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We describe methodology for producing highly uniform, ordered and reproducible superstructures

of surfactant-coated ZnS nanorod and nanowire assemblies, and propose a predictive multiscale

‘‘packing model’’ for superstructure formation based on electron microscopy and powder X-ray

diffraction data on the superstructure, as well as on individual components of the nanostructured

system. The studied nanoparticles showed a hierarchical structure starting from the individual

faceted ZnS inorganic cores, onto which the crystalline surfactant molecules are adsorbed, to the

superstructure of the nanoparticle arrays. Our results point out the critical role of the surfactant

headgroup and polarity in nanoparticle assembly, and demonstrate the relationship between the

molecular structure of the surfactant and the resulting superstructure of the nanoparticle

assemblies.

1. Introduction

Functional arrays of anisotropic nanoparticles with size-

dependent physical properties are of considerable fundamental

and technological interest. They are proposed as basic one-

dimensional building blocks in nano-based structures and

devices. In order to make practical devices, the nanofabrication

technique should have the ability to synthesize nanostructures

with specific size and shape into desired architectures.1–10

Ordered semiconductor nanoparticle arrays are attracting

increasing interest since they offer tunability of material

properties not only via conventional shape and size-dependent

quantum confinement effects, but also due to the effect of

particle–particle interactions on various physical properties.

Thus, it is important to identify the conditions under which

nanoparticles assemble into two-dimensional (2D) and three-

dimensional (3D) superstructures. Surfactant molecules are

commonly used for controlling the size and shape of nano-

particles by specifically adsorbing onto various facets of the

crystalline nanoparticles. However, the exact role of the

surfactant in ordering nanoparticles into structured arrays

has not been established.11–15

Zinc sulfide (ZnS) is a direct and wide band gap (3.91 eV)

compound semiconductor that has a high index of refraction

and high transmittance in the visible range and is an important

material for photonic applications. Anisotropic ZnS nano-

particles are potentially useful in nanomaterial-based devices

such as fluorescent displays, electroluminescent devices,

infrared windows, lasers, solar cells and sensors.3,4,16,17

Structural characterization of surfactant-coated crystalline

assemblies, using transmission electron microscopy (TEM)

and X-ray diffraction (XRD) was previously studied by

others.18–20 Still, none of those studies have presented a multi-

scale ‘‘packing model’’ that would describe the hierarchical

assembly of nanoparticles into superstructures.

Octadecylamine (ODA, C18H37NH2) surfactant is widely

used as capping agent for nanoparticle synthesis.6,7,16,21–31 We

have recently showed that alkylamines (AAs) readily form

alkylammonium-alkylcarbamate (AAAC) molecular pairs

upon reaction with ambient carbon dioxide (CO2).
28,32–36

Temperature-resolved powder XRD studies allowed to

determine the structures of pure AAs and two phases of their

AAAC analogs at room temperature and high temperature.

In the case of octadecylammonium-octadecylcarbamate

(OAOC), the high temperature structure was identified upon

rapid heating of the OAOC to 92 1C.28,36 After isolating the

AAs and AAACs in pure form, the 3D structures of several

AAs and AAACs28,36 were deciphered and compared to the

previously reported 2D structures of pure AA Langmuir films

(LF) obtained at the air–aqueous solution interface.16
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The AA-coated nanoparticles have been shown to assemble

into ordered arrays in 2D and 3D, with spacings which can be

varied by changing the surfactant chain length.16,26,28,31 The

formation of AA-coated ZnS nanorods and nanowires

was previously reported by Pradhan et al., and showed

heterogeneous samples containing different morphologies of

rods and wires in the same sample.26 In the above mentioned

synthetic protocols, AAs were used as received without further

purification and no special storage conditions were mentioned.

