence of the solvent in a satisfactory manner.
High level calculations are time- and resource-consuming, So
that it is often necessary to reduce the solvation environment
to small clusters; while empirical models, which more readily
can handle large systems, often neglect electronic effects.

An area which relies on a detailed description of solvation is
the hydration behavior of amines. The property of amines to
act as an ambivalent receptor for either catfomsanion§1©
depends strongly on their solvation and the pH-value. Especially
the development of new separation processes for valuable or
toxic species requires an extensive knowledge of these factors
of influence'l!2 Also the great importance of amines in
biochemical reactions is mainly associated with their hydration
and/or protonation behavior. It is commonly accepted that the
irregular ordering of amine basicities is associated with solva-
tion. An early work by Rao and Singhhas demonstrated that
particular properties of the solvation of amines could be modeled
by computational methods. In the 1990s several papers were.
published that dealt with different methods, parameters, or

A. Computational Details. All simulation systems contained
62 H,O molecules and the relevant amine/ammonium ion. All
hydrogen atoms were replaced by deuterium atoms to increase
the time step. This change did not affect the structural properties
of the system, only its motion and frequency, which were
decreased by/§ to a first approximation, corresponding to the
change in the moment of inertia. In the case of the ammonium
and methylammonium ions one deuterium nucleus was removed
from a randomly chosen water molecule to maintain charge
neutrality in the box. Average distances between the  OH
generated and the nitrogen atoms were calculated to be 6.5 A
for all simulations. Furthermore, the distribution functiags-
(r) for the OH™ and the water oxygen atoms were calculated
and compared with the results of Tuckerman e¥athe first
peak ofgoo(r) at 2.7 A (calculated by Tuckerman et al.) was
reproduced well in this work. The first minimum at 3.5 A was
found to be 0.5, which is significantly higher than the literature
value. Nevertheless, the distribution functions were nearly 1 at
greater distances-@.5 A). Reflecting this, the thermodynamic
and dynamic properties of the first shell surrounding the amines
are not expected to be affected by the presence of the hydroxide

approaches in connection with amine hydrair?! More A cubic supercell with a cell length af= 12.4 A was chosen

for the simulations, and periodic boundary conditions were
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of the simulation boX’ The simulations showed that the 3.0
estimated second hydration sphere was fully described within

the simulation box, which is consistent with other rep&#¥. 2.5
All simulations were performed using the CPMD packé&Qe, %) i
starting from an equilibrated classical MD run. Using the-€ar > |
Parrinello approach, the equations of motion were integrated &

with a fictious electron mass of 600 au and a time step of 0.121
fs. All data were averaged from a microcanonical ensemble
(NVE) over a production run of 10 ps at 300 K. The gradient 0.5
corrected BLYP exchange-correlation functional was used to
compute the electronic structure within the KetBham r(A)
formulation, and a cutoff radius of 70 Ry was employ&é? 2 3 4 5 6 7
Although the use of the BLYP functional leads to strong Figure 1. Partial distribution functiong(NO) calculated from 10 ps
decreased self-diffusich,it has been shown to provide a microcanonical production runs and smoothed about 0.2 A by perform-
L ' . ing a running average using ten points. Results for ammonium were
IrDeaso dnablfte dte_slc r'_ptll? n Olr'tgr:\j ptr_op(?rtlesggof ﬁqﬁeous Sy§?e;ns. represented py solid (this work) and dashed-dotted !ine (Brugé%t al.
rseudopotentials in Trouflieviaruns formy=whnich aré preésént  The dashed line represents the results for ammonia (this work).
in the CPMD program were transformed into the fully nonlocal
form by the Kleinman-Bylander separation procedueSimilar TABLE 1: Averaged Hydrogen Bond Lengths [A]
appro_aches have been published and show good agreement with simulation average X-ray ddfa
experimental result&35-38

