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Dynamics of hydration layers of a dimyristoylphosphatidylcholine (DMPC) bilayer are investigated
using an all atom molecular dynamics simulation. Based upon the geometric criteria, continuously
residing interface water molecules which form hydrogen bonds solely among themselves and then
concertedly hydrogen bonded to carbonyl, phosphate, and glycerol head groups of DMPC are iden-
tified. The interface water hydrogen bonded to lipids shows slower relaxation rates for translational
and rotational dynamics compared to that of the bulk water and is found to follow sub-diffusive
and non-diffusive behaviors, respectively. The mean square displacements and the reorientational
auto-correlation functions are slowest for the interfacial waters hydrogen bonded to the carbonyl
oxygen since these are buried deep in the hydrophobic core among all interfacial water studied.
The intermittent hydrogen bond auto-correlation functions are calculated, which allows breaking and
reformations of the hydrogen bonds. The auto-correlation functions for interfacial hydrogen bonded
networks develop humps during a transition from cage-like motion to eventual power law behavior of
t☞3/2. The asymptotic t☞3/2 behavior indicates translational diffusion dictated dynamics during hydro-
gen bond breaking and formation irrespective of the nature of the chemical confinement. Employing
reactive flux correlation analysis, the forward rate constant of hydrogen bond breaking and formation
is calculated which is used to obtain Gibbs energy of activation of the hydrogen bond breaking. The
relaxation rates of the networks buried in the hydrophobic core are slower than the networks near the
lipid-water interface which is again slower than bulk due to the higher Gibbs energy of activation. Since
hydrogen bond breakage follows a translational diffusion dictated mechanism, chemically confined
hydrogen bond networks need an activation energy to diffuse through water depleted hydrophobic
environments. Our calculations reveal that the slow relaxation rates of interfacial waters in the vicin-
ity of lipids are originated from the chemical confinement of concerted hydrogen bond networks.
The analysis suggests that the networks in the hydration layer of membranes dynamically facilitate
the water mediated lipid-lipid associations which can provide insights on the thermodynamic sta-
bility of soft interfaces relevant to biological systems in the future. Published by AIP Publishing.

https://doi.org/10.1063/1.5011803

I. INTRODUCTION

The hydration of a bilayer plays a crucial role in deter-
mining the function of cell membranes by affecting their
integrity and dynamics. Water near biological molecules such
as proteins, membranes, and DNA are commonly known as
“biological water,”1 and their behaviors are remarkably dif-
ferent than the bulk water (BW).2–4 Though the structure
and dynamics of biological water have been investigated sig-
nificantly using both experiments and computer simulations,
several questions regarding the origin of slow relaxation rates
of hydration layers of membranes are unresolved to date. It is
not clear whether different chemical moieties of lipid heads
or chemical influence on hydrogen bond networks signifi-
cantly slow down the relaxation rates. Whether the degree of
slowing down of the relaxation is dependent on the chemi-
cal nature of the confinement is not investigated. The relation
between slow rotational and translational relaxation rates of

a)Electronic mail: ananya@iitj.ac.in

chemically confined water near bilayer and dynamic hetero-
geneity is not thoroughly established yet. Whether the nature
of the hydrogen bond relaxation rate is thermodynamics or
kinetic is not known for the hydration layer of bilayers. The
present work attempts to answer these questions and unrav-
els their implications on membrane associations and other
biomolecules.

Vibrational anisotropic experiments are used to probe the
anisotropy of water in a multi-bilayer as a function of lipid
hydration level since the water stretching mode is dependent
on the local environment.5 A pioneering 2D infrared (2D-
IR) spectroscopy experiment on water directly characterizes
the mechanism of hydrogen bond network rearrangement6,7

by probing the OH frequency time evolution. However, the
2D-IR cannot distinguish between the formation of a hydro-
gen bond with and without allowing the change of partners.
Polarization-resolved 2D-IR experiments are successful in
measuring the reorientation associated with the hydrogen bond
exchange.8 Although linear or 2D infrared spectroscopy9–11

provides information on the hydrogen bond dynamics
and pump-probe spectroscopy provides data on vibrational
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relaxation and reorientational motion, limited spatial resolu-
tion, intermolecular coupling, energy transfer, non-Condon
effects, and distributions in vibrational lifetime are few
sources of ambiguous results.12 Other experimental tech-
niques such as quasi-elastic neutron scattering (QENS), tera-
hertz spectroscopy, optical Kerr-effect spectroscopy, nuclear
magnetic resonance (NMR), ultrafast IR spectroscopy, and
di-electric relaxation have been used to study water dynam-
ics. A major limitation of the experimental techniques is
the coupling of contributions from hydration layer and bulk
and limited to the individual reorientation mechanism.13–16

NMR can also provide information on weighted average of
reorientational relaxation time,17–19 but not on different indi-
vidual mechanisms. The other drawback of the experimen-
tal techniques is sensitivity issues on their concentration
dependency.14

Molecular dynamics studies have been carried out to study
several properties of lipid bilayers. A fully hydrated dimyris-
toylphosphatidylcholine (DMPC) bilayer has been studied
using the SPC water model showing two types of lateral dif-
fusive behavior: cage hopping and two-dimensional liquid.20

Between two groups of DMPC molecules, stable charge asso-
ciations are formed between positively and negatively charged
groups of DMPC.21 Diffusion of protons near DMPC is inhib-
ited at a membrane surface.22 Molecular dynamics simulations
are carried out to model the creation of bilayer gaps, a common
process in bilayer patterning.23 Thermodynamic properties of
a hydrogen bond can be obtained from the probability distri-
bution of donor-acceptor pair in the first hydration shell of
an electronegative atom.24 The Gibbs free energy of hydro-
gen bonding at equilibrium is found to be independent of the
environment in alcohol solutions with an entropic barrier.25