Hence, the AAs uncontrollably reacted with ambient CO2,

making it difficult to reproducibly obtain specific nanoparticle

morphologies. We have shown that controlled exposure of AA

to CO2 prior to the synthesis allows control of the resulting

nanoparticle morphology. Pure, unexposed AA results in

nanowires, while controlled exposure of AA to CO2 and

partial AAAC formation results in nanorods.28 In situ grazing

incidence small-angle X-ray scattering (GISAXS) at the

air–water interface was used for studying the 2D packing of

AA-coated ZnS nanoparticle films and revealed the formation

of superstructured nanoparticle arrays.16

In this work, we present new powder XRD data

and integrate it with our previous understanding of the

AA-ZnS system. This allowed us to solve the hierarchical

superstructure of ODA-coated anisotropic nanorod and

nanowire assemblies. The crystallographic orientation of the

nanowires and nanorods was investigated with respect to the

long axis of the nanoparticles using TEM. Based on those

results, we present a multiscale ‘‘packing model’’ for super-

structure formation, which ranges from the atomic level of the

ZnS nanoparticle cores, through the mesostructure of the

alkylamine surfactant molecules, to the superstructure formed

by the composite organic-inorganic nanorods and nanowires.

While in this article we give attention to nanoparticles

coated with ODA (18 carbon) surfactant, the results were

qualitatively similar upon using AAs with chain lengths of

14 and 16 carbons (not shown). Furthermore, the proposed

model could provide insight on other surfactant-coated nano-

particle superstructures.

2. Experimental details

2.1 Materials

ODA (Fluka, 99%), potassium ethyl xanthogenate

(Fluka, > 98%), zinc perchlorate hexahydrate (Aldrich, 96%)

were used as received. The ODA was stored under argon at

Fig. 1 (a) BF TEM image and ED pattern (inset) of ODA-coated ZnS nanorods. (b) HRTEM image of ZnS nanorods with FFT pattern (inset).

Ribbon-to-ribbon and lateral repeat periodicity are denoted in (a) and (b), respectively. (c) Schematic representation of planes and directions

within an individual ODA-coated ZnS nanorod. (d) BF TEM image and ED pattern (inset) of ODA-coated ZnS nanowires. (e) HRTEM image of

ZnS nanowires with FFT pattern and intensity periods indicating the 3.15 and 3.33 Å d-spacings observed in the image (insets). (f) Schematic

representation of planes and directions within an individual ODA-coated ZnS nanowire. Note the different orientation of the rods and wires with

respect to the long axis of the rod/wire.
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all times. Methanol (Gadot, absolute) and chloroform

(Frutarom, CP) were used for all experiments. Deionized water

used for synthesis (resistivity 18.2 MO cm) was obtained from

a Millipore filter system.

2.2 Nanoparticle preparation

Zinc-ethylxanthate (Zn(SSCOC2H5)2) was prepared by

dissolving 3.00 g of potassium ethyl xanthogenate and separately

3.48 g of zinc perchlorate hexahydrate in water. The solutions

were mixed together and zinc xanthate salt precipitated out.

The salt was washed 5 times with water, filtered and dried in

air. ODA-coated ZnS nanoparticles were prepared using a

modified synthesis based on the method of Pradhan et al.26

0.08 g of zinc-ethylxanthate was dissolved in 1.53 g of molten

ODA. The reaction was carried out in a glass test tube

immersed in hot silicone oil with nitrogen purged into the test

tube. The addition of zinc xanthate powder to molten surfactant

resulted in a yellowish-white hazy solution and almost

immediately a white turbidity appeared, indicating the formation

of ZnS. The ODA-coated ZnS nanoparticles were harvested

by flocculating the sample with methanol, separating by

centrifugation, redispersing in chloroform and drying in air.

The typical mass of a batch of dried ODA-coated nanoparticles

was 0.2 � 0.1 g. For nanowire formation, pure unexposed

ODA was used. The nanowires can be synthesized in a two-

step reaction: nucleation at 105–120 1C for 5 min and then the

reaction is held at 130–150 1C for an additional 8–60 min. In

this work, nanowires were synthesized using the following

two-step reaction: nucleation at 110 1C for 5 min, followed

by additional 60 min at 130 1C for. For nanorod synthesis

ODA is initially exposed to CO2 to form OAOC (ODA mass

gain 2–5 wt%).28 In this work, the nanorods were prepared by

controllably exposing ODA to ambient air until ODA mass

gain was 4.5 wt%. The nanorod synthesis was carried out in a

two-step reaction: 105 1C for 5 min, and then an additional

8 min at 130 1C.

