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Ultrafast Vibrational Spectroscopy of Aqueous Solution of
Methylamine from First Principles MD Simulations

Sohag Biswas® and Bhabani S. Mallik*™

We performed Car-Parrinello molecular dynamics (CPMD)
simulations of deuterated aqueous solution of methylamine
(MA) to investigate the structure, dynamics and time depend-
ent vibrational spectra of water molecules in the first solvation
shell. Our results show that the hydrogen bond of DOD...ND,
is the dominant interaction between ND, and D,O as compared
to the D,0...D,N. The hydrogen bond involving DOD...ND, has
longer lifetime (2.6 ps) than both D,0...D,N (1.1 ps) and water-
water hydrogen bonds. The residence time of water molecule

Introduction

Amines play a vital role in chemistry and biology because
amine groups are a constituent of peptides, proteins and
biopolymers. A simple primary amine like the methylamine
(MA) molecule is found in the human body"™® and responsible
for many biochemical phenomena.”® Methylamine is one of
the simplest organic molecules containing both hydrophobic
(methyl) and hydrophilic (amine) groups. As most parts of living
cells contain water molecules, the biological functions of
methylamine and other molecules having amine functional are
directly connected to their hydrated structures."™ In an
aqueous solution of amines, along with the water-water
hydrogen bonds, one can find the water-amine group hydro-
gen bonding both through nitrogen and hydrogen atoms. Due
to the presence of such a hydrogen-bonding environment, MA
influences the local structure, dynamics and spectral properties
of water molecules inside and outside its solvation shell. The
hydration of amines are known to influence amines’ basicity in
aqueous solution™®' and MA shows the most favorable
solvation free energy in aqueous solution among ammonia,
dimethylamine and trimethylamine.'®' Therefore, much atten-
tion has been given to reproduction of experimental solvation
free energy of MA along with other amines.”®*? Moreover, the
hydration behavior of methylamine in its aqueous solution has
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inside the first solvation shell of ND, is 5.72 ps. The vibrational
spectral diffusion of water molecules in the first hydration shell
of the amine nitrogen of methylamine proceeds with three
time scales. A short-time relaxation originates from dynamics of
amine-water hydrogen bonds without breaking (90 fs), and a
slower relaxation (~1.8 ps) is due to the breaking of amine-
water hydrogen bonds. Another longer time constant (~7 ps) is
due to the escape dynamics of water molecules from the first
hydration shell of the amine group.

been reported by some computational studies. For example,
Dunn et al.®” studied the aqueous solution of MA by applying
Monte Carlo (MC) simulations. They reported that the first
hydration shell of the NH, group has three water molecules.
Among the three water molecules, two of them only participate
in the hydrogen bond formation with amine group. Another
study by Kusalik etal® using Molecular Dynamics (MD)
simulations also showed that two water molecules were
required to form hydrogen bonds with an amino group in its
first hydration shell. Holger and Karsten®" performed the ab
initio molecular dynamics simulation of methylamine in water.
According to Holger and Karsten, one of the water molecules
forms a hydrogen bond with the nitrogen atom, and other two
water molecules form hydrogen bonds with the two hydrogen
atoms of the amine group. According to an MC simulation,*?
on average NH, group can be involved in 2.51 hydrogen bonds.
But, as per an MD simulation,” the amine group can form 1.77
hydrogen bonds with water molecules, while the reference
interaction site model(RISM)® predicted 2.4 hydrogen bonds
per the same moiety. Marta et al.** studied the structures of
the hydrated clusters of methylamine by applying density
functional theory (DFT). Marta etal’'s primary goal was to
generate hydroxide ions via proton transfer from water to the
amino group. Ultimately, they have concluded that there was
no proton transfer in the most stable geometry. Sha-Sha
et al.®* reported from DFT calculations that with the increase in
size of methylamine-water cluster, the strength of the H,N...H,
O hydrogen bonds increase. Although much effort has been
made to produce the structural data on hydration, detailed
analysis of dynamical and spectral signatures of water mole-
cules in the vicinity of a primary amine group has not been
reported.