Molecular dynamics of hydration layers of the membrane pro-
tein reveal additive contributions from the membrane and the
proteins to the activation energies of water diffusion.26 How-
ever, the surface of DNA duplex intrinsically weakly interacts
with water and translationally more mobile in nature.27 The
2D-IR study of hydration layers confined in reverse micelles
shows the correspondence between spectral decomposition
performed in experiments and spatial decomposition in sim-
ulations.28 A mosaic water orientation has been found near
zwitterionic lipids using vibrational sum frequency generation
(VSFG) spectra.29 Molecular dynamics of water near DMPC
lipids show that 70% of DMPC molecules are linked via bridg-
ing water and the average geometry of hydrogen bonding to
oxygens of lipid heads is planar trigonal instead of steric tetrag-
onal.21 The vibrational dynamics of water in the vicinity of
anionic and cationic head groups of multibilayers reveal the
difference in vibrational lifetime for different charge groups.30

The sum-frequency generation spectroscopy study shows that
lipid carbonyl groups stabilize the hydrogen bond networks
with its up-oriented O–H groups.31

Here we emphasize on the dynamics of water in the
locale of DMPC lipid bilayers hydrated with TIP4P/2005 water
using an all atom molecular dynamics simulation. Although
previous studies have found the influence of chemical envi-
ronment near lipid heads,21,27–32 none of the investigations
(a) decouple the contribution of bulk and interface water
(IW) towards hydrogen bonding, (b) report the mechanism

which interface water molecules follow to form hydrogen
bonds and their implications on lipid aggregations, and (c)
investigate the dynamics of hydrogen bond networks. Unlike
the previous approaches, the water molecules are character-
ized in terms of hydrogen bonding to the lipid heads when
confined to the interface. This can clearly de-construct the
contribution of bulk and interface as well as the influence of
different chemical environments. Further the interface water
molecules are classified into four categories in terms of hydro-
gen bonds among themselves and concertedly to either another
set of hydrogen bonded water or to lipid head groups. Thus,
the present analysis can probe the dynamics of hydrogen
bond networks instead of the dynamics of a single hydro-
gen bond shown in earlier approaches.32 Radial distribution
functions (RDFs), mean square displacements (MSDs), reori-
entational correlation functions, and hydrogen bond auto-
correlation functions (HBACFs) are calculated for the con-
certed hydrogen bond networks to show the influence of
chemical confinements on their dynamics. Our calculations
demonstrate that chemical confinements play a crucial role
on the relaxation rates of hydrogen bond networks and sug-
gest that the networks influence the water mediated lipid-lipid
associations.

II. SIMULATION DETAILS

Molecular dynamics simulations are carried out for 128
DMPC molecules in the presence of 5743 TIP4P/2005 water
molecules. Since the TIP4P/2005 water model correctly repro-
duces the water phase diagram and the dynamics of water,33

it is used in our simulations. Force field parameters for
DMPC are obtained using the Berger united atom force
field.34,35

An NPT run is carried out for 100 ns with a 2 fs time
step. The system is equilibrated at 308 K using the veloc-
ity rescaling method with a coupling constant of 0.5 ps. The
pressure is maintained at 1 bar using semi-isotropic pressure
coupling by Berendsen pressure coupling36 with a coupling
constant of 0.1 ps. Coulombic and van der Waals interactions
were cut off at 1 nm. Long-range interactions are corrected
using the particle mesh Ewald37–39 method with a 4 nm grid
size. Periodic boundary conditions are applied in all three
directions. Next an NVT simulation is carried out for 1 ns
with a 0.4 fs time step where the last 100 ps is analyzed for
water dynamics. Parameters for temperature coupling, cutoff
distances, and long range interactions are the same as in the
previous NPT run. Trajectories are collected at every 10 fs.
The simulation box length for the hydrated DMPC lipid is
6.24 nm along the x and y directions and 7.95 nm along the z
direction.

To compare the dynamics of interfacial water with bulk
water, a box of 851 TIP4P/2005 water molecules is simu-
lated for 2 ns with a 2 fs time step in an NPT ensemble
with the same set of parameters as in the hydrated DMPC.
Next a NVT run is carried out for 100 ps with a 0.4 fs time
step. The box length for BW is 3.69 nm along the x and y
directions and 1.84 nm along the z direction. Trajectories are
collected at every 10 fs. All simulations are carried out using
Gromacs 4.6.5.40–45
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III. RESULTS AND DISCUSSIONS

A. Classification of water regimes

Water molecules are classified based on their proximity
from the bilayer head groups along the bilayer normal. The Z
coordinate of oxygen atoms of water molecules which continu-
ously reside within±3 Å from the peak position of the nitrogen
density of the lipid head for the entire production run is classi-
fied as interface waters (IWs) and shown in Fig. 1. A molecule
residing in a specific layer at a given time step is labeled as
1 and if it is outside the layer, it is labeled as 0.46,47 Thus,
the molecules which continuously reside in a specific layer
are classified as interface water, and in our simulation there
are such 104 interface water. The interface water molecules
are associated with oxygen atoms of carbonyl (CO), glycerol
(Glyc.), and phosphate (PO) groups of lipids via hydrogen
bonds. To find out the presence of hydrogen bonds, the widely
accepted geometric criteria48–51 are used: ROO < 3.5 Å and
θHOO < 30◦, where ROO is the distance between donor and
acceptor oxygen atoms and θHOO is the angle between ~OO and
~OH bond vectors. No water molecules are found which form

hydrogen bonds with the choline group of lipid heads. Based on
the formation of hydrogen bonds among themselves and with
the three head groups of DMPC lipids (CO, Glyc., and PO),
interfacial waters are further classified among four categories.
If an IW molecule is solely hydrogen bonded with any other
IW, it is termed as IW–IW. If these hydrogens bonded IW–IW
are concertedly hydrogen bonded to the oxygen atom of CO,
Glyc., or PO of the DMPC head at any single time step during
the production run, they are termed as IW–CO, IW–Glyc., and
IW–PO, respectively. This makes the molecules diffusive in
nature since they are not hydrogen bonded for the entire simu-
lation period. Among the hydrogen bonded interfacial waters,
there are total 70 IW–IW, 80 IW–CO, 55 IW–Glyc., and 98 IW–
PO water molecules which form hydrogen bonds at least once
for the 100 ps production run. Radial distribution functions
(RDFs) between oxygen atoms of respective bound interfacial

