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ABSTRACT: Maintaining the intrinsic features of meso-
phases is critically important when employing phospholipid
self-assemblies to mimic biomembranes. Inorganic solid
surfaces provide platforms to support, guide, and analyze
organic self-assemblies but impose upon them a tendency to
form well-ordered phases not often found in biomembranes.
To address this, we measured mesophase formation in a
thiolate self-assembled monolayer (SAM) of diacyl phospho-
lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol
(DPPTE) on Au(111), and provide thermodynamic analysis
on the mixing behavior of inequivalent DPPTE acyl chains.
Our work has uncovered three fundamental issues that enable
mesophase formation: (1) Elimination of templating effects of the solid surface, (2) Weakening intermolecular and molecule−
substrate interactions in adsorbates, and (3) Equilibrium through entropy-driven self-assembly. Thus, our work provides a more
holistic understanding of phase behavior, from liquid phases to mesophases to highly crystalline phases, in organic self-assemblies
on solid surfaces, which may extend their applications in nanodevices and to the wider fields of biology and medicine.

■ INTRODUCTION
Biomembranes are natural two-dimensional (2D) nanostruc-
tures mainly composed of phospholipid bilayers, a common
organic self-assembly.1−3 In condensed matter physics, ordering
of anisotropic molecules occurs through the loss of orienta-
tional, translational, and rotational freedoms in stepwise fashion
in going from liquid phase to mesophases to well-ordered
crystalline phases.4,5 Mesophases of phospholipids are critically
important for the activity of biomembranes.1−3 For example,
the lamellar liquid-crystalline phase of phospholipids is found in
most membrane regions and domains.1−3 As another example,
the interaction between antimicrobial peptides and bacterial
membranes leads to gel-phase domain formation.6 In short, it is
critical to maintain and enable the intrinsic features of
mesophases of phospholipids in biomimetic membranes.
Organic molecules are common building blocks for self-

assembled structures. However, it is difficult to practically use
and analyze freestanding organic self-assemblies. As such,
inorganic solid surfaces provide convenient platforms to form

and study self-assemblies. In addition to providing support, the
surface interacts with the self-assembling molecules.7−9

Ultimately, stability results from a combination of intermo-
lecular forces and molecule−substrate interactions, whereby
typical adsorbates form crystalline phases at well-ordered sites
on solid surfaces.7−9 Highly ordered adsorbates have excellent
physical and chemical properties for manufacturing diverse
organic nanodevices; however, they are less relevant to biology
due to significant restriction of dynamic molecular motion.
Recently, loosely packed self-assemblies have been reported
that present 2D liquid phases on solid surfaces to avoid these
restrictions.10−12 Notably, many molecules used to form
organic assemblies on solid surfaces are anisotropic, like
phospholipids. Thus, the mesophase may also be present in
these assemblies in terms of the principles of condensed matter
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physics. Nevertheless, to the best of our knowledge, very few
studies have been reported in this area. With a focus on
biologically relevant lipids, phospholipids have been shown to
directly self-assemble on solid surfaces.13−20 However, it is still
not clear whether or not they form mesophases. Therefore, we
were motivated to investigate the structure of a self-assembled
phospholipid monolayer on a solid surface and to better
understand the general formation mechanism.
As a common substrate used for a number of existing

spectroscopies and analytical techniques, gold [especially planar
Au(111)] is widely employed for organic self-assemblies. Gold
has many additional advantages with regard to the ease with
which one can obtain and pattern the substrate, its inert nature,

and biocompatibility.21−25 Due to strong Au−S bonds (∼50
kcal/mol), sulfur-containing organic molecules self-assemble on
gold to form self-assembled monolayers (SAMs).21−25 SAMs
on Au(111) are among the most commonly investigated
organic self-assemblies and provide useful models for studying
biological and biochemical processes. In this work, we
demonstrate mesophase formation in a SAM composed of a
thiolate-containing diacyl phospholipid. Then, thermodynamic
analysis reveals that the inequivalent acyl chains of the
phospholipid are randomly mixed in the SAM. As a result,
we further explore fundamental issues critical to mesophase
formation, such as templating effects at the solid surface,
interactions in the adsorbate, and the equilibrium mechanism in

Figure 1. Three-dimensional ball-and-stick models of DPPTE (sodium salt) (a) and 1HT (b). Atomic color codes: red, O; purple, P; orange, S;
black, Na; blue-green, C; white, H.