2.3 Characterization methods

Powder XRD characterization of ODA-coated nanoparticles

was carried out using a custom built wide angle X-ray

scattering (WAXS) diffractometer equipped with a Rigaku

UltraX18 rotating anode generator (Cu-Ka, l = 1.54 Å), an

OSMIC double-focusing multilayer monochromator and a

MAR345 image plate detector. The powder samples were

placed into 1.5 mm diameter quartz capillaries.

TEM analyses were carried out using a Tecnai G2 TEM

operating at 120 kV and JEOL 2010 Fas-TEM equipped with

a UHR pole piece operating at 200 keV. The samples were

prepared by placing a droplet of a chloroform suspension

of the nanoparticles on a lacey carbon-coated TEM grid

(400 mesh, SPI 3840C-MB) and dried in ambient air.

3. Results and discussion

In order to understand the parameters that affect the assembly

of the ODA-coated ZnS nanoparticles into superstructures,

samples were analyzed using complementary TEM and XRD

techniques. The above structural studies were coupled with the

comprehension we have previously gained of the structure,

reactivity and phase transition upon heating of the ODA

surfactant.28,36 Ordered arrays of ODA-coated ZnS nanorods

and nanowires were prepared using a modified synthesis based

on the method of Pradhan et al. For the nanorods, ODA was

controllably exposed to the ambient air such that ODA mass

gain was 4.5 wt% due to reaction with the ambient CO2 and

OAOC formation (see the Experimental details section

above).26,28 Bright field (BF) TEM images of ODA-coated

ZnS nanoparticles with narrow width distribution of 10 � 2 Å

are shown in Fig. 1. The nanorods, 50 � 10 Å long, assembled

into highly ordered 2D super-crystalline arrays which were

stacked in ‘‘ribbon-like’’ columns (Fig. 1a). The ribbon-to-

ribbon periodicity (marked in Fig. 1a) was 72 � 2 Å and

within each ribbon the ZnS nanorods were separated by a

well-defined lateral repeat of 37 � 2 Å (marked in the high

resolution TEM (HRTEM) lattice image in Fig. 1b). The

electron diffraction (ED) pattern of the ZnS core in Fig. 1a

(inset) indicates interplanar spacings of d10�10 = 3.30 � 0.07 Å

and d1�210 = 1.92 � 0.03 Å, very close to the Joint Committee

on Powder Diffraction Standards (JCPDS) file values of

d10�10 = 3.310 Å and d1�210 = 1.910 Å for wurtzite ZnS.37

The diffraction pattern corresponds to the [0001] zone axis

(growth along the 10�10 crystallographic direction), which is

rather unusual since in wurtzite crystals growth rate is

normally fastest along the c-axis.38 The zone axis was confirmed

by HRTEM. A HRTEM image of the nanorods is shown in

Fig. 1b. The hexagonal lattice image is characteristic of the

[0001] orientation, as shown in the FFT analysis (inset).

Nanowires with lengths varying from 100 to thousands of Å

and lateral interparticle spacing of 38 � 3 Å are shown in

TEM images in Fig. 1d,e. For nanowire formation, pure

unexposed ODA was used (see the Experimental details

section above). The large area ED pattern in Fig. 1d (inset)

indicates a wurtzite structure of the ZnS core, with two very

weak d10�10 = 3.32� 0.04 Å and d10�11 = 2.90� 0.04 Å and one

strong d0002 = 3.07 � 0.06 Å reflections, close to the JCPDS

values of d10�10 = 3.32 Å, d0002 = 3.13 Å and d10�11 = 2.926 Å.37

The ED pattern indicates that the [0001] direction (c-axis) is

parallel to the long axis of the wire. The zone axis could not be

identified from the ED pattern, since it was taken from a large

area of wires, forming a ‘‘powder’’ pattern of rings. In order to

determine the zone axis, HRTEM was performed. A HRTEM

lattice image of the nanowires is shown in Fig. 1e. The

interplanar distances, calculated using intensity periods of

the HRTEM image (Fig. 1e, inset) were 3.15 and 3.33 Å,

corresponding to the (0002) planes normal and (10�10) planes

parallel to the long axis of the wire. The FFT analysis (Fig. 1e,

inset) confirmed the [1�210] orientation of the wires with respect

to the electron beam. Schematic representations of an individual

nanorod and an individual nanowire, indicating the planes

and directions based on the TEM results, are shown in Fig. 1c

and f, respectively.

