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I
norganic nanoparticles (NPs) represent
one of the most versatile building blocks
for the construction of functional nano-

scale devices due to their controllable sizes/
shapes,1 modifiable surface chemistry2 and
intriguing optical,3 electrical,4 magnetic,5

catalytic6 and mechanical properties.7 Self-
assembly of NPs, which to some extent,
mimics their biological counterpart such as
proteins,8 remains the most facile and flex-
ible way to realize the well-organized pat-
terns of nanostructures. The ability of NPs to
self-assemble under suitable environment
has resulted in a broad spectrum of nano-
structures including chains,9 sheets,10 and
artificial solids,11 just to name a few. Suc-
cessful manipulation of such spontaneous
process allows the emergence of novel
functionalities thanks to the synergetic ef-
fect, which however typically requires the
intricate control over the interplay between
NPs due to the versatility of interparticle

interactions and also their interdependent
nature.12 A better understanding of the
principles for self-assembly at themolecular
level will be therefore much needed for the
more effective utilization of multiple nano-
scale forces.
One-dimensional (1D) assemblies, as

against two-dimensional (2D) and three-
dimensional (3D) assemblies with typical
close-packed patterns,13�15 represent a
prototype for the study of unique transfer
properties, critical for the performance of
electronic/optical nanodevices.16 Recent
years have also seenmuch increasing atten-
tion for probing plasmonic coupling in metal-
lic NP chains due to the “hot-spot” effect.17�21

The construction of 1D assembly may require
linear template,22�24 whereas magnetic
NPs can be aligned under external field
thanks to the presence of magnetic dipole
moment.25�28 Spontaneous formation of
such directional structures has also been
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ABSTRACT Developing a simple and efficient method to organize nanoscale

building blocks into ordered superstructures, understanding the mechanism for

self-assembly and revealing the essential collective properties are crucial steps

toward the practical use of nanostructures in nanotechnology-based applications.

In this study, we showed that the high-yield formation of ZnO nanoparticle chains

with micrometer length can be readily achieved by the variation of solvents from

methanol to water. Spectroscopic studies confirmed the solvent effect on the surface properties of ZnO nanoparticles, which were found to be critical for the

formation of anisotropic assemblies. Quantum mechanical calculations and all atom molecular dynamic simulations indicated the contribution of hydrogen

bonding for stabilizing the structure in water. Dissipative particle dynamics further revealed the importance of solvent�nanoparticle interactions for

promoting one-dimensional self-assembly. The branching of chains was found upon aging, resulting in the size increase of the ensembles and network

formation. Steady-state and time-resolved luminescent spectroscopes, which probed the variation of defect-related emission, revealed stronger Forster

resonance energy transfer (FRET) between nanoparticles when the chain networks were formed. The high efficiency of FRET quenching can be ascribed to

the presence of multiple energy transfer channels, as well as the short internanoparticle distances and the dipole alignment.

KEYWORDS: self-assembly . ZnO . nanoparticles . anisotropic structure . one-dimensional . chains . hydrogen bonding .
molecular dynamics
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observed by using surface modified NPs triggered
by polymerization,29�31 specific recognition32�34 or
phase segregation.18,35,36 The recent demonstrated
linear structures of octapods37 and helical ribbons of
rod-like fd viruses38 highlight the importance of in-
trinsic characteristics of nanocolloids such as shapes39

and chirality in guiding 1D organization.
Electric dipole moment arising from the asymmetric

crystal structure is another essential factor in inducing
the formation of various 1D nanostructures such as
chains both experimentally9,40 and theoretically.41,42

Chain-like structures can be regarded as the result
of head-to-tail dipolar arrangement to minimize the
overall potential energy43 and could be an intermedi-
ate state for the transition from NPs to nanorods.40

