
Nanoparticles Change the Ordering
Pattern of n-Carboxylic Acids into
Nanorods on HOPG
Ruomiao Wang,† Li Li,† Indika Arachchige,‡ Shreyashi Ganguly,‡ Stephanie L. Brock,‡ and Guangzhao Mao†,*
†Department of Chemical Engineering and Materials Science, Wayne State University, 5050 Anthony Wayne Drive, Detroit, Michigan 48202, United States, and
‡Department of Chemistry, Wayne State University, 5101 Cass Avenue, Detroit, Michigan 48202, United States

P
hysisorbed monolayers of am-
phiphiles are relevant to biological
processes, lubrication, colloidal stabi-

lization, detergency, patterning, and thin

film devices.1,2 Nanoparticle and/or nano-

wire arrays are employed in surface plas-

mon devices, surface-enhanced Raman

scattering, single-electron devices, ion-

sensitive field-effect transistors, and photo-

current generation modules.3�5 A key chal-

lenge for maximizing functionality of

devices lies in establishing methods for con-

necting these disparate nanocomponents:

nanoparticles, nanowires, and monolayers,

in predefined spatial arrangements with

distinct interfaces.6�12 Self-assembly, such

as the self-aligning tendency of nanorods

(due to capillary forces13 and entropy-driven

minimization of the excluded volume14),

can be used to connect and align nano-

objects. However, self-assembly strategies

for nanocomponent integration, that is, in-

terfacing individual nanoparticles and

nanorods are few. Furthermore, most stud-

ies are focused on inorganic nanocrystal

self-assemblies, but molecular self-assembly

based on organic nanocrystals15,16 or hy-

brid inorganic/organic nanostructures is

also expected to yield unique (and perhaps

improved) properties. For example, junc-

tions between self-assembled monolayers

and metal nanoparticles allow the study of

single-electron transfer processes;17 room-

temperature light-emitting diodes have

been created by the incorporation of a dye

molecule within a perovskite framework;18

and attachment of oligonucleotides to Au

nanoparticles triggers the self-assembly of

DNA/nanoparticle arrays for biosensing and

DNA sequencing.19 Similarly, a single-wall

carbon nanotube (CNT) placed between

two Au electrodes and coated with en-

zymes shows higher detection sensitivity
of enzymatic activity.20 Hybrid Au nanopar-
ticle CNT catalysts show an enhanced elec-
trochemical catalytic activity for the oxygen
reduction reaction.21 Finally, the incorpora-
tion of conductive Au nanoparticles with
charge-transporting oligoaniline cross-
linkers is shown to enhance the photocur-
rent generation of CdS nanoparticle ar-
rays.22

This paper reports a method to self-
assemble organic nanorods of n-carboxylic
acids directly on thiolate-protected inor-
ganic nanoparticles. Alkanes and alkane de-
rivatives, such as n-carboxylic acids, phys-
isorb on highly oriented pyrolytic graphite
(HOPG) with their carbon chain skeletal
plane parallel to the HOPG basal plane.23�27

We find that nanoparticles are capable of
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ABSTRACT This paper describes the formation of organic nanorods induced by monolayer-protected inorganic

nanoparticles. Alkanes and alkane derivatives, such as n-carboxylic acids, self-assemble on highly oriented

pyrolytic graphite (HOPG) into a persistent molecular packing structure that is dictated by the epitaxial interaction

between the carbon chain plane and the HOPG basal plane. Carboxylic acids form 2-D crystalline layers consisting

of nanostripe domains whose periodicity is one or two times the molecular chain length. However, when the

molecular ordering occurs in the vicinity of a nanoparticle, this persistent HOPG-dominated nanostripe pattern is

disrupted, and nanorods attached to the nanoparticles become the dominant structure. In order to understand the

underlying mechanism of the nanoparticle-mediated nanorod formation, the effects of film-forming conditions,

carboxylic acid chain length, nanoparticle size, and chemical composition of the nanoparticle are examined. It is

determined that carboxylic acid nanorods can be induced by nanoparticles of different core materials including

CdSe, CdS, and Au, as long as the protecting monolayer allows sufficient dispersion and colloidal stability of the

nanoparticles in solution. A carboxylic chain length range amenable to the nanorod formation is identified, as is

the relationship between the nanoparticle size and the number of nanorods per nanoparticle. This study

contributes to the understanding of seed-mediated crystallization and molecular ordering. Moreover, it defines

the parameters governing solution-based formation of hybrid nanostructures and nanopatterns incorporating dual

functionality as defined by the inorganic nanoparticle and organic nanorod, respectively.
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disrupting this persistent physisorbed pattern of

n-carboxylic acids on HOPG. In our previous work, nano-

rods of eicosanoic acid (arachidic acid, C20A) have been

shown to nucleate on mercaptoundecanoic acid-

capped CdSe nanoparticles (MUA-CdSe) on HOPG.28 In

the absence of MUA-CdSe, C20A forms an epitaxial pat-

tern in the form of parallel nanostripes on HOPG with a

periodicity of 5.6 nmOtwice the C20A chain length.

