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How strongly can calcium ion influence the hydrogen-bond dynamics

at complex aqueous interfaces?
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The author has performed three independent molecular dynamics computer simulations to examine
the effects of counterion identity on hydrogen-bond dynamics in the enclosed water pool of anionic
surfactant-based reverse micelles. The water—water hydrogen-bond lifetime in the reverse micelle
(RM) with calcium ions is found to be longer than that in the RM with sodium or ammonium ions.
The hydrogen bond between a polar head group and a water molecule, on the other hand, breaks but
reforms most rapidly in the RM with calcium ions, indicating that there exists a strong competition
between head group—counterion and head group—water interactions at such complex interfaces.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2737053]

I. INTRODUCTION

The processes of breaking and making hydrogen bonds
play a crucial role in the dynamical behavior of liquid
water."™ The study of hydrogen-bond (H-bond) dynamics in
aqueous solutions and at complex aqueous interfaces has
therefore become a subject of intense current interest.” "
Thus, Kropman and Bakker reported the direct measurement
of the H-bond dynamics of water molecules solvating a CI~,
BrY, or I" anion by femtosecond midinfrared nonlinear
spectlroscopy.5 Chandra® has performed a series of molecular
dynamics (MD) simulations to study the effects of ion atmo-
sphere on the H-bond dynamics in aqueous electrolyte solu-
tions. Balasubramanian et al.” have studied the dynamics of
hydrogen bonds near a micellar surface by MD simulations.
Hydrogen-bond kinetics in the solvation shell of a
polypeptide8 and near the solvated biomolecules”™'’ is also
investigated computationally. A very recent work in this area
involves the study of H-bond dynamics inside carbon
nanotubes.'' Most of these studies indicated a slower H-bond
dynamics of water molecules in the first hydration shell than
water molecules in the pure liquid.

Aqueous reverse micelles constitute another good ex-
ample of complex interfaces, where nanometer-sized pools
of water get stabilized in a hydrophobic solvent by a surfac-
tant coat. The mobility and structure of this confined water
were intensely studied both experimentally and with MD
simulations in recent past.lz_17 Experimental measurements
based on quasielastic neutron scattering, electron spin reso-
nance, nuclear magnetic resonance (NMR), IR vibrational
echo peak shift, etc., have indicated that the translational and
rotational mobilities of water molecules in RMs are much
smaller than for bulk water.'””" Computer simulations of
aqueous RMs have also suggested that the interfacial waters
become immobilized by a strong interaction with the ionic
components at the interface.'*'*!'” In a recent study on the
effects of counterion identity on water mobility, Faeder et al.
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have found that the interfacial mobility of water molecules in
RMs is quite different for the counterion types and these
differences are strongly correlated with ion-water coordina-
tion and the extent of disruption by the counterions of the
water hydrogen-bond network.'” However, no study has yet
been carried out to investigate the breaking and making dy-
namics of hydrogen bonds near a reverse micellar surface
and, more importantly, the calcium ion induced changes of
H-bond structure and dynamics at complex aqueous inter-
faces. Note that calcium ion has an unusual importance in
biological phenomenon and a reverse micellar system serves
as a prototype of more complex biological systems, in addi-
tion to being important in its own right.18 We shed some light
on these issues by carrying out three MD simulations of
ionic surfactant-based RMs.

Il. BASIC MODELS AND SIMULATION DETAILS

The reverse micellar systems of our interest are com-
posed of anionic perfluoropolyether carboxylate surfactant
CF;—(0-CF,-CF(CF3));—0-CF,-COO~ (PFPECOO"),
water, and supercritical carbon dioxide as the hydrophobic
solvent. The different counterions used in the calculations are
NH}, Na*, and Ca**. That perfluoropolyether-based micro-
emulsions can produce thermodynamically stable aqueous
domain in CO, phase is well proven by recent
experimental19 and computati0n3120 studies. The water to
surfactant mole ratio (W,) was taken to be 8.4 and the simu-
lations were carried out at 25 °C and 200 bar pressure.
These values for the temperature, pressure, and W, are the
same as the values present in a recent NMR experiment of
water transport in water-in-CO, microemulsions.'® All the
three systems we simulated contained 554 water molecules,
66 fluorinated surfactant molecules, 6359 CO, molecules,
and 66 counterions (33 in case of RM with Ca*™ ions). The
number of surfactant and water molecules were again ob-
tained based on the experimental parameters from Ref. 19.
We started our simulations from an aggregated configuration,
in which we distributed the surfactant molecules around the
periphery of a sphere containing water molecules. The sur-
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FIG. 1. (Color) Snapshots of the cross section of the micellar systems with
NH; (left) and Ca** (right) ions at 5 ns. Color scheme: red balls; water
oxygens; white balls; either water or ammonium hydrogens; green balls;
surfactants; blue balls; either calcium or nitrogen of the ammonium cations.
The atoms of solvent molecules are represented by smaller circles with cyan
and red color representing the carbon and oxygen atoms in CO,.