In this paper, we have considered the hydration of a
primary amine group by investigating deuterated methylamine,
(CD;ND,), dissolved in liquid water (D,0). The major part of this
work enumerates the structure, dynamics and spectral signa-
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ture of water molecules inside first solvation shell of methyl-
amine. The vibrational frequency of water molecules in
aqueous solution varies because of the fluctuations in the local
solvation environment. The ultrafast time-resolved infrared
spectroscopy has provided a very powerful experimental
means of investigating water dynamics at molecular level, such
as the dynamics of breaking and making hydrogen bonds in
water®“ and aqueous solutions.®*>® The frequency fluctua-
tions of the hydroxyl modes of water molecules can be used to
capture the dynamical interactions of the solute with its
surrounding water molecules.

We investigate the structure, hydrogen bond dynamics and
vibrational spectral diffusion of aqueous methylamine molecule
at room temperature using density functional theory (DFT)-
based Car-Parrinello molecular dynamics (CPMD) simulations. In
particular, we analyzed the hydrogen bond interactions
between methylamine and the water molecules by calculating
radial distribution functions and hydrogen bond coordination
numbers. The dynamics of the hydrogen bond has been
calculated through the hydrogen bond auto-correlation func-
tion. We also investigated the spectral feature of the first
solvation shell water molecules through the time-dependent
vibrational stretching frequencies of hydroxyl modes of water
molecules calculated from trajectories, by performing wavelet
analysis.

Results and Discussion
Structure of solvation shell

In aqueous solution, MA acts as a double donor and single
acceptor of hydrogen bonds. Structural features that illustrates
the hydration behaviour of methylamine molecule are radial
distribution functions; these functions are directly correlated to
the structure factors available from neutron diffraction experi-
ments. Our focus is mainly on those radial distribution
functions (RDF) that are responsible for hydrophilic properties
in aqueous methylamine solution. However, the hydrophobic
interaction between MA and water can be captured through
the study of interaction between methyl group and oxygen of
water molecules. First, We will discuss hydration of the ND,
group. We have calculated RDFs between nitrogen and oxygen,
as well as hydrogen atoms of water, (N-O,, and N-D,) and
between aminic hydrogen and oxygen of water (D-O,,) pairs.
The radial distribution functions g(ryo.), g(rnow), @nd g(rpe,) are
shown in Figure 1 along with the corresponding number
integrals (NIs). The atoms with subscript ‘w’ correspond to
water molecules for RDF calculations, to differentiate the D of
amine group. For the N-D,, pair correlation function, the first
peak appears at 1.64 A, followed by a broad minimum around
2.34 A. The depth of the minimum of the g(N-D,) function
reaches up to 0.05. This peak position arises due to the
formation of hydrogen bonds between the nitrogen atom and
water molecules; it is clear from the first peak position of g(N-
0,,). However, the first minimum for the later RDF was not so
well defined. The peak position obtained from our work for N-
D,, RDF was shorter than the earlier reported values in the
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Figure 1. Radial distribution functions for ND,-D,0. Solid lines represent the
radial distribution functions and dashed lines represents the number integral
values. The black, red, and blue solid lines represent the RDFs for N-O,, N-D,,
and D-O,, pairs, respectively and the corresponding NI value is shown with
dashed lines. The inset figure in the upper part represents RDFs along with
Nis calculated individually for two D atoms of ND, group. Inset figure (lower)
depicts the SDF oxygen and hydrogen atoms around methylamine; red and
yellow colored surfaces represents oxygen and hydrogen atoms, respectively.
A value of 0.04 was used as the isosurface value for surface plot.

