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Table 4. Patterns of recurrence according to the radiation fields

Total numbers

Sites of recurrence

Regional lymph Progression to MM

Radiation fields of patients Controlled (%) Local (%) nodes (%) or distant metastases (%)
Primary tumor 51 29 4 1 21%
Primary tumor 16 13 1 0 2
and regional
lymph nodes
Total 67 42 (62) 5(7.5) 1(1.5) 23 (34)

Abbreviation: MM = multiple myeloma.

*4 patients experienced both local recurrence and progression to MM.

time from diagnosis to local recurrence was 65 months (me-
dian, 52 months). The overall 5- and 10-year local control
(LC) rates were 95% and 87%, respectively (Fig. 1A).
Only a single patient recurred locally, whereas 4 other
patients had both local and distant diseases. Of 5 patients
who developed local recurrences, 3 died of the disease. Re-
garding 2 other patients who experienced local recurrence, 1
was successfully treated and is alive without disease and the
other developed multiple myeloma. Next, among 44 patients
who treated radiotherapy and without surgery, influence of
tumor size on local controllability was evaluated. Although
2 patients were excluded because their tumor size was not
exactly determined, the tumor size was not a significant fac-
tor for the local control in the 42 patients (p = 0.46, Fig. 1B).

Disease progression and progression to MM

Disease progression was observed in 36% of patients (25
of 67). The 5- and 10-year DFS rates were 56% and 54%, re-
spectively (Fig. 2). Among patients with disease progres-
sion, 8 patients (12%) were diagnosed with progression to
MM. The median duration of progression to MM was 18
months (range, 6-71 months). Among other 17 patients, 1
experienced local recurrence alone, 4 patients did both local
and distant recurrence, and 12 did distant recurrence alone.
Next, patterns of failure sites and the radiation fields were in-
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Fig. 3. Overall survival rate for extramedullary plasmacytoma of
the head and neck (EMPHN) (n = 67).

vestigated (Table 4). Only 1 patient who was treated to the
primary tumor site without regional lymph nodes irradiation
experienced regional lymph nodes recurrence, while none
who were irradiated both primary and regional lymph nodes
did. Salvage treatment was performed as follows: radiother-
apy in 7 patients, chemotherapy in 9 patients, and surgery in
2 patients (including a patient treated with chemotherapy
and surgery). The remaining 7 patients were followed only
by careful observation.

Survival

The overall 5- and 10-year survival rates were 73% and
56%, respectively (Fig. 3). The cause-specific 5- and 10-
year survival rates were 82% and 76%, respectively. At last
follow-up, 18 patients had died. Among those patients, 10
(15%) had died of the disease, whereas 8 patients (12%)
died of other diseases.

Prognostic factors for overall survival

Several factors were evaluated to determine whether they
influenced overall survival. Radiotherapy combined with
surgery was identified as the lone significant prognostic
factor for overall survival (OS) (p = 0.04), whereas tumor
size, age, gender, radiation dose, and chemotherapy were
not predictive (Fig. 4, Table 5). To exclude the possibility
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Fig. 4. Overall survival rates according to patients who received ra-
diotherapy either with surgery (n = 23) or without surgery (n = 44).
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Table 5. Prognostic factors for overall survival

Prognostic factors p value
Tumor size
=5cm (n =45) vs. 0.59
>5cm(n=13)
Age
=50 (n=15) vs. 0.3
>51 (n=52)
Gender
Male (n =43) vs. 0.95
female (n = 24)
Radiation dose
=40 Gy (n = 13) vs. >40.1 0.82
Gy (n=54)
=45 Gy (n=17) vs. >45.1 0.73
Gy (n =50)
=50 Gy (n=56) vs. >50.1 0.72
Gy(n=11)
Surgery
With surgery (n = 23) vs. 0.04
without surgery (n = 44)
Chemotherapy
With chemotherapy (n =9) vs. 0.75

without chemotherapy (n = 58)

of selection bias, an influence of age was evaluated. As
shown in the Table 2, the cohorts of patients who were
treated radiotherapy combined without surgery, and of
patients with surgery, proportions of younger subgroup
(=50 years) and that of older subgroup did not differ sig-
nificantly (p = 0.93). Of course, although larger numbers
of cases and prospective studies will be needed, our results
(Fig. 4) might not be influenced by a selection bias espe-
cially in regard with age.

Morbidities associated with radiotherapy

Acute morbidity was examined according to CTCAE
version 3.0. Data regarding radiation dermatitis and radia-
tion mucositis were obtained from 44 (66%) patients. Of
these, 8 patients had Grade 2 radiation dermatitis, and 27
patients had Grade 1 radiation dermatitis (Table 6). A single
patient experienced Grade 3 radiation mucositis, 13 patients
experienced Grade 2, and 20 patients experienced Grade 1.
No patient experienced morbidity after radiotherapy.
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Table 6. Adverse effects after the radiotherapy according to
CTCAE ver. 3.0

Grade
0 1 2 3 4 5
Dermatitis 9 27 8 0 0 0
Mucositis 10 20 13 1 0 0

A case successfully treated with radiotherapy combined
with surgery

A 70-year-old male suffered from a vast tumor located in
the nasal cavity and extending to the paranasal cavity. At
first, a radical surgery was planned, but the planned
procedure seemed to be extremely invasive because the
tumor had invaded into the base of the skull. Therefore, ra-
diotherapy was employed as an initial treatment for this
disease, and a total of 60 Gy (in 30 fractions over 6 weeks)
was delivered using three-dimensional conformal radiother-
apy (Fig. 5). At 3 months after the completion of radiother-
apy, a residual tumor was observed at the concha nasalis
media, and a less invasive tumorectomy was performed.
The case was not expected to be cured by a single modality
(either surgery or radiotherapy), but radiotherapy combined
with surgery was successfully applied to the extensive
EMPHN tumor (>5 cm in diameter) (Fig. 6).

DISCUSSION

Our study represents one of the largest in terms of scale
(that is, a large number of patients with solitary EMP of
the head or neck regions treated at multiple institutions
with sufficient follow-up duration) (Table 7).

Solitary EMP is believed to be radiosensitive. However,
because of the rarity of the disease, there have been few re-
ports concerning the effective radiation dose. Several inves-
tigators have reported that local control rates of 80-100% are
consistently found after moderate doses of radiotherapy
(2-4, 25, 29-37). Tsang et al. (29) achieved local control
in 13 of 14 (93%) of patients with a dose of 35 Gy. The
only failure was in a patient with a large primary tumor
(>5 cm). Similarly, Jyothirmayi et al. (30) achieved local
control in 6 of 7 patients with doses of 35-45 Gy (median
dose, 40 Gy in 20 fractions). The only failure was in a patient

Table 7. Comparison and reviews of literatures for plasmacytoma of the head and neck

0S (%) LCR (%) DFS (%)

Series (ref.) Year Institution Numbers of patients Follow-up (m) Dose (median) 5-y 10-y 5-y 10-y 5-y 10-y
Liebross (4) 1999  Single 22 44 40-60 (50) 73 50 95 95 56 NA
Chao (37) 2005  Single 16 66 40-50.4 (45) 8 54 100 100 75 75
Tournier-Rangeard (32) 2006  Single 17 80 40-65 (52.6) 82 63 88 73 64 54
Bachar (41) 2008  Single 68 96 10-50 (35) 76 56 91 88 NA NA
Creach (34) 2009  Single 18 82 34-56(504) 80 54 NA NA 74 53
Present study 2010  Multiple 67 63 30-60(50) 73 56 95 87 56 54

Abbreviations: DFS = disease-free survival; LCR = local control rate; OS = overall survival.
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Fig. 5. A 70-year-old male patient suffered from a vast extramedullary plasmacytoma (EMP) located in the nasal and the
paranasal cavities treated by three-dimensional conformal radiotherapy (3D-CRT). (A) A port of the 3D-CRT avoiding
right optic nerve, right eye, and optic chiasm. (B) Directions and images of the five ports illustrated by using Xio software.
(C) The isodose curves for the patient. (D) The dose—volume histogram (DVH) of the 3D-CRT plan.