Figure 2. XP spectra for the 1HT SAM and the DPPTE SAM: Au 4f regions of 1HT (a) and DPPTE (b); S 2p regions of 1HT (c) and DPPTE (d);
C 1s regions of 1HT (e) and DPPTE (f). In each spectrum, the experimental data (dots) are compared to a simulated spectrum (solid line), which is
subdivided into chemically shifted components (dash−dot lines).
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the SAM. As such, this work provides a foundation for forming
mesophases in 2D assemblies on solid surfaces and also
enhances our understanding of phase behavior of 2D
assemblies, from well-ordered crystalline phases to liquid
phases.

■ EXPERIMENTAL SECTION
Materials and Methods. 1,2-Dipalmitoyl-sn-glycero-3-phospho-

thioethanol [DPPTE, sodium salt, as lyophilized powder (>99%)] and
1-hexadecanethiol (1HT, ≥95.0%) were purchased from Avanti Polar
Lipids and Sigma-Aldrich, respectively. The Au(111) substrates with a
thickness of 1000 Å over a titanium adhesion layer on silicon wafers
were purchased from Platypus Technologies. The predominantly
presented Au(111) face was confirmed by XRD. To form the DPPTE
SAM and the 1HT SAM, the Au(111) substrates, which were cut into
different sized pieces and rinsed with pure ethanol by sonication, were
immersed into a freshly prepared 1 mM solution of DPPTE or 1HT in
ethanol for a prolonged time of 72 h at 298 K. Next, the samples were
removed from the solution, rinsed thoroughly with pure ethanol, and
then dried under a flow of nitrogen. Finally, all samples were stored
under vacuum. The samples were further characterized by polarization
modulation infrared reflection absorption spectroscopy (PM-IRRAS),
contact angle, X-ray photoelectron spectroscopy (XPS), tapping mode
atomic force microscopy (TM-AFM), and grazing incidence X-ray
diffraction (GIXRD) (Supporting Information).

■ RESULTS AND DISCUSSION
Formation and Structure of the DPPTE SAM on

Au(111). Diacyl phospholipids are important amphiphilic
lipids that make up biomembranes and are essential for
life.1−3 It has been reported that some ordinary phospholipids
easily present in the mesophase in monolayers formed at
water−air interfaces, where their headgroups tend to misalign
and do not coincide with the ordering of the acyl chains.26 In
the context of SAMs, sulfur-containing diacyl phospholipids
have been used to functionalize gold surfaces.13−20 Since sulfur-
containing diacyl phospholipids are molecularly similar to

ordinary phospholipids, it is assumed that they form SAMs on
gold with mesophases that are similar to those found in lamellar
self-assemblies of phospholipids. However, to date, there are
very few reports analyzing the structure of SAMs formed using
a sulfur-containing diacyl phospholipid.27 DPPTE is a simple,
commercially available, thiol-containing diacyl phospholipid
(Figure 1a), which readily forms a SAM on gold. Thus, we
employed DPPTE to investigate mesophase formation.
SAMs of n-alkyl thiolates on Au(111) are critically important

archetypes in the field of SAMs. They present crystalline-like
domains of dense and stable hexagonal (√3 × √3)R30°
lattices relative to the (1 × 1) unit cell of the gold and its c(4 ×
2) superlattice, which provides a foundation to understand
SAMs on Au(111).21−251HT is a typical n-alkyl thiol with the
same length hydrocarbon chain as in the DPPTE molecule
(Figure 1b). This molecule was used to form an n-alkyl thiolate
SAM for comparison to the SAM formed from DPPTE.1,2