MUA-CdSe nanoparticles do not adsorb readily on

HOPG; however, the nanoparticle/nanorod hybrid ar-

chitecture forms spontaneously on HOPG from a mixed

MUA-CdSe/C20A alcoholic solution during spin coating.

The C20A nanorods possess uniform height (�1.0 nm)

and width (�5.4 nm) despite the stochastic crystalliza-

tion kinetics.29,30 In the present work, we conduct ex-

periments to probe the formation mechanism of the

nanoparticle/nanorod structure by varying film-forming

conditions, carboxylic acid chain length, nanoparticle

size, and nanoparticle chemical composition, including

the inorganic core and thiolate-protecting layer. The

study contributes to the understanding of seed-

mediated nucleation and crystallization, molecular or-

dering under nanoconfinement, and engineering of hy-

brid thin film materials.

RESULTS
Synthesis. Inorganic nanoparticle�organic nanorod

hybrids are prepared from a combination of inorganic

nanoparticles, CdSe, CdS, or Au, whose surfaces are

modified by thiolates including MUA, mercaptopropi-

onic acid (MPA), or dodecanethiol (DDT) and organic

crystalline compounds n-carboxylic acids. For compari-

son, the film formation characteristics of nanoparticles

and n-carboxylic acids are also studied independently.

Nanoparticle Size and Structural Analysis. TEM is used to

determine the inorganic core size of the nanoparticles.

TEM images of trioctylphosphine oxide (TOPO)-capped

CdSe nanoparticles are displayed in Figure 1A,B. The av-

erage diameter of the CdSe nanoparticle core is deter-
mined to be 3.0 � 0.6 nm. The nanoparticle size is also
measured using AFM images of immobilized nanoparti-
cles (Figure 1C) and AFM sectional height analysis
(Table 1). In order to immobilize negatively charged
nanoparticles on mica, we use a method previously de-
veloped for DNA immobilization:31 20 �L of 10�6 M
MnCl2 solution is placed on 1 cm2 freshly cleaved mica
to render the substrate positively charged. The nano-
particle height values are used because the lateral val-
ues are convoluted by the AFM probe. The AFM height
values differ from the TEM diameters by the capping
layer thickness. A closely packed MPA monolayer pre-
sumably adds �1 nm, and an MUA monolayer adds �3
nm to the overall particle diameter. The larger than ex-
pected size of MPA-CdSe is likely due to its tendency to
aggregate.

The nanoparticle chemical compositions by EDAX
are listed in Table 2. In the case of CdS nanoparticles, S
content from the thiolate ligands is deduced from the
difference of percentage of S in thiolate-capped and in
TOPO-capped CdS nanoparticles. The results indicate
that there is an excess of Cd in all of the nanoparticles.
Figure 1D is a schematic representation of CdSe with
excess Cd near the surface (a similar structure for CdS
is envisioned). We estimate a lower limit of thiolate-
capping layer coverage on the CdSe nanoparticles (for
which TEM-derived core sizes have been measured),
thiolate/NP in Table 2, using the S to Cd ratio accord-
ing to EDAX in the following equation (eq 1):

Here pS and pCd are the atomic percentages of S and
Cd according to EDAX, NA is Avogadro’s number, M and
� are the molecular weight and wurtzite crystal density
of CdSe, and r is the TEM-determined CdSe nanoparticle
radius (1.5 nm). In comparison, a closely packed thi-
olate monolayer structure on planar surfaces gives an
area per molecule of 21.4 Å2.32 MPA-CdSe is an outlier
with the highest apparent surface coverage. This indi-
cates that in this case the thiolate coverage is not
monolayer coverage.

Film Structure of n-Carboxylic Acids on HOPG. Representa-
tive AFM images of the nanopatterns formed by carbox-
ylic acids with carbon numbers from 14 to 30, C14�30A’s,

Figure 1. TEM images of (A) TOPO-CdSe nanoparticles and
(B) MUA-CdSe nanoparticles. (C) AFM height image of MUA-
CdSe nanoparticles deposited on Mn2�-treated mica sub-
strate (z range � 10 nm). (D) Schematic representation of a
thiolate-capped CdSe nanoparticle with Cd in excess.