FIG. 1. DMPC bilayer in the presence of TIP4P/2005 water. Interfacial water
is shown in magenta van der Waals (VDW) representation.53

water are calculated by normalizing volume and density. The
RDF in Fig. 2(a) shows that the peaks for all interfacial water
are higher than bulk water (termed as BW). The RDF between
oxygen atoms of bound interfacial water and three head groups
shown in Fig. 2(b) demonstrates the ordered behaviors of the
IW–CO, the IW–Glyc., and the IW–PO water molecules for the
second hydration shells in addition to the first hydration shells.
The enhanced amplitudes of the RDF for different classes of
IW compared to the BW [Fig. 2(a)] indicate their higher ten-
dency to be in the first and second hydration shells of each
other. The presence of more oxygens in the nearest neighbors
of each other for the interface water consequently disrupts the
tetrahedral structure of the hydrogen bond network in bulk
and results in defects in the hydrogen bonding networks in the
presence of lipid heads.52

FIG. 2. Oxygen-oxygen RDF for different classes of
water hydrogen bonded to (a) another water and (b) to
lipid head groups (IW-Res). For the sake of clarity in the
differences in amplitudes, the RDF of the interface water
is not shown until they reach the values of bulk water.
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FIG. 3. Translational MSD for interfacial and bulk water
where the BW has a diffusive regime and others follow a
sub-diffusive behavior. Inset: MSD for interfacial waters
showing slowest motion for IW–CO and fastest motion
for IW–IW.

B. Translational mean square displacement

To quantify dynamical properties of water in different
regimes, we computed the translational mean square displace-
ment (MSD) for all classes of water discussed above using the
following equation:

〈r2(t)〉 =
1
N

N
∑

i=1

〈
[

ri

(

t + t ′
)

− ri

(

t ′
)]2
〉t′ , (1)

where N is the total number of water molecules, t′ is the time
origin, and t is the time difference. The angular bracket denotes
the average over time origins. The translational MSD for dif-
ferent classes of water regimes is shown in Fig. 3. All classes
of IW show a glass-like behavior from 0.2 to 1 ps after the bal-
listic region. At longer time, they obey power law function Atα

where α depicts the type of diffusion. The values of α for four
classes of interfacial water as well as the IW which are just con-
fined to the interface and may or may not be hydrogen bonded
are presented in Table I. All interfacial water molecules follow
a sub-diffusive behaviour due to the geometric and chemical
confinement at the interface forming hydrogen bonds among
themselves or with the lipid heads. Interestingly, the MSD of
the IW–CO or the IW–Glyc. is slower54 than that of the IW–
PO which is again slower than that of the IW–IW hydrogen
bonded only among themselves (shown in the inset of Fig. 3).
The slow translational diffusion of IW–CO/Glyc. are buried
in the deeper region of lipid chains and translational motion

TABLE I. Values of α and diffusion coefficient (D) for translational MSD
fitted with function Atα . Correlation coefficients for all cases were >0.99.

Region α 109D (m2 s☞1)

IW 0.51
IW–IW 0.53
IW–CO 0.45
IW–Glyc. 0.53
IW–PO 0.51
BW 0.94 2.49 ± 0.31

are more restricted. The BW follows a diffusive behavior (α
≈ 1) for 60-90 ps. The value of the diffusion coefficient (D)
for the BW is 2.49 × 10☞5 cm2 s☞1 (Table I) which agrees well
with the reported diffusion constant of 2.6 × 10☞5 cm2 s☞1 for
TIP4P/2005 water at 308 K.55

C. Reorientational auto-correlation function (RACF)

To characterize rotational dynamics of water, we com-
puted reorientational auto-correlation function (RACF) for all
classes of water. The lth order Legendre polynomial of water
reorientation is given by the following equation:

Cvl(t) =
〈
∑N

i=1 Pl

[

ei
v(t).ei

v(0)
]

〉

〈
∑N

i=1 Pl

[

ev
i
(0).ei

v(0)
]

〉
, (2)

where ei
v(t) is the vector for which the RACF is calculated and

Pl is the lth order Legendre polynomial. We computed Cvl(t)
for the first and second order Legendre polynomial for vector
normal to the plane of OHH (n̂), OH bond vector ( ~OH), HH
bond vector ( ~HH), and dipole moment vector ~µ. Figures 4 and
5 show the RACF for the interface and the bulk water for the
first and second order Legendre polynomials (l = 1 and l = 2),
respectively. Figures 4 and 5(a)–5(d) represent the RACF of
n̂, ~OH, ~HH, and ~µ, respectively. The RACF of the bulk water
of all cases decays much rapidly to zero than all classes of
IW showing no preferences in orientations. The RACF for
the IW–IW and all IW overlaps with each other showing no
differences in orientations when they are hydrogen bonded
among themselves or not. For all the cases, the second order
reorientation relaxations are more rapid than the first order
relaxations.