The formation of the 1HT and DPPTE SAMs on Au(111),
essentially free of water or ethanol, was demonstrated by PM-
IRRAS (Supporting Information, Figure S1), contact angle
θa(H2O) [advancing contact angle for water under air]
(Supporting Information), and XPS (Figure 2, Supporting
Information, Figure S2). From Figure 2a and 2b, XPS data
demonstrate both the 1HT and the DPPTE SAMs have an Au
4f7/2 peak at 83.98 eV that can be assigned to the “bulk” Au
component.28,29 The S 2p spectra of either the 1HT SAM
(Figure 2c) or the DPPTE SAM (Figure 2d) can be fitted with
two spin−orbit coupled components (each with area ratios of
2:1 and splittings of 1.2 eV) located at ∼162.0 or 163.2 eV
corresponding to the thiolate group, respectively.28,29 Figure 2e
indicates that the C 1s spectrum of the 1HT SAM can be
separated into two peaks located at 284.99 and 286.01 eV,
corresponding to the C−H and C−S bonds28,29 in the 1HT
molecule (Figure 1b). Figure 2f illustrates that the C 1s
spectrum of the DPPTE SAM can be separated into four peaks

Figure 3. PM-IRRAS of the 1HT SAM (a) and the DPPTE SAM (b) on Au(111) in CH stretching regions. Atomic color codes of space-filling
models of n-alkyl chains: blue-green, C; white, H. The schematic (c) shows the preferred conformation of diacylglycerol in DPPTE (blank block, acyl
chain; brown line, the phospholipid headgroup (including glycerol); orange ball, S atom).
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located at 285.04, 285.91, 286.59, and 288.91 eV corresponding
to C−H, C−S, C−O, and O−CO bonds30,31 in DPPTE
molecule (Figure 1a), respectively.
Next, we further compared the structures of SAMs formed

from 1HT and DPPTE. Our results reveal that, as a typical n-
alkyl thiolate SAM, the 1HT SAM displays features
corresponding to crystalline domains of dense and stable
hexagonal (√3 × √3)R30° lattices:21−25 (1) Sharp symmetric
νs(CH2) and asymmetric νa(CH2) stretches located at 2849
and 2918 cm−1 (Figure 3a), respectively;32−34 (2) A primary
sharp peak of the asymmetric νa(CH3) stretch located at 2964

cm−1 [in-plane component, νa(CH3, ip)] with a small shoulder
at 2958 cm−1 [out-of-plane component, νa(CH3, op)] (Figure
3a);35,36 (3) Contact angle θa(HD) [advancing contact angle
for HD (hexadecane) under air] = 45.94 ± 0.08° revealing an
oleophobic surface due to the densely packed CH3 groups at
the outer surface;37,38 (4) Molecular stripes with an average
spacing of ∼0.50 nm presented at the outer surface [color TM-
AFM images (Figure 4a and 4b)].39,40 However, the DPPTE
SAM does not show such features and illustrates some
intermediate features: (1) Broad νs(CH2) and νa(CH2) bands
located at 2851 and 2920 cm−1 (Figure 3b) between those of

Figure 4. Color TM-AFM images of SAMs on the Au(111) surface obtained in air. (a) 1HT SAM, 3 nm × 2 nm, Δf = 1326 Hz, vtip =12 nm/s. (b)
Cross-sectional plot measured along a black line X−Y in (a). (c) DPPTE SAM, 4.5 nm × 4.5 nm, Δf = 1326 Hz, vtip = 22 nm/s.