TABLE 1. AFM Sectional Height Analysis Results of the
Nanoparticles Physisorbed on Mn2�-Treated Mica

nanoparticle (synthesis ratio) vertical dimension (nm) lateral dimension (nm)

MUA-CdSe (3:1) 4.7 � 1.9 16.9 � 4.6
MUA-CdSe (5:1) 5.8 � 2.1 40.2 � 10.0
MPA-CdSe (5:1) 7.3 � 2.3 30.8 � 6.8
MUA-CdS (5:1) 3.1 � 0.9 24.7 � 8.6
DDT-CdSe (10:1) 3.6 � 0.5 19.6 � 5.0

thiolate/NP )
pS × NA

pCd × M

F
× 1

4/3πr3

(1)
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on HOPG are displayed in Figure 2. We are unable to ob-
tain clear nanopatterns of carboxylic acids shorter than
C14A on HOPG by AFM in ambient environment.
C14�30A’s are capable of self-assembling into the epitax-
ial nanostripe pattern on HOPG at the monolayer cover-
age. The 2-D crystalline domains of nanostripes display
a rectangular shape whose size, a few hundred nano-
meters, is determined by the crystalline domain size of
HOPG. The orientation of orthogonal stripe domains
displays the three-fold symmetry of the HOPG lattice.
The stripe thickness, 0.3 � 0.1 nm, is consistent with the
coplanar packing model in which the carbon skeleton
plane of the carboxylic acid molecule lies parallel to the
HOPG basal plane. All of the nanopatterns formed, ex-

cept that of C30A, display a periodicity close to twice
the molecular chain length (Table 3), as calculated by
the following equation (eq 2):

The periodicity is consistent with carboxylic acid mol-
ecules lying in a head-to-head and tail-to-tail configura-
tion (double-chain domain structure). C30A displays a
predominant single-chain domain structure (periodic-
ity � 3.9 nm) with interdispersed double-chain domains
(periodicity � 8.0 nm). Such coexisting domains have
been observed on C22A on HOPG.24 A unique film de-
fect in the form of a row or network of holes is observed
in the C26A film (Figure 3A�C), which we attribute to
packing faults between double-chain and single-chain
domains (Figure 3D). The packing fault forms if, instead
of aligning the tail to the previous molecular tail in the
normal double-chain packing, the molecule points its
tail to the opposite direction, which results in antiparal-
lel dimer arrangement in the single-chain domain. The
hole-like defect occurs when molecular packing
switches between double- and single-chain patterns. It
is concluded that the carboxylic acids adopt a persistent
epitaxial arrangement on HOPG, which has been re-
ported by others,23,26,33�35 by spin coating.

Film Structure of n-Carboxylic Acids on HOPG in the Presence
of Nanoparticles. Nanoparticles are found to induce
n-carboxylic acid nanorod formation. Using similar film-
forming conditions for the generation of MUA-CdSe
nanoparticle/C20A nanorod hybrid structure,28 we show

TABLE 2. List of the Chemical Composition (atom %) and Estimated Thiolate Surface Coverage of the CdSe Nanoparticles
Based on EDAX and TEM Results

nanoparticle (synthesis ratio) Cd (%) Se or S from NP (%) S from thiolate (%) thiolate/NP area/thiolate (Å2)

MUA-CdSe (3:1) 49.23 38.36 12.41 71.6 39.4
MUA-CdSe (5:1) 48.11 36.07 15.82 94.7 29.8
MPA-CdSe (5:1) 41.58 28.50 29.92 213.6 13.2
MUA-CdS (5:1) 49.23 37.75 13.02 ND ND
DDT-CdSe (10:1) 41.26 39.41 19.33 123.3 22.9

Figure 2. AFM images of n-carboxylic acid monolayers on
HOPG. The z range is 2 nm for C14�26A’s and 10° for C30A
single-chain domain and C30A double-chain domain
(bright stripes) dispersed in the single-chain domain
(smooth area).

TABLE 3. List of Periodicity of the Stripe Pattern by AFM
and the Corresponding All-trans Molecular Chain Length
of Each Carboxylic Acid Studied

carboxylic acid
periodicity by

AFM (nm)
2 � molecular

chain length (nm)
domain structure

C14A 4.0 3.936 double-chain
C16A 4.7 4.428 double-chain
C18A 5.0 4.920 double-chain
C20A 5.6 5.412 double-chain
C22A 6.1 5.904 double-chain
C24A 6.6 6.396 double-chain
C26A 7.0 6.888 double-chain
C30A 8.0/3.9 7.872 double-chain/single-chain

chain length ) (1
2

number of C atoms per chain +

1
2

number of O atoms per carboxyl group) × 0.246 nm

(2)
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that carboxylic acids of different chain length includ-