with an extensive nasopharyngeal tumor. Holland et al. (25)
also reported poorer local control in tumors >5 cm and sim-
ilarly observed no evidence of a radiation dose-response
effect over a dose range of 16-62 Gy (median dose, 46
Gy). Several series have reported 100% local control rates.
Bolek et al. (31) reported 100% local control in 10 patients
with doses ranging from 9 to 50 Gy (median dose, 45 Gy)
and concluded by recommending a dose of 40 Gy in 20 frac-
tions. Shih er al. (3) reported on 10 patients with SEP, seven
of whom were treated with radiotherapy, using doses of
47-65 Gy. Tounier-Rangeard et al. (32) reported that a min-
imum dose of 45 Gy is recommended to the clinical target
volume (CTV) of an EMPHN tumor. Mendenhall et al
(33) reported a study of 81 patients composed of a literature
review and their own patients. These authors found a local
control rate of 94% when the dose to the CTV was greater
than 40 Gy and a rate of 69% when the dose to the CTV
was less than 40 Gy. Creanch et al. (34) reported excellent
local control in their series of 16 consecutive patients receiv-
ing a median dose of 50.4 Gy. The optimal radiation dose
recommended by the UK Myeloma Forum in their 2004
guidelines is in the range of 40-50 Gy (35). In the guideline,
tumors with SEP <5 cm have an excellent chance of local
control with radiation doses of approximately 40 Gy in 20

fractions. There is a higher risk of local failure in tumors
>5 c¢m, which require a higher dose (approximately 50 Gy
in 25 fractions). From these previous investigations, it seems
that the optimal radiation dose is in the range of 40-50 Gy,
although tumor size might be a critical factor affecting local
control. In our series from multiple institutions, with a simi-
lar median dose of 50 Gy administered (range, 30-60 Gy),
the local control rate was similar and consistent with these
previous reports (Table 7). From the results of our series, sig-
nificance of regional lymph node irradiation seemed to be
still undetermined. However, it was at least speculated that
progression to multiple myeloma or distant metastases was
observed more frequently and seemed to be much more im-
portant than regional lymph nodes (Table 4). The subject
whether, in any subgroup of plasmacytoma of the head and
neck, single modality of radiotherapy could achieve compa-
rable or favorable treatment outcome should be discussed
and further investigated. For example, overall survival rate
of a subgroup consisted of 20 cases treated with radiother-
apy, without surgery, and whose tumor sizes were less than
3 cm were almost similar to those of all 67 cases with or
without surgery (5-year OS: 76% vs. 73%; and 10-year
0O8:51% vs. 56%, respectively) (data not shown). Therefore,
a single modality of radiotherapy might be applied if a tumor



I. J. Radiation Oncology @ Biology @ Physics Volume 82, Number 2, 2012

Fig. 6. Magnetic resonance imaging (MRI) of the 70-year-old male patient treated with the radiotherapy followed with
the surgery. (A) Pretreatment images of the extramedullary plasmacytoma of the head and neck (EMP) located in the nasal
cavity extended to the paranasal cavity. (B) A coronal image of MRI showing an invasion of the base of the skull. (C, D)
Axial and coronal images of the residual tumor at the concha nasalis media shrunk after the radiotherapy. (E, F) Images of
nasal and paranasal cavities after the surgical removal.



Radiotherapy for EMPHN @ R. Sasaxi et al. 633

size was less than 3 cm. Although local controllability by ei-
ther a single modality of radiotherapy or a combination of
radiotherapy and surgery seemed to be satisfying, it might
be discussed whether the local controllability could be truly
led to prolong OS of the disease or not. In this study, popu-
lation who received chemotherapy was small, and it was
difficult to evaluate the efficacy of the chemotherapy.
Further investigation, for example, into the significance of
radiotherapy combined with chemotherapy might be evalu-
ated. On the contrary, with using recent technological
advances such as intensity-modulated radiotherapy
(IMRT), image-guided radiotherapy, IGRT, or particle ther-
apy, morbidities might be reduced compared with the mor-
bidities of this study treated by conformal X-ray beams.
Employment of such modalities might be recommended in
the recent future.

Progression to multiple myeloma is also important for the
outcome of solitary EMP. Unlike SPB, which progresses to
disseminated disease in approximately 60% of cases,
solitary EMP has a better prognosis, with 8-44% of patients
developing multiple myeloma (1, 2, 4, 6, 9, 25, 27, 28, 32,
38-41). In our series, although 12% of patients developed
MM (with an average time to myeloma development of 17
months), 18% of patients experienced distant metastases
but were not diagnosed with progression to MM. In the
literature, progression to multiple myeloma usually occurs
within 2 years of the initial diagnosis, but has occurred up
to 15 years later, indicating the need for long-term follow-
up of patients (4, 6, 28, 39, 41, 42). As shown in the Table
4, there were only | patient who was treated to primary tu-
mor site that experienced a regional lymph node recurrence.
Therefore, it was still difficult to answer the question
whether regional lymph nodes should be included in the ra-
diation field form our series. However, significance of
regional lymph node irradiation seemed to be undermined,
because our series included various primary sites, various
tumor size, and inhomogeneous total dose. Therefore,
further larger scale investigation might be needed. Although
the results of our series show a rather small percentage of
patients developing MM, longer and careful follow-up ob-
servation might be needed.

The role for surgery in the treatment of EMPHN is undeter-
mined. Alexiou ef al. (7) compared the outcomes of EMP pa-
tients treated with surgery alone, radiotherapy alone, or
combined surgery and radiotherapy in a detailed and large-
scale review. Most of the patients were treated with surgery
alone (56%) or a combined-modality treatment (20%), and
only 11% were treated with radiotherapy alone. Overall and
recurrence-free survival rates were best in those treated with
combined therapy (p = 0.0027). The authors concluded that
patients with plasmacytoma localized to the upper aerodiges-

tive tract benefit from a combined approach. On the contrary,
there are some criticisms of the analysis, because the review
included patients from a long period (almost a century,
1905-1997), and appropriate radiotherapy might not have
been available in any meaningful form for at least half of
this period. In the guidelines regarding this disease published
by Soutar et al. (35), it is recommended that radical surgery
should be avoided in EMPHN. In the same report, complete
surgical removal was suggested to be considered for solitary
EMP at other sites if feasible. Bachar et al. (41) demonstrated
that patients with involved surgical margins should receive
adjuvant radiotherapy. However, no recommendation for ad-
juvant radiotherapy should be made for patients with negative
margins who have undergone complete surgical excision. The
authors reported that they found a similar local recurrence rate
for patients treated with either radiation or surgery alone
(12.5%). They also indicated that complete surgical excision
is often not possible, especially in the upper aerodigestive
tract, because adjacent vital organ structures may preclude
radical intervention. For such patients, either radiotherapy fol-
lowed by surgery, if needed, or surgical excision followed by
radiotherapy is recommended. In our series, a group of 19 pa-
tients who received surgery followed by postoperative radio-
therapy and 4 patients who received radiotherapy and surgery
showed significantly better overall survival. This result indi-
cates that combining radiotherapy with surgery might be
less invasive and may represent an optimal strategy for treat-
ing EMPHN.

Some authors believe that EMP and multiple myeloma are
different phases of the same disease process (43), whereas
others believe that they are different diseases (44). If solitary
EMP is an initial stage of MM, chemotherapy might play
a more important role in management of the disease. How-
ever, in the literature and in our series, progression to MM
occurred in a rather small proportion of patients. There is
no published evidence on the role of adjuvant chemotherapy
in the treatment of SEP, although it may have a role in se-
lected high-risk patients. Susnerwala et al. (9) reported
a higher failure rate in “high-grade” tumors using the MM
grading criteria of Bartl e al. (36). Tsang et al. (29) and Hol-
land er al. (25) suggested that patients with tumors >5 cm are
at higher risk of failure. The UK Myeloma Forum (35) has
suggested that chemotherapy is considered for EMP in the
following cases: patients with tumors larger than 5 cm,
patients with high-grade tumors, patients with refractory
and/or relapsed disease, and patients with MM.