factants had their head groups pointed inward and their tails
solvated in CO, pointed outward. The countercations were
randomly added inside the sphere of water. To enable volume
variation, the simulations were performed in the NPT en-
semble using the Nose-Hoover thermostat and barostat. The
production run was carried out for 5 ns after an equilibration
phase of 500 ps in each system. A snapshot picture of the
cross section of the NH; and Ca*™ ion-based systems at 5 ns
is presented in Fig. 1. We also have simulated a system con-
taining pure bulk water at the same temperature and pressure
as in simulations of micellar systems, so that the behavior of
water in the confined system can be compared with that in
the bulk phase.

The well-tested extended simple point charge model was
chosen to describe the water molecules and an all atom ap-
proach is followed to model the anionic part PFPECOO™ of
the surfactant.”’ The optimized potential for liquid simula-
tions set of intermolecular parameters has been used to
model the counterions. The rigid rescaled elementary physi-
cal model* proposed by Harris and Yung is used to describe
CO,. Periodic boundary conditions were employed in all di-
rections and the calculation of the long-range Coulombic
forces was performed using the smooth particle mesh Ewald
method. The real space part of the Ewald sum and Lennard-
Jones interactions were cut off at 10 A. All the simulations in
this work were carried out using the DLPOLY (Ref. 23) mo-
lecular dynamics simulation package. Other details of the
simulations can be found from our recent work on the water
states in perfluoropolyether-based reverse micelles of vary-
ing counterion type?' (Paper I).

The results of Paper I can be summarized as the follow-
ing: the reverse micelles remained stable over the 5 ns time
period of the simulations. The radii of the aqueous core (R,)
obtained from NHZ, Na* and Ca*™* ion—contained RMs were
19.2+0.5, 18.6+0.7, and 18.9+0.9 A, respectively. The
value of R,=19.2 A is in a good agreement with the experi-
mental value of 20 A obtained for the aqueous droplet in
PFPECOO NH}/water/carbon dioxide system.'’ The calcu-
lated values of micelle eccentricity and visual inspection im-
plied that the reverse micelles in our simulations were essen-
tially spherical. The orientational dynamics of water inside
the reverse micelles was slower compared to the dynamics in
bulk water irrespective of the type of the counterion present
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in the solution. However, the water dynamics got slower as
we progressed from NH} ion to Na* ion and finally to the
Ca*™ ion. These observations were consistent with the con-
clusions reached by Riter et al. in their experimental work
performed on the sodium bis(2—ethylhexyl)sulfosuccinate re-
verse micelles."”

lll. RESULTS AND DISCUSSIONS

Our analysis of H-bond dynamics was based on the con-
struction of a hydrogen-bond population variable A() which
is unity when a particular tagged pair is hydrogen bonded at
time ¢ and zero otherwise. We follow the dynamics of hydro-
gen bonds among water molecules themselves and with the
polar head groups at the reverse micellar surface. Note that
the carboxylate head groups of the surfactant molecules con-
tain oxygen atoms that are capable of forming hydrogen
bonds with the first shell water hydrogens. We adopted a
geometric definition of hydrogen bonding,l’6 according to
which, a pair of water molecules is hydrogen bonded if the
oxygen-oxygen distance is less than 3.5 A and simulta-
neously the oxygen-oxygen-hydrogen angle is less than 30°.
To describe a water-to-head-group hydrogen bond we have
used the same geometric definition, i.e., a water and a head
group are hydrogen bonded if a head group oxygen—water
oxygen distance is not greater than 3.5 A and simultaneously
the head group oxygen—water oxygen—water hydrogen angle
is not greater than 30°. The structural relaxation of hydrogen
bonds was then characterized by the hydrogen bond time
correlation functions Cyg(#) and Syg(7). The intermittent hy-
drogen bond correlation function Cyg(7) can be defined as

Cup(2) = (h(0)h(2))/h), (1)

where h(r) is unity when a particular pair (either water-water
or water—head group) is hydrogen bonded at time ¢, and zero
otherwise. The angular brackets denote averaging over initial
time values and over all pairs. The correlation function
Cug(7) describes the probability that a pair of hydrogen-
bonded molecules at time =0 is also hydrogen bonded at
time ¢, independent of possible breaking in the interim time.
The correlation function Syg(#) defined as