. S . donors N-H:--O N---O N—H---O N--O
B. Calculation of pK, from the Distribution Functions. A —
definition of the equilibrium constanK, for a protonation ’(\‘:E“ NH 1.93 32-(?24 21-315&133) 22-361&%)
. . . . . 3= 2 . . .
reaction is given from the law of mass action: CHa-NH5" 202 > 82 1.878(6) 2.963(5)
AH <A +H" acceptors ~ N-H-O  N-+-O  N-+-H-O  N--O
NH3 1.74 2.68
4
K — AIH ] ) CHz-NH; 1.78 2.74 1.88 2.84
 [AHT]

those obtained by Todorova et?abr van Erp et af? confirm

From a statistical view eq 1 can be described as the relation ofthat the chosen simulation conditions led to good agreement
probabilities, where the proton either belongs to the donor atom With the prior results. _

or does not. If the concentration inside a simulation box of ~ The distribution functions were generated from the trajectory
volumeV is ¢o andP(Re) is the probability of finding a proton ~ configurations taken every 20 fs, which is slightly longer than
within a radiusRc from the donor atomK, can be expressed ~the reorganization time of hydrogen bonds in water. For the

by systems investigated the g(NO) function is of crucial importance
for gaining a deep insight into the amine solvation. As shown
(1 - P(RY)? in Figure 1, the difference between the different species is very
= (2) great. For the ammonium ion a clear first hydration sphere was
P(R)cV observed fog(NO) with a maximum of 2.9 at a distance of 2.8

A. Integration up to the first minimum at 3.5 A led to a
coordination number of around 5.4, which shows general
consistency with the published results of Bruge etalhe
slightly less structured distribution might be due to a smaller
fictitious masé4? used in this work. A completely different
%hicture was observed for ammonia. The nearest peak at 2.6 A
is related to the N-H—O hydrogen bond, where the nitrogen
atom acts as electron pair donor. A much broader plateau(2.8
4.5 A) is related to two different kinds of water molecules. The
water molecules, which interact weakly with the amine hydrogen
atoms, were placed at a distance of-2333 A, while those

A. Ammonia/Ammonium. Inspired by the work of Bruge  placed between 3.2 and 4.5 A were noninteracting with the
et al.?8who described the rotational dynamics of the ammonium amine but interacted with a strongly bonded water molecule in
ion by CPMD, we were led to undertake the simulation of the the first hydration sphere. The hydrogen bonds, analyzed and
ammonia/ammonium ion system as a first goal of the presentaveraged over all configurations, were compared with published
work. A trajectory for the ammonium ion was again calculated, bond lengths from crystal structufésand were in good
and the results were almost identical to those obtained by theagreement (Table 1). As expected ammonia has a less structured
above authors. The differences in the pair correlation functions first hydration sphere and the interactions between the solvent
g(NO) (Figure 1) beyond the first minimum were mainly a result molecules seemed to be more geometry determined. Surprisingly
of the lower fictitious mass employed. During the simulation the coordination number calculated up to a distance of 3.5 A is
of the ammonia system spontaneous protonation events werer.2. This means that, on average, the ammonia molecule is
observed, and these results were excluded from further analysessurrounded by two more water molecules than the ammonium
In general, a set of pair correlation functions (pair distribution ion. These results were analyzed more precisely by aligning all
functions) were successful in describing a solvated system configurations of the trajectories to an-¥l bond (ammonium
completely. Comparisons of the resulting oxygexygen ion), or to the vector of the free electron pair (ammonia),
distribution and the water hydrogen-oxygen distribution with respectively. This alignment allowed a calculation of a density

It is obvious that the choice dRc crucially influences the
estimatedKa values. The value 1.12 A used f&: was
calculated from waterammonium clusters based on density
functional theory with the B3LYP functional and the 6-31G*
basis set. The free energy of the clusters was calculated usin
stepwise elongation of one-N\H bond and show a gradient
maximum atRc. Similar approaches have been published for
the self-ionization of waté? and the deprotonation of P(Of

I1l. Results and Discussion
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Figure 2. Spatial distribution maps created with the VMD-softwfdre

for the first hydration spheres of ammonia (left) and ammonium (right).
The isosurfaces were obtained from the average of all configurations
and represent 92% (red) and 97% (wireframe) of the oxygen density.