In conclusion, radiotherapy was effective and safe for pa-
tients with EMPHN. Radiotherapy combined with surgery
produced a better outcome in terms of survival. These find-
ings should be confirmed using further investigations with
larger numbers of patients with EMPHN.
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ABSTRACT: Hafnium oxide nanoparticles were synthesized
via a short-duration (10 min) hydrothermal reaction. The
reaction was found to produce three differently shaped
nanoparticles: flower-like nanostructures (20 nm diameter),
polycrystalline nanoagglomerates (25 nm diameter), and
water-dispersible single nanoparticles (4 nm diameter). The
mechanisms by which these different shapes form were then
investigated by examining the effects of precursor alkalinity
and the presence of an organic capping agent. The synthesized
water-dispersible nanoparticles showed a very high affinity for

cooM

%,
DHCA capped HfO, NP

water-soluble polymers, thus demonstrating their potential for fabrication of transparent nanocomposite films.

1. INTRODUCTION

Since the last two decades, high refractive index nanocomposite
materials have attracted tremendous academic and industrial
attention, owing to their novel tunable properties and wide
range of applications such as fabrication of lenses, reflectors,
optical waveguides, optical adhesives, and antireflection
films.'™® The most commonly used NPs for the above-
mentioned applications include ZnS (n = 2.36),> ZrO, (n =
2.20),* TiO, (anatase, n = 2.45; rutile, n = 2.70),” and PbS (n =
4.20).° For nanoparticles (NPs) to succeed in these
applications, the following properties are critical: (1) optical
transparency, (2) high dispersibility in the dispersion media,
and (3) uniform and stable dispersibility in the matrix. Relevant
factors that determine these properties include NP size, shape,
and surface properties.

Quiet recently, hafnium oxide NPs is sproposed as a high
refractive index material with n = 2.9.7° Compared to the
previously reported candidates, in addition to its high refractive
index, hafnium oxide NPs have other advantages such as
excellent physical and chemical stability and optical trans-
parency.

So far, various methods have been reported for synthesizing
HfO, NPs, including sol—gel, solvothermal, hydrothermal, and
microwave—hydrothermal methods.”™'* Of these, only a
limited number of reports claim the capability to control NP

< ACS Publications  © 2012 American Chemical Society
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size, shape, and surface properties. A known effective way to
tune NP size and shape and to prevent aggregation is to
incorporate organic reagents in the reaction medium as capping
ligands or shape-determining agents that control NP surface
energy.'a_zg Similarly, an effective method to tune NP surface
properties is to hybridize organic molecules on the NP surface,
thereby making the NP compatible with the dispersion
medium. For example, Tang et al. synthesized HfO, nano-
crystals via reaction of hafnium isopropoxide with hafnium
halides in the presence of trioctylphosphine oxide (TOPO) as
solvent at 340 °C."* Similarly, Tirosh and Gil used the same
procedure but with 1-octadecene as the organic solvent in the
presence of oleylamine as an additional capping agent to
synthesize HfO, nanorods.'* Finally, Buha et al. used a sol—gel
procedure based on the solvothermal reaction of hafnium
chloride with benzyl alcohol as the solvent.'® These researchers
successfully synthesized small-size HfO, NPs, but unfortu-
nately, their reported methods require large amounts of
organics, thus risking, particularly in the case of the
solvothermal method, considerable ecological harm. Moreover,
NPs synthesized via these methods tend to have hydrophobic
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surfaces. Therefore, for applications that require water-
dispersible NPs such as for loading in water-soluble polymers
and immersion fluids, an additional ligand~exchangewprocess is
required to produce NPs with hydrophilic surfaces.>**!

A promising green process has recently been suggested for
synthesizing organic—inorganic hybrid metal—oxide nanocryst-
als with narrow size distributions: reaction in a medium of high-
temperature, high-pressure near-critical to supercritical
water.'*™> The reasoning for this approach is that the
dielectric constant of high-temperature water is close to that
of polar organic solvents (10—20). Hence, organic reagents
should be miscible in high-temperature water and react
effectively with the NP surface, enabling control of NP surface
properties.

In our previous paper, we reported the rapid hydrothermal
synthesis of organic surface modified HfO, NPs with
hydrophobic surface character.”> We showed how to control
the size, morphology, and surface properties of HfO, NPs by
changing the state of water (subor supercritical condition) and
type of organic functional groups. Herein, we report the use of
the same approach (i.e, using near critical water as the reaction
medium) to achieve the first simple synthesis of highly water
dispersible, uniformly sized HfO, NPs. To control the surface
properties of HfO, nanocrystals, we used 3,4-dihydroxy
hydrocinnamic acid (DHCA) as a bifunctional organic grafting
agent. One of the agent’s functional groups forms a chemical
bond on the NP surface; its remaining unbounded functional
groups serve to make the NP surface hydrophilic and thus the
NPs dispersible in polar media. We intend to investigate the
mechanism by which different shaped NPs are formed by
observing the effect of different reaction conditions.

2. EXPERIMENTAL SECTION

Starting materials were hafnium tetrachloride, HfCl, [99.99%, Wako
Chemicals], and potassium hydroxide, KOH [99.99%, Wako
Chemicals]. A precursor solution was prepared by dissolving 0.160 g
of HfCl, in 10.0 mL of deionized water. KOH aqueous solution (0.20
M, 10.0 mL) was added dropwise to the precursor solution with
continuous stirring, resulting in the formation of hafnium hydroxide,
Hf(OH),, according to the following stoichiometries:****

HfCl, + 2H,0 — Hf(OH),Cl, + 2HCl

Hf(OH),Cl, + 2KOH — Hf(OH), + 2KCl

The white Hf(OH), solid thus formed was purified by two cycles of
centrifugation and decantation using deionized water to remove CI~
ions, which can otherwise corrode the reactors. The precipitate was
dispersed in KOH solutions of different molarities (0.0, 0.10, 0.20,
0.30, 0.40, and 0.50 M) to reach a final volume of 10.0 mL. The Hf ion
concentration in the final solution was 0.050 M.

Pressure-resistant tube reactors (SUS 316, inner volume 5.0 mL)
were used to synthesize HfO, NPs. The reactor was filled with a
specific amount of DHCA [98%, Aldrich Chemistry] (0.045—0.135 g),
loaded with 2.50 mL of precursor solution, capped tightly, and placed
in an electric furnace (preheated to 350 °C). The concentration of
DHCA in the reaction mixture varied from 0.10 to 0.30 M; hence, the
molar ratio of DHCA to Hf varied from 2:1 to 6:1. Reaction was
allowed to proceed for 10 min, and then terminated by quenching the
reactor in a room-temperature water bath. The products were
collected using 3 mL of water and purified by three cycles of
centrifugation and decantation with a mixture of ethanol and water
(volume ratio 6:1). The products were dispersed in water and kept
overnight. During this period, bigger/unmodified NPs precipitated.
The supernatant was separated and freeze-dried under vacuum
overnight.
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Powder X-ray diffraction (XRD) patterns of the products were
collected using an X-ray diffractometer (Rigaku Ultima IV) with Cu—
Ka radiation in a 26— setup; the 26 angle was scanned from 15° to
80°. JADE software (MDI JADE 7 Materials Data XRD Pattern
Processing, Identification, and Quantification) was used to evaluate/
analyze the XRD patterns. Product size and morphology were analyzed
using a transmission electron microscope (TEM, Hitachi H7650) at an
accelerating voltage of 100 kV. Fourier-transform infrared (FTIR)
spectra were acquired using a JASCO FT/IR-680 spectrometer to
evaluate the presence of DHCA molecules on the NP surface; a KBr
palette was used for sample preparation. Transmission IR spectra were
collected over the range 400—4000 cm™'. The amount of DHCA
molecules attached to the NPs was evaluated by thermogravimetric
analysis (TGA) on a TGDTA T8120 (Rigaku, Japan) under a constant
flow of Ar gas in the temperature range 20—800 °C with a ramp rate of
10 °C/min.