range 1.73-1.90,%*3% but in well agreement with the MD
simulation reported by Hesske etal®" According to our
calculations, the NI value of a N-D,, pair up to first minimum is
1.11. This implies that the nitrogen atom of methylamine can
form approximately one hydrogen bond with water. Our
obtained NI value is in good agreement with several MD
simulations,***"*? but differs with the value of 1.77, reported
from other MD study.” The ND, moiety contains three
hydrogen bonding sites, one acceptor (N atom) and two donor
sites (D atoms). Therefore, the amine group can be involved in
formation of two types of hydrogen bonds. One type is N...D,,-
O,, that has been already discussed. Another type is D...O,, (the
D belongs to the aminic group). The D-O,, RDF pair gives the
first peak at 2.15 A, followed by a minimum at 2.53 A. The
position of the first peak indicates the hydrogen bond
formation between aminic hydrogen and water molecules. The
depth of the minimum of the D-O,, RDF pair comes down up to
0.40 that gives the evidence of formation of weaker hydrogen
bonds when compared to N...D,, and O,,...D,, types of hydro-
gen bonds in aqueous solution (RDFs for water-water are not
shown). The position of our peak for the D-O,, pair agrees well
with the value of 2.10 A calculated from other MD simula-
tions,™*? but is greater than the values 1.80 and 1.85A,
determined from Monte-Carlo simulations®” and the RISM
method®, respectively. The calculated NI value of D-O, RDF
also matches well with earlier reported values; the first
minimum is 1.40 (a value of 0.7 for each hydrogen atom). The
earlier reported values showed that each hydrogen atom
attached with nitrogen forms 0.5-0.7 hydrogens bond with
water.”*¥ |n case of the NH, radical, the amine group interacts
with a water molecule through the aminic hydrogen; one of
these hydrogen atoms is exposed towards the air.””! Moreover,
our calculated data of N...D,, and D...O,, hydrogen bonded
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entities are in qualitative agreement with experimental re-
sults.®® We also calculated pair correlation functions for the
individual deuterium atoms of amine group with the oxygen of
water to understand their symmetric nature in the aqueous
environment. The radial distribution functions calculated sepa-
rately for both the deuterium atoms (Hereafter D1 and D2) with
water are shown in the inset of Figure 1. The D1...0,, RDF
shows a small peak position at 1.92 A, while the D2...0,, RDF
shows the first peak at 2.15 A. From the peak positions of both
RDFs we find that the D1 atom makes a relatively stronger
hydrogen bond than the D2 atom. The NI value of the D2-O,,
RDF pair is showing 0.90 up to the first minimum. The
probability of finding two hydrogen bonds through two N-D
bonds in symmetrical manner with respect to N of amine group
is smaller. Adding together the NI values obtained from N-D,,
and D-O,, RDFs pairs, it is found that the ND, moiety makes on
average 2.55 hydrogen bonds with water. This number is higher
than earlier reported values.®**¥ We have further shown the
three-dimensional environment of amine solvation shell de-
picted by the spatial distribution function (SDF) plot in the
inset graphics of Figure 1. This SDF representation also shows
the interaction of water hydrogen atoms towards the nitrogen
atom and the relatively unsymmetrical hydrogen bonding
nature of the two N—-D bonds of the amine group.

We calculated combined distribution function (CDF) for the
proper understanding of the structure of hydrogen bonds
made by aminic nitrogen and deuterium atoms with water
molecules. In CDF contour plot, the x-axis represents RDF and
y-axis represents the angular distribution function. The graph-
ical model of the considered distance and angle is shown in
the inset of Figure 2. The CDF for N-O,, distance and the angle
that originates from two vectors O,,-D,, and N-D,, are presented
in the top panel of the same figure. This angle primarily
represents the hydrogen bond angle between the acceptor
and donor. The bottom panel of Figure 2 represents the CDF of
N-O,, distance and the hydrogen bond angle that originates
from N-D and D-O,, vectors. In case of N...D,, interaction, the
most probable angle lies around 165°, and the preferred
distance is 260 (2.6) to 270 pm (2.7 A). This distance
corresponds to the first peak position of N-O,, RDF. In case of
D...0,, interaction, the most probable angle value is 165°, and
the D-O,, distance is 280 pm (2.8 A). However, some structures
with different angles and distances are also evolving from the
analysis of the contour plot with a lower probability. Moreover,
we have the assessment from the analysis of CDF contour plots
that N...D,, hydrogen bonds are stronger than D...O,,

Vibrational frequencies of water inside and outside the first
solvation shell of methylamine

The hydrogen bond network of water molecules is affected by
the presence of an amine group. In aqueous solution, the
stretch frequencies of water molecules (OD modes) vary due to
the fluctuations in the involved solute-water and water-water
hydrogen bonds. We examined such fluctuations in the
solvation shell in the vicinity of amine group. We also
considered the N-D modes of MA. In Figure 3 (left panels), we
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Figure 2. Contour plots of hydrogen bond angle vs distance. The x-axis
represents N-O,, distance (in Pico meter) and the y-axis represents the
hydrogen bond cut-off angle originated from two vectors points O,-D,, and
D,-N.

