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characteristic of amorphous solid solu-
tions, such as good optical transpar-
ency. [ 1–8 ]  However, due to the high specifi c 
surface area and surface energy of nano-
materials, conventional mixing technique 
usually results in severe aggregation and 
phase separation within the nanocom-
posite, thus diminishing its uniformity 
and transparency. [ 3 ]  Although strategies 
such as in situ formation of nanophase, 
and nanoparticle (NP) surface modifi ca-
tion have been employed to suppress 
aggregation, fabrication of bulk-size nano-
composite with high loading of nanomate-
rials and decent transparency still poses a 
signifi cant challenge. [ 8–12 ]  

 Spectroscopic detection of γ-rays is 
desirable for high energy physics study, 
nuclear medical imaging, and nuclear 
nonproliferation. [ 13–15 ]  However, the detec-
tion effi ciency is intrinsically limited by 

the high penetration power of high energy photons. [ 14,16,17 ]  
Other than the high-cost delicate semiconductor detectors, scin-
tillators are the most viable solution to resolve gamma energy 
by, in the most ideal case, proportionally converting the radia-
tion energy into countable visible photons. [ 14,16 ]  Conventional 
scintillators generally fall under the categories of inorganic 
single-crystal scintillators and organic scintillators. [ 18,19 ]  The 
former, typically with effective atomic numbers (effective   Z  ) 
greater than 50, usually exhibits much better gamma stopping 
power than their organic counterparts (effective  Z  around 6), 
as the probability of depositing all energy of a gamma photon 
into a single fast electron (known as the photoelectric effect) 
is proportional to the fourth to fi fth power of the material’s 
atomic number. [ 14,18 ]  In addition, the energy resolutions of inor-
ganic single-crystal scintillators are also usually better than the 
organics due to higher light yield. [ 14 ]  However, the demanding 
processes of growing large-size single crystals result in high 
cost for inorganic scintillators and thus hinder their widespread 
deployment. [ 16,20 ]  Recently, high- Z  loaded composite systems 
utilizing quantum dots, scintillation nanocrystals, and high-Z 
organometallic compounds have been proposed to increase the 
γ-stopping power and photoelectric cross-section for plastic scin-
tillators. [ 21–29 ]  However, reported quantum dot- and nanocrystal-
polymer nanocomposites suffer from high optical loss due to 
aggregation and self-absorption at NP loadings higher than 
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  1.     Introduction 

 Polymer nanocomposites, usually prepared by dispersing nano-
materials within a continuous polymeric matrix, have been 
widely utilized in applications such as energy harvesting, [ 1–3 ]  
smart materials, [ 4,5 ]  and novel structural materials [ 6 ]  due to their 
potential for multifunctionalization and property enhancement. 
In contrast to phase-separated macrocomposites or molecularly 
dissolved solutions, nanocomposites attain nanometer-scale 
mixing to retain certain condensed-state properties of the indi-
vidual components, e.g., band structures and photoluminescent 
characteristics, while exhibiting other important properties 
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10 wt%. In addition, the moderate effective  Z  (around 30 to 
mid-50s) of these NPs limits their effi ciencies in γ energy dep-
osition. Moreover, the reported nanocomposites emit in the 
long-wavelength range of the visible spectrum, which limits 
photon detection by the commonly used commercial photo-
multiplier tubes (PMT) with peak sensitivity in deep blue and 
results in poor energy resolution. [ 21,22,24,26,27,30 ]  Composites with 
high- Z  organometallic compounds such as triphenylbismuth 
have demonstrated enhanced gamma stopping power. How-
ever, the poor thermal stability and relatively low band gap of 
triphenylbismuth (4.1 eV as compared to 4.2 eV for polyvinyl-
toluene (PVT), a common matrix for blue-emitting plastic scin-
tillators) can result in substantial exciton quenching and thus 
a diminished light yield. In addition, molecularly dispersed 
high- Z  compounds can also effect signifi cant spin-orbit cou-
pling, reducing the population of singlet excitons available to be 
emitted by the singlet-only emitters used in most organic scin-
tillators. [ 15,23 ]  Although a phosphorescent system comprising 
poly(9-vinylcarbazole) and bis[2-(4,6-difl uorophenyl)pyridinato-
C 2 ,N](picolinato)iridium(III) has recently been reported to 
match triphenylbismuth’s band gap and triplet energy level in 
order to harvest both singlet and triplet and thus achieve high 
light yield, its application potential could still be limited due to 
the system’s long phosphorescence decay lifetime and high cost 
of organo-iridium compound. [ 23 ]  We have previously reported 
a large band gap, high- Z  Gd 2 O 3 /polymeric matrix/fl uorescent 
dye tertiary system for γ-ray scintillation, which is capable of 
producing a photoelectric peak (photopeak) with 11.4% energy 
resolution for 662 keV γ radiation. [ 8 ]  

  Figure    1   illustrates the photoelectric process in the tertiary 
nanocomposite system. Ideally, the high- Z  NP converts all 
energy of an incident gamma photon into a single photoelec-
tron. The photoelectron then undergoes energy cascade by col-
liding with other electrons on its path to produce a number of 
excitons within the matrix. Through fl uorescence resonance 

energy transfer (FRET, which is the main energy transfer pro-
cess in plastic scintillator), the excitons transfer to fl uorescent 
dyes from which visible photons are generated. [ 15 ]  The progres-
sively decreasing band gaps going from high- Z  NPs (>5 eV) to 
the PVT matrix (4.2 eV), and then to the dyes (<3 eV, typically 
at concentrations of a few percent) allow for effi cient unidirec-
tional exciton energy transfer to the dyes with little quenching. 
Moreover, the surface modifi ed Gd 2 O 3  ( Z  Gd  = 64) NPs can be 
added at a net weight percentage of about 20% without severe 
optical loss at thicknesses of a few mm, endowing the nano-
composites with higher stopping power as compared with the 
quantum dot/polymer nanocomposites in which the loading of 
high- Z  ingredient is much lower. [ 8 ]  However, the modestly high 
 Z  of Gd still limits the γ detection effi ciency of this system, 
while the nanocomposite’s green emission additionally limits 
its energy resolution for spectroscopic applications due to spec-
tral mismatch with commercial PMTs.  

