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By combining molecular dynamics simulations and quantum mechanics calculations, we show the
formation of a composite structure composed of embedded water molecules and the COOH matrix on
carboxyl-terminated self-assembled monolayers (COOH SAMs) with appropriate packing densities. This
composite structure with an integrated hydrogen bond network inside reduces the hydrogen bonds with the
water above. This explains the seeming contradiction on the stability of the surface water on COOH SAMs
observed in experiments. The existence of the composite structure at appropriate packing densities results
in the two-step distribution of contact angles of water droplets on COOH SAMs, around 0° and 35°, which
compares favorably to the experimental measurements of contact angles collected from forty research
articles over the past 25 years. These findings provide a molecular-level understanding of water on surfaces
(including surfaces on biomolecules) with hydrophilic functional groups.
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Carboxyl-terminated self-assembled monolayers
(COOH SAMs) have been of wide interest owing to
their extensive applications in nanoscience and nano-
technology [1–9]. However, even after 25 years of study,
COOH SAMs continue to present puzzling observations.
Experimental values of contact angles of water droplets on
COOH SAMs collected from forty research articles have
ranged from 0° to 50° [2,10–14]. Although COOH SAMs
were found to have higher water desorption energy than
hydroxyl-terminated SAMs (OH SAMs) and amide-
terminated SAMs (CONH2 SAMs) at very low coverage
of water in temperature-programmed desorption experi-
ments [15,16], Raman spectral data revealed even less
stability of the nanoscale interfacial water on COOH SAM
than that on OH SAM [17]. Moreover, COOH SAM was
found to present abnormal coverage-dependent kinetics of
water desorption [16]. Recently, James et al. reported the
presence of nanoscale water droplets on top of a continu-
ous few-angstrom-thin water layer on COOH SAM by
using x-ray, neutron reflectometry, and atomic force
microscopy (AFM) methods [14]. Unfortunately, the
physical nature behind these seemingly contradictory
results is still unclear, although there have been some
theoretical attempts [18–22]. In addition, both experiments
[8,23,24] and molecular dynamics (MD) simulations [21]
have shown that COOH SAMs exhibited pH-dependent
contact angles owing to the hydrogen bonding of COOH
groups mainly to interfacial water at low pH but to each
other at high pH. However, most of the contact angle
measurements used distilled or deionized water. Thus the
impact of pH cannot explain the widely differing mea-
surements of the contact angle.

Here, by combining MD simulations with quantum
mechanics calculations, we have unraveled these elusive
phenomena of water on COOH SAMs. We have attributed
the essential physics of this system to the formation of
embedded-water–COOH composite structures in which
water molecules are embedded into the COOH matrix
on COOH SAMs. The presence of embedded water and of
the integrated hydrogen bonding (H-bond) network in the
composite structure explains the abnormal increase of
water desorption energy on COOH SAM under conditions
of decreasing water coverage, even down to 4% [16], and
also accounts for the decreased stabilization of interfacial
water on COOH SAM as compared to that on OH SAM
[17]. It should be noted that it is just the water molecules
themselves that actively stabilize the composite structure
constituted by embedded water and the COOH matrix;
meanwhile, the stable anhydrous COOH matrix falls into
different conformations, based on the quantum mechanics
computations. The relevant contact angles of water on
COOH SAMs, along with the related stability of the
composite structure, were found to exhibit two states, at
either ∼0° or ∼35° in our simulations, which compared
favorably to the experimental measurements of contact
angles collected from forty research articles over the past
25 years [2,10–14]. Our findings provide a molecular-level
understanding of water on COOH SAMs and many other
surfaces with hydrophilic groups, offering a guide for
various relevant applications and may provide new insights
into understanding the behavior of water on biological
macromolecules.
The COOH SAMs were constructed with four-carbon-

long alkyl chains, which have attached at one end to COOH
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groups that being exposed to water [Fig. 1(a)]. The other
end is attached to a layer of model atoms position restrained
by harmonic springs at locations consistent with those on a
111 surface of an FCC lattice. We varied the packing
density (Σ) from 5.50 nm−2 to 2.84 nm−2. For each
packing density, we employed quantum mechanics calcu-
lations to optimize the structures of COOH SAMs with and
without water in its smallest repeating unit [Fig. 2(a)], with
the PBE GGA functional [25] in the Dmol3 [26,27] module
of the Materials Studio package, in conjunction with the
double numeric plus polarization (DNP) basis set. An all-
electron atomic basis set was applied for the core electrons
(see detailed quantum mechanics methods in the
Supplemental Material [28]). MD simulations were carried
out to calculate contact angles of water droplets on COOH
SAMs (see Fig. S1 in the Supplemental Material [28]).

