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ABSTRACT

Selective adsorption of semiconductor nanocrystals onto an organic self-organized pattern shows a time-dependent behavior. By studying the
wetting behavior of delivered solvent (1-phenyloctane) on a lipid self-organized pattern and determining the adhesion energy between
semiconductor nanocrystals and substrate, we obtain a correlation between dynamics and selectivity in adsorption of semiconductor nanocrystals
onto the pattern by constructing a potential energy landscape. Two consecutive steps for selective adsorption of nanocrystals onto the
self-organized pattern have been established: the first one is the molecule exchange of 1-phenyloctane and lipid molecules to form the
adsorption sites for nanocrystals, and the second one is the adsorption of nanocrystals onto the adsorption sites due to the strong interaction
between nanocrystals and substrate.

Significant advancement has been made in the synthesis of
semiconductor nanocrystals (NCs) with excellent control over
particle size and shape.1-3 A grand challenge, however,
resides in assembling individual NCs in higher level orga-
nized functional assemblies, which would significantly
impact their possible applications in photonic and optoelec-
tronic devices.4-6 Patterning of NCs is usually achieved by
directed assembly on different templates fabricated by top-
down techniques, such as photolithography,7 e-beam lithog-
raphy,8 soft lithography,9 dip-pen lithography,10 constructive
nanolithography,11 and nanoimprinting lithography.12 On the
other side, the use of bottom-up techniques based on self-
assembly phenomena provides a useful alternative to pattern
NCs on a large scale because of their simplicity and
compatibility with heterogeneous integration processes.13,14

There are two strategies for the latter: (i) assembly of NCs
in to self-assembled patterns on suitable templates,15,16 and
(ii) fabrication of NC arrays with the help of specific physical
phenomena, such as fingering instability17 and the stick-
slip motion of a water meniscus.18

Recently, we introduced a simple method for patterning
semiconductor NCs into periodic lateral structures over large
areas (several cm2) within a few minutes based on multistep
self-assembly processes on different length scale.19 The
procedure is remarkably controllable, high-yielding, and easy
to implement. Furthermore, we generated hierarchical lumi-
nescent patterns based on specific properties of CdSe NCs
and dyes in response to light irradiation.20 To fully understand
the mechanism of selective deposition of NCs and expand
their potential application, several important questions, which
include the controllability of the NCs deposition and the
driving force for the selective deposition, need to be
addressed. Herein we addressed the mechanism of specific
NC adsorption by construction of a potential energy land-
scape to permit a qualitative correlation between dynamics
and selectivity of NC deposition based on the experimental
results.
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To address the question of the controllability of the NCs
deposition, we studied deposition of NCs depending on
duration of the contact between NCs dispersed in 1-pheny-
loctane and the lipid-based patterns. Similar to the published
procedure,20 a droplet of∼0.1 mg/mL CdSe NCs (5.5 nm
diameter, synthesized according to the previously published
procedure21) in 1-phenyloctane was dripped on a well-aligned
luminescent lipid pattern, which was obtained by transferring
the monolayer ofL-R-dipalmitoyl-phosphatidylcholine (DPPC)
and 2-(4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-
3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocho-
line (BODIPY) (0.5 mol %) onto a mica surface by means
of a Langmuir-Blodgett (LB) technique due to a substrate-
mediated microphase separation and a periodic oscillation
of the meniscus at the three-phase contact line.22 As was
demonstrated before,22 green-emitting stripes of the lipid
pattern are formed by expanded DPPC enriched in BODIPY
(termed expanded DPPC channel), while the dark stripes are
mainly composed of condensed DPPC (termed condensed
DPPC stripe), shown in Figure 1a. After some time of
wetting, the droplet was sucked up by a pipet or filter paper,
and the samples were characterized by confocal laser
scanning microscopy (CLSM). Panels b-g of Figure 1 show
a series of CLSM images obtained upon increasing wetting
time of NCs dispersed in 1-phenyloctane on the pattern
surface. For a short time of wetting (less than 10 min), most
NCs tend to assemble into the expanded DPPC channels,
confirmed by the results of atomic force microscopy (AFM)
measurement (Figure 2a). However, when the wetting time
is increased to 20 min, CdSe NCs are not only assembled
within the expanded DPPC channels but also appear on top
of condensed DPPC stripes, which is demonstrated by AFM
measurement (Figure 2b) and CLSM measurement (Figure
1e). Upon further increase of the wetting time, more NCs
tend to assemble on top of the condensed DPPC stripe
(Figure 1g). Therefore, we hypothesize that the selective
deposition of NCs on the self-organized lipid pattern strongly