 HfO 2  has been intensively investigated in the recent 
years as a promising high-κ dielectric. [ 31 ]  With a  Z -value of 
72 for Hf and reported band gaps of 5.3–6.0 eV, HfO 2  has the 
highest effective  Z  amongst all simple oxides with band gaps 
exceeding the 4.2 eV for PVT. [ 32,33 ]  Although rare earth doped 
HfO 2  have also been investigated as luminescent scintillation 
materials, limited success was obtained due to the resulting 
materials’ poor photophysical properties, especially the long 
decay time. [ 34,35 ]  Thus far, the syntheses of HfO 2  NPs have 
been reported through a handful of methods such as hydrol-
ysis, [ 36,37 ]  solvothermal synthesis, [ 38,39 ]  and nonaqueous sol–gel 
synthesis. [ 40,41 ]  NPs produced by the fi rst two methods tend to 
aggregate and precipitate in normal nonpolar solvents and are 
thus deemed unsuitable for fabricating uniform nanocompos-
ites with low-polarity polymers such as PVT. While the sol–
gel method can produce soluble HfO 2  NPs by condensation 
between HfCl 4  and Hf(OCH(CH3) 2 ) 4  in the presence of trioc-
tylphospine oxide (TOPO), [ 40 ]  the air- and light-sensitive nature 
of Hf(OCH(CH3) 2 ) 4  along with TOPO’s high melting point 
renders the reaction protocol rather complex and therefore 
limits its wider applications. 

 Here we report a facile synthesis and surface modifi ca-
tion protocol of HfO 2  NPs for fabricating blue-emitting nano-
composite γ-ray scintillators. Using a single precursor of 
Hf(CF 3 COO) 4  in oleylamine, highly soluble HfO 2  NPs were 
synthesized at multigram scales with yield typically around 
90%. The as-synthesized NPs were then modifi ed with bis(2-
(methacryloyloxy)ethyl) phosphate (BMEP) to endow it with 
surface vinyl groups, which would provide bonding between the 
NPs and matrix during polymerization and therefore improve 
dispersion uniformity of the resulting nanocomposites. Based 
on the commonly used matrix/primary dye/wavelength shifter 
recipe of PVT/2-(4- tert -butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadi-
azole (PBD)/1,4-bis(5-phenyl-2-oxazolyl)benzene (POPOP), [ 42 ]  
we have fabricated highly transparent NP/PVT/PBD/POPOP 
nanocomposite scintillators by in situ polymerization of vinyl-
toluene (VT) solutions containing surface-modifi ed HfO 2  NPs, 
PBD, and POPOP. The resulting nanocomposite monoliths 
exhibited high optical transparency at high NP loading. With 
the nanocomposite scintillator, we were able to obtain a full 
energy photopeak with energy resolution <8% for the 662 keV 
Cs-137 γ radiation.  
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 Figure 1.    Gamma scintillation mechanism in a nanocomposite monolith 
loaded with high  Z  NPs.
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  2.     Results and Discussion 

 HfO 2  NPs have been synthesized in a single-precursor reac-
tion as schematically shown in  Figure    2  A. The precursor, 
Hf(CF 3 COO) 4 , was fi rst synthesized following the protocol as 
previously described for Zr(CF 3 COO) 4 . [ 43 ]  The similar chem-
ical properties of Hf and Zr due to Lanthanide contraction 
allow these reactions to proceed in virtually the same way. [ 44 ]  
Owing to the high reactivity of HfCl 4 , the reaction proceeded 
almost stoichiometrically, producing white Hf(CF 3 COO) 4  
with yields in excess of 96%. Structure of the as-synthesized 
Hf(CF 3 COO) 4  has been confi rmed by Fourier transform 
infrared spectroscopy (FTIR) (Figure S1, Supporting Infor-
mation) and energy dispersive X-ray spectroscopy (EDX) 
(Figure S2, Supporting Information). The precursor is stable 
in air, and can be stored for months in a sealed fl ask without 
obvious signs of degradation.  

 The as-synthesized Hf(CF 3 COO) 4  was then used to synthe-
size HfO 2  NPs capped with oleylamine in an air-free setup 
resembling a number of other high-temperature NP syn-
theses. [ 45,46 ]  The reaction yield has been determined to be 
around 90%, indicative of the high effi ciency of this single-pre-
cursor method. Transmission electron microscopy (TEM) image 
of the as-synthesized HfO 2  NPs shows a quite uniform size 
distribution around 5 nm, with most NPs having nearly round 
shape (Figure  2 B). This size distribution is further confi rmed 
by the dynamic light scattering results of a 45 mg mL −1  NP 
solution in toluene (Figure S3, Supporting Information). X-ray 
diffraction (XRD) pattern of the dried HfO 2  NPs (Figure  2 C) 
matched well with the JCPDS profi le 00–006–0318 for mono-
clinic HfO 2 , confi rming the crystallinity of HfO 2  NPs. It is well 
known that nanosized crystals can cause line broadening in the 
XRD pattern, and the Scherrer equation can be used to calcu-
late crystallite size from line broadening
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 Figure 2.    A) Schematic of single-precursor synthesis and surface modifi cation of HfO 2  NPs; B) TEM image and C) powder XRD pattern of the as-syn-
thesized HfO 2  NPs; D) FTIR spectra of HfO 2  NPs before and after BMEP exchange; and E) UV–vis absorption spectra of pristine and BMEP-exchanged 
HfO 2  NPs in dry tetrahydrofuran (inset: a picture of 20 wt% pristine and BMEP exchanged HfO 2  NP solutions in VT prior to curing).
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 where  τ ,  K ,  λ ,  β , and  θ  are crystallite size, shape factor (typi-
cally around 0.9), wavelength of the X-ray (0.154 nm for Cu 
Kα1), full-width-half-maximum (FWHM) of the broadened line, 
and the Bragg angle for the diffraction peak, respectively. After 
stripping the Cu Kα2 signal from the spectrum and accounting 
for the instrumental broadening of 0.07°, crystallite sizes were 
calculated to be 6.0 and 5.3 nm for the (−111) and (111) planes, 
respectively, showing a close match to results obtained from the 
TEM images. 