Figure 5. Packing mode of the backbone of acyl chains in the DPPTE SAM. (a) 2D Contour plots of GIXRD intensity as a function of the surface-
parallel (qxy) and surface-normal (qz) components of the scattering vector for the DPPTE SAM on Au. (b) Grazing incidence X-ray scattering for
DPPTE SAM on Au(111) as a function of qxy at different qz. (c) Schematic illustration of disordered RII packing mode in the DPPTE SAM. Here, a
is the lattice constant and A⊥ the cross sectional area per chain perpendicular to the long axes; Θ is the tilt angle of the DPPTE chains with respect to
substrate normal (top, right). Atomic color codes of the space-filling model and three-dimensional ball-and-stick model of DPPTE molecule: red, O;
purple, P; orange, S; black, Na; blue-green, C; white, H.
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the well-ordered crystalline and isotropic liquid states,
respectively;32−34 (2) A broad peak of the νa(CH3) stretch
that can be deconvoluted into two overlapping bands with
maxima at 2958 and 2967 cm−1, interpreted as νa(CH3, op) and
νa(CH3, ip) components, respectively (Figure 3b);35,36 (3)
θa(HD) = 34.85 ± 0.30° between the contact angles measured
for well-ordered and disordered mixed n-alkyl thiolate
SAMs;37,38 (4) Only the terminals of hydrocarbon chains
lying down along the white arrow in color TM-AFM image in
Figure 4c observed at the outer surface of the DPPTE SAM.
The measured differences between the DPPTE and the 1HT

SAMs prompted us to acquire packing parameters for the
DPPTE SAM by GIXRD.41,42 Shown in Figure 5a and 5b, there
is one first-order peak for the DPPTE SAM, which decays with
increasing qz. The appearance of a single first-order diffraction
peak corresponds to a hexagonal lattice. The peak maximum
intensity is projected to be at qz ≈ 0 Å−1, which implies the tilt
angle of the hydrocarbon chains Θ ≈ 0°(Figure 5c).41−43 From
the in-plane position, qxy = 1.50 ± 0.03 Å−1, the lattice constant
(a) and the cross-sectional area per chain perpendicular to the
long axes (A⊥) can be determined as 4.84 ± 0.10 Å and 20.30 ±
0.83 Å2 (Figure 5c, Table 1), respectively. These data show that
the acyl chains in the DPPTE SAM are less densely packed
than previously reported27 and may be packed in a hexagonal
rotator phase (RII, the free rotator phase with the highest
symmetry) because A⊥ is close to 19.8 Å2, the value for regular
RII of pure n-alkanes.26,44,45 It should be noted that in
phospholipids, acyl chains cannot freely rotate about their
long axes.26 Meanwhile, the peaks are broader than the
resolution (Figure 5b). Therefore, our data suggest that in
DPPTE monolayers there is sufficient static disorder in the
molecular orientation, such that on average acyl chains can be
approximated as cylindrically symmetric, similar to that of
ordinary phospholipid monolayers with small headgroups in the
gel phase.6,26,41 Second, unlike n-alkyl SAMs21−25 (Table 1), a
(√3 × √3)R30° epitaxial relationship between 2D lattices of
hydrocarbon chains and the Au(111) unit cell does not exist.
For a (√3 × √3)R30° lattice the diffraction peaks are
expected at qxy = 1.45 Å−1.
In ordinary n-alkyl thiolate SAMs, outer surfaces are mainly

composed of densely packed CH3 groups.
21−25 However, it has

been reported that double acyl chains in phospholipids have a
tendency to orient parallel to each other regardless of whether
they are assembled in crystalline or mesophase states (Figure
3c).46−48 In this preferred conformation of diacylglycerol, one
acyl chain has to bend, which results in it being “shorter” than
the other extended chain along the molecular axis.46−48 Overall,
the straight “long” acyl chain becomes distorted near its
terminal CH3 group due to the absence of lateral interaction,
while the bent “short” chain is more ordered at its end through
contact with “long” chains.46−48 Generally, νa(CH3, op), which
occurs prominently in the polycrystalline bulk phase spectra, is
very weak in the monolayer spectra at room temperature.35,36

The more obvious occurrence of νa(CH3, op) in the DPPTE
SAM may be unique to bent “short” chains (Figure 3b).