ing C14A, C16A, C18A, and C22A can also form nanorods

on MUA-CdSe nanoparticles. The results thus demon-

strate that the hybrid structure is not limited to the

MUA-CdSe/C20A pair in the initial study. In addition, we

determine that carboxylic acids with chain length

longer than C22A do not readily form nanorods on the

nanoparticles. Figure 4 compiles AFM images of

n-carboxylic acid films on HOPG in the presence of

MUA-CdSe (5:1). Nanoparticle/nanorod objects can
generally be found for the shorter n-carboxylic acid
chains, but it becomes increasingly difficult to find the
hybrid structures for the longer chains. A closer exami-
nation of the AFM images shows that the C14A rods con-
tain doublets and triplets of nanorods in a row (marked
by the arrows). The doublets and triplets are defined
as two and three parallel nanorods in a close-packed
structure; that is, the center-to-center separation dis-
tance equals the rod diameter. The AFM images show
that excess carboxylic acid molecules of C24A and C26A
form the 2-D stripe domain instead of nanorods around
the nanoparticles. It can be concluded that the pres-
ence of the nanoparticles has minimal effect on the or-
dering of the two longer carboxylic acid molecules. The
dimensional analysis results of the nanorods in Table 4
show that the individual nanorods have a fixed height,
�1 nm, a width proportional to the respective chain
length, and a stochastic length distribution from 50 to
250 nm. The nanorods only form in the presence of
nanoparticles. The bottom-right image in Figure 4
shows a situation when C20A coverage on HOPG is
above the monolayer coverage, the excess C20A mol-
ecules form epitaxially oriented 2-D stripe domains in
the absence of nanoparticles.

The competition between HOPG and the nanoparti-
cle surface in directing the self-assembly of the carbox-
ylic acids can be further modulated by solvents. Fast sol-
vent removal is a prerequisite for the nanorod
formation. If the solvent is allowed to slowly evapo-
rate, the film becomes rougher.36 Nanorods can be ob-
served with a standing time up to 1 min prior to disk
spinning. However, the nanorods have a tendency to
display orientation along the HOPG lattice, and they
tend to form doublets and triplets instead of individual
nanorods. With a 5 s standing time of a 2-propanol so-
lution, before spinning, �75% of the nanorods display
a 120° mutual orientation angle. The rate of solvent re-
moval can also be adjusted by the volatility of the sol-
vent. High solvent volatility favors formation of nano-
rods on the nanoparticle, and the nucleated nanorods
are oriented in an increasingly isotropic fashion. For ex-
ample, using solvents of increasing volatility from etha-
nol to 1-propanol and to 2-propanol, the percentage
of nanorods with three-fold symmetry increases ap-
proximately from 13 to 27 and to 65% (Figure 5). It is
concluded that fast nucleation and crystallization kinet-

Figure 3. (A�C) AFM phase images of C26A films on HOPG with packing
faults. Scan size � 100 nm; z range � 5°. (D) Proposed scheme of the pack-
ing fault caused by coexisting double-chain and single-chain packing
domains.

Figure 4. AFM height images of film structure of n-carboxylic
acids on HOPG in the presence of MUA-CdSe nanoparticles.
Arrows in the C14A image point to doublets or triplets of C14A
nanorods. The z range is 8 nm for C14�22A’s and 10° for C24A
and C26A. The bottom-right image is an AFM height image (z
range 3 nm) of C20A film with excess partial layers in the ab-
sence of the nanoparticles.

TABLE 4. List of the Dimensions of Carboxylic Acid
Nanorods As Determined by AFM Sectional Height
analysis

carboxylic acid height of nanorods (Å) width of nanorods (Å)

C14A 9.7 � 1.2 43.8 � 3.8
C16A 9.7 � 1.8 50.1 � 3.4
C18A 9.6 � 0.8 52.6 � 5.3
C20A 9.5 � 0.9 57.4 � 3.3
C22A 9.4 � 1.1 62.5 � 6.4A
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ics favor the nanoparticle over the HOPG as a template
for the ordering of n-carboxylic acids.

In order to determine the salient features of the
nanoparticle governing nanorod formation, we investi-
gated different core and shell compositions. We have
determined that the chemical nature of the nanoparti-
cle core is immaterial to nanorod formation. Thus, C20A
nanorods form on both MUA-CdS and MUA-Au nano-
particles of similar size range and under similar film-
forming conditions as MUA-CdSe nanoparticles (Figure
6A,B). On the other hand, when the capping layer, MUA,
is replaced with other capping agents, film-forming
conditions need to be adjusted accordingly to facili-
tate nanorod formation. For example, under identical
film-forming conditions, MPA-CdSe and DDT-CdSe are
ineffective nucleation agents for the nanorods. Both
types of nanoparticles have poor colloidal stability in
ethanol and propanol. Indeed, MPA-CdSe has a strong
tendency to aggregate in all of the solvents studied,
and no conditions have been found that would enable
nanorods to be induced by MPA-CdSe. The colloidal in-
stability is attributed to the fact that the shorter chain

of MPA may be less effective at preventing oxidation
and subsequent aggregation.37 DDT-CdSe nanoparti-
cles, on the other hand, disperse well in nonpolar sol-
vents such as chloroform. Figure 6C shows the nanopar-
ticle/nanorod hybrid structure formed by the DDT-
CdSe/C20A pair when chloroform is used as the solvent.
We conclude that nanorods form when the thiolate-
capping layers permit good dispersion (indicated by the
clarity and color intensity of the solution) of the nano-
particles in a chosen solvent. Fully dispersed nanoparti-
cles make the nanoparticle surface available for hetero-
geneous nucleation. The DDT-CdSe case also refutes a
previous hypothesis28 that specific molecular interac-
tions, for example, the H-bond between the carboxyl
group of MUA and that of n-carboxylic acids, are re-
sponsible for nanorod formation since DDT-CdSe is ter-
minated by methyl group.