 To determine the mechanism behind HfO 2  NP formation, a 
series of synthetic tests were performed under various concen-
trations of Hf(CF 3 COO) 4 . As shown in Figure S4, Supporting 
Information, the product HfO 2  NPs show no obvious crystal-
linity differences at Hf(CF 3 COO) 4 /oleylamine molar ratios of 
1:40 and 1:20, whereas the crystallinity decreased slightly for 
the 1:160 reaction, most likely due to an insuffi cient supply 
of precursors. However, for the Hf(CF 3 COO) 4 /oleylamine = 
1:20 experiment, the viscosity of reaction mixture drastically 
increased at around 290 °C, leading to a gel-like appearance. 
Moreover, upon further increasing the temperature to 330 °C, 
the mixture eventually achieved the characteristic colorless, 
low-viscosity solution typical of the reaction. This observa-
tion indicates that the reaction may follow a sol-gel process 
where oleylamine fi rst attacks the trifl uoroacetate ligand to 
form Hf OH, followed by condensation to form HfO 2  NPs 
(Figure S5, Supporting Information). The initial increase of vis-
cosity at 290 °C could be ascribed to the formation of partially 
condensed loose networks of Hf O Hf, which is incapable of 
dissolving in limited amounts of oleylamine, and merely swells 
to form a gel. Further increasing the degree of condensation 
led to the formation of suspended dense NPs, thus reducing 
the viscosity. This mechanism can be further corroborated by 
the failed reactions using oleic acid instead of oleylamine. Since 
the formation of Hf OH was prevented in the fi rst place by the 
acidic environment in oleic acid, no crystals could be obtained, 
but a yellow oil was produced. 

 The as-synthesized NPs were assumed to be coated by a layer 
of oleylamine due to their excellent solubility in low-polarity sol-
vents, which was confi rmed by the FTIR spectrum of unmodi-
fi ed HfO 2  NPs shown in Figure  2 D. The peaks at 1620 and 
3001 cm −1  can be ascribed to the C C and vinyl C H vibra-
tions for oleylamine, respectively. [ 47 ]  The N H bending vibra-
tions at 1514 cm −1  and stretching band at around 3200 cm −1  
also indicate the presence of oleylamine, whereas the lack of 
peaks at 1000–1250 cm −1  excludes the possibility of remaining 
carboxylic acid bonding to the surface. 

 The oleylamine ligands bound on NP surface have unsatu-
rated C C bonds. These vinyl groups are relatively unreactive 
and cannot be readily copolymerized with vinyl monomers 
such as VT to provide bonding between the NPs and a PVT 
matrix. Therefore, direct curing of VT solutions containing 
oleylamine-capped NPs resulted in severe phase separations 
and thus transmittance loss due to exclusion of NPs during 
polymerization. Since the visible photons generated within the 
scintillator monolith need to transmit through the bulk and be 
detected by PMT, it is crucial to reduce phase separation and 

transmittance loss to improve the detection effi ciency. BMEP 
was then used to introduce methacrylate monomer groups 
onto the NP surface to promote copolymerization with the 
matrix. [ 8 ]  The suitable reactivity ratios (ratios between possibili-
ties of one monomer reacting to itself versus to the other in a 
binary copolymerizing system) of 0.52 and 0.46 for styrene and 
methyl methacrylate, respectively, promise a good chance of 
copolymerization between VT and the methacrylate-containing 
BMEP, rendering BMEP a suitable surface modifi er. [ 48 ]  Strong 
bonding between hafnium and phosphate guarantees a strong 
anchoring of BMEP surface layer, while the acid-inert nature 
of bulk HfO 2  assured an intact crystallinity of HfO 2  NPs after 
ligand exchange. [ 44 ]  Figure  2 D compares the FTIR spectra of 
pristine HfO 2  NPs and fully BMEP-exchanged HfO 2  NPs. The 
previously described spectral features of oleylamine coated 
HfO 2  NPs disappeared after BMEP exchange. Instead, a set of 
new peaks appeared at 1716, 1633, 1173, 1114, and 1078 cm −1 , 
corresponding to the C O, C C, C O, and P O stretching 
absorptions. [ 8 ]  These obvious changes in spectral features con-
fi rm the effectiveness of surface modifi cation using BMEP. 