Ultimately, the inequivalence of double acyl chains in DPPTE
suggests the outer surface of the DPPTE SAM is mainly
composed of the protruded terminal of the “long” chain. This
feature corresponds well to the TM-AFM image depicted in
Figure 4c.

Mixing Behavior of Acyl Chains of the DPPTE SAM. It
is notable that n-alkyl thiols with enough difference in chain
lengths are immiscible in mixed SAMs.49,50 As discussed, the
preferred conformation of diacylglycerol leads to diacyl chains
having inequivalent lengths in the DPPTE SAM. This
prompted us to compare the DPPTE SAM with SAMs formed
from two-component mixtures of n-alkyl thiols that have
different chain lengths to understand their mixing behavior.
There are two types of equilibria that need to be considered
during the formation of a SAM of mixed n-alkyl thiols:51 (1)
The equilibrium between the SAM and the solution containing
free thiol(s) during SAM assembly and (2) the equilibrium
within the SAM that contains the two components at fixed
composition after leaving solution. In both cases, the pairing
constraint imparted by the phospholipid headgroup leads to
energetic penalties in the DPPTE SAM as compared to the case
of SAMs formed from mixtures of n-alkyl thiols, as follows
(Figure 6).
Equilibrium 1 can be described by the model proposed by

Folkers et al.51,52 by employing an equivalent system of a mixed
n-alkyl thiolate SAM (Figure 6a, Supporting Information).
Accordingly, in that mixed system, the ratio between the “long”
and the “short” chains in the resulting SAM should not be 1:1
at theoretical equilibrium. However, because of the pairing
constraint, the ratio of the acyl chains in the DPPTE SAM has
to be 1:1. Therefore, the “theoretical equilibrium” between the
DPPTE SAM and the molecules in solution cannot be reached.
As a result and according to the commonly assumed surface-
collision-controlled (kinetic) limit,53 the two inequivalent acyl
chains are expected to have a random statistical distribution in
the DPPTE SAM (i.e., well mixed).
For equilibrium 2, after leaving solution and in the dry state,

the DPPTE SAM has a much larger exposed surface area at the
outer surface due to the inequivalent acyl chains. The resulting
high surface energy cannot be offset by the mixing entropy of
the two inequivalent acyl chains in the DPPTE SAM
(Supporting Information, Figure S3). Normally, demixing of
lipid monolayers serves to reduce the surface energy (Figure
6b). For example, in Langmuir monolayers composed of two
immiscible components with single alkyl chains, macroscopic
phase separation is observed at equilibrium due to the lateral
diffusion of alkyl chains.51,53 However, in conventional mixed
SAMs, the lateral diffusion of alkyl chains is confined by Au−S
interactions. The tendency toward microscopic phase separa-
tion has been predicted theoretically and observed for mixed
SAMs formed from n-alkyl thiols.53 In the DPPTE SAM, the
acyl chains are confined both by being bound to their common
headgroup and by Au−S interactions. As such, it is difficult for
the inequivalent acyl chains within the DPPTE SAM to achieve
equilibrium through phase separation.

Table 1. Comparison of Structure Parameters of SAMsa

SAMs a (Å) SC (Å2)b RC SM (Å2)b Rs A⊥ (Å2)

n-alkyl thiol 5.0c 21.6 1 21.6 1 18.4c

DPPTE 4.84 ± 0.10 20.30 ± 0.83 ∼1.064 40.60 ± 0.83 ∼0.532 20.3 ± 0.83
aa, lattice constant; SC, the area of a chain at the layer surface; RC, ratio of the coverage of chains; SM, the area of a molecule at the layer surface; Rs,
ratio of the coverage of thiolates; A⊥, cross-sectional area per chain perpendicular to the long axes. bCalculated from a. cQuoted from reference 22.
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Breaking the Template Effect on the Au(111) Surface:
Disorder of Headgroups in the DPPTE SAM. Lamellar self-
assemblies of hydrated phospholipids are formed on the surface

of water, which provides an ideally planar (uncorrugated)

substrate with weak hydrogen-bond interactions (Figure 7a).3

However, even atomically flat Au(111) is energetically

heterogeneous with an energetic difference (ΔE) of ∼6.0
kcal/mol from the peaks to valleys on the surface (Figure 7b).21