We expect the nanoparticle size to be an important
factor governing nanorod formation. Generally, we find
that the number of nanorods per nanoparticle increases
with increasing particle size (as measured by AFM)
with a cutoff particle size of �15 nm. Figure 7 is a plot
of the number of individual C20A nanorods per MUA-
CdSe (5:1) nanoparticle as a function of d2 where d is the
nanoparticle height as measured by AFM height analy-
sis. It shows a linear relationship between the number
of nanorods per particle and the particle surface area
(d2). Nanoparticles larger than 15 nm are ineffective

Figure 5. Orientation histogram of C20A nanorods attached
to the MUA-CdSe nanoparticle in (A) ethanol, (B) 2-propanol,
and (C) 1-propanol. The orientation angle � of the nanorod
is measured by measuring the angle along each nanorod
against the horizontal reference line using the angle com-
mand in Nanoscope.

Figure 6. C20A nanorods attached to (A) MUA-CdS, (B) MUA-
Au, and (C) DDT-CdSe. The z range is 8 nm.

Figure 7. Histogram of the number of multiple nanorods
per 2-D crystal as a function of the height of nanoparticle
(in 2-propanol). The data contain a standard deviation of
22%.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 11 ▪ 6687–6696 ▪ 2010 6691



nucleation seeds. While the majority of the nanorods
are single rods for all nanoparticle sizes, there is an in-
creasing occurrence of doublets, triplets, etc. (an upper
limit of number of closely packed nanorods � 5) with
increasing particle size. We also observe the likelihood
of multiple nanorod formation to increase with increas-
ing nanoparticle size to carboxylic acid chain length ra-
tio, as the smallest chain, C14A, has the highest ten-
dency to form multiple closely packed rods (Figure 4).
Approximately 20% C14A nanorods are single rods and
the rest are doublets, triplets, etc.

DISCUSSION
n-Carboxylic Acid Packing Structure in the Nanorod versus

Templated on HOPG. Even-numbered long-chain
n-carboxylic acids possess complex polymorphism,
which include the triclinic A- and monoclinic B-, C-,
and E-forms.30,38,39 In all of the forms, the H-bonded
dimers of the R2

2(8) symmetry pack into a bilayer pat-
tern.40 The main difference between the B- and C-form
is that in the B-form the unit cell dimension along the
a-axis is expanded due to a rotation along the b-axis,
while in the C-form, the unit cell dimension along the
b-axis is expanded due to a tilt over the a-axis.41 While
both B- and C-forms can be obtained by fast crystalliza-
tion, kinetics42 and the solvent ethanol both favor the
C-form.43 We therefore use the C-form crystal structure
to interpret the AFM topographical measurement re-
sults. The C-form crystal structure of C18A (P21/a, Z � 4)
has the following lattice parameters: a � 0.9360 nm, b
� 0.4950 nm, c � 5.0700 nm, and � � 128.250°.29,41,44

The width of the C18A nanorods by AFM, 5.0 � 0.6 nm,
is consistent with the unit spacing between {001}
planes. The height of the nanorods, 1.0 � 0.1 nm, is
slightly larger than the interplanar spacing of the {100}
planes (0.74 nm) of the C-form C18A crystal structure. We
hypothesize that the rods are formed by carboxylic
acid unit cells attaching to each other along the b direc-
tion during crystallization. Figure 8 shows the crystal-
line packing structure of the molecular rod in relation
to the nanoparticle and the solid surface. The carboxy-
lic acid attaches with its carbon plane parallel to the
nanoparticle surface. This is very different from the crys-
tal habit of C18A formed from solution, which displays
a thin prismatic plate shape with the most prominent
{001} face displaying an acute angle of 54° to the {110}
faces. For the molecular nanorods obtained here, the in-
terplanar distances of {001} and {110} are 5.07 and 0.41
nm, respectively. The length direction of the rod is de-
fined by the largest face, the {001} face. The carboxylic
acid nanorod possesses the unit cell dimensions (the
smallest crystalline unit) in both width and height direc-
tions, and it consists of a single bilayer row in the width
direction with a H-bonded carboxyl group in the cen-
ter and terminal methyl groups at the sides. In compari-
son, in the stripe pattern templated by HOPG, the alkyl
chain zigzag plane is parallel to the HOPG basal plane,

which presents a smaller layer thickness of 0.3 nm.

It is clear that the nanorods are nucleated from the

nanoparticle, and they show different packing struc-

ture than the stripe pattern templated by HOPG.