Formation of two different nanoparticle morphologies

might be related to the phase transition occurring in OAOC

upon heating.28,36 We have detected, using a control experiment,

that during the nanorod synthesis all CO2 is released from the

surfactant. Nevertheless, the development of nanorod

morphology may be associated with the formation of the high

temperature phase of OAOC at 92 1C 28,36 and hence, the
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molecular arrangement of the surfactant during the nanorod

synthesis is different from that of the pure ODA in the

nanowire synthesis (pure ODA melts at 55 1C and does not

form the high temperature phase).36 Additionally, using

pure ODA surfactant under the same synthesis conditions

(temperature and duration) as described in the Experimental

details section for the nanorod formation, resulted in formation

of small domains of nanowires (Fig. S1 in Supplementary

Informationw). This confirms our conclusion that controlled

exposure of the ODA to CO2 is required for obtaining the

nanorod morphology.

Electron microscopy provided information only on the ZnS

core, and could not probe the structure of the surfactant

molecules. For this purpose XRD measurements were carried

out on powder samples of ODA-coated ZnS nanorods and

nanowires (Fig. 2a). Note that peaks from the ZnS core were

not observed in the XRD patterns in Fig. 2a, as was the case of

anisotropic AA-coated ZnS nanoparticles investigated using

synchrotron diffraction.16 The absence of mineral peaks is

explained by considerable peak broadening related to the

ultra-small dimensions of the nanoparticles and due to the

strong surfactant peaks. A magnified portion of the powder

diffractogram is given in Fig. S2w together with the position

of the mineral peaks as reported in the literature, which

confirms the conclusion that the ZnS peaks cannot be

observed using the XRD technique. Hence, it was established

Fig. 2 (a) Powder XRD patterns and Bragg peak indexing of ODA-coated ZnS nanorods and nanowires. Several peaks in the diffractograms

(marked with *) are correlated to OAOC surfactant powder,28,36 indicating the presence of a small amount of excess free surfactant. The dashed

rectangle denotes the in-plane peaks of the surfactant. (b) Magnified section of an XRD pattern showing the Bragg peaks of ODA-coated ZnS

nanorods, marked with a dashed rectangle in (a). (c) Deconvoluted projection of the GIXD-measured intensity onto the 2yxy axis, and Bragg peak

indexing for an ODA Langmuir film.16 Insets in (b) and (c) schematically represent top views of the oblique 2D unit cells of ODA molecules on the

facetted surface of ZnS rods, and at the air–aqueous solution interface,16 respectively.

Table 1 2D rectangular unit cell dimensions of the superstructure of lamellar ODA-coated nanoparticles, and 2D oblique unit cell dimensions of
the ODAmolecules arranged on the nanoparticle surface, as derived from powder XRDmeasurements (Fig. 2a). The error in the calculated lattice
constants was � 0.04 Å

2D unit cell of lamellar ODA-coated nanoparticle superstructures 2D unit cell of the ODA on nanoparticle surface

a (Å) b (Å) a0 (Å) b0 (Å) g (1)

ODA-coated wires 54.04 47.50 5.43 5.28 122.16
ODA-coated rods 54.75 47.49 5.42 5.27 122.08
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that all the peaks in the XRD patterns in Fig. 2a correspond to

the organic surfactant. Notably, several peaks in the nanoparticle

diffractograms were observed also in the diffractograms

obtained for the respective OAOC powder (marked with red

asterisks), indicating the presence of a small amount of excess

free surfactant in the samples. As expected, the excess surfac-

tant is OAOC and not ODA due to nanoparticle drying

conditions which allow for spontaneous absorption of CO2

from ambient air.28,36 Attempts to index the surfactant peaks

did not yield a meaningful 3D unit cell solution, suggesting

that the material is ordered in 2D and stacked in a complex

hierarchical 3D packing. The lamellar ordering of the molecules

is evident from the set of (l0) and (0l) spacings. The peaks were

indexed to a 2D rectangular unit cell and the (hk) Miller

indices are noted above each peak in Fig. 2a. The 2D lattice

constants a and b are summarized in Table 1 and the indexed

(hk) planes with the corresponding experimental and calculated

dhk-spacings are listed in Supplementary Table S1w.
For both XRD curves in Fig. 2a, three in-plane peaks were

observed at the same position (marked by a dashed rectangle).