We fitted the RACF using bi-exponential or tri-
exponential functions given by the following equation:

y =
∑

i=2or3

Ai exp(−
t

τi
). (3)

Table II shows the fitting parameters for the RACF of n̂ with
a bi-exponential fitting. For l = 1, the slowest time scale (τs)
is between 50 and 90 ps and the fastest time scale (τf ) is in
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FIG. 4. RACF for interface and bulk
water for l = 1 for (a) n̂, (b) ~OH, (c)
~HH, and (d) ~µ.

the range of 2-9 ps for all the bound interfacial water. For the
BW, τs is within 1-4 ps and τf is in the range of 0.2-0.4 ps. For
l = 2, τs and τf are in between 55-78 ps and 2-3 ps, respectively,
for the interfacial water, whereas these are 0.2 ps and 1.87 ps
for the BW. Comparing all time scales of RACF of l = 1 and
l = 2, it has been found that IW–CO obeys slower reorientation
relaxation than the rest of the IW. The ratio of τ1

s to τ2
s is≈1 for

all cases indicating non-diffusive reorientation for n̂ as found
for other complex fluids.56,57

Table III shows the fitting parameters for the RACF of ~OH
with a bi-exponential or tri exponential fitting from Eq. (3). For

l = 1, τs and τf are in the range of 35-60 ps and 0.1-4 ps for the
bound interfacial water and 2.4 ps and 0.2 ps, respectively, for
BW. For l = 2, τs and τf are between 27-35 ps and 08-2 ps for
all bound interfacial water and 1.16 ps and 0.14 ps for the BW.
This again demonstrates the slower relaxations in the RACF
for the IW–CO. The value of τ1/τ2 is in between 1.3 and 2
for all cases, confirming non-diffusive water reorientation for
~OH.

Table IV shows the fitting parameters for the RACF of ~HH
with a bi-exponential or tri-exponential function. For l = 1, the
values of τs and τf are in the range of 35-48 ps and 0.20-4 ps,

FIG. 5. RACF for interface and bulk
water for l = 2 for (a) n̂, (b) ~OH, (c)
~HH, and (d) ~µ.
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TABLE II. Relaxation time scales from the fitting of the RACF for n̂ for the
interface and the bulk waters. Correlation coefficients were >0.99.

Region Af τf (ps) As τs (ps) τ1
τ2

l = 1 0.25 6.51 0.62 83.26
IW 1.07

l = 2 0.29 3.05 0.42 77.83

l = 1 0.22 5.73 0.64 65.05
IW–IW 1.11

l = 2 0.29 2.64 0.42 58.56

l = 1 0.26 8.82 0.61 97.28
IW–CO 1.36

l = 2 0.26 3.85 0.45 71.67

l = 1 0.19 6.13 0.68 63.55
IW–Glyc. 1.14

l = 2 0.26 2.67 0.46 55.92

l = 1 0.26 6.58 0.61 83.74
IW–PO 1.09

l = 2 0.29 3.02 0.41 76.33

l = 1 0.10 0.36 0.83 3.44
BW 1.84

l = 2 0.26 0.23 0.57 1.87

respectively, for the bound interfacial water and 2.45 ps and
0.29 ps for the BW. For l = 2, τs and τf are in the range of
34-48 ps and 0.3-2.8 ps, respectively, for the interfacial water
and 1.29 ps and 0.27 ps for the BW. The time scales of the
RACF for l = 1 and l = 2 show slower relaxations for the
IW–CO among all IWs. The value of τ1/τ2 is ≈1–2 for all
cases demonstrating a non-diffusive behavior of ~HH.

TABLE III. Reorientation correlation relaxation time for ~OH for the interface
and the bulk waters. Coefficients for all classes of water were >0.99.

Region Af τf (ps) Ai τi (ps) As τs
τ1
τ2

l = 1 0.19 3.34 0.73 54.43
IW 1.59

l = 2 0.26 1.90 0.53 34.13

l = 1 0.07 2.52 0.09 2.80 0.78 35.28
IW–IW 1.30

l = 2 0.16 0.08 0.24 1.79 0.53 27.03

l = 1 0.17 4.22 0.74 60.16
IW–CO 1.72

l = 2 0.22 2.03 0.57 34.89

l = 1 0.06 0.17 0.14 3.38 0.76 45.33
IW–Glyc. 1.57

l = 2 0.15 0.12 0.20 2.19 0.55 28.90

l = 1 0.06 0.32 0.19 4.20 0.70 56.37
IW–PO 1.58

l = 2 0.15 0.14 0.24 2.45 0.51 35.71

l = 1 0.06 0.26 0.87 2.41
BW 2.07

l = 2 0.18 0.14 0.76 1.16

TABLE IV. Reorientation correlation relaxation time for ~HH for the interface
and the bulk waters. Correlation coefficients for all classes of water were
>0.99.

Region Af τi (ps) Ai τi (ps) As τs (ps) τ1
τ2

l = 1 0.17 3.14 0.76 43.79
IW 1.00

l = 2 0.26 2.74 0.55 43.95

l = 1 0.07 2.52 0.09 2.80 0.78 35.28
IW–IW 0.86

l = 2 0.15 0.61 0.22 5.01 0.49 40.92

l = 1 0.15 3.94 0.78 47.11
IW–CO 1.07

l = 2 0.22 3.02 0.58 43.90

l = 1 0.13 2.49 0.80 36.16
IW–Glyc. 1.05

l = 2 0.22 2.58 0.58 34.23

l = 1 0.04 0.20 0.18 3.72 0.74 45.39
IW–PO 0.95

l = 2 0.13 0.34 0.24 4.06 0.51 47.40

l = 1 0.05 0.29 0.88 2.50
BW 1.94

l = 2 0.17 0.17 0.69 1.29

Table V shows the fitting parameters for the RACF of ~µ

with a bi-exponential or tri-exponential function. For l = 1, the
values of τs and τf are in the range of 71-159 ps and 0.9-4 ps,
respectively, for bound interfacial water and 0.18-2.24 ps for
BW. For l = 2, τs and τf are in the range of 34-44 ps and 0.13-
2.2 ps, respectively, for bound interfacial water and 0.12 ps and
1 ps for BW. Interestingly, unlike all previous cases, the time

TABLE V. Reorientation correlation relaxation time for ~µ for the interface
and the bulk water. Correlation coefficients for all classes of water were >0.99.