Figure 6. Schematic illustrations of the mixing behavior of acyl chains in the DPPTE SAM on Au(111). (a) Energetic penalty that results during
SAM assembly. For DPPTE, the two acyl chains are equivalent in solution but inequivalent in the SAM. An equivalent system consisting of mixed
binary−component alkyl thiols is shown to reflect the theoretical equilibrium of the DPPTE SAM. In the latter system, RLg/Sh [the ratio between the
“long” (Lg) and “short” (Sh) chains] in solution and μi° (the reference chemical potential at infinite dilution of the “long” or “short” chains are equal)
are the same as those for DPPTE corresponding to the equivalence of the two acyl chains of DPPTE while in solution. Meanwhile, the mixed SAM
has the same χ (interchange energy parameter) as that of the DPPTE SAM, and μi* (the reference chemical potential in the monolayer for the “long”
and “short” chain, which are not equal) for each single chain is equal to that of the DPPTE SAM corresponding to the inequivalent acyl chains in the
DPPTE SAM. (b) Energetic penalty introduced after leaving solution. Solid block: the “long” chain (Lg); blank block: the “short” chain (Sh); brown
line: phospholipid headgroup (including glycerol); orange ball: S atom.
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As such, a template effect occurs on the Au(111) surface with
an infinite periodic field. For instance, in ordinary n-alkyl
thiolate SAMs, S evenly distributes with a strict S-to-Au ratio of
1:3 on Au(111) in a (√3 ×√3)R30° lattice, which is the same
as that of the n-alkyl chains (Figure 7c).21−25 This eliminates
the influence of energetic heterogeneity and minimizes energy
at the Au(111) surface. Therefore, it is necessary to tailor the
template effect when forming phospholipid monolayers with
mesophases on Au(111).
From Table 1, the ratio of the coverage of thiolates (Rs)

between the DPPTE SAM and the n-alkyl SAM is ∼0.532:1,
which means there is a reduction in the density of S in the
DPPTE SAM by about one-half when compared with the n-
alkyl thiolate SAM. This inference is also supported by XPS
data (Figure 2e and 2f, Supporting Information), where the
ratio of the intensities of the detected S photoelectrons for the
DPPTE SAM and the 1HT SAM, S(2p)DPPTE /S(2p)1HT, is
0.464. The slight difference (from 0.532 to 0.464) between the
GIXRD and the XPS-derived relative S coverage arises because
in XPS the S photoelectrons are more easily attenuated in the
DPPTE SAM than in the 1HT SAM due to the increased
thickness of the DPPTE SAM (Supporting Information). In
addition to the reduced density of S in DPPTE SAM, the acyl
chains in the DPPTE SAM are actually presented in a
disordered RII, where they may locally pack in a distorted
structure and not regularly orient normal to the surface. The
lattice parameter of the DPPTE SAM, a = 4.84 ± 0.10 Å, is
smaller than that of the n-alkyl thiolate SAM, a = 5.0 Å (Figure
5c, Table 1). These findings suggest that the S arrangement in

the DPPTE SAM is likely not commensurate with the Au(111)
substrate in the DPPTE SAM. Therefore, DPPTE molecules
likely arrange on Au(111) to optimize changes in corrugation
energy and may not evenly distribute on Au(111) as is the case
in n-alkyl thiolate SAMs. Ultimately, the best way for the S in
DPPTE to bind to Au(111) is by neglecting positional order to
overcome energy barriers that result from surface corrugation
(Figure 7d).
Of note, DPPTE has a special molecular structure where

there are two acyl chains attached to a single headgroup
through the glycerol linker. Certainly, the diacyl chains may
lead to increased steric hindrance (Figure 1a). The results
correspond well with the special molecular structure of DPPTE.
Therefore, the template effect on the Au(111) is broken due to
the steric restriction of diacyl chains. Finally, disorder of the
DPPTE headgroups would undoubtedly increase the system
energy when compared with crystalline-like n-alkyl thiolate
SAMs. Thus, this arrangement leads to another energetic
penalty to stable DPPTE SAM formation.