For instance, the relevant section of the XRD pattern obtained

for ODA-coated ZnS nanorods is shown in Fig. 2b. The peak

positions are familiar to us from our previous grazing incidence

X-ray diffraction (GIXD) studies of ODA LF at the air-

aqueous solution interface (Fig. 2c), which indicated an

oblique unit cell with lattice parameters a0 = 4.90 Å, b0 =

4.65 Å and g = 1231 (inset in Fig. 2c).16 Similarly, the (hk)

Miller indices are noted above the peaks in the XRD pattern in

Fig. 2b and the oblique 2D unit cell of ODA molecules on the

surface of ZnS rods is schematically represented in the inset in

Fig. 2b. The lattice constants a0, b0 and g of the 2D arrangement

of ODA molecules on the nanoparticle surface are summarized

in Table 1 and the indexed (hk) planes with corresponding

dhk-spacings are listed in Supplementary Table S2.w
Consequently, the XRD patterns of ODA-coated nanoparticles

show peaks arising from two different sources: (i) 2D lamellar

superstructure of ODA-coated nanoparticles giving rise to a

set of high order lamellar peaks and (ii) in-plane 2D arrangement

of ODA molecules within the lamellae on the nanoparticle

surface. The corresponding area per ODA molecule on the

faceted nanoparticle surface, calculated from the unit cell

dimensions (inset in Fig. 2b) is 24.2 Å2. This value is larger

than the GIXD-measured area per ODA molecule at the air-

aqueous solution interface (19.2 Å2),16 and than the cross

sectional area of a hydrocarbon chain (B20.8 Å2),39 indicating

that the molecules are less close-packed. The highly ordered

nature of the ODA molecules bound to the ZnS nanoparticles

and the similarity to the structure of ODA monolayers

strongly suggests that the nanoparticles are faceted. This is

since it is rather unlikely that the surfactant would crystallize

in the same ‘‘natural’’ structure on such highly curved surfaces

(with radius of curvature r = 5 Å). Schematic representations

of the ZnS planes and directions within ODA-coated ZnS

nanorods and nanowires are shown in Fig. 1c,f.

The following example is shown to demonstrate packing

model of the ODA-coated nanorods, while the model is similar

in case of nanowires. A schematic illustration depicting the 2D

unit cell formed by ODA-coated ZnS nanorods, as derived

from powder XRD, is shown in Fig. 3a. Notably, the above

unit cell is consistent with the TEM data, since the 37 Å

interparticle repeat distance observed by TEM (Fig. 1a,b;

schematically shown in Fig. 3b) corresponds to the d11 =

35.9 Å spacing of the superstructure. Consequently, the green

arrow in Fig. 3a represents the TEM-viewing direction. The

illustration in Fig. 3a depicts one single 2D sheet of the

nanorod assembly. The 3D multilayer structure is formed by

stacking these 2D sheets (their projections are seen in the TEM

images as ‘‘ribbons’’ of aligned nanorods; see Fig. 1a). The

agreement between the spacings obtained in TEM and XRD

confirms the 2D crystalline structure of the assembly. The

thickness of the nanorods t could not be obtained from TEM

(see Fig. 3a; this dimension is aligned parallel to the TEM

Fig. 3 (a) Schematic illustration of a tentative packing model of ODA-coated ZnS nanorods, viewed along the [10�10]ZnS direction. The red

rectangle outlines the 2D unit cell, as derived from XRD. The TEM image (see Fig. 1a,b) is viewed from the side, along the [11] direction of the

superstructure (marked with a green arrow). (b) Corresponding illustration of the TEM view of ODA-coated ZnS nanorods (Fig. 1a,b) viewed

along the [11] direction of the superstructure (see green arrow in (a)), namely, parallel to the [0001]ZnS direction.
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electron beam), and was set in the packing model to B25 Å in

order to minimize unfavorable interactions between the

hydrophobic tails and hydrophilic heads of the surfactants.