However, even for NPs which possess relatively large
electric dipole moment, the formation of chain-like
structure is not usually observed. Possible reasons for
this could include the following: (1) The thick organic
shells used to control the growth of NPs during
the synthesis can deplete the interparticle dipolar
interactions. For example, the synthesis of ZnO nano-
pyramids typically employed the organic molecules as
stabilizers.44,45 In these systems, chain-like structures of
nanopyramids were never observed. In contrast, we
recently synthesized ZnO nanopyramids in methanol
without using any stabilizers and observed the inter-
esting assembly and disassembly processes.43 (2) The
presence of other repulsive forces such as electrostatic
interactions can smear the attractive dipole�dipole
interactions. A typical case is the self-organization of
CdTe nanoparticles into pearl-like nanostructures,
which can only be observed after nonsolvent washing.9

The weakening of the electrostatic repulsion between
NPs by partial removal of negative charged surface
stabilizers was believed to facilitate the chain formation.
(3) Other long-range isotropic attractions such as van
der Waals forces may disturb the short-range dipolar
interaction, and only precipitates with less defined
structure can be obtained.
To favor 1D self-assembly of NPs possessing electric

dipole moment, one possible way is to increase the
magnitude of dipolar interactions by using larger NPs.
However, thiswould also result in the increase of vander
Waals forces, leading to less structural control. Alterna-
tively, additional attractive attributes may be deliber-
ately added to stabilize the structure. Among the
noncovalent interactions, the strongest is hydrogen
bonding. Interestingly, in the regime of biomolecules,
hydrogen bonding has been suggested to be crucial for
the formation of various superstructures such as nano-
tubes and nanofibers,46 typically coupled with other
intermolecular interactions, for instance, pi-pi stacking47

and hydrophobic interactions.48,49We speculate that for
the colloids of inorganic NPs, the cooperation of hydro-
gen bonding with dipolar interactions may also be an
effective way to achieve 1D superstructure.

Besides the fundamental interest in understanding
the mechanism of self-assembly and design principles
of ordered structures, it would be also essential to
reveal interesting collective properties of organized NP
assemblies.50,51 Superstructures of semiconductor NPs
with unique quantum mechanical properties have
received tremendous attention due to the interparticle
coupling, which allows their effective communica-
tions.52,53 Studies in this field were focused on the
colloidal NPs including CdSe,52,53 CdSe/ZnS,54 CdTe,55

and InP56 with typical narrow band gap emission.
Extended arrays of colloidal quantum dots such as
artificial solids from CdSe NPs and gradient NPs with
different sizes are typical examples of how energy
transfer between quantum dots can be strengthened
and controlled by the manipulation of nanoscale
arrangement.52,53 However, as far as we know, there
is no previous report on the study of coupling effect in
the organized structures from colloidal NPs with wide
band gap typically larger than 3 eV.
In this contribution, we showed that the interparticle

hydrogen bonding in water can promote the sponta-
neous formation of long ZnO NP chains. Molecular
dynamic (MD) simulation confirmed the role of hydro-
gen bonding in stabilizing the chain-like structure and
dissipative particle dynamics (DPD) simulation further
revealed the importance of NP-solvent interactions in
guiding anisotropic self-assembly. The first example of
energy transfer in ZnO NP assemblies was also demon-
strated by probing the variation of visible emission.
Both steady and transient optical spectra indicated
stronger coupling of NPs in highly branched ZnO NP
chains with multiple energy transfer channels.

RESULTS AND DISCUSSION

ZnO as an important wide band gap semiconductor
has attracted somuch interest during the past years. Its
great potentials for a variety of practical applica-
tions, such as in catalysis,57 solar energy conversion,58