Interactions in the DPPTE SAM. Generally, the 2D
arrangement of organic molecules on solid surfaces is the result
of a combination of intermolecular forces and molecule−
substrate interactions.7 In n-alkyl thiolate SAMs, both of these
interactions are very strong.21−25 Au−S bonds direct the n-alkyl
chains to be arranged in a hexagonal (√3 × √3)R30° lattice.
Consequently, van der Waals forces between n-alkyl chains are
maximized such that n-alkyl chains obtain rotational and
orientational orders.21−25 In loosely packed SAMs, the reduced
density of alkyl chains results in a reduction of van der Waals

Figure 7. Schematic illustrations of the influence of the template effect at the Au(111) surface. (a) Water surface. (b) Bare Au(111) surface. (c) n-
Alkyl thiolate SAM on Au(111). (d) DPPTE SAM. Blue line, surface; small orange ball, S atom; big yellow ball, Au atom; blue solid block, n-alkyl or
acyl chain.
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forces and leads to a 2D liquid state.10 Further, n-alkyl chains in
SAMs of dialkylsulfides are densely packed in a stable hexagonal
lattice with a lattice parameter of ∼4.5 Å, which is nearly equal
to the close-packed structure of alkyl chains and even smaller
than that observed for common n-alkyl thiolate SAMs.54 Here,
van der Waals forces between n-alkyl chains are maximized to
maintain equilibrium despite reduced molecule−substrate
interactions imparted by physisorption rather than chemisorp-
tion.
In the DPPTE SAM, the interplay between intermolecular

forces and molecule−substrate interactions is different and both
interactions are weakened. First, the density of Au−S bonds on
the Au(111) surface has been reduced to about one-half, which
proportionately reduces the total molecule−substrate inter-
actions. Next, thermodynamic analysis above illustrates that
inequivalent acyl chains of DPPTE are immiscible. Due to
restriction of the preferred conformation by diacylglycerol and
the immobilization due to Au−S bonds, immiscible acyl chains
cannot be separated and have to be well mixed. Thus, the
intermolecular van der Waals interactions cannot be maximized,
even though the density of acyl chains is higher than that of n-
alkyl chains in common n-alkyl thiolate SAMs (ratio of the
coverage of hydrocarbon chains between the DPPTE SAM and
the n-alkyl thiolate SAM, RC = 1.064 > 1, Table 1). As a result,
the intermolecular interactions have to be weakened, too.
In addition, DPPTE has a negative phosphate group. XPS

data suggest that the Coulomb interactions from phosphates in
the DPPTE SAM are not completely screened by the Na+

counterion and may inhibit neighboring molecules from
approaching each other46 (Supporting Information, Figure
S2b and S2c). On the other hand, it is widely known that the
phosphate group easily combines small polar molecules
through the hydrogen bond.46 However, XPS spectrum does
not reveal signal from hydroxyl groups (Supporting Informa-
tion, Figure S2a), which implies that there is no water or
ethanol, the solvent used for DPPTE SAM formation.
Equilibrium Mechanism in the DPPTE SAM. Self-

assembly is an automatic ordering process under equilibrium
conditions. According to the second law of thermodynamics
there are two ways to decrease the free energy in a system:55

(1) Through energetically favorable attractive interactions,
which are sensitive to temperature-driven phase transitions, and
(2) through entropy-related volume interactions driven by
density instead of temperature. Correspondingly, both modes
occur in thiolate SAMs on gold. The first appears in common n-
alkyl thiolate SAMs on Au(111), while the second presents in
striped mixed SAMs on curved surfaces of nanostructures.49,50