Nanorod Formation Mechanism. The spin coating process

generates high supersaturation, ��, which favors the

formation of small crystals. In the case of a volatile fluid

wetting the HOPG substrate, after an outward flow to

produce a smooth film, the last stage of spin coating is

dominated by solvent evaporation.45,46 The film thick-

ness is a function of spin speed, s, initial viscosity, 	0,

and evaporation rate, e, as shown in eq 3:45

In our case, the high spin speed combined with low so-

lution concentration results in ultrathin crystalline films

reaching the monolayer limit. In addition, fast solvent

evaporation results in high ��, which leads to high

nucleation rate, J (defined as the number of nuclei

formed per particle per unit time per unit volume),

and low crystal growth rate. This “burst” crystallization

kinetic model is a common strategy in the synthesis of

small and uniform inorganic nanoparticles. According

to the classical nucleation theory,47�49 the critical

nucleus size, rc, decreases with increasing ��, as shown

in eq 4:

In the above equation, 
 is the unit volume, and �CF is

the surface free energy of the crystal�fluid interface.

Our results suggest that rc reaches the unit cell dimen-

sion (in height and width) of the nuclei at high �� (in-

duced by high evaporation rate).

However, we suggest that spin coating alone does

not produce the nanorod nanocrystals. In the absence

of nanoparticles in solution, 2-D crystallites of

Figure 8. Hypothesized structure of a carboxylic acid molec-
ular rod in the crystalline packing structure of the C-form at-
tached to a nanoparticle nucleation seed.

h ∝ s-2/3ν0
1/3e1/3 (3)

rc )
2ΩγCF

∆µ
(4)
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n-carboxylic acids form on HOPG with an epitaxial ori-
entation to the substrate. We surmise that nanoparti-
cles play an essential role in nucleating the nanorod and
possibly limiting the growth of the nanorod in the di-
rections normal to the nanorod axis. Particle-mediated
nucleation promotes heterogeneous nucleation and
plays either a desirable role to control the nucleation
process or an undesirable role as impurities. Despite the
widespread use of crystallization seeds in material puri-
fication, the effect of seed size and composition on
nucleation has yet to be understood, particularly when
the seed size approaches the critical nucleus size. For
example, the minimum seed size requirement for
heterogeneous seed-mediated nucleation remains un-
known.50

According to the classical nucleation theory,47�49

the presence of a flat foreign surface lowers the nucle-
ation energy barrier from �G0* to �G* depending on the
contact angle, �, between the cap-shaped nucleus and
the planar substrate surface (eq 5):

Here, cos � � (�SF � �SC)/�CF, where �SF, �SC, and �CF

are the substrate/fluid, substrate/crystal, and crystal/
fluid interfacial tension, respectively. The nucleation ca-
pability of a substrate surface, which is defined by f, di-
minishes (f approaches the upper limit value of 1) if the
substrate is a particle with a small radius of curvature,
RS; f is a function of � and the normalized particle radius
of curvature R= � RS/rc,51�53 in which RS is the radius of
curvature of the seed particle. When the particle is large
(e.g., R= � 10), the particle surface curvature approaches
that of a flat surface, and the energy barrier is domi-
nated by �. When the particle is small (e.g., R= � 0.1), f
is close to 1, and the foreign particle is ineffective in
nucleation. When 0.1 � R= �10, f decreases drastically
with decreasing rc (or increasing ��). Therefore, small rc

or the presence of a good structural match compen-
sates for the small seed size so that even nanoparticles
can be effective nucleation substrates. In addition, small
seed particles with high curvature dominate nucle-
ation kinetics at high ��.

Considering only the interfacial energy term, � goes
to zero when �SF is close to �CF. This will be the case
when the chemical nature of the crystal is similar to that
of the substrate. In heterogeneous nucleation, the pres-
ence of a foreign particle surface that is completely wet-
ted by the nucleating fluid will reduce the nucleation
energy barrier to zero. A good dispersion of the nano-
particle seeds in the crystallizing fluid allows a complete
wetting of the seed surface by the fluid. This is gov-
erned by the chemical characteristics of the surface,
which can be modulated by introducing capping
ligands of suitable polarity.

Next we consider the elastic energy term. Our re-
sults show a possible competition between nanoparti-

cle and HOPG substrates for the carboxylic acid crystal
nucleation. At low ��, J is dominated by the epitaxial
match between the carbon chain plane and the basal
plane of HOPG, which lowers the nucleation energy. In
the competition between HOPG- and nanoparticle-
mediated molecular ordering, longer carbon chain
length on the part of the n-carboxylic acid favors the
epitaxial interaction with HOPG because the epitaxial
interaction with HOPG increases with increasing chain
length. Thus, the epitaxial mismatch between the HOPG
lattice and carboxylic acid molecules in the randomly
oriented nanorods nucleated from the nanoparticle be-
comes increasingly prohibitive for nanorods composed
of longer chains.