sensors,59 optoelectronic60 and piezotronic devices61

have been demonstrated. Low-dimensional ZnO nano-
structures were extensively investigated due to their
distinct anisotropic physical properties.62�64 The elec-
tric dipole moment of ZnO has been generally corre-
lated with their habitual 1D crystal growth. A previous
study showed that oriented attachment of ZnO NPs
occurred before the transition from NPs to nanorods
only in a concentrated solution after reflux.40 Accord-
ing to the authors, linear assemblies in all aggregated
particles were not observed. Furthermore, the length
of ZnO NP chains was observed to be very short and
only consisted of several NPs.40 However, other NPs
such as gold65,66 and cubic CdTe NPs,9 which possess
relatively small dipole moment induced either by sur-
face chemistry67 or truncations,68 have been shown to
spontaneously form long chains of NPs. Interestingly,
we found that virtually all ZnO NPs spontaneously
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self-assembled into chain-like structures in water
(Figure 1). The length of these chains is in the order
of several hundred nanometers (Figure 1). ZnO NPs in
these chains preferred to align along c-axis as evi-
denced by the lattice spacing of ca. 0.257 nm, which
corresponds to the distance between two (0002) crys-
tal planes (Figure 1d). Such observation indicated that
the presence of electric dipole moment is critical for
the anisotropic organization in water. Analogous with
the previous study,40 no formation of distinct assem-
blies can be observed in the as-prepared alcoholic
colloidal dispersion consisted of 3�5 nm ZnO NPs
(Figure S1, Supporting Information).
As the spontaneous formation of chain-like struc-

tures was induced by changing the solvent, we first
tried to understand the environmental influence on
the interparticle interactions including electrostatic,
dipolar, charge-dipole and van der Waals forces, which
are typically involved in the Derjaguin�Landau�
Verwey�Overbeek (DLVO) theory for the estimation
of stability of colloidal solution. Assuming that ZnONPs
aremonodisperse spherical NPs, we have the following
expressions to describe the potential energies of dif-
ferent interactions: the electrostatic repulsion potential
(Velec), the dipolar interaction potential (Vdipole), the
charge�dipole interaction potential (Vcharge�dipole)
and the van der Waals attraction potential (VvdW).

Velec(r) ¼ 2πεsεoaΨ
2
olnf1þ exp[�aK(R � 2)]g (1)

Vdipole(r) ¼ � μ2

2πεsεoR(R2 � 4a2)
(2)

Vcharge � dipole(r) ¼ � Q2μ2

6(2πεsεo)
2kBTr4

(3)

VvdW(r) ¼ � AH

6
2

R2 � 4
þ 2
R2

þ ln
R2 � 4
R2

" #
(4)

Herein, εs is the relative dielectric constant of the
solvent, εo is the dielectric constant of vacuum, a is the

radius of NPs,Ψo is the surface potential of the particle,
κ is the inverse Debye length, r is the center-to-center
separation of neighboring NPs of radius a, R = r/a, μ is
the dipole moment,Q is the effective surface charge of
the NPs, kB is the Boltzmann constant, T is the absolute
temperature, AH is the Hamaker constant.
According to the eqs 1, 2, 3, the replacement of

methanol (εs = 32.6) with water (εs = 80.4) will result in
the increase of electrostatic interactions and the de-
crease of dipolar and charge-dipole interactions. van
der Waals forces have no correlation with solvent con-
ditions (eq 4). The quantitative analysis based on DLVO
theory indicated an overall shift of interparticle forces
toward repulsion when methanol was substituted by
water. We therefore foresee that besides the interpar-
ticle interactions we considered so far, there must be
other attractive forces contributing to the chain for-
mation in water.
The above discussions led us to turn our attention to

the investigation of solvent effect on the properties of
ZnO NPs, which may favor an overall shift of interpar-
ticle forces toward attraction. Previous studies have
shown that solvents not only affect the solution param-
eters but also influence the physical and chemical
properties of NP surfaces. The notable example of
solvent effect on the stability of NPs is the nonsolvent
induced assembly or precipitation, during which the
relative strength of particle�particle and particle�
solvent interactions are adjusted along with the con-
formation change of organic stabilizers.30,69�71 For
oxide NPs, the use of water as solvent is believed to
induce water adsorption due to the acid�base proper-
ties of the oxides.72 We first carried out IR spectra
measurement to study the surface species of ZnO
NPs obtained from different solvents. It was found
that the pronounced variation of IR spectra is themuch
enhanced intensity of the broad feature around
3400 cm�1 (Figure S2), indicating the increase of the
density of the hydroxyl when the solvent was changed
from methanol to water. The diminishing of broad
peaks from 2500 to 3000 cm�1 for ZnO NPs in water
compared with that in methanol was also observed
(Figure S2). As the bands due to asymmetric and
symmetric CH stretching vibrations exist in this range,
such spectral change implied the replacement of
chemisorbed methanol by water absorption, which
has been also suggested in previous studies.73,74