Sup(2) = (h(0)H(1))/(h) (2)

where H(r) is unity if the hydrogen bond of tagged pair re-
mains continuously hydrogen bonded during the time dura-
tion ¢, and zero otherwise. The correlation function Spp(7)
describes the probability that an initially hydrogen bonded
pair remains bonded at all times up to 7. Thus Syg(¢) denotes
a more accurate representation of the lifetime dynamics of
the hydrogen bond, and the associated relaxation time g
can be interpreted as the average lifetime of a hydrogen
bond.®

To compare the water H-bond dynamics in the vicinity
of the head group surface with the dynamics far from the
surface, we have divided the water core into three regions.
These regions were selected from the radial distribution
function (rdf) between the carboxylate head group carbon
and water oxygen. Region I contains interfacial water mol-
ecules that interact directly with the ionic components of the
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TABLE I. Number of hydrogen bonds per water molecule. Error ranges are
determined by calculating hydrogen-bond distributions for ten separate
100 ps segments.

Cation type Region I Region II Region III
NH} 1.723+£0.014 2.758+0.032 3.501+0.019
Na* 1.869+0.021 3.075+0.042 3.514+0.084
Ca*t 1.946+0.042 3.249+0.019 3.560+0.016

surfactants, region II contains water molecules which lie be-
tween the first and second minima in the rdf, and the rest are
region III water molecules. In Table I, we have shown the
distribution of average number of H bonds per water mol-
ecule (nyg) at various regions. The results show that the
water-water H-bond pattern modifies significantly, particu-
larly at the interface.*" It also shows that the average number
of H bonds is always larger for the RM with Ca** counterion
compared to other two RMs. This is somewhat surprising,
since the ions having the highest charge densities (charge
density order: Ca**>Na*>NH}) are expected to be the
most disruptive of the water—water hydrogen bonding pat-
tern. To explain this observation, we notice that the RM with
calcium ions contains only half a number of counterions and
holds a larger amount of water molecules in region I com-
pared to other two systems. Region I water molecules in this
RM, therefore, can be somewhat better hydrogen bonded to
each other. The observed higher number of H bonds for re-
gions II and III water molecules is due to the fact that, as we
will see shortly, almost all Ca*™ ions reside in region I and
therefore are less effective in disrupting the water—water hy-
drogen bonding network in these regions. Now coming back
to the dynamics, we find that the relaxation of Cyg(7) for
water-water in region I is slower in the RM with calcium
ions. This has been displayed in Fig. 2. The inset of Fig. 2
shows the same function between two water molecules that
both exist at several regions in the calcium ion—contained
RM. Here we see that Cyg(7) relaxes slower as we approach
the surface. This implies that the electric field associated
with the surface charges has a stronger influence on water

Cus (1)
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FIG. 2. The time correlation function, Cyg(7), for the hydrogen bond be-
tween pairs of water molecules in region 1. The solid, dashed, and dotted
curves are for NHj, Na*, and Ca*™* ion—contained RMs. The inset shows the
same function between two water molecules that both exist at various re-
gions in the RM with Ca** ions; dotted curve: region I, long dashed curve:
region II, and dot-dashed curve: regions III.
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FIG. 3. The time dependence of Syg(f) for water-water in region I. The inset
shows the same function for region III water molecules. The solid, dashed,
and dotted curves are for the RM with NH}, Na*, and Ca** ions. The dot-
dashed curve in the inset shows Syg(¢) for bulk water.

H-bond dynamics than the average number of hydrogen
bonds per water molecule, nyg has. In Fig. 3, we have dis-
played the time dependence of Syg(?) for water-water in all
the three systems. A slower dynamics in Ca** ion-based RM
is again found, particularly for region I water molecules.”
These correlation functions can be fitted to multiexponential
function of the following form:

Xup(?) = 2 c;exp(=1/1); Xup= Cup or Syg, (3)
i=1

where 2,_;c;=1 and 7; is the time constant for the decay of
ith component. We could fit Cyyg(7) and Syg(?) to a sum of
two/three exponents. The average time constants as obtained
for region I water molecules from the multiexponential fit to
Cyg(?) are 11.65, 15.36, and 28.68 ps in the RM with NHJ,
Na*, and Ca** ions. The water-water H-bond lifetimes in
region I as calculated from the multiexponential fit to Syp(7)
are found to be 0.81, 0.87, and 1.01 ps in the RM with NHJ,
Na*, and Ca** ions. Thus the calcium ion—contained RM is
found to have the slowest water—water hydrogen—bond relax-
ation and the longest water—water hydrogen-bond lifetime.
Note that the average time constant in bulk water as obtained
from the multiexponential fit to CPyg (f) was 7.4 ps and the
average lifetime of a water-water H bond in bulk water as
obtained from the multiexponential fit to Sty () was 0.59 ps.
A similar slowing down of water H-bond dynamics in the
enclosed water pool of a nanometer-sized RM was recently
reported by Tan et al.” from their frequency resolved infra-
red vibrational echo experiments.