Initially, the COOH SAM with surface area of around
95.00 nm2 (x-y plane) was covered completely by a thin
slab of water, where ∼900water molecules were used in the
midrange of packing density Σ, and ∼550 water molecules
were used in the dense and sparse ranges (see Table S1 in
the Supplemental Material [28]). The simulation time was
20 ns, and the data of the last 2 ns were collected for
analysis. The periodic boundary condition was applied in
all directions for all calculations. MD simulations were
performed using a time step of 1.0 fs with Gromacs 4.5.1
[74] in the NVT ensemble with a velocity-rescale thermo-
stat at a temperature of 300 K. The OPLSAA force field
[75] was used for COOH SAM, and only its COOH
dihedral parameters were modified to simply retain one
form of COOH, i.e., the anti or syn form, which was a
choice based on our quantum calculations (see Table S2 in
Supplemental Material [28]). The SPC/E model [76] was
used for the water molecules. The Particle-Mesh Ewald
(PME) [77] method was adopted for the long-range
electrostatic interactions with a cutoff of 1.2 nm, whereas
a 1.2 nm cutoff was applied to the van der Waals
interactions.
Figure 1(a) shows a typical view of water on COOH

SAM with the packing density of Σ ¼ 4.00 nm−2.
Remarkably, we observed not only a water droplet with
the contact angle (denoted as θ) of ∼34°, but also
water molecules outside of the droplet on the COOH
SAM [Fig. 1(a)]. Extensive examination showed that most
of those outside water molecules had strong interaction
with COOH SAM, with energy ≤ − 50 kJ=mol. This type
of water molecule was also found under the droplet, and the
average energy and lifetimes of the H bonds between them
and COOH were −41� 6 kJ=mol and 64� 3 ps, respec-
tively, which were around 2 times stronger and 6 times
longer than the corresponding values of the H bonds in the
droplet (−20� 6 kJ=mol and 10� 2 ps; see Fig. S4 and
Fig. S5 in the Supplemental Material [28]). Obviously,
those water molecules were distinct from water molecules
within the droplet. We termed the water molecules having a

FIG. 1 (color online). (a) The four-carbon-long alkyl chain
modified with a COOH group, together with top and side view
snapshots of water on COOH SAM with a packing density of
Σ ¼ 4.00 nm−2 (model atoms, gray; COOH groups, blue, purple
and white; water, red and white; embedded water, green and
white; alkyl chains, blue lines in side view, but omitted for clear
views in the top view; H bonds, red dashed lines). (b) Contact
angle θ of water droplets on COOH SAMs as a function of Σ. The
midrange is marked as light blue. (c) Contact angle values of
water on COOH SAMs, as measured from experiments over its
numbers achieved in all the references we found (for literature
citations, see Table S3 in the Supplemental Material [28]). 85%
(34=40) fell into two ranges, i.e., 22 of them were less than 10°
(light red) and 12 of them, ∼30° (light green).

FIG. 2 (color online). Geometry optimized structures of COOH
SAM and its stability. (a) Top view of the most stable geometry
optimized structures of COOH SAM without and with water
molecules at Σ ¼ 4.00 nm−2 for anti- (upper) and syn-form
(lower) structures. All color settings are the same as in
Fig. 1(a). (b) Energy difference, ΔE ¼ Esyn − Eanti without water
and ΔEw ¼ Esyn;w − Eanti;w with water at different values of Σ.
The midrange with ΔEw > 0 is marked by light blue.
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water-SAM interaction energy ≤ − 50 kJ=mol as
embedded water, and the composition, which included
both embedded water and the COOHmatrix, was termed as
the embedded-water–COOH composite structure. For the
COOH SAM of Σ ¼ 4.00 nm−2, the average number of
embedded water molecules per square nanometer (denoted
as η) was ∼2.0 nm−2 [see Fig. 3(a)], much lower than that
observed in a layer of water completely covering a flat solid
surface (∼9.5 nm−2). We noted that, generally, there was
only a water layer without any water droplets on the
superhydrophilic surfaces. Water droplets were found to
be stable on the ordered water monolayer on solid surfaces
[78–82], but in this case, the surface was not solid since the
COOH-terminated alkyl chains were flexible.
The water molecules themselves stabilized the