Region Af τf (ps) Ai τi (ps) As τs (ps) τ1
τ2

l = 1 0.20 3.31 0.69 84.42
IW 1.88

l = 2 0.29 2.09 0.43 44.54

l = 1 0.13 1.22 0.28 13.51 0.50 158.74
IW–IW 3.82

l = 2 0.19 0.22 0.24 2.94 0.41 41.55

l = 1 0.18 3.96 0.70 96.57
IW–CO 2.14

l = 2 0.26 2.16 0.46 45.13

l = 1 0.18 3.67 0.70 71.03
IW–Glyc. 2.04

l = 2 0.27 2.08 0.45 34.79

l = 1 0.10 0.98 0.19 7.52 0.61 108.32
IW–PO 2.44

l = 2 0.21 0.13 0.26 2.66 0.41 44.37

l = 1 0.09 0.18 0.85 2.24
BW 2.24

l = 2 0.22 0.12 0.59 1.00
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scales of the RACF for l = 1 and l = 2 show slower relaxations
for the IW–IW among all IW. The values of τ1/τ2 are ≈1–2 for
all cases except the IW–IW. This indicates a diffusive behavior
of the RACF of ~µ for IW–IW and non-diffusive behaviors for
the rest of the cases.

From our analysis, we find that the RACF of the IW–CO
and the IW–PO water has the most preferred orientations for
most of the cases, thereby relaxing at the slowest rate among
all interfacial water. In comparison to that, the orientations of
the IW–IW or the IW–Glyc. have lower relaxation rates with
less preferences for orientations. This is probably due to the
strong electrostatic interactions between the interfacial waters
and oxygen atoms of CO or PO. The trend of preferences in
orientations around different chemical environments is consis-
tent with the mosaic structure of water orientations reported
earlier.29

D. Dynamics of hydrogen bonds

To investigate the hydrogen bond dynamics of the IW and
the BW, we first identify four classes of interfacial water as
described in Sec. III A. Any two IW can form hydrogen bond
to each other which may not be hydrogen bonded to a third
group and do not form a network. This class of water is referred
to as IW. If any one of the two hydrogen bonded interface water
is concertedly hydrogen bonded to another pair of hydrogen
bonded interface water or to a lipid head, these are referred to as
IW–IW, IW–CO, IW–Glyc., or IW–PO, respectively. The sec-
ond set of hydrogen bonds can form a network structure such as
IW–IW–IW–IW or lipid head-IW–IW-lipid head. The dynam-
ics of such a hydrogen bond network between two waters are
studied in this section. Since the number of water molecules
in different classes of IW is different, we calculated the dis-
tribution of hydrogen bonds per water molecule for all cases.
Figure 6 shows the distribution of hydrogen bonds for the inter-
facial water and the inset shows the distribution for the BW.
The inset clearly demonstrates that the BW has nearly four
hydrogen bonds per water. The numbers of hydrogen bonds
are reduced in the presence of the lipid head groups in the

interface. Among different classes of interfacial water
molecules, the distribution of the IW–Glyc. is maximum in
comparison with other classes of water. The number of hydro-
gen bonds per water for the IW–IW is greater than the IW–
CO or the IW–Glyc. which is again greater than the IW–PO.
Although, the amplitude of the distribution of hydrogen bonds
in concerted networks of lipid heads–IW–IW–lipid heads is
higher than that of IW–IW–IW–IW, they form a less number
of hydrogen bonds compared to water in the absence of net-
work. This is due to the annihilation of network created by
hydrogen bonds in the BW due to the presence of foreign ele-
ments like DMPC head groups.21 Thus, these networks are
referred to as defected networks.

A hydrogen bond formed between one pair of donor-
acceptor atoms at any time instant may not be intact at other
instant. To study the dynamical behavior, we investigated mean
lifetime of hydrogen bonds for all cases of waters by comput-
ing hydrogen bond auto-correlation functions (HBACFs)58–60

defined by the following equation:

CHB(t) =
〈hIW−HG(0)hIW−HG(t)〉

〈hIW−HG〉
, (4)

where the variable hIW –HG(t) represents the hydrogen bonds
between interfacial water molecules (IW) and head-groups
(HG) of the lipids. hIW –HG(t) is 1 when the water molecule
forms a hydrogen bond with lipid head-groups at time t fol-
lowing the geometric definition mentioned in Sec. III A and
is 0 otherwise. Note that the hydrogen bonds are allowed to
break and thus we calculated the interrupted hydrogen bond
correlation functions. Similarly, we computed the time corre-
lation function for hydrogen bonding among the BWs as well.
Figure 7 shows CHB(t) for the BW and all classes of IW. The
HBACF for the BW decays much rapidly than the HBACF for
all IW depicting a bound nature of IW as found earlier.58,59 The
hydrogen bond correlation functions of the IW–Glyc. exhibit
slower decay than that of the IW–CO which is slower than the
IW–IW which is again slower than that of the IW–PO. The
bound water hydrogen bonded to the oxygen atoms of Glyc. is

FIG. 6. Distribution of the number of hydrogen bonds
per water molecule for bound interfacial waters. Inset:
bulk water.
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FIG. 7. Hydrogen bond auto-correlation function for interface and bulk water.

more buried in nature compared to that to the oxygen atoms of
PO and thus more restricted in nature among all IW. Thus, the
hydrogen bonds to Glyc. persist for a longer time span. The
BW, on the other hand, has no head group influence, implying
the rapid exchange of hydrogen bonds among neighbouring
water molecules.