Altogether, there are two energetic penalties in the DPPTE
SAM, one originating from the mixing behavior of acyl chains
and the other from the disorder of the headgroup at the
Au(111) interface. In order for the DPPTE SAM to be stable at
room temperature, the energetic penalties must be offset to
decrease the free energy in the DPPTE SAM. However, both
free rotation of the chains about their long molecular axes and
the lateral motion of double chains are hindered due to the
pairing of the double acyl chains to their common headgroup.
Ultimately, optimization of attractive interactions is difficult in
the DPPTE SAM and entropic effects become uniquely capable
of decreasing the free energy.
Notably, acyl chains in the DPPTE SAM present in a special

disordered RII, where positional, rotational, and orientational
freedoms are partially maintained. Forming a disordered RII
becomes one efficient way for acyl chains to offset energetic

penalties in the DPPTE SAM. Next, data show that the cross
section for each terminal of the “long” chain at the outer surface
of the DPPTE SAM doubles that of a single chain to ∼40.6 Å2

(Table 1), which provides enough space for the “long” chain to
bend over a neighboring “short” one. Similar to striped mixed
SAMs on curved surface of nanostructures,49,50 the conforma-
tional entropy gain in the terminal of the “long” chain may
further offset energetic penalties in the DPPTE SAM.

■ SUMMARY

Ultimately, our data show that the SAM formed by DPPTE is
the result of the intrinsic mixing of individual, nonequivalent
acyl chains, which leads to the formation of a novel mesophase,
disordered RII. In the DPPTE SAM, the nonequivalent acyl
chains cannot phase separate nor can there be deviation from a
strict 1:1 ratio of “long” to “short” chains due to their coupling
to a common molecular headgroup. For DPPTE SAM
formation, like n-alkylthiolate SAMs, stability results from an
interplay between intermolecular and headgroup−substrate
interactions. However, unlike for common n-alkylthiolate SAMs
where these interactions are maximized, our data and analysis
support an assembly mechanism and subsequent stability in the
DPPTE SAM that results from an energetic minimum found by
optimizing and balancing these interactions. As a result, the
behavior of the DPPTE SAM is different from that of common
n-alkylthiolate SAMs.
More broadly, biomembranes have been a topic of

considerable interdisciplinary research and debate for decades.
In order to increase our understanding of biomembranes, it is
necessary to set up close connections with physical and
chemical model systems. This work shows that the SAM of a
thiolate-containing diacyl phospholipid may provide a platform
to understand the thermodynamics of the mixing behavior of
inequivalent acyl chains of phospholipids, the key building
blocks of biomembranes. Both the DPPTE SAM and the gel-
phase monolayers of ordinary phospholipids with small
headgroups have a similar disordered RII packing mode of the
chain backbones resulting from headgroup disorder. The close
similarity between them may encourage further exploration of
thiolate-containing phospholipid SAMs with mesophases to
more accurately mimic biomembranes.
Finally, self-assembly is an autonomous process whereby

disordered systems become ordered under equilibrium
conditions through noncovalent interactions. For a molecule
with an anisotropic shape, ordering occurs stepwise. Corre-
spondingly, self-assemblies of anisotropic molecules may exhibit
features of hierarchical ordering. In general, organic self-
assemblies have a tendency to form well-ordered phases on
inorganic solid surfaces. Meanwhile, 2D liquid phases have been
reported in loosely packed self-assemblies on solid surfaces by
decreasing the density of adsorbates. In short, our work has
uncovered three fundamental issues that enable mesophase
formation: (1) Elimination of templating effects at the solid
surface, (2) weakening intermolecular and molecule−substrate
interactions in adsorbates, and (3) equilibrium through
entropy-driven self-assembly. As such, this work may provide
a bridge to understanding the connections between well-
ordered crystalline phases and liquid phases in 2D assemblies
on solid surfaces. Thus, this work not only provides evidence of
previously unmeasured new phases in thiolate SAMs but also
enhances our understanding of phase behavior of 2D
assemblies as a whole.
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