The surfactants are likely to be arranged primarily as bilayers,

similar to their native structure in the absence of the

nanorods.28,36

Conclusions

Our study demonstrates that ODA-coated ZnS nanoparticles

assemble into a layered superstructure that is clearly templated

by the surfactant coating. The hierarchical structure starts

from the uniform and highly aligned wurtzite ZnS cores,

follows to the mesoscopic 2D in-plane structure of the surfactant

molecules adsorbed onto the nano-sized ZnS facets, and

finally, to the composite bilayer/nanorod assembly within

3D stacked sheets. As no correlation was observed in XRD

and in TEM for the dimension perpendicular to the ordered

sheets, they are likely to be stacked like a smectic liquid

crystal, whose layers are seen as ‘‘ribbons’’ in Fig. 1a. Our

findings point out the critical role of the surfactant head group

and polarity in nanoparticle assembly, and demonstrate the

relationship between the molecular structure of the surfactant

and the resulting superstructure of the nanoparticle assemblies.
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Figure S1. (a) BF TEM image and ED pattern (inset) of ODA-coated ZnS nanowires. (b) HRTEM image of ZnS nanowires. The 
nanowires were synthesized using pure ODA surfactant (not exposed to CO2) under the same synthesis conditions (temperature 
and duration) as described in the Experimental Section for nanorod formation. 
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Figure S2. A part of powder XRD patterns of ODA-coated ZnS nanorods and nanowires (Figure 2a) and the expected peak 
positions and intensities of wurtzite ZnS based on JCPDS # 36-1450. 
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Diffraction Data Tables 
Below we present diffraction data tables for the different nanoparticle morphologies described in the main text, including peak 
position in 2θ and corresponding d-spacings for (h k) planes calculated from the unit cell lattice constants (see Table 1 in main 
text). Peak positions observed experimentally in the diffractograms are marked in bold. X-ray source in all cases was Cu Kα 
(λ=1.54 Ǻ). 5 

Table S2. Crystallographic data for ODA-coated wires and rods corresponding to the diffractograms shown in Fig. 2a. 
 

