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Abstract: Effects of side reactions during the formation of high quality colloidal nanocrystals were studied
using ZnO as a model system. In this case, an irreversible side reaction, formation of esters, was identified
to accompany formation of ZnO nanocrystals through the chemical reaction between zinc stearate and an
excess amount of alcohols in hydrocarbon solvents at elevated temperatures. This irreversible side reaction
made the resulting nanocrystals stable and with nearly unity yield regardless of their size, shape, and
size/shape distribution. Ostwald ripening and intraparticle ripening were stopped due to the extremely low
solubility/stability of the possible monomers because all free ligands in the solution were consumed by the
side reaction. However, focusing on size distribution and 1D growth that are needed for the growth of high
guality nanocrystals could still occur for high yield reactions. Upon the addition of a small amount of stearic
acid or phosphonic acid, immediate partial dissolution of ZnO nanocrystals took place. Although the excess
alcohol could not react with the resulting zinc phosphonic acid salt, it could force the newly formed zinc
stearate gradually but completely back onto the existing nanocrystals. The results in this report indicate
that side reactions are extremely important for the formation of high quality nanocrystals by affecting their
quality, yield, and stability under growth conditions. Due to their lack of information in the literature and
obvious practical advantages, studies of side reactions accompanying formation of nanocrystals are
important for both fundamental science related to crystallization and industrial production of high quality
nanocrystals.

Introduction and recently also to the activation reagémtsin classic

Synthesis of high quality colloidal nanocrystals has advanced crystallization, side reactions have hardly been mentioned,
dramatically in the past few years. For this substantial change, €ither®
the broad interest on colloidal nanocrystals has created necessary This work will report some interesting and dramatic effects
momentum, and significant knowledge accumulated through of side reactions, especially irreversible ones, on the formation
systematic chemical kinetic and structural studies has provided©f high quality nanocrystals using shape-controlled ZnO nanoc-
a needed foundation. Synthesis of high quality nanocrystals often’ystals as the model system. The results indicate that nearly all
occurs in a complex solution system, and many side reactionsProcesses in crystallization, including nucleation, growth, dis-
may thus accompany the formation of nanocrystals, which is solution, and Ostwald as well as other ripening processes, can
likely one of the reasons many existing synthetic schemes arePe closely coupled with side reactions. To an extreme, any of
difficult to reproduce. To our knowledge, the effects of side these processes can be completely turned on or off upon
reactions are poorly addressed. In most cases, including classidNanipulating side reactions under given growth conditions.

studies of growth mechanisms of colloidal nanocrystaiside Shape-controlled growth of crystals in solution has tradition-
reactions are often not considered, although significant attentionally been called crystal habits and has been explained by two
has been paid to the effects of ligarid3,surface moietie$? models, Wuff facet theory and surface additive mediated
- growth8 which are also applied for explaining the growth of
University of Arkansas. ; 12 i
+ Joint MRSEC. colloidal nanocrystals and nanostructut&€§:12 Growth of high
8 University of Oklahoma.
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quality nanocrystals needs a substantially more amount of nanocrystals with elongated shap&&}2* Practically, such
knowledge on crystallization. This is so because colloidal reactions must be stopped within a very small time window.
nanocrystals must be controlled by not only their size and shapeAn early stop would end up with a differently sized and/or
but also size and shape distribution in order to exploit their size- shaped nanocrystal sample, and an elongated reaction would
dependent properties. Studies of nanocrystal growth haveyield nanocrystals with a broad size distribution because of

revealed several new routes, such as template diré&t&d,
oriented attachment;'® photoradiation induced growf,and
monomer activity mediated growth for shape-controlled gréith.
Monomer activity mediated growth of high quality—VI

Ostwald ripening (or defocusing of size distribution) and
intraparticle ripening as discussed above.