3. RESULTS AND DISCUSSION

3.1. Effect of KOH Concentration on NP Crystalliza-
tion. Figure 1 shows XRD patterns of HfO, NPs synthesized in
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Figure 1. XRD patterns of HfO, NPs. (top) Obtained patterns of
HfO, NPs synthesized with 0.10 M DHCA and various KOH
concentrations. (bottom) JCPDS pattern of monoclinic HfQ, (JCPDS
code: 34-0104).

the presence of DHCA (0.10 M) and different KOH
concentrations. Comparison of the obtained patterns with the
standard JCDPS patterns for different crystal phases of HfO,
reveals that all NPs that are formed have the monoclinic HfO,
crystal structure. Increasing KOH concentration results in
sharper peaks, indicating that KOH improves NP crystalliza-
tion. KOH also affects the intensity ratio between peaks. Table
1 shows peak areas of the XRD patterns for the two most
prominent planes, (111) and (022), among NPs synthesized
with different KOH concentrations.

Figure 2 shows a plot of the ratio of the areas under the XRD
peaks along (111) and (022) planes versus KOH concen-
tration. With increasing KOH concentration, the ratio
decreases and approaches 1, suggesting anisotropic nanocrystal
growth at smaller KOH concentrations. At low KOH
concentrations (0.10 and 0.20 M KOH), the (111) peak is
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Table 1. Peak Area of the Two Most Prominent Peaks
([111] and [022]) and Morphology of HfO, NPs
Synthesized with 0.1 M DHCA and Various KOH
Concentrations

peak intensity
in JCPDS
pattern area under the
34-0104 peak
area
KOH ratio
concentration [111]/
[111] [o22] [111] [022] [022]  morphology
0.10 1.0 0.78 21114 8428 2.505 needle
0.20 14910 7255 2.055 oval
0.30 16273 13796 1.179 spherical
0.40 20974 21612 0970 spherical
0.50 24427 21464 1.138 spherical
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Figure 2. Plot of peak-area ratio for the most prominent XRD peaks
(those corresponding to the (111) and (022) planes) versus KOH
concentration.

more intense than the peaks for the other planes, indicating
faster crystal growth along the [111] direction. At higher KOH
concentrations (0.30 to 0.50 M KOH), the peaks for the other
planes grow and all peak intensities become essentially the
same as those of the standard XRD pattern for monoclinic
HfO, (JCPDS pattern 34-0104).

Figure 3 shows TEM images that reveal the morphology of
the produced NPs. Before the addition of KOH to the reaction
mixture, the NPs lack a clear shape (Figure 3a). With increasing
KOH concentration, small primary particles form and then
aggregate into nanoclusters (Figures 3b—d). At 0.10 M KOH
(Figure 3b), the primary particles are needle-shaped. At 0.20 M
KOH (Figure 3c), they become more oval-shaped. Both
needle-shaped and oval-shaped primary NPs are consistent with
the observed XRD patterns described above, indicating that
anisotropic nanocrystal growth occurs under these two alkaline
conditions. At 0.30 M KOH (Figure 3d), the primary particles
become spherical-shaped, with a diameter of 4 nm. Finally, at
0.40 and 0.50 M KOH (Figures 3e,f), the primary particles
become dense flower-like nanostructures comprising spherical
NPs.

The strong effect of the precursor pH on the NP
morpholoq and crystal structure has been reported pre-
viously.>*~ ® In almost all the references on the pH controlled
crystal growth, it is mainly postulated that the pH of the
starting solution changes the growth rate of crystallographic
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Figure 3. TEM images and inset magnified images of HfO, NPs
synthesized with 0.10 M DHCA and various KOH concentrations: (a)
0.00, (b) 0.10, (c) 0.20, (d) 0.30, (&) 0.4, and (f) 0.50 M. Scale bars =
100 nm.

planes with different surface energies and leads the formation of
differently shaped nanostructures. However, no generalized
conclusion has been proposed yet. Jia et al. proposed that the
pH of the reaction mixture can control the dissociation rate of
the precursor, which significantly affects the supply of metal
ions in the reaction environment and thus the growth rate of
the metal-oxide nanocrystals.® Ren et al.”” and Zhang et al.*®
speculated that OH™ group as an adsorbing ligand could be
served as a surface modifier and control the crystal growth via a
preferential manner under some certain alkaline conditions.
Ren et al.*” observed such preferential behavior under low pH
conditions; whereas they obtained spherical particles under
high pH conditions suggesting the same crystal growth in
almost all directions under highly alkaline conditions.

Other evidence of the effect of pH on crystallization has also
been reported previously. For example, Stefanic et al. found
that hydrothermal crystallization of HfO, is a pH-dependent
process, with crystallization proceeding much more slowly in a
neutral pH medium than in an acidic or alkaline medium.*
Such a trend in crystallization versus pH has also been reported
for zirconium oxide, which has a crystal system similar to that of
hafnium oxide.**~*

In summary, our XRD and TEM results show that, at low
KOH concentrations (0.10 and 0.20 M), the NP growth rate is
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Figure 4. ED patterns, HRTEM images, and magnified TEM images of HfO, NPs synthesized under various conditions: (a) in the presence of 0.50
M KOH and the absence of organics and (b) in the presence of 0.20 M KOH and the organic t-butyl cathecol (0.20 M).

Figure 5. Flower-like HfO, NPs corresponding to Figure 2f: (a,b) HRSEM images, (c) HRTEM image, and (d) ED pattern.

higher in the (111) plane than in the other planes, resulting in
the formation of needle-shaped NPs. With increasing KOH
concentration, the growth rate of (111) plane was controlled by
OH ions, resulting in the formation of spherical-shaped NPs.
The origin of such effect is that the (111) plane of HfO, is a
quasi polar surface, that is, O—Hf-O layer repeated to the
[111] direction. Therefore, this plane is unstable and has higher
surface energy. When OH concentration becomes large,
capping of the (111) plane by OH™ ion and/or shielding of
surface charge by concentrated charged ions slowed the growth
rate of the (111) plane.

Nanoparticle size is strongly influenced by the nucleation
rate of nanocrystals, which is also a strong function of metal
oxide solubility in the reaction medium. When the solubility of
metal oxides decreases, their degree of supersaturation raises,
and therefore, they precipitate in the reaction medium faster.
This leads the increase of the nucleation rate and consequently
formation of more crystal nuclei at the time corresponding to
the crystallization of smaller sized NPs. Alkalinity of the
reaction mixture is a keen parameter to govern the solubility of
metal oxide. In the present case, based on the magnified TEM
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images, it was observed that, in the beginning by increasing the
KOH concentration to 0.10, 0.20, and 0.30 M, the particle
dimensions reduced from needle to oval to nanosphere,
respectively. This reducing trend in the dimensions of
nanoparticles shows a decrease in the solubility of HfO,.
After increasing the KOH concentration to more than 0.30 M,
the nanoparticles size drastically increased; that shows an
increase in the solubility of HfO, nanocrystals under higher
alkalline conditions, leading the enhanced Ostwald ripening.
Therefore, the higher KOH concentration resulted in shaper
XRD peaks and larger nanocrystals (formation of dense flower-
like nanostructures).

3.2. Relative Effects of KOH Concentration and DHCA
on NP Nanoassembly. At high KOH concentrations (0.40
and 0.50 M, Figure 3e,f), the reaction produces dense flower-
like nanostructures comprising smaller primary spherical NPs.
Similar phenomena involving the formation of nanostructures
composed of agglomerated NPs in the presence of multifunc-
tional modifiers such as DHCA or dicarboxylic acids have been
reported previously.'s’“’“ For example, Togashi et al.'® and
Takami et al.** have reported that such multifunctional organic
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molecules can act as linkers between two primary particles.
Other researchers have reported the formation of nanostruc-
tures comsposed of primary particles in alkaline media in the
presence” 46 and even the absence®**** of organic capping
agents. For example, Eliziario et al. have reported the formation
of rice-shaped HfO, nanostructures composed of small primary
particles in the absence of any organic molecules but in a highly
alkaline medium;*” however, they did not mention the effect of
the alkalinity of the reaction medium on product morphology.