ODA-coated wires ODA-coated rods 

(h k) 2θ [deg] d [Å] (h k) 2θ [deg] d [Å] 
(1 0) 1.63 54.04 (1 0) 1.61 54.75 
(0 1) 1.86 47.5 (0 1) 1.86 47.49 
(1 1) 2.47 35.677 (1 1) 2.46 35.875 
(2 0) 3.27 27.02 (2 0) 3.22 27.375 
(0 2) 3.72 23.75 (0 2) 3.72 23.745 
(2 1) 3.76 23.486 (2 1) 3.72 23.717 
(1 2) 4.06 21.743 (1 2) 4.05 21.785 
(3 0) 4.9 18.013 (3 0) 4.84 18.25 
(2 2) 4.95 17.838 (2 2) 4.92 17.937 
(3 1) 5.24 16.843 (3 1) 5.18 17.035 
(0 3) 5.58 15.833 (0 3) 5.58 15.83 
(1 3) 5.81 15.195 (1 3) 5.81 15.207 
(3 2 ) 6.15 14.352 (3 2) 6.1 14.47 
(2 3) 6.46 13.661 (2 3) 6.44 13.704 
(4 0) 6.54 13.51 (4 0) 6.45 13.688 
(4 1) 6.8 12.995 (4 1) 6.72 13.152 
(3 3) 7.43 11.892 (3 3) 7.39 11.958 
(0 4) 7.44 11.875 (0 4) 7.44 11.873 
(4 2) 7.52 11.743 (4 2) 7.45 11.858 
(1 4) 7.62 11.598 (1 4) 7.61 11.603 
(2 4) 8.13 10.871 (5 0) 8.07 10.95 
(5 0) 8.17 10.808 (2 4) 8.11 10.892 
(5 1) 8.38 10.539 (5 1) 8.28 10.67 
(4 3) 8.6 10.277 (4 3) 8.53 10.354 
(3 4) 8.91 9.914 (3 4) 8.88 9.952 
(5 2) 8.98 9.837 (5 2) 8.89 9.944 
(0 5) 9.3 9.5 (0 5) 9.3 9.498 
(1 5) 9.44 9.357 (1 5) 9.44 9.358 
(6 0) 9.81 9.007 (6 0) 9.68 9.125 
(2 5) 9.86 8.962 (5 3) 9.81 9.005 
(5 3) 9.9 8.927 (2 5) 9.85 8.973 
(4 4) 9.91 8.919 (4 4) 9.85 8.969 
(6 1) 9.99 8.849 (6 1) 9.86 8.961 
(6 2) 10.5 8.421 (6 2) 10.38 8.518 
(3 5) 10.52 8.403 (3 5) 10.49 8.425 
(5 4) 11.06 7.993 (5 4) 10.98 8.049 
(0 6) 11.17 7.917 (0 6) 11.17 7.915 
(1 6) 11.29 7.833 (6 3) 11.18 7.906 
(6 3) 11.29 7.829 (1 6) 11.29 7.834 
(4 5) 11.38 7.771 (7 0) 11.3 7.821 
(7 0) 11.45 7.72 (4 5) 11.33 7.803 
(7 1) 11.6 7.62 (7 1) 11.46 7.717 
(2 6) 11.64 7.597 (2 6) 11.63 7.604 
(7 2) 12.04 7.342 (7 2) 11.9 7.429 
(3 6) 12.2 7.248 (3 6) 12.18 7.262 
(6 4) 12.32 7.176 (6 4) 12.22 7.235 
(5 5) 12.39 7.135 (5 5) 12.33 7.175 
(7 3) 12.75 6.939 (7 3) 12.61 7.012 
(4 6) 12.95 6.83 (4 6) 12.91 6.852 
(0 7) 13.04 6.786 (8 0) 12.92 6.844 
(8 0) 13.1 6.755 (0 7) 13.04 6.784 
(1 7) 13.14 6.733 (8 1) 13.06 6.774 
(8 1) 13.23 6.688 (1 7) 13.14 6.733 
(2 7) 13.44 6.581 (2 7) 13.43 6.585 
(6 5) 13.54 6.536 (6 5) 13.44 6.58 
(8 2) 13.62 6.497 (8 2) 13.45 6.576 
(7 4) 13.67 6.472 (7 4) 13.55 6.532 
(5 6) 13.85 6.387 (5 6) 13.79 6.415 
(3 7) 13.93 6.35 (3 7) 13.91 6.359 
(8 3) 14.24 6.213 (8 3) 14.09 6.282 
(4 7) 14.6 6.064 (9 0) 14.55 6.083 
(9 0) 14.74 6.004 (4 7) 14.56 6.079 
(7 5) 14.77 5.991 (7 5) 14.66 6.038 
(9 1) 14.86 5.957 (9 1) 14.67 6.034 
(6 6) 14.89 5.946 (6 6) 14.8 5.979 
(0 8) 14.91 5.938 (0 8) 14.91 5.936 
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(1 8) 15 5.902 (8 4) 14.93 5.929 
(8 4) 15.08 5.872 (1 8) 15 5.902 
(9 2) 15.21 5.821 (9 2) 15.02 5.893 
(2 8) 15.27 5.799 (2 8) 15.26 5.801 
(5 7) 15.41 5.747 (5 7) 15.35 5.767 
(3 8) 15.7 5.639 (9 3) 15.59 5.678 
(9 3) 15.77 5.614 (3 8) 15.68 5.645 
(7 6) 16.02 5.527 (7 6) 15.92 5.563 
(8 5) 16.09 5.505 (8 5) 15.95 5.553 
(4 8) 16.29 5.436 (10 0) 16.18 5.475 
(6 7) 16.34 5.42 (4 8) 16.26 5.446 
(10 0) 16.39 5.404 (6 7) 16.27 5.444 
(10 1) 16.5 5.369 (10 1) 16.28 5.439 
(9 4) 16.53 5.358 (9 4) 16.36 5.414 
(0 9) 16.78 5.278 (10 2) 16.6 5.335 

  (0 9) 16.79 5.277 
 
 
 
Table S2. Crystallographic data for ODA molecules adsorbed on ZnS nanoparticle surface as derived from powder XRD 
measurements (Fig. 2a).  5 

 (hk) 2θ [deg] d [Å] 

ODA-coated wires 
( 11 ) 
(01) 
(10) 

18.92 
19.29 
19.83 

4.68 
4.60 
4.47 

ODA-coated rods 
( 11 ) 
(01) 
(10) 

18.95 
19.30 
19.85 

4.68 
4.59 
4.47 

 
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