Interestingly, the hydrogen bond auto-correlation func-
tions [CHB(t), in Fig. 7] of the interface water develop a hump
at ∼10 ps which is not observed in the BW. The humps are
not found for water forming hydrogen bonds to lipid heads
until the contribution of the bulk is de-constructed. Thus, the
humps are consequences of the nature of chemical confine-
ments. However, the humps disappear after ∼20 ps and then
all waters are found to follow a t☞3/2 asymptotic behavior.
We do not report the data at longer time due to the statistical
errors. The humps of the interface water are found between 12
and 20 ps which is after the onset of cage-like behavior in the
MSD (Fig. 3) and before the diffusive regime of hydrogen bond
break dictated by power law behavior. After the ballistic regime
(>0.25 ps), chemically confined hydrogen bond networks start
rattling in the cage formed by the crowded networks, and after
20 ps, water molecules succeed to leave the cage undergoing
translational diffusion dictated relaxation indicated by t☞1.5

asymptotic power law irrespective of the chemical confine-
ment. The humps of the interface water within the intermediate
time scale of ∼12–20 ps are possibly the signatures of a tran-
sition from motion in a cage created by chemically confined
hydrogen bond networks to translational diffusions of hydro-
gen bonds. At longer time, the effect of chemical confinements
is no longer significant and thus all classes of water irrespective
of their chemical nature follow the same asymptotic behavior.
The scaling parameters are clear indications that CHB(t) obeys
the following equation:

CHB(t) ≈
1

4πDt1.5
, (5)

where D is the diffusion constant at longer time. Thus, irre-
spective of the nature of the chemical confinement of IW and
BW, the hydrogen bond breaking and formation mechanism
is found to be dictated by the translational diffusion in three
dimensions.61

Kinetics of hydrogen bonding formation and breaking are
studied using the reactive flux analysis25,51,62 where the for-
ward rate constant (k) and backward rate constant (k ′) are
considered for the hydrogen bond breaking and formation,
respectively,

K(t) = −
dCHB(t)

dt
(6)

and
K(t) = kCHB(t) − k ′n(t). (7)

Here, n(t) represents the probability that a hydrogen bond
existed at time t = 0 but the two atoms which are forming
hydrogen bonds are still within the distance cutoff. The life-
time for hydrogen bonding can be computed using the forward
rate constant as

τ =
1
k

. (8)

Assuming the process of hydrogen bond breaking as the Eyring
process, one can find the Gibbs energy (∆G‡) of the hydrogen
bond breaking activation using the following relation:

τ =
h

kBT
e
∆G‡

kBT , (9)

where kB is Boltzmann’s constant, T is the temperature, and h

is Planck’s constant. The bulk water has no influence of lipids;
thus two water molecules hydrogen bonded tend to break at a
shorter period of time and have shorter lifetime than the IW.
Thus the BW has lower ∆G‡ than all IW. The value of ∆G‡

for TIP4P/2005 bulk water is found to be 8.29 kJ mol☞1 which
is somewhat higher than the values reported for bulk water of
TIP4P or SPC/E.25 The difference is attributed to the slower
diffusion of the TIP4P/2005 water model than that of TIP4P or
SPC/E33 bulk water leading to an energy cost in the hydrogen
bond exchange mechanism. Bound water hydrogen bonded to
lipid head groups stays bonded for a longer period of time.
Interestingly, the values of ∆G‡ decrease from IW–Glyc. to
IW–CO, to IW–IW, to IW–PO (Table VI). The trend of low-
ering in ∆G‡ indicates the importance of location of DMPC
head groups on the activation energy of hydrogen bond break-
age. Since the IW–Glyc. is more buried into the hydrophobic
region of the bilayer due to the location of Glyc. oxygen along
the alkyl chains, diffusion of IW–Glyc. while hydrogen bond
exchange or reshuffling through the water depleted hydropho-
bic environment requires more energy of activation cost. Thus,
the interfacial water hydrogen bonded to Glyc. oxygen shows
more trapped behavior compared to the ones for the CO or
the PO. The confined and buried Glyc. head groups may dis-
rupt the necessary pathways for hydrogen bond exchange. This
information indicates that the contribution of hydrogen bond

TABLE VI. Hydrogen bond lifetime and Gibbs energy of activation for
interface and bulk waters.

Region τ (ps) ∆G‡ (kJ mol☞1)

IW–IW 14.96 11.69
IW–CO 16.74 11.98
IW–Glyc. 18.96 12.30
IW–PO 13.00 11.33
BW 3.98 8.29
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FIG. 8. Number of hydrogen bonds per
water molecule which remain intact for
simulation time t are shown for interfa-
cial water. Inset: bulk water.

networks on the changes in Gibbs free energy and on the ther-
modynamic stability of lipid bilayers needs further attention
which can be investigated by calculating changes in enthalpy
and entropy on breaking of hydrogen bonds in future. Thus
the present calculations explain the role of chemical con-
finement on breaking of defected networks as well as lay a
foundation for future work which further may shed light on
the connection of thermodynamics of hydrogen bonds to their
dynamics and enhance our understanding on the stability of
other biomolecules like proteins.63,64

E. Hydrogen bond networks and lipid-lipid
associations

In order to find the influence of the hydrogen bond dynam-
ics on the membrane structure, the IW–IW, the IW–CO, the
IW–PO, and the IW–Glyc. water molecules which remain con-

tinuously hydrogen bonded among themselves during simula-
tion time are identified. These hydrogen bonds remain intact

without allowing changes in their respective donor acceptor
partners. However, the other hydrogen bonds to the lipid heads

FIG. 9. Snapshot of DMPC molecules hydrogen bonded to interfacial
TIP4P/2005 water.53 DMPC and water are shown in licorice and Corey, Paul-
ing, and Koltun representations, respectively. Hydrogen bonded oxygens of
DMPC are shown in VDW representations. Color code: green—PO oxygen,
violet—Glyc. oxygen, blue—CO oxygen, red—water oxygen.