(@)

r(A)
Figure 3. Partial distribution functionga) g(ND) (D denotes water

hydrogen) andb) g(D*O) (D* denotes amine hydrogen) calculated
from 10 ps microcanonical production runs and smoothed about 0.2 A
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by performing a running average using ten points. Solid and dashed

line represent ammonium and ammonia, respectively.
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Figure 4. Partial distribution functions (ag(NO) and (b)g(ND) (D
denotes water hydrogen) calculated from 10 ps microcanonical produc-
tion runs and smoothed about 0.2 A by performing a running average
using 10 points. Solid and dashed lines represent methylammonium
and methylamine, respectively. The dashed dotted lines represent results
from Kusalik et aP?

B. Methylamine/Methylammonium. 1. Radial Distributions.

In a difference to the ammonium ion, neither methylamine nor
ammonium have been investigated by CPMD so far. As
observed for ammonia, some production runs of methylamine
showed a proton transfer from water to the amine, leading to
an associated ion pair. These results were excluded from the
calculation of the distribution functions and also in further
analyses.

The partial distribution functiongg(NO) and g(ND) are
displayed in Figure 4. Thg(NO) function for methylammonium
showed a similar trend to that of ammonium. While a distinct
first hydration sphere between 2.4 and 3.5 A exists for the

map (Figure 2) for the oxygen atoms surrounding the amine. protonated species, a second hydration sphere is hardly evident.
In agreement with the literatuf® the displayed isosurfaces of  The observed small shoulder for methylammonium at 3.75 A
oxygen density depict that in the case of ammonium a stable belongs to the second hydration sphere but is fused with a peak
cage of four water molecules is formed. Another water molecule assigned to water molecules nearest to carbon. The nitrogen-
was found to enter the first hydration sphere in several positions. oxygen distribution for methylamine is characterized by a small
The results for ammonia represent more delocalized hydrogen-peak at 2.65 A, which can be assigned to a water molecule
bonded water molecules and also additional water moleculesinteracting strongly with the nitrogen lone pair. The distribution
in the first hydration sphere, which are not hydrogen bonded to between 3.0 and 5.3 A is caused by different types of water
ammonia. Figure 3 depicts the distribution functigieD) and molecules. Amine-interacting water molecules were assigned
g(D*0), which also show some interesting features. Integration between 3.0 and 3.8 A, while water molecules between 3.6 and
of g(D*O) up to the first minimum yielded to the coordination 5.3 A corresponded to a second hydration sphere. A comparison
numbers for the ammonia/ammonium hydrogen atoms. While of g(ND) (Figure 4b) showed only slight differences between
all ammonium hydrogen atoms are on average coordinated bythe calculations for the respective species. The additional peak
one water molecule, ammonia hydrogen atoms are only for methylamine at 1.7 A was assigned to the deuterium atom
coordinated by 0.7 water molecules. This result indicates also of the nearest coordinated water molecule, while the differences
that the first hydration sphere of ammonia is highly mobile. In between 3.2 and 4.6 A are within statistical uncertainty.
addition the nitrogerwater hydrogen distributiong(ND) Closer examination of the distribution functions with respect
(Figure 3b) show some differences between ammonia andto the protonation state, revealed some unexpected behavior.
ammonium. The additional peak at 1.6 A represents the Due to protonation the peak maximum shifted from 2.65 to 3.0
hydrogen bond involving the lone pair of the nitrogen. The peaks A and rose from 1.5 to 2.1 for the nitrogenxygen distribution.

for ammonium are shifted about 0.25 A away from the nitrogen While the observed higher maximum (caused by additional
relative to those of ammonia. electrostatic interactions) was expected, the fact that the
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TABLE 2: Calculated Coordination Numbers and Residence

Times
1st hydrogen  residence times
coordination  sphere radius 7 [ps]
species number [A] major (minor)
NH3 7.2 35 1.2 (0.03)
NH4* 5.4 35 4.0 (0.08)
CH:NH, 3.0 3.45 1.5 (0.05)
CHsNHg" 4.2 3.45 2.7 (0.12)

aTaken from ref 28.