depends on the wetting time, as schematically presented in
Figure 2c. It should be noted here that the selection of solvent
is the trick in our present system; that is, (1) CdSe NCs
should be well-dispersed in the selected solvent and (2) the
selected solvent cannot dissolve the DPPC, otherwise it
would destroy DPPC pattern quickly. So far, hexadecane is
another suitable solvent for our system and shows similar

Figure 1. (a) Morphology (top) and CLSM (bottom) images of DPPC stripe patterns, which are composed of expanded DPPC and condensed
DPPC alternatively. (b-g) A series of CLSM images of CdSe NCs adsorbed on self-organized luminescent lipid patterns depending on the
duration of contact between NCs in 1-phenyloctane and the patterns: (b) 0.5 min, (c) 1 min, (d) 5 min, (e) 10 min, (f) 20 min, and (g) 40
min. (Bar) 2 µm.) The images are obtained by merging images of BODIPY luminescent stripe patterns (λex ) 488 nm, detection range
500-550 nm) and CdSe NCs arrays (λex ) 488 nm, detection range 650-700 nm).

Figure 2. AFM images of CdSe NCs on the self-organized lipid
patterns. After (a) 5 min and (b) 20 min of wetting with NCs
solution. Scale bar) 2 µm. (c) Schematics of selective adsorption
of CdSe NCs onto patterns depending on the deposition time.
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behavior to 1-phenyloctane, but there is not much difference
in selectivity and controllability of adsorption.

Fluorescence spectra shown in Figure 3 further confirm
selective deposition of CdSe NCs on the DPPC pattern
depending on the duration of contact between the NCs in
1-phenyloctane and the patterns. The fluorescence intensity
at 513 nm (characteristic peak of BODIPY) decreases with
increasing the wetting time (Figure 3b, black curve), which
suggests that BODIPY molecules exchange with the solvent
during the contact between NCs in 1-phenyloctane solution
and lipid patterns, so that some BODIPY molecules are
detached from the patterns when the droplet was sucked up
by the pipet. The fluorescence intensity at 637 nm, which is
the characteristic peak of CdSe NCs, increases with the
progression of the wetting time (Figure 3b, red curve). The
slope of the line for fitting the short wetting time (less than
10 min) is larger than that of the long time (more than 10
min), which suggests that the kinetic behavior for short time
and long time is different, or in other words, the kinetic
behavior for NCs assembling onto the expanded DPPC
channel is different from those assembling onto the con-
densed DPPC stripe if we consider Figure 1 and Figure 3
together. From the slope of the fitting curve, it is evident
that the depositing speed for NCs on the expanded DPPC
channel is faster than that on the condensed DPPC stripe.
Thus, there are two questions: (i) What is the driving force
for the deposition of NCs onto the DPPC pattern? (ii) Why
are the kinetic behaviors of NCs depositing on the expanded
DPPC channel and on the condensed DPPC stripe different?

To address the above-mentioned questions, we first studied
the wetting behavior of a pure solvent, 1-phenyloctane, on
the DPPC pattern. Figure 4a shows the AFM image of a
pure DPPC pattern before 1-phenyloctane is added onto the
surface. For the DPPC pattern, the channels are composed
of the expanded DPPC molecules (green color in Figure 4a),
while the stripes are composed of the condensed DPPC
molecules (blue color in Figure 4a), with some holes in the
stripe being filled with the expanded DPPC molecules. The
height difference between the expanded DPPC channel and
the condensed DPPC stripe is∼0.9 nm. When the DPPC
pattern is wetted by 1-phenyloctane for 2 min, some small
holes appear in channels, and the numbers of holes in stripes
also increase (Figure 4b). If we further increase the wetting
time, the number of holes in channels and stripes keeps
increasing (Supporting Information). We measured the depth
of the holes from the height profile of AFM images to clarify
the nature of the holes. The depth of holes in the expanded
DPPC channel is∼0.8 nm, which is similar to the length of
an expanded DPPC molecule. On the other hand, two
different depths of holes have been found in the condensed
DPPC stripe: 0.9 nm which is obviously same to the height
difference between the channel and the stripe, and 1.7 nm
which corresponds to the level of holes in the channel.
Considering the length of the DPPC molecule being∼2 nm,
the bottom of the holes in the channels is attributed to mica
support. Similarly, the holes in the stripes correspond to
expanded DPPC for the shallow holes (0.9 nm) and to mica
for the deep holes (1.7 nm). In color coding of the AFM
image in Figure 4b, the blue region is condensed DPPC, the
green region is expanded DPPC, and the yellow region is
mica.