Growth of high quality ZnO nanocrystals is chosen as the
model system for studying side reaction effects. Synthesis of

semiconductor nanocrystals has been well documented, and thZnO nanocrystals/nanostructures has attracted significant at-
related mechanisms have become more and more*éfe&t  tention in the recent years because of its potential as UV emitting
since the first few reports on the control of their size/size materials, catalysts, host materials for doped nanocrystals,
distribution and later shape/shape distribution of the nearly etc1112.18.2532 Degpite all of the progress, nearly monodisperse
monodisperse CdSe nanocrystals in quantum confinement sizeand shape-controlled ZnO nanocrystals with pure band gap
regime were reported. This mechanism has been regarded agmission are still hard to obtain. In addition, formation of ZnO
the most valuable model system in the field of colloidal nanocrystals can be carried out in a very simple system, as
nanocrystals. For this reason, a brief discussion about this modeldescribed below, which makes it ideal for studying the effects
system is given as follows. of side reactions.

The synthesis is typically performed in nonaqueous solutions ) )
under elevated temperatures. Overall, ligands in these reaction <eSults and Discussion
systems assist the symmetry broken of a given crystal structure, Growth of ZnO nanocrystals through the reaction of zinc
which provides the intrinsic requirement for the growth of stearate with alcohol in hydrocarbon solvents (noncoordinating
nonequilibrium shapes. Ligands further play a key role in solvents) under elevated temperatures is chosen as our model
manipulating the activity coefficient of the monomers in gsystem. This system is developed on the basis of the synthetic
solution, which in turn controls the relative nucleus concentra- scheme designed for magnetic oxide nanocrystals reported
tion in the solution. If a relatively high remaining monomer recentlyé The resulting nanocrystals in this system were stable
concentration and a low nucleus concentration can be manage(ht room temperature, and no aggregation or oriented attach-
in the growth phase, thermodynamic unfavorable shapes, suchment’18was observed. The reaction scheme and the resulting
as rods, rices, branched ones, etc., will become accessible tthanocrystals at different stages are illustrated in Figure 1.
the system and nonequilibrium shaped nanocrystals can thus  zjnc stearate was found to be stable in hydrocarbon solvents
be formed with the strong thermodynamic overdriving provided \ith the reaction temperature up to 320. The FTIR spectrum
by the high remaining monomer concentration. However, when (Figure 1, right panel) before the addition of the alcohol was
the monomer concentrations are gradually depleted to a certaingominated by the-CH,— vibration (the strongest band at 1466
level due to the growth of the nanocrystals, the thermodynamic ¢ -1 in all FTIR spectra) and-COO~ asymmetric vibration
unfavorable shapes become not stable and have been observe@lhe second strongest one, 1536@rin the 1006-2000 cnr!
to evolve into the equilibrium shape, dots, through intraparticle spectrum window. However, with alcohol added in, zinc stearate
ripening? Experimental data imply that a low monomer jmmediately became unstable and it decomposed quite rapidly.
concentration not only destabilizes the nonequilibrium shapes T completion of the reaction is evidenced by the FTIR spectra
but also induces Ostwald ripening among dot-shaped nanoc-(the second and fourth spectra from the top in Figure 1). For
rystals or defocusing of size distributién. instance, a few minutes after the addition of the alcohol, the

The above discussions imply that, fundamentally, reasonably —COO~ asymmetric vibration peak decreased by about 95%
high remaining monomer concentrations are needed for the (relative to the—CH,— vibration band), and an esterC=0
growth of monodisperse nanocrystals, especially for nonequi- vibration band (1730 cr) appeared (the second spectrum from
librium shaped ones. However, a high monomer concentration the top in Figure 1). After careful purification, we verified that
in solution means that the conversion ratio of monomers, or stearate is the surface ligand for the resulting ZnO nanocrystals
yield, is low (less than 50% for known-HVI semiconductor  (see Supporting Information), which means that a small portion
of the remaining 5% of the-COO~ asymmetric vibration peak
in the second spectrum from the top in Figure 1 (right panel)
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Figure 1. Left: Size and shape evolution of ZnO nanocrystals demonstrated by TEM images (see text for reaction conditions). Right: FTIR spectra of the
reaction mixture taken at different stages.

should come from the surface ligands. TheNMR spectra of
the ester and the surface ligands are provided in Supporting
Information.