in the network are allowed to diffuse. Figure 8 shows the
number of hydrogen bonds per water which are intact dur-
ing simulation time. The inset shows the number of intact

hydrogen bonds per water for the BW. The numbers of the
BW are higher than the remaining classes of water which is in
agreement with the distribution of number of hydrogen bonds
per water molecule shown in the inset of Fig. 6. Interestingly,
the number of intact hydrogen bonds for the BW decreases
sharply and faster than that for any IW. The number of hydro-
gen bonds for the IW–PO decreases faster than the rest of the
IW. The time evolution of all intact hydrogen bonds indicates
toward their lifetime without the information of pair diffusion.
They follow similar trends as the lifetime of hydrogen bonds
when pair diffusion is allowed (see Table VI). Importantly, the
time evolution of intact hydrogen bonds refer to the lifetime
of defected hydrogen bond networks formed between lipid
head groups and interfacial water. The defected network by
the IW–PO breaks faster than that by the IW–CO or the IW–
Glyc. since the IW–CO or the IW–Glyc. is more buried in the
core hydrophobic region of lipids. So the hydrogen bonds near
lipid tails remain intact for longer time due to the association of
dense lipid tails. Figure 9 shows a snapshot of hydrogen bond
networks where IW is hydrogen bonded to IW and concert-
edly hydrogen bonded to CO, Glyc., or PO of lipids resulting
in water mediated associations of lipids.

IV. CONCLUSION

Continuously residing interfacial water molecules in
hydrated DMPC lipid bilayer are identified to form hydro-
gen bonds among themselves and concertedly to the oxygens
of CO, PO, or Glyc. of DMPC heads. Radial distribution func-
tions of interface water oxygens are found to have higher
amplitudes compared to that of the bulk due to the more ten-
dency of oxygens to be in the nearest neighbors of each other
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in the presence of lipid heads. This consequently disrupts the
tetrahedral network in bulk water and leads to defects in the
networks of interface water. Mean square displacements of all
classes of interface water show signatures of cage-like and
glass-like regions for a short duration of time after the ballis-
tic regions followed by sub-diffusive regions. The nature of
chemical confinement is found to be important to translational
dynamics since the MSD of the IW–CO is slower than the IW–
Glyc. which is slower than the IW–PO or the IW–IW. The first
and second order RACFs are computed for ~n ( ~OH× ~HH), ~OH,
~HH, and ~µ. In all cases, the RACF of the BW decays faster

compared to all classes of IW. The IW–CO and the IW–PO
are found to have higher preferences in orientations, whereas
the IW–Glyc. or the IW–IW has lower preferences. This is
consistent with the mosaic structure in the orientation of IW
near DMPC reported earlier.29 The ratio of the first and the
second order Legendre polynomial of the RACF for all water
hydrogen bonded to lipid heads indicates the presence of the
jump reorientation mechanism during hydrogen bond switch-
ing events. Although the number of hydrogen bonds for the
IW is lower than that for the BW due to the defected hydrogen
bond network in the presence of the lipid heads, the ampli-
tude of distribution of hydrogen bonds is higher for the IW
than that for the BW. Hydrogen bond correlation functions for
the BW decay much faster than all IW. The IW–PO exhibits
faster decay in hydrogen bond correlation than the IW–IW
which decays faster than the IW–CO or the IW–Glyc. This is
due to their locations along the alkyl chains in membranes.
Interestingly, hydrogen bond auto-correlation functions for
interface water develop humps at ∼12 ps after the onset of
glass-like behavior which is neither present in bulk nor in
water hydrogen bonded to lipid heads. The humps disappear
at longer time due to the escape of water molecules from the
cage of the crowded networks when the effect of confinement
is no longer significant and thus all classes of water follow
a t☞3/2 behavior delineating the translational diffusion dic-
tated hydrogen bond dynamics irrespective of the nature of
the chemical confinement of water. In the intermediate time
scale of ∼12–20 ps, the interface water undergoes a transition
from the glass-like behavior to the diffusion dictated hydrogen
bond breakage mechanism leading to humps in the correlation
functions. Using the reactive flux analysis, the Gibbs energy
of activation of hydrogen bond breakage is calculated. The
BW has the smallest lifetime with the lowest Gibbs energy of
activation, whereas the IW–Glyc. has the longest lifetime with
the highest Gibbs energy of activation among all water. Since
IW–Glyc. is buried in the core lipid regime, diffusion through
the water depleted hydrophobic environment is not favourable
leading to a high Gibbs energy of activation. However, the
relation of thermodynamics to the dynamics of hydrogen bond
can only be found once the changes in entropy and enthalpy
are calculated. This can establish the contribution of hydrogen
bonding relaxation to thermodynamic or kinetic stability of
lipid aggregations in the future. Our calculations show that the
hydrogen bond networks which remain intact during the sim-
ulation time decay much rapidly for the BW than all defected
hydrogen bond networks in the interface. The defected hydro-
gen bond networks dynamically result in the water mediated
lipid-lipid associations. Thus, the present work enhances our

understanding on slower hydration dynamics of membranes
due to the chemical nature of hydrogen bond networks. This
can be useful for further investigations on the dynamics of
proton migrations from the hydration layer of membranes to
the bulk phase or toward the stability of membranes or other
biomolecules like proteins.63–68
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34O. Berger, O. Edholm, and F. Jähnig, “Molecular dynamics simulations
of a fluid bilayer of dipalmitoylphosphatidylcholine at full hydration, con-
stant pressure, and constant temperature,” Biophys. J. 72(5), 2002–2013
(1997).

35A. Cordomı́, G. Caltabiano, and L. Pardo, “Membrane protein simulations
using AMBER force field and Berger lipid parameters,” J. Chem. Theory
Comput. 8(3), 948–958 (2012).

36H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and J. R.
Haak, “Molecular dynamics with coupling to an external bath,” J. Chem.
Phys. 81(8), 3684–3690 (1984).

37U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee, and L. G.
Pedersen, “A smooth particle mesh Ewald method,” J. Chem. Phys. 103(19),
8577–8593 (1995).