 Due to the strong bonding between hafnium and phosphate, 
the reaction between BMEP and HfO 2  NPs should be able to 
proceed almost stoichiometrically. [ 44 ]  This has been confi rmed 
by the thermogravimetric analysis (TGA) and FTIR results of 
pristine and BMEP-modifi ed HfO 2  NPs at different BMEP-
exchange ratios (Figure S6 and S7, Supporting Information). It 
should be noted that using an excess amount of BMEP would 
not result in more BMEP attachment than that limited by the 
available surface states, indicating a good stability of HfO 2  NPs 
against corrosion by acids, which is further confi rmed by the 
unchanged XRD pattern after BMEP modifi cation (Figure S8, 
Supporting Information). Therefore, the degree of surface mod-
ifi cation can be controlled by varying the amount of BMEP 
used. The solubility of BMEP-exchanged NPs in VT was found 
to decrease with an increasing degree of BMEP exchange, likely 
due to the higher polarity of BMEP than oleylamine. However, 
excessively low percentages of BMEP exchange would result 
in insuffi cient bonding between the matrix and NP and thus 
lead to phase segregation and transmittance loss. HfO 2  NPs 
exchanged with 50% BMEP (1:1 molar ratio of oleylamine/
BMEP on the modifi ed NPs) were found to be optimal in bal-
ancing between the solubility and surface monomer density; 
this percentage would be used in all nanocomposite fabrica-
tions thereafter. 

 As stated above, an important reason for choosing HfO 2  
as the high- Z  component is that its large band gap prohibits 
matrix-to-NP exciton energy transfer, thus avoiding excess 
exciton quenching. To confi rm HfO 2 ’s large band gap, optical 
absorbance of both pristine and BMEP-modifi ed HfO 2  NPs 
were tested using UV–vis spectroscopy. Due to the decreased 
solubility of BMEP-modifi ed NP in hexane, distilled tetrahydro-
furan (no optical absorption at >210 nm) was used to dissolve 
both samples for the spectroscopic measurement. Figure  2 E 
shows the absorption spectra of these NPs at concentration of 
0.5 mg mL −1 . The absorption peak at 240 nm for pristine NPs 
is consistent with the reported absorption for oleylamine, [ 49 ]  
whereas the absorption onset at 230 nm for BMEP-modifi ed 
NPs matched well with the measurement of a 0.05 mg mL −1  
BMEP solution (Figure S9, Supporting Information). No other 
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strong absorption was observed above 215 nm for both NPs, 
indicating a band gap of at least 5.7 eV, which would be more 
than suffi cient to prevent exciton transfer from PVT to NPs. 
The 50%-BMEP-modifi ed HfO 2  NPs showed no obvious degra-
dation of solubility in VT compared to the pristine NPs, as indi-
cated by the colorless transparent solutions of 20 wt% pristine 
and modifi ed NPs in VT (see inset of Figure  2 E). 

 Using the highly soluble BMEP-modifi ed HfO 2  NPs, NP/
PVT/PBD/POPOP nanocomposite monoliths were fabri-
cated using a thermally initiated bulk polymerization pro-
cess. [ 8 ]   Figure    3  A shows the TGA curve of a 20 wt% NP com-
posite tested in air (all NP concentrations are wt% including 
the organic ligand content henceforth, if not specifi ed). The 
remnant of 16.5% matches well with the estimation of 20% 
* (1–0.16) = 16.8%, where 20% is the initial NP loading, with 
the organic ligand content of NPs being 16% as determined 
previously. The NP nanocomposites displayed high transpar-
ency after curing. Figure  3 B shows the transmittance curves 
and photos of a 2 mm 20% NP nanocomposite along with its 
NP-free counterpart. No obvious transparency differences are 
evident from visual inspection. On the spectra, the sharp drop 
at 400 nm is due to POPOP absorption. The 20% NP nano-
composite showed a slightly lower transmittance compared 
to its NP-free counterparts above 400 nm. Compared with the 
relatively fl at curve for NP-free composite ( T  550 nm  = 90.9%, 
 T  415 nm  = 88.6%), transmittance of the NP nanocomposite 
degraded faster with decreasing wavelength ( T  550 nm  = 83.7%, 
 T  415 nm  = 72.9%). This can be attributed to an intensifi ed Ray-
leigh scattering induced by the presence of NPs, as the transmit-
tance loss due to scattering is strongly wavelength dependent 
(∝ exp(– C / λ  −4 ), where C is a material property related con-
stant). [ 9,12 ]  Moreover, it is suspected that the NPs could still 
aggregate, but to a smaller extent, during polymerization, since 
the gradual formation of polymer network would still lead to 
some degree of NP exclusion. To confi rm this, TEM images 
were obtained on a thin-fi lm sample (about 50 nm thick) of 
the 20% NP nanocomposite prepared using focused ion beam. 
As shown in Figure  3 C, although the NP dispersion was fairly 
uniform within the polymer matrix, some NPs aggregate into 
clusters of about 20 to 30 nm sizes, which could be the major 
source of scattering-induced transmittance loss. It should be 
noted that the thin fi lm of 50 nm could contain several layers 
of NPs, which might lead to some degree of overestimation on 
the aggregation effect due to the possibility of overlapped NPs 
in the TEM image.  

 As mentioned before, HfO 2  NPs in the nanocomposite will 
serve as high- Z  component to convert an incident γ photon into 
a single photoelectron with all energy in the original γ photon. 
The high-energy photoelectron then undergoes energy cas-
cade within the PVT matrix by colliding with other electrons 
on its decay path, where a number of excitons are produced in 
proportion to the photoelectron energy. Through FRET, these 
excitons will migrate to the PBD dye sites and be converted 
into visible photons for detection. This energy transfer process 
needs to be highly effi cient to maximize light yield (number of 
photons generated per MeV of γ energy), since the fl uorescence 
quantum effi ciency of PVT is very low. In addition to the pri-
mary dye of PBD, POPOP is used as a wavelength shifter at 
very low concentration (0.01%) to further shift PBD’s emission 

in order to reduce self-absorption. [ 15,18,42 ]  The combination of 
PVT/2% PBD/0.01% POPOP has been widely reported to have 
a good light yield and therefore was used for the nanocom-
posite scintillators in this work. [ 18,42 ]  