The initial nanocrystals formed by this reaction were faceted |
wurtzite nanocrystals with a relatively broad size and shape
distribution (Figure 1, image A). However, the size, shape, and
size/shape distribution of the nanocrystals revealed by TEM
measurements, the UWis absorption spectrum, and the FTIR |
spectrum did not change upon further heating for as long as 7|
h. The mass yield counted by zinc atoms was determined to beu'
approximately 100%. This was consistent with the results
obtained using the standard methods for determining metal ion
(Zn2™) concentration by atomic absorption (see Experimental
Section). The average conversion ratio for zinc stearate to zinc :
oxide nanocrystals was determined to be 96% (see details in Orientation } Before rotation

I

A

1

1

“aa Vertical rotation 4
A—75—B

Schematic 2D projection images

After rotation

wald ripening basically occurs by dissolving the monomers from
relatively small nanocrystals into solution and growing them
back onto relatively large ones among the distribution. However, Figure 2. TEM images of nanoctystals before (A) and after (B) the rotation;
. . . e (C) summaries of the morphology evolution of differently oriented

there were no free ligands in the solution for stabilizing the nanocrystals.
monomers in this case, indicated by the FTIR spectrum. The
ultimate instability of the monomers, because of a lack of Figure 2). The stable nanopyramids became unstable again if
ligands, should thus make Ostwald ripening impossible. This additional fatty acids were added into the reaction solution.
hypothesis was tested by introducing some free ligands, fatty Careful examination of the temporal evolution of the particle
acids, into the reaction system. morphology revealed that the addition of fatty acids into the

Although the nanocrystals as well as the entire reaction systemreaction solution of the nanopyramids converted the nanopy-
were stable for hours under the above conditions, some dramaticramids (image B, Figure 1) into relatively small dot-shaped ones
changes were observed when stearic acid was introduced into(image C, Figure 1), and then, these dot-shaped nanocrystals
the reaction system. The nanocrystals were eventually convertedgrew back to stable nanopyramids (image D, Figure 1). This
to stable pyramid-shaped ones, nanopyramids, which appearedhanopyramie-nanodot-nanopyramid transition could be re-
triangular in TEM images (images B and D in Figure 1, and peated for several cycles if the total number of moles of stearate

the Supporting Information). This indicates that, after the ool |
precursors were consumed completely, nanocrystals, despitg e D : v
their different size and shape in this specific system, are stable """""
for a high yield reaction. Typell & ! O

A reasonable hypothesis for the unusual stability of the -- S - L
resulting nanocrystals discussed in the above paragraph is a Type I <|[> ! <:”:>
follows. After all precursors were consumed, growth of the | —ccooeeeeee e deemeeee
nanocrystals could only occur through Ostwald ripening. Ost- Type IV @ @

J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005 13333
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Side view

Top view

2.6A (002)

Figure 3. High-resolution TEM images and schematic illustration of the three-dimensional structure of the nanopyramids.

from the initial zinc stearate and the stearic acid added afterwardthe shape evolution cycle was accompanied by the formation
was not more than the alcohol originally injected in. of esters by the fatty acids added in and the existing excess
The size of the pyramids after each dissolutigmowth cycle alcohol in the reaction solution. As pointed out above, tHe
could be varied by adding a different amount of stearic acid. NMR spectrum of the resulting ester is provided in the
The initial and final shape and average size of the nanopyramidsSupporting Information. In a sense, ZnO nanocrystals acted as
remained approximately the same after the given cycle of shape‘catalysts” or “templates” for the irreversible formation of the
evolution shown in Figure 1 (images B and D). To our esters.
knowledge, this is the first observation of reversible shape The shape of the nanocrystals in images B and D in Figure
evolution without changing both the size and shape of nearly 1 is confirmed to be pyramid-shaped, although their two-
monodisperse nanocrystals. It should be pointed out that thisdimensional (2D) projection in TEM images looks triangular.
shape evolution could not be considered to be reversible if the This is determined by rotating the TEM grid along a fixed axis
side reactions were taken into account (see more discussionFigure 2).