We surmise that, in addition to the presence of DHCA, high
alkalinity of the reaction medium is important for controlling
NP assembly in our experiment. To determine the relative
importance of the two factors, the presence of DHCA and the
alkalinity of the precursor solution, for the formation of HfO,
nanostructures, we repeated our experiment both in the
absence of a modifier (specifically, the bifunctional modifier
DHCA) and the presence of a monofunctional modifier.

Figure 4 shows images of NPs formed in the absence of a
modifier and in the presence of a monofunctional modifier, but
under the same reaction conditions. Reaction in the absence of
a modifier gives cluster-like structures that are large (120 nm)
and spindle-shaped, similar to the structures reported in ref 47
(Figure 4a). Reaction in the presence of the monofunctional
modifier 4-tert-butylcatechol (t-BC), which has the same
molecular structure as that of DHCA but lacks a carboxyl
group, gives nanoagglomerates composed of approximately 5
nm spherical NPs (Figure 4b). These observations confirm that
the multifunctionality of DHCA is not responsible for NP
agglomeration in our case. However, the alkalinity of the
reaction mixture plays a key role in determining the
morphology of final structures. Comparison between TEM
images and XRD patterns of the NPs synthesized under highly
alkaline conditions (Figure 4a) with those synthesized in the
absence of KOH and organic molecules (our previous paper32),
which is illustrated in Figure S1 of Supporting Information,
shows that, under highly alkaline conditions, formation of final
products passes a completely different crystallization pathway.
This is due to the drastic change in the solubility of HfO, under
highly alkaline conditions, which strongly influences its
precipitation—recrystallization process.

Our next aim was to investigate the crystallographic
orientation of primary NPs in the flower-like nanostructures
shown in Figure 3ef. Figure S shows the habitus of a single
nanoflower, observed by high-resolution SEM (HRSEM), high-
resolution TEM (HRTEM), and electron diffraction (ED). The
obvious regular parallel lattice fringes without any lattice
mismatch (Figure Sc) demonstrated that the obtained
nanoflowers were single-crystalline structures. The interplanar
spacing was determined in approximately 0.188 nm, which
corresponds to the {022} crystallographic planes. The position
of rings in ED pattern (Figure 5d) was closely matching with
the monoclinic P2,/a space group, using the HfO, unit cell
parameters of JCPDS no. 34-0104, which confirms the XRD
results on the formation of pure monoclinic phase. Figure S2
(of Supporting Information) shows the shape evolution of the
nanoflowers as the reaction proceeds, as observed by TEM at
short reaction times. By 1.5 min (Figure Sla, Supporting
Information), ultrafine NPs form; by 2 min, some primary
nanoparticles begin to grow; by 5 min, all products convert to
well-formed nanoflowers.

3.3. Effect of DHCA Concentration on NP Shape. The
presence of DHCA appears to limit NP growth and
aggregation, as evidenced by the fact that the size of structures

obtained in the presence of DHCA (Figure 3f) is considerably
smaller than the size obtained in the absence of DHCA (Figure
4a). To investigate the effect of DHCA on the final product
characteristics, we conducted experiments with different
amounts of added DHCA in 0.50 M KOH as the reaction
medium.

Figure 6 shows TEM images of the as-formed NPs. Figure S3
(Supporting Information) represents the XRD pattern of the

Figure 6. TEM images and inset magnified images of HfO, NPs
synthesized with 0.50 M KOH and various DHCA concentrations: (a)
0.10, (b) 0.20, and (c) 0.30 M. Scale bars = 100 nm.

HfO, NPs synthesized with different concentrations of DHCA.
All the patterns match with the standard XRD pattern for
monoclinic HfO, (JCPDS pattern 34-0104). Increasing DHCA
concentration from 0.10 to 0.20 M results in the formation of
HfO, nanoagglomerates of approximately 25 nm in diameter.
From Scherer’s equation, we estimate the crystallite size to be
7.25 nm for each primary nanocrystal. The clear boundary
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between the primary nanocrystals, observed in the magnified
TEM image (Figure 6b inset), reveals the polycrystallinity of
the nanoagglomerates. Further increasing DHCA concentration
to 0.30 M results in single separated NPs having diameter 4 nm.
These results confirm the limiting role of DHCA molecules, as
capping agent, on HfO, NP growth and agglomeration.
Figure 7 shows an HRTEM image and an ED pattern of NPs
formed in the presence of a high concentration of DHCA (0.30

Figure 7. HfO, NPs synthesized with 0.30 M DHCA, corresponding
to Figure Sc: (a) HRTEM image and (b) ED pattern.

M), revealing more precisely their habitus. A clear lattice fringe
can be seen in the HRTEM image, this indicates that the
products had good crystallinity and were not amorphous. The
measured distance between two adjacent planes gives a value of
about 0.187 nm, which corresponds to the lattice spacing of
{022} planes.

Figure 8 shows FTIR spectra of DHCA, both free and
coordinated on HfO, NPs. For free DHCA (Figure 8A), the
main bands are assigned as follows: stretching vibrations of the
aromatic ring ¥(C—C)/v(C=C) at 1597, 1527, and 1445
cm™; stretching vibrations of the phenolic group #(C—OH) at
1265 and 1245 cm™; bending vibrations of the phenolic group

Absorbance

1800 1600 1200 1000

1400
Wavenumber, cm™

Figure 8. FTIR spectra: (A) neat DHCA and (B) HfO, NPs
hybridized with DHCA.

5(C—OH) at 1403, 1355, 1284, and 1167 cm™'; stretching or
bending vibrations of CO in COOH at 1265, 1245, 1230, and
1203 cm™'; and stretching vibration of the carbonyl group
v(C=0) at 1675 cm™".**** For DHCA adsorbed on the HfO,
NP surface (Figure 8B), the positions of the vibration bands
change; specifically, the bands at 1167, 1245, 1284, and 1355
cm™ disappear and new bands at 1260 and 1492 cm™" appear,
suggesting chemical bonding of the phenolic groups on the NP
surface. The presence of bands at around 1201 and 1630 em™
assigned to vibrations of the unbounded carboxylic group,
indicate the existence of unbounded carboxylic groups on the
surface of HfO, NPs.'**° The surface immobilization of oxygen
atoms of catechol group to form M—C—O bonding would
definitely change the environment of the aromatic ring causing
the shifting of its bands. In the FTIR spectra of the DHCA
adsorbed on the NP surface, the band at 1560 cm™' could be
attributed to the stretching vibration of the aromatic ring, which
is shifted from 1597 cm™ to lower wavenumbers in this new
environment.

We measured the density of DHCA molecules attached to
the NP surface by TGA. Figure $4 (Supporting Information)
shows plots of weight loss versus temperature for NPs
synthesized in the presence of different DHCA concentrations.
Subtracting the weight loss of samples synthesized in the
absence of DHCA from that of samples synthesized in the
presence of DHCA gives the following DHCA molecule weight
percentages: 2.3 wt % for nanoflowers, 5.1 wt % for
nanoagglomerates, and 10.9 wt % for single NPs. Weight loss
of the synthesized NPs starts at approximately 320 °C and thus
is presumably caused by the thermal decomposition of DHCA
molecules attached to the NP surface. Furthermore, weight loss
increases with increasing amounts of DHCA on the NP surface.
We estimate the density of DHCA molecules on the surface of
a single separated 4 nm NP to be approximately 2.0 molecules/
nm?” (the procedure used to estimate such value is explained in
the Supporting Information).