embedded-water–COOH composite structure. The
COOH functional group can have two types of configu-
rations, i.e., the anti and syn form [see Fig. 2(a)]. These two
configurations had not been taken into account in past
studies of COOH SAMs, although the anti- and syn-form
configurations had been discussed in investigations related
to formic acid [83], acetic acid [84], and carboxylate [85],
etc. In general classical MD simulations, the syn form is
stable. Indeed, our quantum mechanics calculations on the
anhydrous COOH SAM at Σ ¼ 4.00 nm−2 also showed
that the syn form was stable. Interestingly, if we applied
quantum mechanics calculations to the system including
both COOH SAM and water, the antiform of COOH SAM
with embedded water was stabilized, as indicated by the
most stable geometry optimized structures of COOH-
SAMs with or without water embedded [Fig. 2(a)] (see
also Table S5 and Table S6 in the Supplemental Material
[28]). The antiform structure without water exhibited a
higher energy of 32 kJ=mol than the syn form structure.
Remarkably, a significant difference occurred when water
was included. The antiform structure became more stable

and had a lower energy of 4 kJ=mol than the syn-form
structure. Therefore, “water is active” [86] to participate in
the arrangement of the surface which stabilizes the com-
position of the antiform of COOH SAM and water, and the
embedded-water–COOH composite structure therefore
takes shape.
The energy difference of the geometry optimized

structures between anti- and syn-form structures (denoted
as ΔEw and ΔE for COOH SAM with and without water,
respectively) is indicative of their stability, and their
dependence on chain density Σ is demonstrated in
Fig. 2(b). Here, ΔEw ¼ Esyn;w − Eanti;w and ΔE ¼ Esyn−
Eanti, where Eanti;w ðEsyn;wÞ and Eanti ðEsynÞ are the system
energies of the geometry optimized structures of the anti
(syn) form COOH SAM, with and without water
embedded, respectively. Σ can be divided into three ranges,
i.e., sparse, mid, and dense ranges, in terms of the stability
of antiform structures with water. In the midrange, ΔEw are
positive, showing that the antiform structures dominate. In
both dense and sparse ranges, ΔEw becomes negative,
suggesting that syn-form structures dominate in these two
ranges (see Fig. S7 in the Supplemental Material [28]).
We carried out MD simulations of water droplets on

COOH SAMs, with only the dominant stable configuration
form; the other form was overlooked for simplification (see
detailed discussions in PS11 of the Supplemental Material
[28]). Figure 1(b) shows contact angles (θ) of water
droplets on COOH SAMs as a function of Σ. The θ shows
an angle plateau of ∼35° in the midrange, and a value ∼0°
in the dense range. In the sparse range, θ initially decreased
and then increased slightly as Σ increased. Careful exami-
nation showed that the increase in contact angle was caused
by the formation of more H bonds between COOHs within
the COOH matrix (see Fig. S8 in the Supplemental
Material [28]).
Interestingly, this two-step distribution of the contact

angle compares favorably to the behavior of the experimen-
tallymeasured contact angles reported in 40 research articles
over the past 25 years. We noted that 85% (34=40) of the
experimentallymeasured contact angles fell into two ranges,
i.e., 22 of them were less than 10° and 12 of them, ∼30°
[Fig. 1(c)]. Unfortunately, we could not directly compare
each individual simulated contact angle value with the ex-
perimental results because most of the experiments did not
report the details of packing densities of the COOH SAMs.
Furthermore,we showhow the existence of the embedded

water enhances the surface hydrophobicity in the midrange
of Σ. We have calculated the average number of H bonds
between the COOH matrix and the water molecules within
the region covered by water droplets (NHB;1), and between
the embedded-water–COOH composite structure and the
water droplet above (NHB;2). Figure 3(a) presentsNHB;1 and
NHB;2, as the function ofΣ. Obviously,NHB;2 (∼6.2 nm−2) is
less than NHB;1 (∼7.3 nm−2). The reduced H-bonding
number indicates a weak interaction between the composite