The nanoparticle-induced nanorod formation is
also consistent with the molecular simulation results of
colloidal crystallization that identify a critical seed
size.50,54 The simulations show that seed-mediated
nucleation occurs only when the seed particle (sub-
strate) radius is at least 5 times the size of the colloidal
particles (crystallizing species). Interestingly, snapshots
of the nuclei of increasing size show that the initial col-
loidal cluster tends to wrap around the seed as a 2-D
layer when the seed size is 7 times that of the colloid.
However, the cluster becomes a radially oriented “1-D”
rod when the seed size is 5 times that of the colloid. The
authors hypothesize that the radially elongated cluster
is induced by the high curvature of the small seed,
which imposes an unsustainable strain for tangential
growth. The length scale of our system may not be per-
tinent to the colloidal crystallization simulated, but our
observation of the 1-D rods is consistent with the 1-D
clusters in the simulations.

In comparison to the energetic considerations,
nucleation kinetics may be more important for the
nanorod formation. The nanorod structure with a
poorer structural match than the 2-D stripe domains
may represent a kinetically more favored state at high
��. At high ��, J is dominated by the pre-exponential
collision/attachment factor, K, and less by the exponen-
tial energy barrier term in the following expression (eq
6):

In particle-mediated nucleation, J is proportional to
the number and size of the nanoparticle seeds because
nucleation occurs in the solution layer adjacent to the
particle surface. We find that the nucleation rate per
particle, JP, as represented by the number of nanorods
per particle on an AFM image, is indeed proportional to
the nanoparticle surface area, (Ri

S)2 or d2 in Figure 7,
where d is the nanoparticle height as measured by AFM
height analysis.

A closer examination of the AFM images shows
roughly two populations of nanorods. A majority of
the nanorods are oriented along the radial direction of
the particle while the rest adopt a tangential orienta-

∆G*
∆G0*

) f ) 1
4

(1 - cos θ)2(2 + cos θ) (5)

J ) Kexp(-∆G*/kT) (6)
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tion. Their relative percentage, RP, is close to 1 (eq 7):

The similar distribution of the two orientations is consis-
tent with equal attachment probability of carboxyl
dimers in the tangential and radial orientations to the
particle seed surface. The similar size of the tangentially
oriented nanorods and the radially oriented nanorods
suggests that at least in this case the strain energy
caused by misalignment of carboxylic acid nanorods
on carboxylic acid monolayer-covered HOPG plays the
more dominant role in limiting crystal growth width di-
rection than the curvature constraint placed by the
nanoparticle.

CONCLUSIONS
The work demonstrates a methodology of using

monolayer-protected inorganic nanoparticles as nucle-
ation seeds for the creation of extremely narrow organic
nanorods. The hybrid nanoparticle/nanorod architec-
ture deposited on HOPG is characterized by AFM. The
carboxylic acid nanorods are 50�250 nm in length with
cross sections of dimensions similar to the a- and c-axes
of the C-form crystals. It is deduced from the cross-
sectional topographical analysis that a single H-bonded
carboxyl dimer spans the width of the nanorod and
they pack in a coplanar crystalline structure along the
long axis of the nanorod. Nanoparticles of different core
materials (CdSe, CdS, and Au) but with the same cap-
ping ligand (MUA) are capable of inducing identical car-

boxylic acid nanorods. We further determine that nano-

particles with methyl terminal groups are also capable

of inducing the nanorod structure if a compatible sol-

vent is used. Variation of the carboxylic acid chain

length reveals a competitive crystallization templating

process between the nanoparticle surface and the

HOPG basal plane. The narrow width of the nanorod is

attributed to two energetic factors. There is a significant

mismatch between the carbon chain plane and HOPG

for randomly oriented nuclei, which prevents the at-

tachment of carboxyl dimers along the carbon chain di-

rection (the c-axis). The second factor is the high strain

energy as a result of the highly curved surface of the

nanoparticle in the tangential direction of the seed sur-

face. A rough estimate of nucleation rate per nanopar-

ticle shows that the kinetics of nanoparticle-mediated

nanorod formation is consistent with the prediction

from the classical nucleation theory. The nucleation rate

is proportional to the surface area of the seed sub-

strate. This work shows that, contrary to the common

belief that particles of nanometer size have diminished

effect in heterogeneous nucleation, they indeed are

capable of nucleating and constraining the shape

of molecular crystals. Imaging and probing the im-

pact of size and shape of the critical clusters pro-

vides new insights into heterogeneous seed-

mediated crystallization where few details are

known. Moreover, it enables us to create and con-

trol the formation of unique hybrid nanostructures

that employ the dual functionalities of the inorganic

nanoparticle and organic nanorod.