have shown the instantaneous frequency fluctuation (upper
panel) of the hydroxyl modes of a water molecule, which was
initially not hydrogen-bonded with nitrogen and then sub-
sequently formed a hydrogen bond with it. We have presented
the fluctuation of corresponding N-D,, distances with the time
in the lower left panel. In the upper right panels of same figure,
we have shown the instantaneous fluctuation of the N-D
mode of methylamine associated with the hydrogen bonding
with water molecules. The lower panel represented the
fluctuation in N-O,, distance. It is seen that there is a significant
decrease in the frequencies of both the OD bonds when a
tagged water molecule makes a hydrogen bond with corre-
sponding atoms of MA. On average, the OD covalent frequency

76 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



®«ChemPubSoc
Pl Europe

2800 (————
2600
2400

g 2200

g

S 2000

1800

1600

w

Distance [A]
I
n

1]

Time [ps]

Chemist
SETECIV

Full Papers

2600

2000

3.5

Distance [A]
w

2.5

L I L I L I 'l
a2 -1 0 1 2
Time [ps]

Figure 3. (Left panels) Time dependence of the fluctuating frequency of an OD bond of water as it makes hydrogen bonded to nitrogen atom to which it was
not hydrogen bonded initially. The time when N-D,, distance less than 1.80 A (first time during observation period of 6 ps) is taken to be t=0. The upper panel
represents time dependence of the frequency of the OD bond and the lower panel represents the corresponding N - D,, distance. (Right panels) Time
dependence of the fluctuating frequency of ND bond of methylamine as it makes hydrogen bonded to hydrogen atom of water molecule to which it was not
hydrogen bonded initially. The time when N-O,, distance approaches 2.60 A is taken to be t=0. The upper panel represents time dependence of the frequency
of the ND bond and the lower panel represents the corresponding N - O,, distance.

increases somewhat with an increase in the associated hydro-
gen bond distance with water molecules. However, this effect is
not observed in the frequency of ND. As the distance of the
nitrogen atom of the amine group increases from a particular
oxygen of a water molecule, the ND, can be in a similar
environment with other water molecules. In Figure 4, we have
shown the frequency distribution of the OD bonds which are
inside the solvation shell of ND, group, hydrogen bonded to
nitrogen atom, and those are outside the solvation shell, or
bulk water. We have also shown the frequency distribution for
N-D modes of MA in the same figure; the average frequency of
N-D modes is 2370 cm™'. Due to aqueous solvation this mode
is red shifted as compared to gas phase ND frequency.”® The
existence of hydrogen bonds between donor and acceptor
atoms is determined by the simple geometric criterion that the
distance should be less than the corresponding first minimum
of RDF pair. The corresponding water molecule should be in
the solvation shell of amine group having a N-O,, distance less
than 3.2 A. The cut-off distance of 2.45 A for hydrogen bonded
OD modes around the amine group has been chosen according
to the first minimum of N-D, RDF pairs. The average
frequencies OD modes in the hydration shell of an ND, group
and the bulk are found to be 2395 and 2365 cm™', respectively.
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Figure 4. The distributions of OD stretch frequencies of the solvation shell
OD modes in the first hydration shell of amine nitrogen of MA, and hydrogen
bonded OD modes with nitrogen inside the solvation shell are represented
in red and blue lines, respectively. The distribution of dangling OD modes
around the hydrophobic methyl group is shown in green line. Black line
represents the distribution of frequencies OD modes that are outside the
solvation shell. We have also shown the frequency distribution of N—D
modes of MA in pink color line. Each distribution is normalized to the
maximum value 1.
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A blue shift is observed in the frequencies of hydration shell
OD modes as compare to those of bulk modes. The present
value of the average frequency of the bulk OD is less than the
pure water (2380 cm™').*” The red shift is observed for hydro-
gen bonded OD mode with the nitrogen atom; the average
value for hydrogen bonded OD modes is found to be
2335 cm™'. This shift of frequency can be correlated to the fact
that the strength of hydrogen bond N...D,, is stronger than
water-water hydrogen bonds, as we concluded from our
structural analysis. We also performed the gas phase cluster
calculation of the hydrated cluster of methylamine having a
single water molecule following optimization procedure using
the B3LYP®"® method with 6-311+G(d,p) basis set as
implemented in Gaussian 09 software.*™ We found that water
binds the nitrogen center most favorably with an interaction
energy of —7.5 as compared to —5.2 kcal/mol of water-water
binding energy. The red shift of the vibrational frequencies of
the elongated proton donating H-O bond, and the shortening
of the N...H intermolecular distance with the addition of water
molecules to the hydrated cluster were also observed from an
ab initio simulation study.® These tendencies were not found
for the hydrated cluster containing five water molecules. We
have also calculated the distribution of dangling O—D modes
around the methyl group; these modes essentially contribute
towards the hydrophobic interaction of MA with water
molecules. The average frequency (2385 cm™') of these modes
is higher than both bulk and solvation shell hydrogen bonded
modes with shifting of peak position towards higher frequen-
cies indicating the weak solute-solvent interaction through the
hydrophobic group.