Now we switch our attention to the dynamics of water—
head group (WHG) hydrogen bonds. In Fig. 4, we plot the
relaxation of CY59(¢) for all the three systems. This function
again implies a stronger water—head group correlation in the
RM with Ca** ions. In all the systems, however, the decay is
found to be nonexponential with a very slowly decaying tail.
The longest time constant obtained from the multiexponen-
tial fit increases from 197 to 235 to 306 ps when we move
from the RM with NHj to Na* to Ca** ions (Table II). The
strong water—head group interactions appear responsible for
this slow hydrogen-bond dynamics, and is likely to be the
origin of the universal slow relaxation at complex aqueous
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FIG. 4. The autocorrelation function, Cyg(7), for the hydrogen bond be-
tween water and headgroups. The curve styles are the same as shown in
Fig. 3.

interfaces that occurs on the similar 100—1000 ps time
scale."® The change in the values of the time constants im-
plies that the water-counterion interactions are responsible
for reducing a significant fraction of the water dynamics at
such complex interfaces. The most important finding of this
work, however, is presented in Fig. 5. Here we see that
SHEG(1) relaxes the fastest in the Ca** ion-based RM. The
water—head group H-bond lifetime in this RM is found to be
shortened down by about 20% from the water—head group
H-bond lifetime value of 3.92 ps in the NH} ion—contained
RM.?® This is in contrary to the results from Figs. 2—4, where
the H-bond dynamics was the slowest in the RM with cal-
cium ions. To explain this, we calculate the local densities of
counterions as a function of distance from the effective sur-
face formed by the carboxylate carbon atoms. The profiles
are shown in Fig. 6. This figure clearly shows that all three
types of cations have a tendency to form contact-ion pairs,
and that calcium ions stay closest to the head group surface,
followed by sodium and ammonium ions. The sharp and nar-
row peak observed for Ca** counterions also indicates that in
this case almost all of the ions remain ion paired with the
head groups. The wider profiles for NH and Na* ions, on
the other hand, imply that in these cases quite a few ions
dissociate from the surface and dissolve in the interior of the
water pool. Indeed, it happens so as can be seen from Fig. 1.

The location of the ions and water molecules in the wa-
ter pool is determined by a competition between the head
group—ion, ion-water, and head group—water interactions.
Ca** ions with a high charge density can strongly interact
with the polar head groups, and this may bring them closest
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FIG. 5. Syug(?) function for the hydrogen bond between water and head
groups. The curve styles are the same as shown in Fig. 3.

to the head groups. The closely residing Ca*™* ions at the
surface then can destabilize the water—head group hydrogen
bonds relatively quickly to accomplish a shorter water—head
group H-bond lifetime. Along similar lines, we found that the
average number of water—head group hydrogen bonds per
head group is reduced from 1.01 to 0.66 to 0.50 by going
from the RM with NHj to Na* to Ca** ions. Thus a faster
decay of Syp(f) and a slower decay of Cyg(#) indicate that
the water—head group hydrogen bonds break but reform most
rapidly in the calcium ion—contained RM. To support this we
examine the trajectories of the individual water—head group
pairs that were hydrogen bonded at time #=0. In Fig. 7, we
plot the time evolution of the distances of four arbitrarily
chosen pairs of this kind. The representative trajectories from
NH} ion—contained RM [Figs. 7(a) and 7(b)] show that the
water molecules remain hydrogen bonded to the respective
head groups for some time before they go away from the
surface. Once away, these water molecules show a less ten-
dency to come back to the surface as they may find a stable
environment under the influence of those NHj ions who
were dissociated from the surface and dissolve in the interior
of the pool. No such dissolved ion was present in Ca** ion—
based RM, instead all the Ca** ions remained ion paired with
the head groups (Fig. 6). Thus there exist two competing
factors in the RM with Ca** ions that influence the water
molecules: (i) the proximity of the Ca** ions to the head
groups pushes the water molecules off the surface and (ii) the
strong surface field generated by the head groups and Ca**
ions pulls the water molecules back to the surface. The tra-
jectories from Ca** ion—contained RM [Figs. 7(c) and 7(d)]
reveal the occurrence of such events, where the water mol-

TABLE II. Fit parameters of the water—head group hydrogen-bond time correlation functions.