Figure 5. Spatial distribution maps created with the VMD-softwidre ~ weakly bonded water molecules, the unprotonated species each
for the first hydration spheres of methylamine (left) and methyl- show only one strong interaction.
ammonium (right). The isosurfaces were obtained from the average of . Coordination Numbers and Residence TimesAs
all configurations and represent 94% (red) and 97% (wireframe) of yaccriped by Bruge et &,a stable cage of water molecules
the oxygen density. - ; . . o

was proposed to surround the ammonium ion, with an additional

maximum occurred at a greater distance can only be explainedWater molecule entering the first hydration sphere in various
by steric interactions occurring between the water molecules Places. A similar (but not identical) behavior was proposed for

inside the first hydration sphere. CH3NHz™ in this study. In contrast to the results obtained by
a different method. These authors obtained distribution functions @dditional water entered the first hydration sphere between two
which are also displayed in Figure 4. Surprisingly t{&lO) of the hydrogen-bonded water molecules and not in the plane

distribution for methylamine obtained by Kusalik et al. is similar Petween all three. For the unprotonated species the water
to the g(NO) function of methylammonium obtained in this molecules were found to exchange faster when weakly bonded
work. The peak maximum for the first hydration sphere of these Vi@ N—H---O bonds, while exchange for the-ANH—0O bond

g(NO) functions differed by 0.5, but as shown by Kusalik et Was not observed within the simulation time employed.
al?? this can be a consequence of the concentration of 10 confirm these results, a residence time according to the

methylamine in the solution. definition of Impey et al** based on the average coordination
2. Spatial Distributions.As shown by Kusalik et a2 numbern(t), was calculated:
investigation of the spatial distribution of the water molecules 1N
around the amine led to further insight into the nature of the _
n(t) = — Pi(t,t 3
hydration. ® N nZ‘ JZ i(t O 3)

All configurations of methylamine/ammonium were aligned
along the carbon-nitrogen and a ND* axis. An oxygen density ~ The coordination number was obtained frolh atomic
map was calculated (Figure 5) for these aligned configurations configurations and afl water molecules of the systef(t,, t)
and this aided a better understanding of the spatial distribution was defined to be 1, if the water molecule was placed in the
around the amine functionality. For the unprotonated amine it hydration sphere at timig andt, + t, otherwise it is defined to
was found that only one water molecule was strongly hydrogen be zero. At longer times(t) decays exponentially as'é, where
bonded (with an @H---N bond), while both amine hydrogen 7 is by definition the residence time. The major residence time
atoms were only involved in weak hydrogen bonds. Reflecting was assigned to the hydrogen-bonded water molecules, while
the presence of these weak hydrogen bonds, the geometry othe minor one was assigned to water molecules entering and
the amine environment is determined by the wateater leaving the first hydration sphere without being hydrogen
interactions. A density map around the amine functionality bonded. The calculation of the coordination number and the
within a distance of 3.5 A showed a less structured distribution residence time for the different species using this algorithm leads
of the oxygen atoms compared with the map for ammonia. The to the results displayed in Table 2.
solid isosurface was calculated for 94% of oxygen density = The nonexchanged water molecules for the unprotonated
(Figure 5), because 92% density (as used for ammonia (Figurespecies were omitted in the calculations because no exchange
2)) led to an almost completely filled space around the amine. corresponds to infinite residence times. Both protonated mol-
Although the first minimum of thg(NO) function for methy- ecules show a much higher major residence time, which is in
lamine was found at 3.0 A, the first hydration sphere includes accord with a stable cage of water molecules surrounding the
hydrogen-bonded water molecules at a distance of 3.45 A. protonated amine and additional water molecules entering this
Integration up to this radius led to a coordination number of sphere from time to time. It needs to be mentioned, those
3.0 for methylamine. residence times of 4.0/2.7 ps are less reliable when obtained