Amine-water hydrogen bonds and escape dynamics of
water from first solvation shell

The stability of amine-water hydrogen bonds has been ex-
plored using time dependent population correlation function.
We have calculated continuous hydrogen bond correlation
function®’" to study the breaking dynamics of hydrogen
bonds which describes the probability that an initially hydro-
gen bonded pair remains bonded all times up to t. The
continuous hydrogen bond time correlation function S,g(t), is
defined as

Sie(t) =<h (o) H (t) >/ <h (0)* > (1)

where <...> denotes an average over all the corresponding
hydrogen bonded pairs. Clearly, S,5(t) describes the probability
that an initially hydrogen bonded pair remains bonded at all
times up to t. The associated integrated relaxation time gives
the average lifetime of the hydrogen bond between two
hydrogen bonding sites. Here, we have considered N and D
atoms of amine group as the hydrogen bond accepting and
donating sites, respectively. The existence of hydrogen bonds
between ND, and water was considered by taking the cut-off
distances obtained from the first minima of corresponding
RDFs. The cut-off distances for N...D,, and D...O, hydrogen
bonds are taken to be 245 and 243 A, respectively. The
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computed lifetime obtained from decay rate of correlation
function for DOD...ND, is slower than that of DND...OD,. The
lifetime of N...D,, pair is 2.6 ps while the lifetime of D...0,, is
1.1 ps. This N...D,, hydrogen bond lifetime is longer than the
lifetimes of hydrogen bonds in pure water.”” Thus the average
number of hydrogen bonds, strength, CDF and lifetime of the
hydrogen bonds show that the interaction between ND, and
water is dominated by DOD...ND, hydrogen bond interaction.
Our reported lifetime value of the D...O, hydrogen bond is
higher than the amide hydrogen — water hydrogen bonds for
an aqueous solution of N-methylacetamide,” but close to the
value obtained for formamide.” Along with the hydrogen
bond lifetimes of the solute-water system, we have calculated
residence time”” of water molecules in the hydration shell of
ND, group. We have calculated the probability that a water
molecule which was in the hydration shell of nitrogen of
methylamine at time t=0, remains continuously in the same
hydration shell up to time t. Here, we have considered the
N...O,, distance to describe the hydration shell of amine group.
The associated integrated relaxation time t; gives the average
residence time of the water molecule inside the solvation shell.
We have calculated the residence time from the residence time
correlation decay, by fitting with bi-exponential decay. The long
time scale of this bi-exponential decay gives the residence
time. The residence time of the water molecule in the hydration
shell of an amine group is found to be 5.72 ps. The decay of
the residence correlation function is shown in Figure 5. Earlier

Se()

0 2 4 6 8 10
Time [ps]

Figure 5. The decay of time dependent continuous residence time correla-
tion functions for water molcules in the first solvation of amine group.

first principles simulation study showed that the one water
molecule was strongly hydrogen bonded through N atom of
amine while both amine hydrogen atoms were only involved in
weak hydrogen bonds.®" Furthermore, the water molecules
were observed to exchange faster when weakly bonded by
amine hydrogen. However, the exchange of the water molecule
with interaction through the nitrogen atom was not found
within the simulation time of 10 ps. The authors®" reported the
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residence time (major) of 1.5 ps due to hydrogen bonded water
molecules, which is lower than our reported value. We did not
see the exchange of water molecules during our arbitrarily
chosen 10 ps trajectory from the total trajectory. In Figure 6, we