Function Cation type ¢ 7 (ps) ¢ 7, (ps) 3 73 (ps)
ChES(y) NH 0.28 5.65 0.54 36.23 0.18 197.60
Na* 0.32 6.58 0.49 38.91 0.19 235.29
Ca*t 0.29 5.38 0.41 42.19 0.30 306.75
SYHS(7) NH; 0.06 0.34 0.27 1.80 0.67 5.10
Na* 0.08 0.30 0.29 1.63 0.63 4.74
Ca* 0.10 0.27 0.36 1.52 0.54 4.85




204710-5 Hydrogen bond dynamics at interfaces
9 . T — .
1
1
L X .
1
o6t ! _
1
‘r*< |
1
= i [ T
~ 1
= 3t ! -
e’
(=5 [
R
0 g Tmeeen N
0 20 30

r(A)

FIG. 6. Number density profiles for the NH, Na*, and Ca** ions in the
corresponding RM with respect to the effective surface at 16.7 A (shown by
a dashed vertical line). The effective surface is formed by the carboxylate
carbon atoms. The curve styles are the same as shown in Fig. 3. (Adapted
from Ref. *' with permission.)

ecules clatter near the surface for some time, diffuse into the
bulk region, and then revisits the surface to restore the hy-
drogen bonds with the head groups to which they were
bonded at time zero. Note that there exist trajectories in the
NHj ion—contained RM similar to the ones represented by
Figs. 7(c) and 7(d) and there exist trajectories in the Ca**
ion—contained RM similar to the ones represented by Figs.
7(a) and 7(b). However, the analysis implied that the occur-
rence of such trajectories is much less probable than the tra-
jectories corresponding to Fig. 7.

IV. SUMMARY AND CONCLUSIONS

In summary, we report on a computational study of the
effect of counterion identity on hydrogen-bond dynamics in
the water pool of a reverse micelle. The dynamics of water—
water hydrogen bonds in the RM with calcium ions is seen to
be slower compared to the dynamics in the RM with sodium
or ammonium ions. The lifetime of the hydrogen bond be-
tween a water molecule and a surfactant head group is al-
ways found to be longer than that between two water mol-

24
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FIG. 7. Time evolution of the distances of arbitrarily chosen water—head

group pairs that were hydrogen bonded at time zero; [(a) and (b)] from the
RM with NH} ions [(c) and (d)] from the RM with Ca** ions.
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ecules. A strong interaction between head group-water and
counterion-water appears responsible for this slow hydrogen-
bond dynamics and is likely to be the origin of the universal
slow relaxation of water dynamics at complex interfaces. We
also found that there exist two competing factors in the RM
with Ca** ions that influence the water dynamics: (i) the
proximity of the Ca* ions to the head groups pushes the
water molecules off the surface, leading to a rapid breaking
of water—head group H bonds, and (ii) the strong surface
field generated by the head groups and Ca*™ ions pulls the
water molecules back to the surface, leading to a rapid ref-
ormation of the broken hydrogen bonds. Thus, though the
interfacial water molecules of Ca** ion—contained RM have
a shorter water—head group hydrogen-bond lifetime, they
have the overall dynamics slower than the NH} or Na* ion—
contained RM. We believe that our results are generic and
should hold true for any complex aqueous interfaces includ-
ing biomolecular surfaces containing polar regions.
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227, Harris and K. H. Yung, J. Phys. Chem. 99, 12021 (1995). all of the Ca** ions remain in region I and therefore they have little effect
ZW. Smith and T. R. Forester, bLpOLY, 2.12 version, CCLRC, Daresbury on H-bond dynamics in region III. In the cases of NHZ and Na* ions we
Laboratory, 1999. observe that a few counterions dissolve in the interior of the water pool,
**The average number of hydrogen bonds per water molecule in bulk water and thus they can slow down the water dynamics in region III.
is 3.60 at the specified temperature and pressure. *The average lifetimes for water-head group hydrogen bonds in the RM
B1nset of Fig. 3, however, shows that va () decays faster for the RM with NHZ, Na*, and Ca*™ counterions are 3.92, 3.48, and 3.19 ps, respec-

with Ca** ions. This is because, as we will see shortly, in this case almost tively (see Table II).
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