FIG. 3 (color online). (a) Average number of H bonds between
the COOH matrix and water molecules within the region covered
by water droplets (NHB;1, black), and between the embedded-
water–COOH composite structure and the water droplet above
the composite structure (NHB;2, red), together with the average
number of embedded water molecules (η, blue, right blue axis), as
a function of Σ in the midrange. (b) Energy distributions of four
kinds of typical H bonds in the midrange. All atom-color settings
are the same as Fig. 1(a).
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structureand thewaterdroplet above thecomposite structure,
which enhances the hydrophobicity of COOH SAM. The
hydrophobicity enhancement effect of the embedded-water–
COOHcomposite structure has a physicalmechanism that is
similar to the phenomenon of “orderedwatermonolayer that
does not completely wet water” predicted recently [78].
However, here, the embedded water with the COOHs
providesaweaker interactionwith thewatermoleculesabove.
In order to sufficiently stabilize the embedded water, the

water molecules should have strong H bonds with the
COOH matrix and the composition of the embedded water
and COOH matrix should be able to maintain an integrated
H-bond network. As shown in Fig. 3(b), both the H bond

between water and COOH (H-O
H
�� �HO-C¼O, � � � denotes

H bond, with an average energy of −41� 6 kJ=mol) and
the H bond between COOHs (HO-C ¼ O � � �HO-C ¼ O,
with an average energy of −34� 4 kJ=mol) are much
stronger than typical H bonds between water molecules
(−20� 6 kJ=mol). Thus, we expect a dominant H-bonded

structure: H-O
H � � �HO-C ¼ O � � �HO-C ¼ O in the inte-

grated H-bond network; Fig. 1(a) displays this typical
configuration of a H-bond network. This configuration
consists mainly of structures with this dominant H-bond
structure linked with one another, end to end, and also
partial weak or bifurcated H bonds from the other sus-
pended hydrogen atom of water. Therefore, the average
number of H bonds formed by an embedded water
molecule with COOHs reaches ∼2.1 (Fig. S6 in the
Supplemental Material [28]), and the ratio of embedded
water to COOH in the integrated H-bond network is 1∶2.
That result is consistent with our quantum mechanics
calculations [Fig. 2(b)]. Clearly, in the dense range there
is not enough space for either water molecules to embed
into the COOH matrix or for the formation of H bonds
between COOHs, and thus the COOH SAM is completely
wet [Fig. 1(b)]. In the sparse range, there are not enough
COOHs to maintain an integrated H-bond network, and
COOHs prefer to form localized cyclic H-bonded structures
(see Fig. S7 in the Supplemental Material [28]).
The existence of embedded water and an integrated

H-bond network in the composite structure also explains
other puzzling observations. In an earlier study, the strong
H bonds between embedded water and the COOHmatrix in
the intergraded H-bond network led to the abnormal
increase of water desorption energy from COOH SAM
at very low coverage of water [16]. The weak interaction
between the composite structure and the water molecules
above this composite structure decreased the stabilization
of interfacial water on COOH SAM, as found by Raman
spectroscopy in comparison with other hydrophilic surfa-
ces, i.e., OH SAM [17]. These results are consistent with
the existence of embedded water in the COOH matrix of
COOH SAM predicted in the present study.
In summary, using MD simulations and quantum

mechanics calculations, we have found that water molecules

can be embedded into the COOH matrix on COOH SAMs
with appropriate packing densities to form embedded-
water–COOH composite structures. The embedded water
together with COOH groups maintain an integrated H-bond
networkwithin the composite structure, resulting in reduced
H-bond formation between the composite structure and
water molecules above the composite structure, which
explains both the abnormal increase of water desorption
energy on COOH SAM when water coverage decreasing
even down to 4% [16] and the decreased stabilization of
interfacial water on COOHSAMas compared to that on OH
SAM [17]. We note that James et al. observed the existence
of a few-angstrom-thin water layer between water droplets
and COOH SAM, and this water layer was spread all over
the COOH SAM [14]. We think that their observation
can be explained in terms of an embedded-water–COOH
composite structure with water droplets. We emphasized
that it is only the water molecules themselves that stabilize
the COOH structure to form the embedded-water–COOH
composite structure. Moreover, the H-bond network of the
embedded-water–COOH composite structure makes an
“apparent” enhancement of the hydrophobicity of COOH
SAM. The relevant contact angles, along with the related
stability of the composite structure, were found to exhibit
two states, at either ∼0° or ∼35° in our simulations. This
outcome compares favorably to the experimental measure-
ments of contact angles collected from forty research articles
(listed in Table S3 of the Supplemental Material [28]); of
these, thirty-four observations fall into these two angle
ranges that we have predicted.
It is worth noting that composite structures may also

exist on many other surfaces with hydrophilic groups,
which extends our understanding of the behavior of water
on surfaces [87–92], including surfaces on biomolecules. In
fact, the coexistence of water droplets and thin water films
has been observed on a membrane formed with a bovine
serum albumin -Na2CO3 mixture [93].
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