The comparison of O1s XPS spectra of ZnO NPs from
different solvents further confirmed the increase of
surface hydroxyl groups in water (Figure S3). The
presence of five different O1s peaks after deconvolu-
tion was observed for ZnO NPs obtained from metha-
nol (Figure S3a), in good agreement with other
report.75 The peak around 529.5 eV can be attributed
to the H bonds at certain crystal planes.76 The peak
located at 530.9 eV is attributed to the O2� ions
surrounded by Zn atoms. The peaks at 531.5 and

Figure 1. TEM images of ZnO NPs in water.
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532.2 eV can be associated with the presence of �OH
groups on the surface of ZnO NPs. The small peak
around 533.7 eV can be ascribed to other surface
absorbed species such as COO�. Compared with O1s

XPS in methanol, the areas of the peaks at 531.5 and
532.5 eV are much increased, which can be explained
by the presence of vast amount of hydroxyl groups on
the surface of NPs in water (Figure S3b).
We further performed absorption and emission

spectra of ZnO NP dispersions. UV�vis spectra of
ZnO NPs showed a shift of the first exciton transition
peak from ca. 336 nm to ca. 334 nm when the solvent
was changed from methanol to water (Figure 2a). As
there is no obvious size change according to TEM
observations (Figure 1 and S1), such shift can be related
to the variation of environmental dielectric constant.77

The photoluminescence spectra of ZnO NPs in metha-
nol and water both showed a dominant emission in
the visible range (Figure 2b), which originated from
surface defects.78 Aminimal excitonic emission around
360 nm was also observed whose position remained
unchanged (Figure 2b). A bathochromic shift from ca.
526 nm to ca. 535 nmwas detected for visible emission
accompanying the solvent change from methanol to
water. As the surface species have dramatic influence
on the emission spectra of NPs due to the existence of
different surface states, such shift further confirmed
the variation of surface properties. Previous study
has shown that green emission (ca. 593 nm) can be
directly correlated with surface hydroxyl groups.75

It is therefore believed that the shift toward long-
wavelength emission can be a result of hydrolysis
process in water.

The presence of surface hydroxyl groups may favor
the formation of hydrogen bonds between ZnO NPs,
whichcanbe shownbyquantumchemistry calculations.
The number of hydrogen bonds between two ZnO
crystal slabs were calculated, which was found to de-
crease with increasing the number of surface methoxyl
groups (Figure S4e). For Zn13O33H33 where the surface
is fully covered by �OH groups, the interface consists
of 11 hydrogen bonds (Figure S4a), providing a total
binding energy of ca. 231 kJ/mol. We further per-
formed an all atom MD simulation using the package
GROMACS79 based on GMX force field under rectan-
gular periodic boundary conditions, which allows us to
consider the contribution of water molecules for pro-
moting the formation of chains. A network of hydrogen
bonds was found in all the area (Figure 3a). Especially,
we found that water molecules can bridge NPs by
connecting the surface O and H atoms through
hydrogen bonding (Figure 3b). However, such ob-
servation does not mean hydrogen bonds between
NPs are anisotropic. The formation of 1D assemblies
is in fact a result of cooperative interparticle forces
mainly including hydrogen bonding and dipolar
interactions. Here, dipole�dipole attraction triggers
the anisotropic assembly and hydrogen bonds be-
tween NPs make chains thermodynamically stable. In
other words, once ZnO NPs align with each other due
to the presence of dipole moment, hydrogen bonds
are important to hold them in position. When NPs
approach even closer under a net attractive force,
the direct hydrogen bonds between two NPs can
take effect for further stabilization of the structure
(Figure S4).

Figure 2. (a) UV�vis and (b) photoluminescence spectra of ZnO NPs in methanol and water, respectively.