3.4. Colloidal Dispersions of HfO, NPs. Incorporation of
inorganic NPs into the polymeric matrixes to improve their
optical properties is a new promising approach for the
fabrication of high refractive index hybrid materials. To
manipulate NPs for such applications, some important issues,
however, should be considered: (i) NPs dispersed in nano-
composites can be detrimental to the optical performances of
the basic polymer because of the loss of transmitted light by
scattering. Highly filled nanocomposites with a large difference
between the refractive indices of the matrix and the dispersed
NPs can be readily transparent if the NPs are small enough
(typically diameters of less than 25 nm).' (ii) The next
challenging issue is to make uniform and durable dispersions of
NPs in the host media; aggregation of NPs can drastically
deteriorate the transparency of the nanocomposites.

Two properties are associated with stable, long-term (on the
order of months) NP dispersibility in water: small diameter (4
nm) and the presence of unbounded carboxyl groups on the
NP surface, making the surface hydrophilic. Figure 9 shows the
dispersion of 2.0 wt % of synthesized HfO, NPs in water. These
NPs exhibit high water dispersibility and thus are expected to
show high affinity for water-soluble polymers, a desired
property for the fabrication of polymeric nanocomposites. To
investigate this issue, we dispersed HfO, NPs in a film
composed of polyvinyl alcohol (PVA), a water-soluble polymer.
(The protocol we used for the fabrication of naocomposite
films is schematically represented in the Supporting Informa-

dx.doi.org/10.1021/cg3005739 | Cryst. Growth Des. 2012, 12, 5219-5226



Crystal Growth & Design

Figure 9. Dispersion of HfO, NPs (diameter 4 nm) synthesized with
0.30 M DHCA.

tion.) Figure 10 shows SEM and AFM images of the pure film
and a nanocomposite film formed by dispersion of 50 wt %
HfO, NPs in a PVA matrix. An SEM image of the composite
film (Figure 10b) shows that the NPs are perfectly dispersed in
the matrix, with almost no aggregation. An AFM image of the
composite film (Figure 10d) shows that the surface roughness
of the nanocomposite is around 7 nm, on the same order as the
NP size, indicating that the NPs are uniformly dispersed in the
matrix and not aggregated on the film surface. Although, the
small size and perfect dispersibility in polymer matrix are the
essential conditions to prove the applicability of our HfO, NPs
for the fabrication of nanocomposite film, but to accomplish the

study, it is highly desired to qualify the fabricated nano-
composite films by evaluating the functionalities of the
prepared films such as their refractive index and optical
transparency, which is the scope of our future paper.

4. CONCLUSIONS

We achieved the systematic hydrothermal synthesis of water-
dispersible HfO, nanoparticles in 350 °C, 16 MPa water within
a short reaction time of 10 min., We determined that the
alkalinity of the precursor solution played an indispensible role
on the crystallization of HfO, NPs. The strong effect of the
reaction alkalinity on the solubility of HfO, crystal was
addressed as the key factor for controlling the size and shape
of the nanocrystals. By incorporating different amounts of 3,4-
dihydroxy hydrocinnamic acid (DHCA) as a multifunctional
capping agent, we succeeded to control the size of the final
nanostructures in the range of 25 to 4 nm. DHCA molecules
chemically bonded on the surface of NPs via their phenolic
groups. The existence of unbounded carboxylic groups on the
NPs surface enabled them to have high dispersibility in water
and excellent affinity with water-soluble polymers. We expect
these HfO, nanoparticles to be good candidates for the
fabrication of high-refractive-index transparent nanocomposites.
We would further investigate the fabricated nanocomposite film
by measuring its refractive index and optical transparency.

B ASSOCIATED CONTENT

© Supporting Information

TEM images, XRD patterns, TGA curves, estimation of number
of modifier molecules per area of NP surface, fabrication of
nanocomposite films. This material is available free of charge
via the Internet at http://pubs.acs.org.

a

Figure 10. SEM and AFM images of pure polyvinyl alcohol (PVA) film and HfO,—PVA nanocomposite film (NP load 50 wt %): (a) SEM image of
pure film, (b) SEM image of composite film, (c) AFM image of pure film, and (d) AFM image of composite film.
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Novel one-dimensional nanostructures of yttrium aluminum garnet were synthesized under
supercritical hydrothermal conditions in the presence of organic amine molecules. In addition, the
effect of different reaction parameters such as the presence of organic amine molecules, pH of the
precursor solution, and the state of water (sub- or supercritical conditions) on the morphology of the
final product was investigated. In this paper, considering the simultaneous effects of these different
parameters, a new electrostatic model is proposed to explain the formation mechanism of the

obtained nanostructures.

Introduction

Nanomaterials with new structures could display novel proper-
ties that could be useful in special applications such as the
fabrication of optoelectronic nanodevices. There is a strong
correlation between the size, morphology, and structure of
nanomaterials and their optical, electrical, catalytic, and other
properties.'” In addition, controlling the size, morphology, and
structure of nanocrystals is academically and technologically
important. This is because the synthesis of nanocrystals with new
structures opens up new windows for studying the mechanism of
crystal growth. Among the numerous inorganic nanomaterials
with distinct structural and geometrical features, one-dimen-
sional (1D) nanomaterials such as nanowires, nanotubes,
nanorods, and nanobelts have attracted special attention because
of their important role as building blocks for the fabrication of
future nanoscale devices. *'* In the fabrication of optoelectronic
nanodevices, particularly high-performance lasers, the alignment
of nanoparticles (NPs) to achieve better control of the flow of
light is a critical issue. One-dimensional nanostructures are
preferable morphologies for such purposes.'' ™'

Among the various methods for synthesizing shape-controlled
nanostructures, the template-directed synthesis method is the
most commonly used approach.]g Moreover, typical available
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templates include organic templates,”® porous membrane-based
templates,'* and pre-existing 1D nanostructured templates.'”
The use of organic templates as structure-directing agents has
attracted considerable attention because in addition to control-
ling the shapes of nanostructures, they play a key role in the
synthesis of organic-inorganic hybrid nanomaterials.?®}
However, the synthesis of nanostructures using the organic
templates has several drawbacks including polycrystallinity of
the products, the relatively limited quantity of structures that can
be produced, the necessity of a calcination step for sample
purification, and the large amount of organics that is required
while using organic templates.*

In our previous paper, we reported that the morphology of
yttrium aluminum garnet (YAG) NPs can be controlled via a
facile supercritical hydrothermal method that involves incor-
poration of organic molecules into the reaction mixture.”® In this
study, we synthesized novel 1D YAG nanostructures with
interesting zigzag surfaces using oleylamine as the surfactant.
YAG, with the chemical formula Y;Al;0;,, is a transparent
material with numerous applications. In addition to its high
refractive index, YAG’s excellent physical, chemical, and optical
properties make it an excellent candidate as a host material in
solid state lasers. 26

The simplicity of the experimental procedure with a short
reaction time of 10 min, the ability to control the growth
direction of nanostructures by addition of a small amount of
organics, and the formation of nanostructures with a single
crystalline nature are interesting aspects of this work. Because
the synthesis of nanocrystals with special structures and a desired
size and morphology has significant potential in practical
applications, there i1s a need to understand the mechanism of
nanocrystal growth. Therefore, a systematic study of the shape-
guiding processes is necessary. Herein, we report the results of a
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systematic study on the formation mechanism of novel 1D YAG
nanostructures via an investigation of the effects of different
parameters such as the role of organic capping agents, pH of the
precursor solution, and the state of the water (sub- or
supercritical conditions).

Materials and methods
Precursor 1

In a typical synthesis procedure, a stoichiometric yttrium aluminum
hydroxide solution was first prepared by dissolving 0.130 g
aluminum nitrate nonahydrate ([AI(NOs)-3.9H,0], 99.99%) and
0.085 g yttrium nitrate hexahydrate ([Y(NO;)-3.6H,0], 99.99%) in
3.0 mL deionized water and then adding 7.0 mL of a 0.25 M
potassium hydroxide solution (KOH, 99.99%) dropwise with
continuous stirring. By addition of a few more drops of the
0.25 M KOH solution, the final pH of this final hydroxide solution
was adjusted to 9.95, which is the optimum pH for inhibiting the
formation of impurities such as aluminum oxyhydroxide (AIOOH),
yttrium oxyhydroxide (YOOH), yttrium aluminum monoclinic
(YAM), and yttrium aluminum perovskite (YAP)

Precursor 2

The same quantities of aluminum and yttrium nitrates as used
for the preparation of precursor 1 were dissolved in 5.5 mL of
deionized water, and then, 4.5 mL of the 0.25 M KOH solution
was added dropwise with continuous stirring. The final pH of the
hydroxide solution was approximately 5.50.