METHODS
Materials. Film Formation. Dodecanoic acid (C12A, Aldrich, 98%),

tetradecanoic acid (C14A, Sigma, 99�100%), hexadecanoic acid
(C16A, Aldrich, 99%), octadecanoic acid (C18A, Fluka, � 99.5%),
eicosanoic acid (C20A, Sigma, � 99%), docosanoic acid (C22A, Al-
drich, 99%), tetracosanoic acid (C24A, Fluka, � 99.0%), hexa-
cosanoic acid (C26A, Sigma, � 95%), and triacontanoic acid (C30A,
Sigma, � 95%) are used. Solvents used include methanol
(Mallinckrodt Chemicals, 100%), ethanol (Pharmco, 100%),
1-propanol (Fisher Scientific, 100%), 2-propanol (Mallinckrodt
Chemicals, 100%), and chloroform (Fisher Scientific, 100%).
HOPG (Mikromasch, ZYB grade) is hand-cleaved just before use
with an adhesive tape until a smooth surface is obtained.

Nanoparticle Synthesis. Trioctylphosphine oxide (TOPO, 90%), se-
lenium powder (99.5%), 11-mercaptoundecanoic acid (MUA,
95%), and tetranitromethane are purchased from Aldrich.
Tetramethylammonium hydroxide pentahydrate (TMAH, 99%)
is purchased from Acros organics. Cadmium oxide (CdO, 99.9%)
and trioctylphosphine (TOP, 97%) are obtained from Strem
Chemicals. 1-Tetradecylphosphonic acid (98%) is obtained from
Alfa-Aesar. Additional solvents used are toluene and ethyl ac-
etate, purchased from Fisher.

Nanoparticle Synthesis and Surface Modification. The synthesis of
CdSe and CdS nanoparticles is adapted from Peng et al.55 The
thiolate-capping procedure follows a modified procedure by Al-
dana et al.56 The thiol-capped gold nanoparticles are synthesized
using a sodium borohydride aqueous solution for the reduction
of tetrachloroauric acid followed by reaction with the thiol.57 The
following nanoparticles are studied: CdSe capped by

3-mercaptopropionic acid (MPA-CdSe), CdSe capped by 11-
mercaptoundecanoic acid (MUA-CdSe), CdSe capped by
1-dodecanethiol (DDT-CdSe), CdS capped by MUA (MUA-CdS),
and Au capped by MUA (MUA-Au).

Film Preparation. A freshly made solution of the carboxylic
acid (0.1 mL) with a concentration range of 0.05�0.4 mM (ad-
justed by trial and error depending on solubility of the particu-
lar carboxylic acid) is used in each spin coating experiment in or-
der to deposit close to a monolayer quantity on HOPG. The
spin rate is 3000 rpm, and the spin time is 60 s. To study the ef-
fect of the nanoparticle, mixed solutions containing both the car-
boxylic acid and the nanoparticle are used. The nanoparticle con-
centration in the mixed solution is maintained at 0.1 mM (based
on Cd), while the carboxylic acid concentration is maintained at
0.05�0.4 mM. The nanostructure of the films is unchanged when
kept in the laboratory environment for at least 1 month.

Characterization. The following instruments are used: AFM (Di-
mension 3100, Veeco), transmission electron microscopy (TEM,
JEOL 2010F TEM), and in situ energy-dispersive spectroscopy
(EDS, EDAX) attached to a Hitachi S-2400 SEM.

The nanoparticle size is determined by TEM and AFM. TEM
is conducted in the bright-field mode operating at an accelerat-
ing voltage of 200 keV. Particle sizes are averaged over 80�100
individual nanoparticles by manually measuring each particle di-
ameter from the TEM images. The particle size averages are
also obtained using the AFM sectional height analysis com-
mand (Nanoscope) by manually measuring the lateral diam-
eters and vertical heights of 80�100 particles on HOPG (or mica).
The lateral diameter of a particle is determined at the full width

RP ) number of tangential nanorods
number of radial nanorods

) 84
77

) 1.09

(7)
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at half-maximum height in order to minimize tip convolution.58

Unlike TEM, AFM-measured particle sizes include the thiolate-
capping layer.

The elemental composition of the nanoparticles with the
capping layer is obtained by EDS analysis. The nanoparticles are
sprinkled on carbon adhesive tabs placed on an aluminum stub,
and EDS data are acquired at 25 keV in the secondary electron
mode of the SEM.

The spin-coated thin film nanostructure is imaged by a Di-
mension 3100 AFM in the tapping mode in ambient air. The
height, amplitude, and phase images are obtained using silicon
tapping tips (nanoScience Instruments, VistaProbes T300) with a
resonance frequency of 300 kHz and a tip radius less than 10
nm. Height images are plane-fit in the fast scan direction with
no additional filtering operation. The periodic pattern of the car-
boxylic acid films is analyzed by the 2-D fast Fourier transform
(2D FFT) command, while the nanoparticle and nanorod dimen-
sions are analyzed by the sectional height analysis command.
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