below). High-resolution TEM images (Figure 3) revealed that the

If significantly more stearic acid was added into the system c-axis of the wurtzite structure is perpendicular to the basal plane
with a sufficient amount of alcohol in the solution, the average of the pyramids (indices of the facets are available in the
size of the pyramids could also be bigger than the initial ones. Supporting Information). Nanopyramids intended to pack in
This was similar to the initial etchingregrowth cycle shown  pairs, which is better evident in image B in Figure 1 and also
in Figure 1 (from image A to image B). When stearic acid was in Figure 2. This tendency seems to be caused by the well-
added into the solution, monomer concentration was suddenlydeveloped facet of the basal plane (Figure 3, right), which is
increased by dissolution of ZnO nanocrystals, with some of them also the slow growth facet (see more discussion later). In
partially dissolved and somgpresumably small onesompletely comparison, the lateral facets of the nanopyramids are not
dissolved. This replenishment of monomers brought the reactionperfectly developed, although each nanopyramid is a single
system to “refocusing of size distribution”, which is similar to  crystal (Figure 3). As pointed out by one of the reviewers, the
secondary injections performed for regular high temperature pyramids should be polarized, with the dipole moment perpen-
synthesis. As a result, the pyramids were re-formed gradually dicular to the basal plane. If the basal plane could be terminated
by the reaction of alcohol and newly formed zinc stearate with by either zinc or oxygen ions, two differently charged pyramids
a nearly monodisperse size distribution (image B), although the could attract each other through the opposite charges at their
initial irregular nanocrystals (image A) were small and had a basal plane and form pairs. Further evidences are needed to
broad size distribution. decisively interpret the pair formation.

If the amount of stearic acids was in large excess and there The transition dot-shaped nanocrystals from the initial
was not enough alcohol in the solution, the nanocrystals would pyramids to the next one were typically not very spherical, often
be smaller. Further increasing the amount of stearic acid would mixed with some small pyramids (Figure 1, image C). This is
dissolve all nanocrystals permanently. likely because there was an excess amount of alcohol in the

FTIR spectra revealed that the shape evolution illustrated in solution and some growth always accompanied the dissolution
Figure 1 was accompanied by the relative intensity change of process although the growth reaction was substantially slower,
the carboxylate and the ester vibration bands. All stearic acid as revealed by TEM and FTIR measurements (Figure 1). To
added into the system was converted to zinc stearate almosiconfirm this, octadecylphosphonic acid (ODPA) was used in
instantaneously (the third FTIR spectrum from the top, Figure place of stearic acid. As a result, almost perfectly dot-shaped
1). This indicates that stearic acid dissolved ZnO nanocrystals nanocrystals with good size distribution could be obtained as
rapidly, which is consistent with the size decrease of the stable products (Figure 4, top). This is so because Zn phosphonic
transition-state (dot-shaped) nanocrystals (comparing image Csalts are stable under the reaction conditions, even with a large
with images B and D, Figure 1). When the nanocrystals grew amount of alcohol in the solution. It should be pointed out that,
back to pyramids (image D, Figure 1), the vibration band of although these dot-shaped nanocrystals were stable under the
the carboxylate group disappeared and the intensity of the estelgrowth conditions, the yield of these nearly monodisperse dot-
vibration band increased in comparison to th@H,— reference shaped nanocrystals was below unity because of the stability
band at 1466 cm' (spectrum B, Figure 1). This implies that of zinc phosphonic salts.