38D. J. Tildesley and M. P. Allen, Computer Simulations of Liquids (Oxford
University Press, New York, 1987).

39T. Darden, D. York, and L. Pedersen, “Particle mesh Ewald: An N ·log(N)
method for Ewald sums in large systems,” J. Chem. Phys. 98(12), 10089–
10092 (1993).

40H. Bekker, H. J. C. Berendsen, E. J. Dijkstra, S. Achterop, R. Vondru-
men, D. van der Spoel, A. Sijbers, H. Keegstra, and M. K. R. Renardus,
“Gromacs—A parallel computer for molecular-dynamics simulations,” in
Physics Computing ’92, edited by R. A. DeGroot and J. Nadrchal (World
Scientific Publishing, 1993), pp. 252–256.

41H. J. C. Berendsen, D. van der Spoel, and R. van Drunen, “Gromacs: A
message-passing parallel molecular-dynamics implementation,” Comput.
Phys. Commun. 91(1-3), 43–56 (1995).

42E. Lindahl, B. Hess, and D. van der Spoel, “Gromacs 3.0: A package for
molecular simulation and trajectory analysis,” Mol. Modell. Annu. 7(8),
306–317 (2001).

43D. van der Spoel, E. Lindahl, B. Hess, G. Groenhof, A. E. Mark, and H. J. C.
Berendsen, “Gromacs: Fast, flexible, and free,” J. Comput. Chem. 26(16),
1701–1718 (2005).

44B. Hess, C. Kutzner, D. van der Spoel, and E. Lindahl, “Gromacs 4:
Algorithms for highly efficient, load-balanced, and scalable molecular
simulation,” J. Chem. Theory Comput. 4(3), 435–447 (2008).

45D. van der Spoel, E. Lindahl, B. Hess, and the GROMAC development
team, GOMACS User Manual version 4.6.5, www.gromacs.org (2013).

46A. Debnath, B. Mukherjee, K. G. Ayappa, P. K. Maiti, and S.-T. Lin,
“Entropy and dynamics of water in hydration layers of a bilayer,” J. Chem.
Phys. 133(17), 174704 (2010).

47A. Debnath, K. G. Ayappa, and P. K. Maiti, “Simulation of influence of
bilayer melting on dynamics and thermodynamics of interfacial water,”
Phys. Rev. Lett. 110, 018303 (2013).

48R. Rey, K. B. Møller, and J. T. Hynes, “Hydrogen bond dynamics in water
and ultrafast infrared spectroscopy,” J. Phys. Chem. A 106(50), 11993–
11996 (2002).

49C. P. Lawrence and J. L. Skinner, “Vibrational spectroscopy of HOD in
liquid D2O. III. Spectral diffusion, and hydrogen-bonding and rotational
dynamics,” J. Chem. Phys. 118(1), 264–272 (2003).

50J. D. Eaves, J. J. Loparo, C. J. Fecko, S. T. Roberts, A. Tokmakoff, and
P. L. Geissler, “Hydrogen bonds in liquid water are broken only fleetingly,”
Proc. Natl. Acad. Sci. U. S. A. 102, 13019 (2005).

51A. Luzar and D. Chandler, “Hydrogen-bond kinetics in liquid water,” Nature
379, 55–57 (1996).

52L. Bosio, S. Hsin Chen, and J. Teixeira, “Isochoric temperature dif-
ferential of the x-ray structure factor and structural rearrangements in
low-temperature heavy water,” Phys. Rev. A 27, 1468–1475 (1983).

53W. Humphrey, A. Dalke, and K. Schulten, “VMD—Visual molecular
dynamics,” J. Mol. Graphics 14, 33–38 (1996).

54J. Swenson, F. Kargl, P. Berntsen, and C. Svanberg, “Solvent and lipid
dynamics of hydrated lipid bilayers by incoherent quasielastic neutron
scattering,” J. Chem. Phys. 129(4), 045101 (2008).

55C. Vega, J. L. F. Abascal, M. M. Conde, and J. L. Aragones, “What ice can
teach us about water interactions: A critical comparison of the performance
of different water models,” Faraday Discuss. 141, 251–276 (2009).

56S. Das, R. Biswas, and B. Mukherjee, “Reorientational jump dynamics
and its connections to hydrogen bond relaxation in molten acetamide: An
all-atom molecular dynamics simulation study,” J. Phys. Chem. B 119(1),
274–283 (2015).

57A. C. Fogarty and D. Laage, “Water dynamics in protein hydration shells:
The molecular origins of the dynamical perturbation,” J. Phys. Chem. B
118(28), 7715–7729 (2014).

58A. Luzar and D. Chandler, “Effect of environment on hydrogen bond
dynamics in liquid water,” Phys. Rev. Lett. 76, 928–931 (1996).

59A. Chandra, “Effects of ion atmosphere on hydrogen-bond dynamics in
aqueous electrolyte solutions,” Phys. Rev. Lett. 85, 768–771 (2000).

60S. Balasubramanian, S. Pal, and B. Bagchi, “Hydrogen-bond dynamics
near a micellar surface: Origin of the universal slow relaxation at complex
aqueous interfaces,” Phys. Rev. Lett. 89, 115505 (2002).

61O. Markovitch and N. Agmon, “Reversible geminate recombination of
hydrogen-bonded water molecule pair,” J. Chem. Phys. 129(8), 084505
(2008).

62A. Luzar, “Resolving the hydrogen bond dynamics conundrum,” J. Chem.
Phys. 113(23), 10663–10675 (2000).

63A. V. Efimov and E. V. Brazhnikov, “Relationship between intramolecu-
lar hydrogen bonding and solvent accessibility of side-chain donors and
acceptors in proteins,” FEBS Lett. 554(3), 389–393 (2003).

64K. A. Dill, “Dominant forces in protein folding,” Biochemistry 29(31),
7133–7155 (1990).
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