In stark contrast to these results, the calculation fos-CH by averaging over a simulation time of 10 ps. Also, because
NH3" showed a much more structured first hydration sphere BLYP is now known to underestimate the self-diffusion
(Figure 5). The oxygen atoms were localized in the directions coefficient of pure liquid watet? the calculated residence times
of the ND* bonds, forming three strong hydrogen bonds. The might be overestimated. Nevertheless, the values show the
bond lengths of these hydrogen bonds are slightly larger thanexistence of two kinds of mobility for the molecules within the
those found for CBNH,. Integration as above led to a hydration spheres. For the nonprotonated amines the major
coordination number of 4.2 at the first minimum. This means residence times are much smaller and the minor ones can be
that an additional water molecule is present in the first hydration neglected because they are of a similar time scale to the
sphere and it is without a discrete position. This result is in reorganization times for hydrogen bonds in water (18 fs).
good agreement with the results from the calculations for D. Exchange Mechanisms and ¥, Values. The exchange
ammonia and the ammonium ion: While the protonated speciesand the rotational mechanism were investigated in more depth
show a highly structured first hydration sphere, with additional to obtain more detailed insight into the above results. Com-
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Figure 6. Calculated solvent exchange mechanism fori@Hs".

TABLE 3: Calculated Probabilities of Deprotonation P(Rc)
and pK, Values

species P(Re) pKa
NH* 556x 10710+ 1 x 10712 9.23+ 0.008
CH3NH3* 242x 1011+ 1.6x 10712 10.65+ 0.016

parison with the results of Bruge et %l.shows a different
solvent exchange for the methyl substituted ammonium ion.
Reflecting the smaller residence time, about nine exchange
events of the directly bonded water molecules were observed.
Many additional events involving partial removal and re-entry
of water molecules were also observed in all simulations. Eight
of the nine observed exchanges can be described by th
rotational mechanism outlined in Figure 6.

Initially three almost identical hydrogen bonds exist (1), but
after a new water molecule enters the first hydration sphere,
the hydrogen bonds begin to differ (Il). One hydrogen bond
becomes very strong2.75 A, p(N*—H---0) = 18C¢° + 5°),
while the hydrogen bond next to the new water molecule become
quite weak £3.2 A, o(NT—H---0) = 140 + 20°). This might

e
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dynamics simulation (CPMD) was investigated. The BLYP
functional used has been shown to reproduce the structures of
similar systems studied in good agreement with experimental
results?28

It was shown that the hydration spheres adjacent to the amine
or ammonium nitrogen atoms differ significantly. This is
apparent from the radial distribution functions and, in a more
detailed way, by the spatial distribution function for the water
oxygen around the nitrogen atoms. More precisely, the radial
distribution shows that the solvation structure of the different
species is identical beyond the first hydration shell, while inside
the hydration sphere the structure is quite different. The
unprotonated species show a similar behavior, with the lone
pair of each nitrogen strongly interacting with a water molecule.
The amine hydrogen atoms form only weak hydrogen bonds
with water, which undergoes comparably fast exchange. The
protonated species gives rise to a stable cage of water molecules
via formation of strong hydrogen bonds. The exchange of these
water molecules is rather slow, as shown by the calculated
residence times. Estimated coordination numbers show that
ammonia is on average coordinated by more water molecules
than ammonium, while in the case of methylamine the proto-
nated form has a higher coordination number. Furthermore, the
protonation constants were calculated from all data with high
precision and in good agreement with the experimental vdfues.
Finally, it is noted that the present results have implications for
the prediction of the basicity of alkyl amines in aqueous solution.
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