Figure 3. MD simulation snapshots of ZnO NPs in water. Gray atom: Zn, red atom: O, white atom: H, red dashed lines:
hydrogen bonds. The arrows in (b) indicate the connection of two NPs by water through the network of hydrogen bonding.
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To further understand the influence of NP-solvent
interactions on the self-assembly of ZnO NPs, we
then performed DPD simulations using the pack-
age GALAMOST80,81 based on rigid body model.82 We
noted that during the synthesis, besides a transparent
dispersion of colloidal ZnO NPs, a large amount of
white precipitates will be consistently obtained. XRD
pattern confirmed that they are consisted of ZnO NPs
(Figure S5a), which can be however readily dispersed
into water (Figure S5b). Such finding indicated that
ZnO NPs is solvophilic for water, however, is relatively
solvophobic for methanol. The reason for the limited
solubility in methanol may be due to the presence of
surface methoxyl groups, which largely reduce the pos-
sibility of forming hydrogen bonding with solvent mole-
cules. We therefore assigned interaction parameters (IP)
of 27 to describe the interactions between ZnO NPs with
water and increased IP gradually until 37 to investigate
the effect of NP-solvent interactions on the self-assembly
process. Here a larger IP means a higher solvophobicity,
which more likely reflects the interactions between
ZnO NPs and methanol. Same dipole moment was
used for different solvent conditions due to the mini-
mal influence of surface groups on the electric dipole
moment of ZnO NPs confirmed by our quantum
mechanical calculations (Figure S6). The correspond-
ing results were summarized (Figure 4). It was found
that long chain-like structures can form inwater (IP of 27)
(Figure 4a), which matches well with experimental ob-
servations (Figure 1). However, when IP was increased,
the formation of anisotropic assemblies was not favored
(Figure 4) and at IPs of 35and37, nodistinct 1Dassembly
can be observed (Figure 4e-f). Overall, our DPD simula-
tions indicated that solvophilic interactions which
originated from hydrogen bonding are essential for
the formation of long chains, whereas, solvophobic
interactions may disturb the dipolar attraction.

Finally, we investigated the energy transfer (ET)
between ZnO NPs in the chain-like structures. The
study on ET is usually focused on the exciton emission
due to its narrowwidth with tunable characteristic and
the well-defined Stroke-shift. Compared with the ex-
tensive work on small band gap NP assemblies, the
investigations on ET in nanoassemblies of ZnO nano-
structures are sparse. For ZnO quantum dots, the short
exciton radiative lifetime around tens of picoseconds83

can pose challenge on the probing of even shorter
lifetime when proper environment is present for ET.
Also, the high surface-to-volume ratio of ZnO nano-
structures usually diminishes the intensity of ultra-
violet emissionwith increased concentration of surface
defects.78 Indeed, for ZnO nanostructures, besides the
emission resulted from radiative exciton recombina-
tion, the presence of defect related energy levels were
suggested to be responsible for the visible emission
with much longer lifetime (in the order of several ns).83

As ZnO NP chains in our study have dominant defect-
related emission (Figure 2), the probing of visible
emission will be more practical and relevant to the
major ET process.
To eliminate the influence of solvents, we investi-

gated the change of optical properties along with the
growth of chains in water. The size of chains increased
from hundreds of nanometers to micrometers as in-
dicated by dynamic light scattering (DLS) (Table 1) and
TEM imaging (Figure 5) when the aging time varied
from 1 day to 6 days. The growth of chains followed a
branching mechanism; i.e., longer chains with more
branches formed upon more aging time. Especially,
the emergence of chain networks can be found after
aging for 6 days (Figure 5c,d). The emission intensity
decrease may indicate the existence of Förster reso-
nance energy transfer (FRET) in highly branched chains
(Figure 6b). As the absorption spectra (Figure 6a)