Adv. Funct. Mater. 2015, 25, 4607–4616

www.afm-journal.de
www.MaterialsViews.com

 Figure 3.    A) TGA curve of a 20% NP/PVT/PBD/POPOP composite 
mono lith; B) UV–vis transmittance curves and pictures of 2 mm thick NP-
free and 20% NP/PVT/PBD/POPOP composite monoliths; and C) TEM 
image of a FIB-etched thin fi lm of 20% NP composite.
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 To confi rm the aforementioned energy transfer processes, a 
photophysics study was performed using photoluminescence 
spectroscopy.  Figure    4   shows the photoluminescence spectra of 
a monolith of neat PVT, dilute solutions of PBD and POPOP, 
and a 20% NP/PVT/PBD/POPOP nanocomposite monolith. 
The emission maximum of PVT at 311 nm matches the excita-
tion of PBD, while PBD’s emission maximum at 365 nm over-
lapped nicely with the excitation of POPOP. These well-matched 
emission/excitation pairs promise effi cient FRET transfers 
from PVT to PBD and fi nally via radiative transfer to POPOP. 
As shown in Figure  4 D, the 20% NP/PVT/2% PBD/0.01% 
POPOP nanocomposite exhibited only POPOP emission at 
the PVT excitation wavelength of 298 nm, confi rming an effi -
cient energy transfer process. The inset of Figure  4 D shows the 
picture of a NP-free and a 20% NP/PVT/PBD/POPOP nano-
composite monoliths under 256 nm UV illuminations, where 
no discernable differences in the emission color and intensity 
could be observed.  

 Gamma responses of the blue-emitting nanocomposites 
were characterized using a homebuilt gamma pulse height 
analysis system. Pulse height spectra were fi rst obtained on 

three samples including an NP-free PVT/PBD/POPOP nano-
composite, a 20% NP PVT/PBD/POPOP nanocomposite, and 
an Eljen-212 commercial plastic scintillator polished to the 
same size as the nanocomposite monoliths.  Figure    5  A shows 
the pulse height spectra obtained for these three samples. The 
appearance of a Compton edge is due to the Compton back-
scattering of gamma photons, and its position depends solely 
on the energy of the incident gamma photon. [ 14 ]  For 662 keV 
γ, the Compton edge corresponds to a deposited energy of 
478 keV. Therefore, using the channel number of Compton 
edge (typically chosen as the infl ection point on the slope), we 
can compare the γ light yields of these three monoliths. The 
channel numbers for the Compton edges of Eljen-212, NP-
free composite, and 20% NP nanocomposite were 1110, 1100, 
and 840, respectively. With the light yield of Eljen-212 being 
10000 photo ns/MeV, the light yields of NP-free and 20% NP 
nanocomposites would be 9900 and 7600 photons/MeV, respec-
tively. The similar light yield of PVT/PBD/POPOP with Eljen-
212 is consistent with previous reports. [ 18,42 ]  However, the 
decrease in light yield with NP inclusion may not be due to 
exciton quenching as reported in literatures using organometal-
lics as the high- Z  component, since the NPs possess a much 
larger band gap than the organic components and therefore 
cannot capture and trap the low energy excitons and photons 
from the organics. [ 23,50 ]  Nevertheless, a plausible case might be 
that the energy deposited within HfO 2  during photoelectron 
cascade could be trapped and dissipated without producing 
photons, leading to degradation in the composite’s overall 
photon generation power and thus light yield. In addition, 
a more obvious reason behind light yield deterioration is the 
loss of transmittance due to scattering induced by NPs, which 
affects the effi ciency of photons generated inside the monolith 
being out-coupled to the PMT.  

 In order to investigate these causes of light yield deteriora-
tion, three sets of experiments have been performed. The fi rst 
two sets used 10% NP and 20% NP PVT/PBD/POPOP mono-
liths, respectively, at different thicknesses (2, 4, and 6 mm) 
to determine the effect of transmittance on light yield. In the 
third set, a series of 2 mm thick monoliths with 0% to 40% NP 
loadings were tested, where the combined effects of transmit-
tance loss and energy trapping in NPs on light yield could be 
observed. Relative light yields of the samples were obtained by 
dividing their Compton edge channel numbers by that of the 
2 mm thick PVT/PBD/POPOP monolith. To characterize the 
light out-coupling ability of monoliths, the transmittance at 
415 nm was chosen as the fi gure of merit, since the emission 
maxima of nanocomposite monoliths have all been located at 
this wavelength as shown in Figure  4 . Figure  5 B shows the rela-
tive light yields and transmittances at 415 nm obtained for these 
monoliths (original data shown in Figure S10–S12, Supporting 
Information). In each curve for the 10% and 20% NP mono-
liths, the relative light yield showed a somewhat linear depend-
ence on transmittance, consistent with the as-proposed effect of 
transmittance, or light out-coupling, on light yield. However, for 
these two curves, in addition to the curve for 2 mm thick mono-
liths with different NP loadings, large discrepancies in relative 
light yields were found amongst samples with the same trans-
mittance but different NP%, indicating a signifi cant infl uence 
from the NPs themselves in addition to the transmittance loss. 
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 Figure 4.    A) Photoluminescence spectra of pure PVT monolith, B) dilute 
PBD/CHCl 3  solution, C) dilute POPOP/CHCl 3  solution, and D) 20% 
NP/PVT/PBD/POPOP nanocomposite monolith. Inset photograph in 
D) shows PVT/PBD/POPOP monoliths (2 mm thick by 1 cm diameter) 
containing zero (left) and 20% NPs (right) under 256 nm UV illumina-
tion. The excitation wavelengths used for taking emission spectra were 
298, 311, 365, and 298 nm for PVT, PBD, POPOP, and the 20% NP nano-
composite, respectively. The excitation spectra were obtained by meas-
uring the emission intensity at 365 and 415 nm for PBD and POPOP, 
respectively.
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 As mentioned above, the NP’s large band gap excludes pos-
sibilities of quenching excitons from organics and absorbing 
photons emitted by fl uorescent dyes. A plausible mechanism 
behind this NP-induced extra light yield deterioration is the loss 
of energy trapped in NPs during fast electron cascade, since 
the NPs are not fl uorescent and cannot transfer the deposited 
energy into the organic matrix via FRET. For a quantitative con-
sideration, this part of trapped energy should be proportional to 
the volume percentage of NPs multiplied by their fast electron 
stopping power. (Note: this is still a somewhat simplifi ed model, 
a more detailed discussion has been provided by Bulin et al.) [ 51 ]  
The fast electron stopping power in matter is directly propor-
tional to that matter’s electron density because a fast electron 
goes through energy cascade via collisions with electrons in the 
matter sitting in its tortuous pathway. The organic components, 
PVT, PBD, and POPOP, have similar atomic compositions and 
thus almost identical electron densities. HfO 2  NPs, on the other 
hand, have a much higher electron density than the organics 
and thus a greater stopping power for fast electron. 