5 — N-Ow (rl)
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5 4 3 2 -1 0 1 2 3 4 5

Time [ps]

Figure 6. Escape trajectory of water molecule from the first solvation shell of
amine group.

have shown the fluctuating distances of the oxygen and
hydrogen atoms of the nearest water molecule from the
nitrogen atom of the amine group. In this figure, 0 ps is the
start of observation time. Though, the N-O,, distance fluctuates
around 3.3 A, the formation of the hydrogen bond is found
between 0 to 3.5 ps. The specific water molecule essentially
stays inside the solvation shell of amine group, occasionally
escaping from the shell by breaking the existing hydrogen
bond. So, our reported residence time of 57 ps is well
complemented by the observations obtained from distance
fluctuation.

Vibrational spectral diffusion of first solvation shell water
molecules

We have calculated the frequency time correlation function
and hole dynamics in the OD stretching vibrational states in
the first solvation shell of the amine group. These functions are
directly correlated to time dependent infrared signals available
from experiments. The spectral diffusion of water molecules is
described through the frequency-frequency time correlation
function,

(800(t)0w(0))

ow(0y) @)

Cm(t) =

where dw(t) is the fluctuation from the average frequency at
time t. The fluctuation of frequency (vibrational states) with
time, observed by time dependent infrared spectroscopic
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studies,*+#47:607586 5ccyrs for water in bulk and solvation shell

environment depends upon the aqueous environment.
The frequency time correlation functions are shown in
Figure 7. In order to get time constants, we have fitted the

0.8 —
=5 0.6 —
RO A

N\,
0.4 - \\f‘\"l\ -

1.5 2
Time [ps]

Figure 7. Time dependent frequency correlation function of OD modes inside
the first solvation shell of ND, group.

decay of the frequency correlation functions to the following
function™®®®

f(t) = a, cos wte ™ a7 4 (1 —a, —a,)e ™ (3)
in which the first term will contribute to the shorter time
dynamics related to intact hydrogen-bonded pairs. The

relaxation times and the weights of solvation shell OD are
tabulated in Table 1. We observe a fast decay and an oscillation

Table 1. Spectral diffusion data for the hydration shell OD modes. Time
scales and the frequencies are in ps, and cm™" units, respectively.

Quantity  Excitation T T, T w, a a

C,(t) - 0.09 1.77 6.95 50.67 0.48 0.12
Aw,(t)  Blue 006 196 710 11960 074 0.4
Aa(t)  Blue 007 089 729 11932 046 0.0
A, (t) Red 0.07 1.99 5.10 119.57 0.38 0.17
A®, (1) Red 0.07 1.71 2.80 94.20 0.70 0.20

at short time followed by slower decay extending to a few
picoseconds. The oscillation in the short time delays (0.09 ps)
are coming from the under-damped motion of the intact
hydrogen bonds; i.e. from the dynamics of MA-water hydrogen
bonds without breaking. Two slow relaxation times (1.77 and
6.95 ps) of the frequency correlation function correspond to
the lifetimes of amine-water hydrogen bonds and the residence
time of water in the amine hydration shell, respectively. Our
calculated long-range time scales from the frequency fluctua-
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Figure 8. (Left panels) The time variation of the distribution of (a) hole and (b) remaining modes after hole creation in the blue side at time t=0. The solid,
dashed and dashed-dotted curves are for times t=10 fs, 50 fs and 125 fs. (Right Panels) The time variation of the distribution of (a) hole and (b) remaining
modes after hole creation in the red sides at time t=0. The solid, dashed and dashed-dotted curves are for times t=10 fs, 50 fs and 125 fs.

tion agrees well with the lifetime of amine-water hydrogen
bonds (statistically averaged over both sites) and residence
times calculated separately from population correlation func-
tions. The average hydrogen bond lifetime of the ND,-D,O pair
is around 1.70 ps. Our observations of the fast time scale
corresponding to intermolecular vibrations of intact amine-
water hydrogen bonds, and two slow time scales correspond-
ing to hydrogen life and residence times,

are in general agreement with the results of earlier studies of
aqueous solution.”