Figure 4. Self-assembled structures of ZnO NPs under equilibrium with different interaction parameters (27�37) obtained
from DPD simulations. Solvent beads are not shown for clarity.
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showed amaximumat ca. 337 nmwith no obvious shift
after different durations of aging, electron delocaliza-
tion (Dexter transfer)55 does not likely play a significant
role here. A red-shift of the maximum emission from
550 to 564 nm (Figure 6b) is another indication for the
existence of FRET considering the size-dependent
nature of visible emission.78,84 The time-dependent
intensity decays fitted with a two-exponential decay
function85 clearly showed that the lifetime of both fast
and slow component decreased when the size of
chains increased (Table 1 and Figure 6c). The life-
times for NPs in methanol is much longer, 32.76 ns
for fast component and 1.28 μs for slow component
(Figure S7), which may imply that the kinetic param-
eters in Table 1 are already altered lifetimes due to
electronic energy transfer. The short component de-
scribes dynamics of the luminescence in smaller parti-
cles. The drastic reduction of its lifetime is due to
enhanced FRET quenching of smaller particles, which
becomes more efficient when the chain networks are
formed (vide infra). The longer component is typically
attributed to the native radiative lifetime of the largest
NPs in the ensemble. We suggested that the decrease
of longer component is likely a result of the greater
statistical probability to find even bigger neighboring
NPs in the chains.85

We note that, essentially, the ET mechanism here is
still based on the overlap of exciton emission and
absorption (Figure 6d). Here, the correlation of visible
emission with the transition of excited electrons from
conduction band (CB) to deep acceptor levelsmakes its
coupling with ET process possible (Figure S8). NPs of
relatively bigger diameters serve as exciton acceptors
due to a narrower band gap and relatively smaller NPs
serve as donors. When FRET occurs, the excitation will
be concentrated on bigger NPs, which can be energy
sinks in the chains. Presumably, an emission enhance-
ment from these bigger NPs would be observed be-
sides the quenching (Figure 6b). However, there are
two possible facts making it hard to achieve: first,
the broad size distribution of NPs may blur the
spectral separation of emission for different sized
NPs, which may be seen from the nearly unchanged
half-width of emission peaks accompanying the
quenching (Figure 6b). Second, the percentage of
these bigger NPs with a diameter significantly above
average is very low, making the dominant emission
from them still weaker than that from smaller ones
after quenching; as a result, the possible enhance-
ment may be obscured by the emission quenching of
smaller NPs. Similar observation has been found in
CdTe NP chains.85

Figure 5. TEM images of ZnO chain-like structures obtained after (a) 1 day, (b) 3 days and (c) 6 days aging. (d) TEM images of a
typical branch.

TABLE 1. Summary of Sizes Determined by DLS and Lifetimes for Chain-Like Structures Obtained after Different Aging

Time

aging time (days) 1 3 6
DLS sizes 100 nm 300 nm 1 μm
lifetime (ns) 16.31 ( 0.44 (22.44%) 15.41 ( 0.45(22.44%) 5.88 ( 0.20 (16.18%)

146.80 ( 6.52 (77.56%) 132.20 ( 5.44 (77.56%) 76.13 ( 1.56 (83.82%)
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It is suggested that FRET efficiency (E) can be de-
scribed as

E ¼ N(R0)
6

N(R0)6 þ r6

(R0)
6 ¼ constant� K2 �ΦD � J(λ)� n�4

where N is the average number of acceptor NPs
interacting with one donor, r is the distance between
donor and acceptor NPs, R0 is the separation distance
that yields 50% energy transfer efficiency, κ2 is direc-
tional relationship of transition dipoles, ΦD is the
quantum yield of the donor, J(λ) is the spectral overlap
of donor and acceptor, and n is the refractive index of
themedium. According to our observation, the branch-
ing of ZnONPs in chains is themainmechanism for the
growth of chain network (Figure 5). We believe the
branching of chains can enhance the efficiency of FRET
by increasing N: first, NPs positioned at the branched
points (Figure 5d) will obviously have more neighbors,
serving as a joint connection for multiple ET channels;
second, the staggered network also allows NPs in other
positions to findmore partners in some vicinity. Similar
with previously reported CdTeNP chains,85 here FRET is
also improved by the short interparticle distance and
the alignment of particle lattices. We noted that for
chains after 1-day and 3-day aging, the decrease of
longer component is more obvious than the shorter
one, which could be due to the fact that the branching
occurs initially from larger NPs due to their intrinsic
greater electric dipole moment. The percentage of
decrease for fast component upon the growth of