 Based on the statement above, the percentage of energy 
( E   i  ) deposited in component  i  in the nanocomposite can be 
expressed using the normalized product of stopping power 
( – d E /d x ) and volume percentage ( V )
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 The relationship between fast electron stopping power and the 
electron density of matter has been given by Bethe [ 14 ] 

 

d
d
E

x

Z

A

ρ− ∝ ×

  (3) 

 where  Z ,  ρ , and  A  are the atomic number, volumetric mass 
density and relative atomic mass of the matter, respectively. 
Assuming all fast electron energy deposited in NPs and NP-
bound ligands (which lack conjugated π-electrons for hosting 
excitons) dissipates without producing photons, and the energy 
deposited in organic matrix (including dyes) is used to gen-
erate photons, the relative photon generation power ( η  P ) is 
then directly proportional to the percentage of energy deposited 
within the organic matrix ( E  M ) and can be expressed as follows 
using Equations  ( 2)   and  ( 3)  
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 Figure 5.    A) Pulse height spectra obtained for monoliths of PVT/PBD/POPOP, 20% NP/PVT/PBD/POPOP, and the standard Eljen-212 scintillator; 
B) relative light yield vs. transmittance at 415 nm for 10% and 20% NP composites with different thicknesses (2, 4, and 6 mm), and for 2 mm thick 
monoliths with 0% to 40% NP with 10% increment; C) relative light yield replotted and linearly fi tted as a function of the product of relative photon 
generation power ( η  P ) and transmittance at 415 nm for data points in (B); and D) energy correlated pulse height spectrum and fi tted curve for a 2 mm 
thick 20% NP PVT/PBD/POPOP monolith.
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 where the subscripts M, NP, and L denote matrix, NPs and 
ligands, respectively. For each component, the volume per-
centage was calculated using wt% and density, whereas  Z  and 
 A  were taken as the total  Z  and relative molecular mass, respec-
tively, e.g.,  Z  NP  = 88,  A  NP  = 210.5 for HfO 2 . From this expres-
sion, it is clear that although the volume percentage of HfO 2  
NPs is small compared with the organics, the amount of energy 
trapped during the fast electron cascades can still be signifi cant 
due to the NPs much higher electron density. 

 The overall light yield determined by PMT depends not only 
on the generation but also out-coupling of the photons to the 
photodetector. It is thus proportional to the product of trans-
mittance and relative photon generation power  η  P . Figure  5 C 
plots the relative light yield against the product of transmit-
tance at 415 nm and calculated  η  P  for the data points shown 
in Figure  5 B. A greatly improved linearity is seen, which is 
indicative of a good agreement between experimental results 
and the proposed combined effects of photon generation and 
out-coupling on light yield. It should be noted that the usage 
of transmittance at 415 nm as the light out-coupling power 
would be a great underestimation of the true value, which 
should have contributed to the degradation of linearity in the 
light yield relationship shown in Figure  5 C. This is due to the 
fact that most scattered photons are lost and not being detected 
by the detectors in an UV–vis test, whereas for the scintillator 
wrapped by a set of Tefl on refl ectors, a substantial fraction of 
scattered photons can eventually reach the PMT after multiple 
scattering and refl ections. Since the large band gap NPs do not 
absorb low energy photons, the decreased light out-coupling 
power should only be ascribed to an increased self-absorption 
within the matrix due to multiscattering induced extension 
of light path. Accounting for this effect of photon scattering 
requires random-walk simulations with geometrical considera-
tions, which would be out of the scope of discussion for this 
paper; however, with a more accurately represented light out-
coupling term, a greatly improved linear relationship between 
light yield and the product of light out-coupling power with 
 η  P  should be obtainable, which should also intercept with 
the axes at origin. Although the NP nanocomposites showed 
some decay in light yield due to scattering-induced transmit-
tance loss and energy trapping in the NPs, the addition of 
HfO 2  NPs produced a full energy photoelectron peak in the 
gamma pulse height spectrum as shown in Figure  5 A (also 
Figure S10–S12 for all other nanocomposites). The presence 
of this peak is due to the drastically increased possibility of 
photoelectric process in the NP-containing nanocomposites, 
which produces photoelectrons with full 662 keV energy from 
gamma photons. Since the probability of photoelectric effect 
is roughly proportional to the fourth to fi fth power of  Z , the 
likelihood of producing a full energy photoelectron in Hf ( Z  
= 72) is about 12 4  to 12 5  times of that for carbon ( Z  = 6). As 
a result, although no photopeaks can be clearly resolved with 
typical organic scintillators, the addition of HfO 2  endows it 
with the ability to show full energy peaks of gamma rays, and 