13334 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005
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Figure 4. Top: Formation of stable dot-shaped nanocrystals. Only initial
nanocrystals (left) and the final products (right) are shown, and the nearly
monodisperse pyramid nanocrystals before addition of ODPA are similar
to the ones shown in Figure 1. Bottom: Transition of tower-shaped
nanocrystals to rod-shaped ones. Zrdfers to the initial zinc stearate
concentration.

with
alcohol
PR

Free Energy

If a very high initial concentration of zinc stearate ([dnt

10 times higher than that of the typical reactiomas used,
stable tower-shaped nanocrystals were formed (Figure 4, bottom
left). Th|sf concentratlon-gependent_shape is similar to Ithat Reaction Coordinate
observed for QdSe and,OI ertVi nglconducmr nanocrystqs Figure 5. Top: Summary of shape evolution of ZnO nanocrystals.
through low yield reactions that high monomer concentrations Bottom: Schematic illustration of the free energy diagram for the reversible
yield elongated nanocrystald®21.2324Similar to the results shape transition without considering the free energy of organic species. The
discussed above, these tower-shaped nanocrystals were foun@lack solid line refers to the path going from left to right without acid and

’ . L . ing fi ight to left without alcohol.
to be stable under the reaction conditions after the consumptlongoIng rom right to feft without aicono

of all monomers. This result means that reversible side reactlonsanol reach spherical particles. Without acids, the kinetic barrier

can also stabilize elongated.nan(.)crystals. ) (black line, Figure 5 (bottom)) is simply too high to be
If & small amount of stearic acid was added into the tower- o\ ercome. Similarly, alcohol is needed to convert dot-shaped
shaped_nanocrystal solution, the_nanocrystals l_)ecfame rods b¥1anocrystals back to pyramids by going through the low
shortening the length and removing the small fin-ring around gcivation path (dashed blue line). If no activation reagents,
the basal plane of the nanotowers (Figure 4, bottom right). 5conol for this system going from right to left in the case of
Further heating of these rods Wlth. the presence of an eXCeS¥yity acids used, the very high barrier (black solid line) will
amount of alcohol would form a mixture of towers, rods, and a4ain make this conversion kinetically prohibitive under the
some pyramids. The appearance of the new shape, pyramidSgiyen conditions. Because alcohols do not react with zinc
is likely a result of the secondary nucleation and growth caused pposphonic acid salts, existence of alcohol in the reaction system
by the regenerated zinc stearate. could not offer a lower activation energy as it did for the zinc
The shape evolution and shape-controlled growth of ZnO fatty acid salts.
nanocrystals discussed above are summarized in Figure 5 (top  The formation of ester is a completely irreversible side
panel). Although the thermodynamically stable shape for yeaction under the given conditions. This provides needed
wurtzite crystals should be a slightly elongated dot-siape,  thermodynamic overdriving and warrants the unity yield for the
above results demonstrate that many different shapes, inC|Udingdecomposition of zinc stearate (from right to left, Figure 4
the elongated ones, were extremely stable if no acids were addeqpottom)). The formation of zinc stearate by the addition of the
into the system. This confirms the hypothesis that, after fatty acid (from left to right, Figure 4 (bottom)) is irreversible
precursors are consumed, a nanocrystal dispersion with any sizgynly if no alcohol exists in the system. ODPA makes the reaction
and shape in a unity yield reaction shall remain as it is. from left to right—dissolution of ZnO nanocrystatsrreversible
Because nanocrystals are thermodynamic metastable speciesinder the reaction conditions even with the existence of alcohol,
their exceptional stability observed in this system should be a and thus the reaction is not really a high yield reaction, with
kinetic phenomenon. This means that there is a kinetically some zinc trapped as phosphonic salts, although the resulting
prohibitive free energy barriera high activation energy nanocrystals were stable under the reaction conditions.
between two sets of size/shape distributions. For the shape The above results and analysis indicate that Ostwald ripening
transition between dots and pyramids, a simplified illustration (defocusing of size distributiod)and intraparticle ripenirfy
of the reaction free energy curve is illustrated in Figure 5 could not occur in the current system if no free acids were added
(bottom). in. This is not surprising since these two phenomena need the
From left to right, fatty acid is needed for the system to go growth reaction to be reversible with reasonably stable mono-
through the dashed green line, a low activation energy path, mers as the intermediates. As discussed above, Ostwald ripening

v
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Figure 6. Photoluminescence (PL) spectra of ZnO nanocrystals at different
stages.
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basically occurs by dissolving monomers from the small
nanocrystals in the solution and growing them back onto the
relatively big nanocrystals in the same solution. This phenom-
enon can also be understood from another perspective. On th
basis of the GibbsThompson equation and its variati®fithe
solubilities of differently sized/shaped crystals will be the same
if the bulk solubility is practically zero. This implies that all