Furthermore, we systematically analyzed the area coverage
of holes in stripes and channels depending on the wetting
time (AFM images shown in the Supporting Information)
considering three different types of area coverage: mica in
channels, expanded DPPC in stripes, and mica in stripes.
The data presented in Figure 4c can be well fitted by the
following monoexponential equation

whereC is the coverage,A the front factor,τ the lifetime,
andC0 the coverage for the time approaching infinity. From
the lifetime, the rate constantsk ) 1/τ have been obtained:
0.011 ( 0.002 s-1 (k1) for expanded DPPC in the stripe,
0.0023( 0.0006 s-1 (k2) for mica in the stripe, and 0.018(
0.002 s-1 (k3) mica in the channel. According to the rate
law

with ∆G# being activation free energy, and knowing the rate
constants already, we can roughly estimate the relative free
energy, which has been used to construct relative potential
energy landscapes (Figure 5) to reveal the relationship

Figure 3. Tunable deposition of CdSe NCs on the self-organized
DPPC pattern by adjusting the wetting time. (a) A series of
fluorescence spectra depending on the deposition time. (b) The
fluorescence intensity at 513 nm (characteristic peak of BODIPY)
and 637 nm (characteristic peak of CdSe NCs) depending on the
deposition time.

C ) -A exp(- t
τ) + C0 (1)

k )
kBT

h
exp(- ∆G#

kBT) (2)
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between dynamics and selectivity of NC adsorption in
channels and stripes (see later for detailed discussion).

The energy levels for regions denoted as “II’ and “IV”
(see Figure 5 caption for explanations) are the same, or in
other words, thermodynamics is the same, whereas “IV” is
kinetically closer to “V” due to the smaller barrier to cross

compared with “II”. It is interesting to note that the rate
constants are different by 1 order of magnitude for transition
from II to III ( k2) as compared with transition from IV to V
(k3), although both are from expanded DPPC to mica. This
can be understood by considering the relative free movement
of DPPC in channels (expanded DPPC phase) and restricted

Figure 4. AFM image and corresponding height profile of (a) pure DPPC pattern and (b) 1-phenyloctane on DPPC pattern after 2 min of
wetting time. Scale bar) 1 µm. (c) Coverage analysis depending on wetting time.

Figure 5. Schematic representation of the potential energy landscapes for the DPPC pattern (a, stripes; b, channels) energetically closer
to mica (lower energy) and kinetically closer to mica (smaller barrier to cross). Region I represents the condensed DPPC in stripe, II the
expanded DPPC in stripe, III mica in stripe, IV the expanded DPPC in channel, and V mica in channel.
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movement of DPPC in stripes (condensed DPPC phase). The
process of wetting the DPPC pattern with 1-phenyloctane
can be considered as a “caving” process by exchanging
DPPC molecules with 1-phenyloctane. At the very beginning,
being kinetically closer to mica (a small barrier to cross),
1-phenyloctane drills holes in the channel (mica in channel).
Simultaneously, the holes of expanded DPPC in stripe also
appear. On a longer time scale, the holes corresponding to
mica in the stripe appear, determined by thermodynamics.