therefore promises gamma spectroscopic applications. To fur-
ther study the gamma energy resolving power of this nano-
composite, we have obtained another pulse height spectrum 
with a 2 mm thick 20% NP composite using an acquisition 
time of 4 h. The longer acquisition time improves signal-to-
noise ratio and thus improves the statistical reliability. As 
shown in Figure  5 D, a full energy peak consisting of a main 
peak at 607 keV and a shoulder peak at 662 keV was observed. 
Positions of these peaks are in good agreement with those of a 
true photopeak (662 keV) and a Hf Kα escape peak (662 − 55 = 
607 keV). The high- Z  Kα escape peak have been reported in 
a number of publications using small trial-size scintillators 
and should disappear at larger scintillator sizes due to dimin-
ished possibilities of the high- Z  Kα X-ray escaping the scintil-
lator. [ 14,23 ]  The photopeak and Hf Kα escape peak were subse-
quently fi tted into two Gaussian peaks with energy resolutions 
(defi ned as FWHM/peak energy) of 8.0% and 9.0%, respec-
tively ( R  2  = 0.995, Figure  5 D). Pulse height spectrum of a 10% 
NP nanocomposite monolith was also measured and shown in 
Figure S13, Supporting Information, with deconvoluted pho-
topeak and escape peak resolutions of 5.8% and 8.3%, respec-
tively. It should be noted that the fi tted 5.8% photopeak reso-
lution for 10% NP nanocomposite is likely an over-optimistic 
value (resolution around 7.5% would be more plausible) due 
to fi tting errors induced by weak photopeak intensity, since 
photon statistics dictate that the resolution of photopeak 
should only be slightly better than the escape. [ 14 ]  As a more 
conservative note, fi tting the full energy peak as a whole also 
gives resolutions of 9.6% and 10.8% for the 10% and 20% NP 
nanocomposites, respectively (Figure S14, Supporting Infor-
mation). These results compare favorably with the previous 
reported value of 11.4% obtained using 31% Gd 2 O 3  nanocom-
posites (net Gd 2 O 3  NP loading around 20%). [ 8 ]  One contribu-
tion to this improvement is the difference in PMT spectral 
sensitivity: the PMT is two times more sensitive to the present 
nanocomposite’s deep blue emission than the green emission 
from previous Gd 2 O 3  nanocomposite. [ 14,15 ]  The greater PMT 
sensitivity results in a higher apparent light yield (photons 
detected by the PMT) and thus better resolution for the blue 
scintillator, since the resolution is inversely proportional to the 
square root of light yield. [ 14,15 ]  

 The photoelectric cross-section of Hf is about 1.6–1.8 times 
of that of Gd ( Z  = 64); therefore, the photoelectric effi ciency 
for 10% HfO 2  NP composite (net HfO 2  loading around 8.4%) 
is not much lower than that of the 31% Gd 2 O 3  NP composite 
(net Gd 2 O 3  NP loading around 20%), whereas the 20% mon-
olith (net HfO 2  loading around 16.8%) has an even higher 
photoelectric effi ciency than the 31% Gd 2 O 3  composite. This 
relatively high photoelectric probability at lower NP% is benefi -
cial, because both scattering and energy trapping increase with 
NP% and would thus deteriorate light yield. This is particularly 
important for the fabrication of nanocomposite monoliths suf-
fi ciently large for gamma spectroscopy. As the scintillator size 
increases, the X-ray escape peak would eventually disappear 
due to recapture of the escaping Hf Kα X-ray photon. Since the 
attenuation depth for a 50 keV X-ray photon is typically around 
a few cm in water, the disappearance of escape peak should be 
expected at sizes of several cubic inches for a low NP% com-
posite monolith.  
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  3.     Conclusion 

 In summary, HfO 2  NPs with fairly uniform size distribution 
and excellent solubility in low-polarity solvent have been syn-
thesized via a facile single-precursor method at high yield. 
The oleylamine ligand on NP surface can be replaced by 
BMEP to introduce polymerizable functional groups. Bulk 
polymerization of the modifi ed NPs dissolved in VT has pro-
duced bulk monoliths that remained transparent at NP loading 
as high as 40 wt%. Blue-emitting nanocomposite γ-ray scin-
tillation monoliths have been synthesized, and a 2 mm thick 
sample comprising up to 20 wt% NPs, 2% PBD, and 0.01% 
POPOP produced a deconvoluted photopeak with energy reso-
lution ≤8% for 662 keV Cs-137 γ radiation. The synthesis has 
high yield, and should be scalable to larger-size monoliths. 
However, the gamma light yield and photopeak resolution do 
not seem to improve with larger monoliths or higher loading, 
which may be attributed to aggravated light scattering and 
energy trapping during photoelectron cascade. Further work 
is underway to overcome the light scattering issue, subdue the 
escape peak, and improve the photopeak resolution. In addition 
to the gamma scintillator application, with the facile syntheses 
and surface modifi cation protocol developed in this paper, the 
highly soluble, chemically inert, high-refractive-index HfO 2  
NPs should also fi nd applications such as in composite high-κ 
dielectrics and biocompatible contrast agents in X-ray com-
puted tomography.  