chains (61.3%) is even larger than that of the formation
of CdTe chains as against individual NPs (41.9%),85

which can be attributed to the formation of larger
network-like ensembles.
We would also like to compare our system with

metallic NP chains, which has been suggested to be
waveguides under the diffraction limit. In our cases, the
branching of chain-like structures improves the FRET
efficiency by providing multiple ET channels. However,
it has been shown that the bent structures reminiscent
of simple branches will decrease the ET efficiency in
metallic NP chains due to the energy conversion from
propagatingmodes to free radiation.86 Such difference
can be attributed to the different ET mechanisms
which involve excitons and plasmon polarons, respec-
tively. It may be possible to harness the energy loss in
bent metallic nanostructures through the enhance-
ment of FRET.87

CONCLUSIONS

The spontaneous formation of long ZnO NP chains
was observed in water. The size of chains was found
to increase upon aging by a branching mechanism,
which finally led to the formation of chain net-
works. Quantum mechanical calculations, MD and
DPD simulations highlighted the importance of
NP-solvent interactions especially hydrogen bonding
in stabilizing the chain-like structure. Energy transfer in
1D close spaced assemblies was observed by probing
the variation of dominant visible emission. The pres-
ence of multiple energy transfer channels in chain
networks strongly improved the FRET quenching

Figure 6. (a) UV spectra, (b) steady-state PL spectra and (c) transient PL spectra of ZnO NP assemblies obtained at different
time. The excitation wavelength is 320 nm and the emission at 550 nm was probed. (d) The overlap of emission and
absorption of ZnO NP assemblies after a 3-day aging.
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efficiency. The demonstration of hydrogen bonding for
promoting anisotropic self-assembly of inorganic NPs
may provide new insight into the design of functional

superstructures. The enhanced energy transfer rate in
branched semiconductor NP chains may be coupled
with multimodal plasmonics.

EXPERIMENTAL SECTION
Synthesis. ZnO NPs were prepared as follows: 0.979 g of

Zn(Ac)2 3 2H2O (4.46mmol) and 100 μL of water were added into
a round flask containing 42 mL of methanol. The solution was
heated to 60 �C with magnetic stirring until all the materials
were dissolved. 0.4859 g of KOH (7.22 mmol) was added into
23mL ofmethanol, whichwas then dissolved by ultrasonication
and poured into the flask. The solution turned milky immedi-
ately the base solution was added, but became transparent a
few minutes later. At a constant temperature of 60 �C, the
system was heated for 2 h. The synthesis will produce a
transparent dispersion of ZnO NPs in methanol along with
white precipitates. To prepare aqueous dispersion of ZnO NPs,
methanol was removed by rotary evaporation at 30 �C. The
remaining was immediately dispersed in the same amount of
water. For the growth of ZnO NP chains, the aqueous dispersion
was kept at 4 �C for different durations (1, 3, and 6 days).

Characterization. For TEM observation, one drop of methanol
or aqueous dispersion of ZnO NPs was added to the surface of
copper grids with carbon holey film which was placed upon
a piece of filter paper. The grids were ready for use after
complete drying. A transmission electron microscope (Tecnai
G2 F20 S-Twin with 200 kV accelerating voltage of electron
beam) was used to acquire TEM images. To obtain UV�vis
spectra, a U4100 UV� vis�NIR spectrometer (Hitachi, Japan)
was used to characterize the absorption properties of methanol
and aqueous dispersion of ZnO NPs in a quartz cuvette. The
photoluminescence spectra weremeasured using a Fluoromax-4
fluorescence spectrophotometer (HORIBA Jobin Yvon, Japan)
with an excitation wavelength at 320 nm. Time-resolved photo-
luminescence spectra weremeasured on an FL920-Fluorescence
Lifetime Spectrometer (Edinburgh Instruments) with MCP-PMT.
For Fourier transform infrared (FT-IR) spectra, a PerkinElmer
spectrum frontier optical spectrometer was used and the
samples were pressed with KBr pellets and dried before mea-
surement. X-ray photoelectron spectroscopy (XPS) was per-
formed using PHI ESCA 5700 with Al KR (1486.6 eV).
Sputtering by Arþ under 1 μA and 300 eV for 2 min was used
before the test to ensure an accurate data. X-ray diffraction
(XRD) measurements were performed on X'Pert-Pro (Philips)
using Cu KR (λ = 0.1541 nm) generated at 40 kV and 100 mA. A
scanning speed of 0.2� per min was used.