We then focused on the frequency fluctuations of the OD
modes in the hydration shell of amines. This is another way to
investigate the dynamics of spectral diffusion by performing
the so called hole dynamics calculations, where the dynamics
of a hole, that is created by the removal of several OD modes
of selected frequencies from the total OD bonds for the first
hydration shell water molecules, is followed until the equili-
brium is reached. The time evolution of such an initially-created
non-equilibrium distribution is closely related to the dynamics
of pump-probe signals of time dependent infrared spectro-
scopic experiments on vibrational spectral diffusion. It is
assumed that at time t=0, a laser pump pulse having Gaussian
frequency profiles burns a hole in the ground state, having a
frequency distribution of the form

2
Po(,0) = Peg () % (@)
where ), indicates the pulse center frequency and P.,(w)
denotes the equilibrium distributions of all OD frequencies
present in the system hydration shell. Clearly, the initial
distribution of the remaining frequencies in the ground state is
equal to P.(w)—P,(0). For the given system, we have
calculated time evolution of the nonequilibrium distribution of

ChemistrySelect 2017, 2, 74-83 Wiley Online Library

the remaining modes (P,(w,t)), and also the hole modes
(Pp(w, 1)), after the hole is created at t=0 of hydration shell
water in the vicinity of a ND, group of methylamine. The
average frequencies of the remaining modes and hole modes
are calculated from the following relations

o (t) = Nl / 0Py, t)do (5)

where i=r and i=h for the remaining modes and hole modes,
respectively, and N; = [ dwP;(w,0). To study the dynamics, we
have created a hole in two different frequency regions: one
centered at the red side at w, = @ — 100 cm™' and the other
one cantered at w, = ® + 100 cm™' where ® is the average
frequency of all the OD modes present in the hydration shell of
the amine group. We employed a Metropolis Monte Carlo like
algorithm to create a hole of the chosen distribution in the red
and blue regions, and at different initial times. A more
extended explanation of this procedure can be found in earlier
publications.®®” The distribution of holes and remaining
modes after the hole creation is represented in Figure 8. We
have shown the temporal evolution of the average hole and
remaining frequency hole created at the higher frequency
(blue) region and lower frequency (red) region. We have
calculated average frequencies of hole and remaining modes
from the time dependent distribution. The results are shown in
Figure 9. The figure also contains results of decay pattern of
the normalized frequency shifts. It is seen that when the hole is
created in the higher frequency (blue) region, the average hole
frequency shifts toward the lower frequency side until the
average equilibrium value is attained. The average frequency of
remaining modes shift toward the blue side with time, as the
hole in the blue region is filled gradually, and finally the
distribution adopts a nearly symmetric shape around the

80 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Time dependence of the (upper panel, A) average frequency shifts of the hole modes after they are selected in the blue and red sides of the
hydration shell of OD modes. The corresponding results for the blue and red excitations after normalization by the initial frequency shift are shown in bottom
panel, C. The corresponding data for remaining modes are shown in panels B and D. The dotted gray solid curves in C and D represent the fits by a function of

Eq. 3.

average frequency. It is clear from panels A and B that the
opposite behaviour is found when the hole is created in red
side. It is seen that the overall decay pattern of the frequencies
is similar to that frequency time correlation function shown in
Figure 7. We have fitted decay of the average frequency shifts
to function of equation 3, and the results of the relaxation
times and weights are included in Table 1. From the analysis of
time constants, we observe a fast decay and an oscillation at
short times, followed by slower decay. It is evident that the
initial oscillation in the range 0.06-0.09 ps are likely due to the
under-damped motion of the hydrogen bonded OD groups
with ND, moiety. The longer time scale around 1.77 ps arises
due to the average hydrogen bond lifetime of ND,-D,0O pair.
From the hydrogen bond autocorrelation function, the average
hydrogen bond lifetime of ND,-D,0 pair is found to be 1.90 ps.
The relatively large time scales are due to the escape dynamics
of water molecules from the amine hydration shell.