  4.     Experimental Section 
  Materials : Hafnium(IV) tetrachloride (99%, 80 mesh) and 1,1-di-( tert -

butylperoxy)-3,3,5-trimethylcyclohexane (DTTMC, 75% solution in 
aromatic free mineral spirit) were purchased from Acros Organics. 
Oleylamine (OAm, Technical grade, 70%), bis(2-(methacryloyloxy)-
ethyl) phosphate (BMEP), methylstyrene (commonly referred to as 
vinyltoluene, VT, 99%), 2-(4- tert -butylphenyl)-5-(4-biphenylyl)-1,3,4-
oxadiazole (PBD, 99%), and 1,4-bis(5-phenyl-2-oxazolyl)benzene 
(POPOP) were purchased from Sigma-Aldrich. Trifl uoroacetic acid 
(99%) was purchased from EMD. Excluding chloroform (HPLC grade), 
all other solvents used were of ACS grade. Tetrahydrofuran was distilled 
from sodium benzylphenone ketyl prior to use. VT was purifi ed by a mini 
column packed with inhibitor removers to remove  tert -butylcatechol 
before use. An Eljen-212 general-purpose plastic scintillator was 
obtained from Eljen Technology and was polished into a disk with 
dimensions 10 mm in diameter and 2 mm thickness to serve as the 
standard for scintillation measurements. All other materials were used 
as received. 

  Synthesis and Fabrication : Hf(CF 3 COO) 4  was synthesized following 
the protocol for Zr(CF 3 COO) 4  previously described by Sartori and 
Weidenbruch. [ 43 ]  Trifl uoroacetic acid (50.0 mL, ≈650 mmol) was 
slowly added to HfCl 4  (30 mmol, 9.60 g) under stirring. The mixture 
was stirred at 40 °C for 5 h and then dried by rotary evaporation and 
high vacuum to obtain Hf(CF 3 COO) 4  in the white solid form. Typical 
yield of the reaction is >96%. The high-temperature synthesis of HfO 2  
NPs from Hf(CF 3 COO) 4  was carried out under inert gas protection. 
In a typical reaction, Hf(CF 3 COO) 4  (4 mmol, 2.52 g) was mixed with 
OAm (52.6 mL, ≈160 mmol) and stirred under vacuum for 30 min at 
110 °C. The resulting transparent solution was then heated to 330 °C 
for 1 h under Ar, after which the nearly-colorless transparent solution 
was cooled to room temperature. White HfO 2  NPs were fl occulated 
by adding 150 mL acetone, collected by centrifugation, and washed 
(redissolving and fl occulating with toluene and ethanol, respectively) 

three times. Finally, the NPs were dissolved in 20 mL toluene to 
form a stable colorless stock solution of around 45 mg mL −1  (weight 
concentration includes surface ligand), corresponding to a yield of 
about 90% after accounting for the 82% net inorganic weight as 
determined through TGA. Surface modifi cation of the NPs was carried 
out by admixing the as-prepared HfO 2  with a predetermined amount of 
BMEP in chloroform and stirring overnight. The resulting solution was 
fi rst concentrated using rotary evaporation, then washed three times 
with hexane and acetone following the similar redissoving-fl occulating 
procedure described above. The washed NPs were dissolved in a 
nanocomposite precursor solution composed of 2 wt% PBD, 0.01 wt% 
POPOP and 1 vol% DTTMC in purifi ed VT. The clear solution was placed 
in 10 mm diameter glass vials and cured (100 °C, 24 h) in a nitrogen 
protected glove box. After curing, the resulting monoliths were removed 
from the glass vials and polished for further characterizations. 

  Characterization : Transmission electron microscopy was performed 
on a FEI T12 Quick CryoEM and CryoET microscope operated at 
120 keV. High resolution TEM images were taken on a FEI Titan S/TEM 
operated at 300 keV. The nanocomposite thin-fi lm TEM samples were 
prepared by focused ion beam etching of the monolith using a FEI Nova 
600 SEM/FIB system. Powder X-ray diffraction data was obtained using a 
Panalytical X’Pert Pro X-ray powder diffractometer with Cu Kα radiation. 
Fourier transform infrared spectra were obtained using a Jasco 420 FTIR 
spectrophotometer with KBr pelletized samples. Dynamic light scattering 
was performed on a Coulter Beckman N4 Plus Dynamic Light Scattering 
Analyzer. UV–vis tests were carried out on a Shimadzu UV-1700 
spectrophotometer. Homemade masks were applied to reduce the light 
path variations for monolith transmittance tests. Photoluminescence 
spectra were obtained with a PTI QuantaMaster 30 spectrofl uorometer. 
Thermogravimetric analysis was performed on a Perkin Elmer Diamond 
Thermogravimetric/Differential Thermal Analyzer. The sample was fi rst 
stabilized at 100 °C for 10 min to remove residue solvents and water 
before being heated to 850 °C in air at a ramping rate of 15 °C min −1 , 
after which it was kept at 850 °C for another 10 min to ensure complete 
decomposition. Energy dispersive X-ray spectroscopy was performed on 
a FEI Nova Nano 230 scanning electron microscope operated at 10 keV. 
The EDX samples were fi rst dispersed in corresponding solvents and 
drop-casted onto Cu tape, followed by high-vacuum drying. 

  Gamma Pulse Height Analysis of the Monoliths : Gamma pulse height 
analysis was performed with a home-built system in a dark box as shown 
in Scheme S1, Supporting Information, where a Cs-137 source (662 keV 
characteristic γ energy) of 4.68 µCi activity (1.7 × 10 5  disintegrations/
second) was placed right in front of the nanocomposite monolith 
coupled to a Hamamatsu R878 PMT using optical grease. A set of 
customized Tefl on refl ector ring and back-refl ector disk was used to 
optimize the light collection by PMT and to exclude the infl uence 
of concomitantly emitted β rays from the Cs source. The PMT was 
equilibrated for 30 min after sealing the dark box. Typical acquisition live 
time was set to 1 h unless specifi ed otherwise. The signal was read out 
by a Canberra multichannel analyzer with rise and fl at top times set to 1 
and 0.5 µs, respectively.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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