Quantum Mechanical Calculation. 1. Calculation of the Number of
Hydrogen Bonds. For this purpose, we created a slab of ZnO
crystal structure (Zn13O33H33) built along c-axis. We also built
several atomistic structures by replacing H atomswithmethoxyl
groups to mimic the condition in methanol (Figure S4). Two
identical slabs were placed by changing the coordinate along
one axis. The distance between zinc atoms in different slabswas
set to be 0.45 nm, which is the spacing in the order of lattice
constants. The structure optimization was done by freezing the
heavy atoms and allowing H and C atoms to relax under Merck
molecular force field.

2. Calculation of Dipole Moment. We first built an atomistic
model of ZnONPs (Zn18O39C35H105) according to the hexagonal
crystal structure, assuming that most of the crystal planes are
more inert O-terminated surfaces (Figure S6c). This model can
reasonably reflect the surface state of ZnO NPs in methanol
as the exposed oxygen atoms are all connected with �CH3

groups. A similar model (Zn18O39H35) was also built by replacing
all �CH3 groups with H atoms, which mimic the hydrolysis
process when ZnO NPs are dispersed in water (Figure S6a). The
resultant atomistic model with surface �OH groups there-
fore corresponds to the structure of ZnO NPs in water. Merck
molecular force field (MMFF) was used to optimize the geome-
tries of these atomic models with zinc and oxygen atoms
positioned in the crystal lattice freezing. This process allowed

all bonds to acquire a relaxed configuration. Single point
energy mode was then employed to compute electric dipole
moment of the equilibrium atomic model using the semiempi-
rical parameter model 3 (PM3) methods. The discussions
about the calculation results can be found in the Supporting
Information.

MD Simulation. Newton's equations of motion are integrated
using the leapfrog algorithm with time step of 0.5 fs and the
total simulation time is 10 ns. The bond lengths are constrained
using the LINCS algorithm with a relative geometric tolerance
of 10�4 and the nonbonded interactions including Particle
Mesh Ewald (PME) electrostatics are truncated at a distance of
1.2 nm. The atomistic model of ZnO NPs (Zn42O78H39) was built
with terminated �OH groups and the distance between two
NPs was set to be 0.45 nm (Figure S9), which allows several
water molecules to exist in between the NPs.

DPD Simulations. In our DPD simulations, we used reduced
units and assumed all coarse-grained (CG) beads are equal on
volume. The bead diameter, bead mass and the temperature
were set to be unity and the total simulation steps are 1 � 105.
We set the box side length as 40 � 40 � 20 and controlled the
number density of CG beads at 3, so the total number of beads
in our simulations is 96 000. It contains 100 C120 NPs, in which
120 CG beads form a rigid body. The remaining part represents
solvent molecules (84 000 beads). To mimic electric dipole
moment on each NP, 12 negative charges and 12 positive
charges were given on the two pole regions of each NP,
respectively. This charge model is derived from quantum
chemistry calculation (Figure S6), which shows similar charge
distributions (Figure S6). Particle�particle-particle-mesh (PPPM)
Ewald summationmethodwas used to calculate the long-range
electrostatic interactions.88 We fixed the interaction param-
eter (IP) between the same types of beads at 25 to correctly
describe the compressibility of solvents. The IPs between ZnO
NPs and different solvents, which reflect the NP-solvent inter-
actions (van der Waals forces, hydrogen bonding and solvo-
phobic interaction) are critical factors in our DPD simulations.
Even though there is no available literature data for us to use, we
can set relative IPs according to the experimental observation.
Here, the difference of IPs is more important than their actual
value. All DPD simulations were performed in NVT ensemble on
Nvidia Tesla C2050 GPU. More details about DPD simulations
can be found in the Supporting Information.
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