crystals, no matter what size/shape, are equally stable if the

monomers cannot practically exist due to their extremely low

stability. In a certain sense, a unity yield reaction should warrant

a high stability of the resulting nanocrystals through simple

reaction schemes, such as the model system studied here.
Growth of nonequilibrium shapes under high monomer

concentration®?? and focusing on size distributidrobserved

for II=VI semiconductor systems both seem to be applicable

for this high yield system. This is reasonable because recent
results indicate that these two processes only require high

monomer concentration under diffusion-controlled conditidns.

The discussions offered here also provide an explanation why

Ostwald ripening for the Au nanocrystals obtained through a
synthetic scheme reported receftlgould only occur with the

addition of strong ligands, thiols. Similar to the system discussed
here, the yield of Au nanocrystals in the specific scheme was

observed to be nearly unify.
Wuff facets theory suggests that crystal growth should occur
rapidly on high free energy facetExperimental results in the

nanometer regime further extended this thermodynamic argu-

ment to a kinetic version that dominating growth would be
possible on high free energy facets under highly kinetic
controlled growth condition3.If these theories are applicable

e

ZnO have been frequently observed for nanocrystals/nanostruc-
tures formed under various conditio#?s;8-31 which required
harsh treatments to remo¥&ZnO nanocrystals with nearly pure
band gap emission should be of importance for their applications
as UV emitters and as a host for doped nanocrystals. The results
shown here further imply that photoluminescence properties of
ZnO nanocrystals and other types of nanocrystals could be
controlled by optimizing side reactions.

Conclusion

In summary, an irreversible side reaction, formation of ester,
provides the needed thermodynamic driving force for the growth
of ZnO nanocrystals with a high yield when fatty acids were
used as the ligands for the nanocrystals and the monomers. The
reversible dissolution and irreversible growth also made it
possible for the nanocrystals to be reversibly converted from
one shape to another and back to the original shape and size in
a unity yield. The results confirmed that the two key concepts
developed in studying #VI semiconductor nanocrystals via
low yield reactions, focusing of size distributfoand shape-
selected growth under high monomer concentrations (such as
1D growth)? could still be exploited in high yield reactions.
Irreversible side reactions make it possible to completely stop
Ostwald ripening (defocusing of size distributiér@nd intra-
particle ripening because of the extremely low stability/
solubility of the monomers without proper free ligands in the
solution. This makes the shape-controlled nanocrystals, both
equilibrium shaped and nonequilibrium shaped ones, stable and
with nearly unity yield in the reaction mixture. Therefore, it is
not necessary to stop the growth reactions at a critical time
window, as was usually needed for the existing schemes based
on low yield reactions. The above features reveal that synthetic
schemes of colloidal nanocrystals based on high yield reactions
using generic chemicals are not only economically and envi-
ronmentally attractive but also practical. Due to their lack of
information in the literature of crystallization, side reactions
deserve more systematic and quantitative studies. Such studies
may provide some new clues for understanding crystallization
in general.

Experimental Section

Materials. Zinc stearate and 1-octadecanol (97%) were purchased
from Alfa Aesar; 1-octadecene (ODE, tech 90%gicosane, and stearic
acid (95%) were purchased from Aldrich, and octadecyl phosphoric

in the current system, the corners and the tip of pyramids should acid (ODPA) was from Polycarbon Industries Inc. All chemicals were

be high energy surfaces since the pyramids were reproducibly

grown from more or less spherical nanocrystals (Figure 1).
Interestingly, when acids were added in, these corners and th
tip were “smoothed”, which converted pyramids back to dots.
This implies that dissolution of crystals may also occur
preferably at high energy facets. This hypothesis is actually
consistent with the photoluminescence (PL) results (Figure 6).

€

used without further purification.

If not specified, the reactions were all with free excess alcohol in
the solution, and the reaction temperature was held as’@50r all
processes, including etching by free fatty acids.