Conclusions

We have presented a combined study of first principles
molecular dynamics simulations and wavelet analysis to gain
insight into the hydration, hydrogen bonding, exchange
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dynamics and vibrational spectral diffusion in aqueous solution
of Methylamine. The former method was used to generate the
trajectories; we have used the later one to do the time series
analysis of fluctuating vibrational frequencies. The simulations
have been carried out using a BLYP density functional with the
dispersion correction. The water molecule forms the stronger
hydrogen bond with the nitrogen atom of MA than the
deuterium of amine group. This hydrogen bond is stronger
than the water-water one. The amine deuterium-water hydro-
gen bond is the weakest among all types of possible hydrogen
bonds existing in an aqueous solution of MA. On average, the
amine group is found to form 2.5 hydrogen bonds with water.
The average frequency of OD modes in the first solvation shell
of amine is lower than that of pure D,0 molecules, confirming
the relative strength of the formed hydrogen bonds. Due to
presence of a hydrophobic group like the methyl group, the
average frequency of OD modes in its solvation shell is higher
than other OD modes; this is due to the non-hydrogen bonded
or dangling OD modes of water molecules. The vibrational
spectral diffusion of the OD stretch modes of water molecules
is investigated through frequency correlation function and
hole-dynamics calculations. The vibrational spectral diffusion of
OD modes in the first hydration shell of amine group are found
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to have a very fast time scale of ~80 fs, and two slower time
scales of ~2 and ~7 ps. The time scale of ~2 ps can be assigned
to the lifetime of amine-water hydrogen bonds. The longest
time scale is correlated to the escape dynamics of water from
the first hydration shell of the amine group.

Computational Methodology Section

The DFT based first principles molecular dynamics simulations
have been carried out by employing the Car-Parrinello
method®” implemented in CPMD code.® The present system
contains a single methylamine molecule dissolved in a solvent
of 31 water molecules. Periodic boundary conditions were
applied in all three dimensions, and the electronic structure of
the extended system was represented by the Kohn-Sham
(KS)®** formulation of density functional theory within a plane
wave basis. A kinetic energy cut off of 80 Ry was used for the
plane wave expansion of the orbitals, and the core electrons
were treated via the atomic pseudo potentials of Troullier-
Martins.”" BLYP®"*? functional along with dispersion correction
introduced by Grimme™*¥ has been used in the present study.
The BLYP functional is known to reproduce the water density
approximately 20% lower than the experimental value at
ambient condition,” but the addition of dispersion correction
improves the predicted density value close to the experimental
one. Therefore, the volume of the cubic simulation box was
taken corresponding to experimental density to generate water
density of 1 gm/cc with inclusion of dispersion correction. In
the present system, a fictitious mass of u=700 atomic unit was
assigned to the electronic degrees of freedom and the system
dynamics was integrated by using a time step of 5 a.u. (~0.12
fs). All hydrogen atoms were assigned the mass of deuterium
to make sure that electronic adiabaticity and energy conserva-
tion are maintained throughout the simulations. Essentially, we
simulated the deuterated MA dissolved in D,0. We generated
the initial configuration by performing classical molecular
dynamics simulation. The system was equilibrated for 2 ns at
NVT ensemble. With CPMD, the system was equilibrated for 20
ps using separate Nose-Hoover thermostats®® for the ionic
and electronic degrees of freedom to control the adiabatic
separation in the canonical ensemble.” After switching off the
thermostat, the simulation was continued for another 25 ps by
controlling temperature within the limit of +20 K correspond-
ing to the target temperature. The average temperature during
the production run is 297 K. We utilized the last 20 ps of the
trajectories for calculation of various average properties. The
configurations at the interval of 10 steps (50 a.u) were collected
for the analysis. We didn't find any event of complete
protonation of methylamine from the structural analysis. The
radial distribution functions and combine distribution functions
(CDF) were computed using a bin width of 0.04 A. We have
also studied the spectral signature of water molecules around
hydrogen bonding sites of a methylamine. It is well known that
the vibrational frequency of water molecules in the vicinity of
solute fluctuates due to the fluctuations in its interactions with
the surrounding molecules in aqueous solution. In the current
study, the time dependent vibrational frequencies of water
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molecules have been carried out by time series analysis of the
first principles molecular dynamics trajectories using the wave-
let method.®®7*'%°1%4 The vibrational degrees of freedom of
organic molecules and correlation functions have been used in
thermopower and superconductivity models, respectively."® %%
After getting the frequency of individual OD bonds of water,
the frequency distribution, and spectral diffusion were calcu-
lated for the purpose. The same procedure was followed for
calculation of other stretching modes presented in this work.
The software package, TRAVIS'® was used for presentation of
SDF and CDF data.
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