Precursor 3

The same quantities of aluminum and yttrium nitrates as used
for the preparation of precursor 1 were dissolved in 1.5 mL of
deionized water, and then, 8.5 mL of the 0.25 M KOH solution
was added dropwise with continuous stirring. The final pH of the
hydroxide solution was approximately 12.5.

Nanoparticles synthesis

The prepared hydroxide solution (2.5 mL) of aluminum and
yttrium nitrates and 7.50 x 107* mol alkylamine (e.g.
oleylamine, decylamine, dodecylamine, or hexadecylamine) were
poured into a pressure-resistant tubular reactor with an inner
volume of 5.0 mL. The molar ratio of (Y + Al) to amine was
1 : 6. The reactor was sealed and placed in an electrical furnace
whose temperature was set at 420 °C in advance. The reaction
was continued for 10 min and then was terminated by quenching
the reactor in a room temperature water bath. The product,
which was a whitish aqueous mixture of synthesized particles,
unreacted hydroxides, and unreacted organic molecules, was
collected using 3.0 mL of hexane and then was allowed to settle
for 1 h in order to separate the organic and aqueous phases.
Next, the aqueous phase was removed and the remainder was
subjected to three cycles of centrifugation/decantation using
ethanol to remove any unreacted organic molecules. Finally, the
particles were dispersed in cyclohexane and freeze dried under
vacuum for 6 h.

The crystalline structure of the particles was identified using
an X-ray diffractometer (XRD, Rigaku Ultima IV) with Cu-K«
radiation in a 20-0 setup. The 20 angle was scanned between 10°
and 80°. The crystalline nature of the products was also
investigated using a scanning transmission electron microscope
(STEM). In addition, the size and morphology of the particles
were analyzed using a scanning electron microscope (SEM,
Hitachi S-4200) at an accelerating voltage of 15 kV and a
transmission electron microscope (TEM, Hitachi H7650) at
100 kV. The elemental analysis was performed using energy-
dispersive X-ray spectroscopy (EDX) using a Hitachi S-4500
microscope operating at 15 kV. The collected spectra were
analyzed using the Quantex software program.

Results

In this section, we established the characteristics of the products
and then, examine the effects resulting from the use of different
reaction conditions.

Characteristics of the basic nanostructures

The morphology and size of the products obtained from
precursor 1 in the presence of oleylamine were revealed by their
TEM and SEM images, as illustrated in Fig. la and b. The
images show that the products are composed of 1D nanos-
tructures. The magnified TEM image (Fig. 1c) shows that the
obtained structures have a novel zigzag surface. Each nanos-
tructure is about 70 nm in diameter and 1 pm in length. The
corresponding STEM image (Fig. 1d) and nanobeam diffraction
(NBD) pattern taken along the [—210] zone axis (inset of Fig. 1d)
reveal that the obtained nanostructures have a single crystalline
nature and have preferentially grown along the <001> direction.
The X-ray diffraction pattern (XRD) in Fig. 2a confirms the
crystallinity of the obtained nanostructures. All reflection peaks
in the XRD pattern can be readily indexed to the standard
pattern of cubic YAG (JCPDS No. 33-0040).

Fig. 1 TEM (a and c), SEM (b), STEM (d), and SAED patterns (inset
of d) of as-synthesized particles using precursor 1 (pH = 9.95) in the
presence of oleylamine.
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Fig. 2 XRD pattern of as-synthesized particles using precursor
1 modified with a) oleylamine, b) decylamine, c) dodecylamine,
d) hexadecylamine, and e) without a modifier.

Effect of the amine

Comparison of the morphology of these nanostructures (Fig. 1)
with that of the nanoparticles synthesized without an organic
modifier (Fig. 3a) reveals that the presence of oleylamine

Las

Fig. 3 TEM images of as-synthesized particles using precursor 1 in
the a) absence of organic modifiers and presence of b) n-decylamine,
¢) n-dodecylamine, and d) 1-hexadecylamine. Scale bars show 200 nm.

molecules significantly influences nanoparticle morphology.
This is because in the absence of organic molecules, 500 nm
cubic nanoparticles were synthesized. To confirm the role of the
amine molecules in the formation of the 1D YAG nanostruc-
tures, other alkyl amines with different alkyl chain lengths (e.g.
decylamine, dodecylamine, and hexadecylamine) were used in
the synthesis of the nanoparticles. According to the TEM images
in Fig. 3b-d, the products exhibited the same 1D morphology
with zigzag surfaces in the presence of all amine modifiers. In
addition, the XRD patterns of the products (Fig. 2b-d) show
that all samples were YAG crystals with a pure cubic phase.

On the basis of the above-mentioned observations, it can be
concluded that the NH, group plays an indispensable role in the
formation of the 1D YAG nanostructures. It has previously been
reported that amines might act as crystal facet inhibitors in the
crystal growth process.”**5-*” This is because amine molecules
can cover particular crystal facets of initial crystals and change
the surface energy of these facets, causing the formation of
anisotropic structures. To investigate this theory, the synthesis
was repeated using different amounts of oleylamine. The TEM
images of the products are shown in Fig. 4. In the absence
of oleylamine molecules, cubic YAG NPs were synthesized
(Fig. 4a). Addition of 3.75 x 10™* mol oleylamine to the
reaction mixture affected the shape of the particles and some
irregular YAG structures were formed (Fig. 4b). Moreover,
increasing the amount of oleylamine to 7.50 x 10™* mol resulted
in the formation of 1D YAG nanostructures (Fig. 4c).

Effect of pH

The function of organic molecules during hydrothermal synth-
esis might depend on the reaction environment, i.e., the way that
organic molecules dissociate and produce active ions that tend to
be attracted to the inorganic surfaces. Therefore, the pH of the
reaction mixture could play an important role. To confirm the
effect of pH on the synthesis of the nanoparticles, the procedure
was repeated using precursors with a different starting pH
(neglecting the inhibition of the formation of impurities such as
yttrium or aluminum oxyhydroxides, YAM, and YAP). Fig. 5
depicts the corresponding TEM images of the samples that were
synthesized using precursors 2 (pH 5.5) and 3 (pH 12.5). As can
be seen in the TEM images, the use of the low-pH precursor
resulted in highly aggregated structures approximately 120 nm in
diameter with undeveloped hexagonal boundaries (Fig. Sa),
indicating that under such conditions, the amine molecules could
not control nanocrystal growth. On the other hand, using the
highly alkaline precursor, semispherical nanocrystals were
formed (Fig. 5b). This result suggests that under highly basic
conditions, nanocrystal growth was controlled in almost all
directions. These results reveal the strong effect of pH on the
ability of amine molecules to control the morphology of the
products.

Shape evolution of the nanoparticles

To determine the formation mechanism of the 1D YAG
nanostructures during the supercritical hydrothermal reaction,
the shape evolution of the structures during the reaction was
investigated. YAG particles were synthesized from precursor 1
in the presence of oleylamine molecules with reactions times of

This journal is © The Royal Society of Chemistry
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Fig. 5 TEM images of the particles synthesized in the presence of oleylamine using a) precursor 2 (pH = 5.5) and b) precursor 3 (pH = 12.5).

3-10 min. Fig. 6 shows the TEM images of the products obtained
after 3, 5, 7, and 8 min. The crystalline phase of the products
were identified from their XRD patterns as shown in Fig. 7.