The interaction energy between the substrate and NCs
suspended in 1-phenyloctane, which can be approximated
as the favorable adhesion energy gained by bringing NCs in
a close contact with substrate, provides us with estimation
of the selective adsorption of CdSe NCs from 1-phenyloctane
solution onto DPPC pattern. This energy may be expressed
as23

whereAeff is the effective area of contact between NCs and
substrate,γ13 is the interfacial energy of the NCs-substrate
interface,γ12 is the interfacial energy of the NC-solvent
interface, andγ23 is the interfacial energy of the solvent-
substrate interface. In formula 3, the effective contact area
is Aeff ≈ 4πRa, wherea is the measure of range of the forces
(usually on the order of molecular dimensions, here,a is
taken as∼1 nm being determined by molecular length of
trioctylphosphine oxide, trioctylphosphine, and hexadecy-
lamine which are the organic ligands surrounding the NCs)
and R is the radius of the NCs. According to Owens and
Wendt,24 we estimate the interfacial energies of the different
interfaces asγNC-phenyloctane) 1.9 mJ/m2, γNC-condensed) 1.1
mJ/m2, γcondensed-phenyloctane) 0.7 mJ/m2, γNC-expanded) 1.3
mJ/m2, γexpanded-phenyloctane) 5.0 mJ/m2, γNC-mica ) 49.4 mJ/
m2, and γmica-phenyloctane ) 65.0 mJ/m2. (See Supporting
Information for detailed calculations) The adhesion energy
between NCs and substrate isEad(NC-condensed)) -5.2× 10-19

J, Ead(NC-expanded)) -1.9× 10-18 J, andEad(NC-mica) ) -6.0
× 10-18 J. Comparison of these values indicates that the
interaction between NCs and mica is stronger than that
between NCs and the expanded DPPC phase (channels) or
the condensed DPPC phase (stripes), which suggests that
NCs preferentially adsorb onto mica. The adhesion energy
between NCs and substrate is also much higher than the
thermal energy of NCs (3/2kT∼ 6.2× 10-21 J) which forces
adsorption of NCs on the substrate.

So far, we can completely understand the selective
adsorption of CdSe NCs dispersed in 1-phenyloctane onto a
DPPC pattern, which is correlated with thermodynamics and
kinetics. Because the work of adhesion of 1-phenyloctane
on expanded DPPC (62.0 mJ/m2) is larger than that of
1-phenyloctane on condensed DPPC (53.7 mJ/m2), 1-phe-
nyloctane preferentially wets expanded DPPC. Moreover, due
to the loose stacking of DPPC molecules in the expanded
DPPC channel and the work of adhesion of 1-phenyloctane
on mica (63.3 mJ/m2) being larger than that of 1-phenyloc-
tane on expanded DPPC (62.0 mJ/m2), 1-phenyloctane
penetrates into the channel finally approaching the mica

substrate by exchanging DPPC molecules with 1-phenyloc-
tane molecules following the potential energy landscapes
presented in Figure 5b. During this process, NCs will follow
the way of 1-phenyloctane to occupy the holes due to the
strong interaction between NCs and mica substrate (Ead(NC-mica)

) -6.0 × 10-18 J). On the longer time scale, previously
adsorbed NCs will act as nuclei to form NC aggregates in
DPPC channels, which results in specific deposition of NCs
in the channels of DPPC pattern. According to the potential
energy landscapes, for stripes (Figure 5a) the NCs have to
traverse two barriers to approach mica, while for channels
(Figure 5b) only one barrier, which is the most important
reason that NCs selectively deposited in the channels of
DPPC pattern at the beginning. However, on an even longer
time scale NCs will also deposit onto stripes at places where
mica in stripe appear (Figure 5a). This is the reason why
the kinetic behavior of NCs depositing onto expanded DPPC
channels and onto condensed DPPC stripes is different
(Figure 3b).

In summary, based on the experimental results, we have
constructed potential energy landscapes in order to reveal
correlation between dynamics (thermodynamics and kinetics)
and selectivity of NC adsorption onto the self-organized
DPPC pattern. The following two-step adsorption mechanism
has been established: (1) wetting of 1-phenyloctane on two
different DPPC phases (expanded in channels and condensed
in stripes) induces the formation of holes preferentially in
channels by exchanging 1-phenyloctane molecules with
DPPC molecules; (2) NCs follow 1-phenyloctane to occupy
the holes due to the strong interaction between NCs and mica
substrate, and previously adsorbed NCs act as nuclei to form
NC aggregates in the DPPC channels, which results in
selective deposition of NCs in channels of DPPC pattern.
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