Synthesis of Nanopyramids and Shape TransitionZinc stearate
(0.2 mmol) aml 4 g of 1-octadecene (ODE) were loaded in a 25 mL
three-necked flask. The mixture was heated to 280under Ar
atmosphere. 1-Octadecanol (1 mmol) dissolved ig of ODE at 200

As shown in Figure 6, trap emission states that caused the.c yas quickly injected into the zinc stearate solution, and the reaction

low energy tail were largely removed by the acid etching and
further reduced by the following growth process. The broad

temperature was then set at 28Dthroughout the entire synthesis. To
synthesize ZnO nanopyramids, after the injection of 1-octadecanol for

green emission band observed in the spectrum for the as-formed min, stearic acid (0.2 mmol) dissolved in 0.5 g of ODE at 220
ZnO nanocrystals (black line) has been reported as the resultwas injected into ZnO nanocrystals solution and incubated for 2 h. To

of singly ionized oxygen trap®. This and other trap states of

(33) Jana, N. R.; Peng, X.. Am. Chem. So2003 125 14280-14281.
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convert the ZnO nanopyramids back to spherical particles, stearic acid
(0.2 mmol) dissolved in 0.5 g of ODE at 12C was injected into the
ZnO nanopyramids solution, and during the first few minutes after acid
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injection, the shape of ZnO nanocrystals was spherical. The ZnO  B. Zinc Oxide Nanocrystal Yield Determination by Atomic
spherical shape eventually came back to nanopyramids after prolongedAbsorption (AA): Zinc oxide nanocrystals were dispersed in 5 mL
heating. of toluene. To this solution, was added 1 mL of concentrated nitric
If 10 times more zinc stearate (2 mmol) was used, the reaction acid, and the solution was sonicated for 1 min. Five milliliters of water
yielded nanotowers within a few minutes after the injection of \yas added into the digestion solution to extract zinc ions. The solution
1-octadecanol. The tower-shaped nanocrystals were converted toas centrifuged to separate watésluene phases, and the toluene phase
nanorods by the addition (_)f either stearic acids or ODPA following \yas discarded. Hexane (5 mL) was added to the aqueous solution
the same procedure described above. containing zinc ion to further remove any organic residues. The hexane

hSyn(tjh;sics) of Stable Dlot-Shap?d Zn(? bNar;]ocryds(tﬁl_ﬁab]!eodlot- | extraction process was repeated one more time. The resulting zinc ion
shaped Zn0O nanocrystals were formed by the addition of 0.1 mmol o i \vas diluted with water to 8.1021 g.

1-octadecanal phosphoric acid (ODPA) dissolved in 0.5 g of ODE into

the ZnO nanopyramids solution at 283G and incubated for a few Standard addition method was chosen to determine the zinc ion

minutes. concentration, and 2.Q&y/mL (Cs= 2.09ug/mL) zinc acetate solution
Optical Measurements.Aliquots at different reaction stages were ~Was used as standard solution. Out of the zinc ion solution prepared

taken for TEM, UV, and FTIR measurements. "UVis spectra were above, 0.2224 g of solution was taken out and diluted with distilled

taken on a HP 8453 U¥visible spectrophotometer. Photoluminescence water to 20.4073 g. Four aliquots of 0.5 mL of this diluted zinc ion

spectra were recorded on a Fluorolog-3 spectrofluorometer. Infrared solution were transferred into four vials, and to these solutions was

spectra were obtained on a Nicolet Impact 410 spectrophotometer, andadded standard zinc ion solution, \/s 0, 0.5, 1, and 1.5 mL,

the specimens were prepared by dropping a hexane solution of ZnOrespectively. The solutions were further diluted to a total volume of 5

nanocrystals on a NaCl crystal and dried in air. For FTIR measurements, mL with distilled water. Atomic absorption was recorded on a GBC932

n-eicosane was used as the solvent, instead of ODE, because of its|us atomic absorption spectrometer.

simple FTIR spectrum in the 1086000 cnt* window.
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