By comparing the positions of the diffraction peaks in the
XRD patterns of the products with those in the JCPDS patterns
of AIOOH, YOOH, and YAG, it was found that in the early
stages of the reaction (after 3 min), aluminum oxyhydroxide and
yttrium hydroxide were formed (Fig. 6a and 7a). After 5 min,
aluminum and yttrium hydroxides were crystallized and some
irregular plates and nanorods were formed (Fig. 6b and 7b). To
determine the elemental composition of these phases, elemental
analysis was performed using energy-dispersive X-ray spectro-
scopy (EDX). The obtained EDX patterns of the nanorods and
nanoplates are shown in the inset of Fig. 6b. From these EDX
patterns, it was determined that the nanorods were composed of
yttrium hydroxide, while the nanoplates comprised aluminum
oxyhydroxide and a small portion of yttrium hydroxide. After
7 min, the intensity of the XRD peaks decreased, indicating the
dissolution of the hydroxides (Fig. 6¢c and 7c¢). However, within
8 min, the dissolved hydroxides recrystallized and formed their
combined oxide (YAG; Fig. 6d and 7d). The EDX pattern of the
final product (inset of Fig. 6d) shows the formation of a
composite of aluminum and yttrium oxide.

Crystallization of the metal hydroxides and their dissolution and
ultimate recrystallization in the oxide phase is a temperature-
dependent process. Such a dissolution-recrystallization process that
is a function of reaction temperature has been previously reported
by Hakuta and coworkers for the supercritical hydrothermal

synthesis of YAG : Tb NPs.**** In general, the solubility of the
metal oxides and metal hydroxides in neutral and alkaline aqueous
solutions increases with temperature. However, when reaction
conditions reach the critical point of water owing to a sharp
reduction in the dielectric constant of water, the solubility of the
metal oxides drastically decreases, which leads to the crystallization
of metal oxide NPs.**

Effect of temperature

In the present hydrothermal reaction, the dissolution-recrystal-
lization process occurred during the heating stages. To further
elucidate the importance of this issue, the temperature profile of
the reaction mixture was measured by placing a K-type
thermocouple into the batch reactor and recording the tempera-
ture every 0.1 s. Fig. 8 plots changes in the temperature of the
reaction mixture versus time. At 3 min, when aluminum and
yttrium hydroxides were formed (according to the XRD data,
Fig. 7), reaction temperature was around 302 °C. At 5 min, when
the hydroxides crystallized and formed irregular plates and rods,
reaction temperature reached approximately 352 “C. At this
temperature, the aluminum and yttrium hydroxide crystals are
stable and cannot be converted to the oxide phase. After 7 min,
reaction temperature increased to 378 “C, which is close to the
critical temperature of water (reaction pressure at 378 °C is
around 26 MPa). From the XRD pattern, it can be seen that the
intensity of the XRD peaks was clearly reduced, indicating the
dissolution of the hydroxides under these conditions. When

6088 | CrystEngComm, 2012, 14, 6085-6092
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Fig. 6 Shape evolution of the 1D YAG nanostructures after reaction times a) 3 min, b) 5 min, ¢) 7 min, and d) 8 min. The insets of b) and d) show the

EDX patterns of the marked areas in the TEM images.

reaction time reached 8 min, reaction temperature increased to
384 °C (the pressure at 384 “C is 29 MPa). At this point, the
reaction medium reached supercritical hydrothermal conditions.
After crossing the critical point, the fused aluminum and yttrium
hydroxides recrystallized and were converted to the combined
oxide (YAG). Hakuta er al. and Zheng et al. also reported that
the water state under supercritical conditions is a critical factor
in the crystallization of aluminum and yttrium hydroxides and
the formation of YAG particles.*®

Discussion

The formation of a crystal structure involves two fundamental
steps: nucleation and growth. Several parameters are responsible
for the determination of the final morphology of nanocrystals
during these two steps, for example, the crystalline phase of the
seed at the nucleating stage, the intrinsic surface energy of
different crystallographic surfaces, and the role of surface-
selective capping molecules.*® It is apparent that in the formation
of 1D nanostructures, the different growth rates of the crystal-
lographic planes leads to anisotropic crystal growth. There are
numerous research reports on the formation of anisotropic
nanostructures using the selective absorption behavior of organic
capping agents.?>?*3740%3 Eor example, Chen and Sugahara
reported the formation of organic-inorganic tungstate-based
nanobelts/nanotubes in the presence of n-alkylamines.*® Zhang

et al. showed that capping ligands such as oleylamine resulted in
a growth rate difference among different surface facets and
caused anisotropic crystal growth.’” In addition, Wang er al.
conducted a series of experiments to investigate the effect of
different organics with absorbing ligands such as alcohols,
carboxylic acids, and alkylamines on the formation of anatase
titania nanocrystals with different morphologies.* They pro-
posed that organic molecules selectively control the growth of
nanocrystals to form 1D nanowires or nanorods.

To date, two main possible mechanisms have been proposed to
explain the formation of anisotropic nanostructures in the
presence of organic molecules. The first hypothesis is that
capping agents act as soft templates and through micelle or
reverse-micelle orientations, they control the growth of nanos-
tructures in favor of some crystallographic planes.””** In the
second hypothesis, the preferential tendency of organic mole-
cules for specific crystal faces has been highlighted as the main
reason for anisotropic crystal growth.>****%% To achieve a
micelle or reverse-micelle orientation of organic molecules, a
critical concentration of the surfactant is required.*’ Because we
used only a small amount of organics compared to the volume of
the reaction environment (nearly a 1:8 volume ratio), the
second hypothesis, ie., the preferential attachment of organic
molecules to specific crystal faces, seems to be more likely in the
present case.

This journal is The Royal Society of Chemistry 2012
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Fig. 7 XRD patterns of the products obtained after reaction times a)
3 min, b) 5 min, ¢) 7 min, and d) 8 min.

Based on the analysis of morphological changes and the
development of the 1D YAG nanostructures, the formation of
anisotropic YAG nanostructures in the presence of amine
modifiers can be expressed as shown in Scheme 1. First, yttrium
and aluminum hydroxides crystallize to form rod- and irregular
plate-like structures. When the critical point of water is reached
during the heat-up procedure, the hydroxides start to dissolve
and diffuse together. After the critical point is crossed, the fused

hydroxides start to recrystallize. During the recrystallization, the
amine molecules attach to specific facets and hinder their
growth; consequently, the final 1D nanostructures of the
combined metal oxide (YAG) are formed.

To explain the formation of the metal oxide 1D nanostruc-
tures in the presence of amine molecules, Zhong et al. proposed
that primary particles covered with amine molecules form a joint
(M-O-M bond) at one end or at the crystal facet with fewer
amine molecules and then assemble in a linear formation, leading
to the growth of 1D nanostructures.” Of course, the surface
energy of the crystallographic faces is also an important
parameter influencing the nanocrystal growth pattern. Jun
et al.,”® Lee er al,** and Seo et al.*® proposed that the existence
of surface selective capping agents can modulate the surface
energy of crystallographic faces and result in anisotropic growth
of nanocrystals. However, the origin of such preferential
behaviors is still an open question.

Herein, we propose a new explanation for the preferential
attachment of amine molecules under the current reaction
conditions. In addition to the presence of organic amines in
the reaction medium, the existence of free OH™ ions (due to the
addition of the KOH solution) should also be considered. The
conditions for surface capping may depend on electrostatic
interactions between the inorganic surface and capping agent
molecules. The dissociation constant of alkyl amines is around
pKy = 10.7. When the reaction pH is below this value, the NH,
groups become protonated to form NH;" ions. Therefore, if any
crystallographic plane carries negative charges under the
reaction conditions, these NH;" ions would be electrostatically
attracted to that plane and thus control its growth. The
preferential tendency of NH, groups to attach to the nanocrystal
surface probably occurs owing to the variation of the surface
properties of the crystal facets under different pH conditions.

The possibility of anisotropic behavior due to the surface
acidities of crystal systems that are manifested by the difference
in the isoelectric points of different crystallographic planes has
been reported prf:vios.Js]y,“9"4g Kershner and coworker showed
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Fig. 8 Temperature profile of the reaction mixture versus time. TEM and XRD images were measured at the reaction times shown above the figure.
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