J Mater Sci

Chemical routes to materials

@ CrossMark

Polyhedral oligomeric silsesquioxane-coated
nanodiamonds for multifunctional applications

Shaowei Qin'? @, Dan Wang"* @, Jie-Xin Wang' ®, Yuan Pu®* ®, and Jian-Feng Chen'?

" Beijing Advanced Innovation Center for Soft Matter Science and Engineering, State Key Laboratory of Organic—Inorganic
Composites, Beijing University of Chemical Technology, Beijing 100029, China

2Research Centre of the Ministry of Education for High Gravity Engineering and Technology, Beijing University of Chemical

Technology, Beijing 100029, China

ABSTRACT

Polyhedral  oligomeric  silsesquioxane  (POSS)-coated  nanodiamonds
(NDs@POSS) were prepared via the amide formation between amine-func-
tionalized POSS and oxygen-containing groups of NDs. The POSS structures
grafted on the surface of NDs enable the NDs@POSS nanocomposites to be well-
dispersed in organic solvents and polymers for multifunctional applications.
The surface coating of NDs with POSS also bring other incidental advantages
such as enhanced thermal stability and superhydrophobic of the NDs.
NDs@POSS nanocomposites-embedded hybrid films based on polycarbonate
and polyvinyl butyral were fabricated by solution blending methods, showing
tunable refractive indexes in the range of 1.49-1.61. Furthermore, the powders of
NDs@POSS were superhydrophobic with contact angle of water/air of 154°.
Liquid marbles formed by coating the water droplet with NDs@POSS were
prepared, and the process intensification effects of the NDs@POSS-based
miniature reactors for degradation of methylene and fabrication of Ag
nanoparticles were also demonstrated, respectively.
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diamond, the NDs exhibit great potential as fillers for
the preparation of transparent hybrid films with
tunable refractive indexes [9, 10]. However, the

Introduction

Composite materials based on carbon nanomaterials
have developed into a very important direction and
found many applications in energy and bio-related
fields [1-5]. Among them, nanodiamonds (NDs)-
embedded hybrid materials are highly attractive and
have found their way into many areas [6-8]. For
instance, due to the high refractive index (2.42) of the

commercial available NDs are composed of particle
aggregates (size of hundreds of nm), rather than
isolated monodisperse nanoparticles [11, 12]. Typi-
cally, there are two ways to solve the problem of
aggregation of NDs. One is the depolymerization of
physical methods such as ball milling [13] and sonic
disintegration [14]. It is inevitable to introduce other
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impurities by using physical methods for depoly-
merization of nanodiamonds, which limits their
applications [11, 15]. The other route is the modifi-
cation of the surface chemistry of NDs by using
octadecylamine [25], octylamine [16], amino-poly-
ethylene glycol [17] and just to name a few [18, 19], to
obtain well-dispersed NDs in solvents. This method
has the advantages such as reproducibility and con-
trollability for developing various new NDs with
tailor-made structures and well-defined properties
[17, 18].

Polyhedral oligomeric silsesquioxane (POSS) is a
hybrid inorganic/organic chemical composite, with
internal inorganic silicon and oxygen core and eight
external organic arms [20, 21]. The diameter of these
eight siloxyhexane is 1.2-1.4 nm, and there are func-
tional groups in each octant in Cartesian space,
opposite or orthogonal to each other [22]. POSS is
highly soluble in many organic/inorganic solvents
[20]. The cage-structured POSS is normally considered
to be a kind of monodisperse silica with cube inorganic
core [23,24]. Duetoits unique nano size structure, high
chemical stability and thermal stability and simple
chemical modification, POSS has been proved to be an
important scaffold for hybrid polymers [25, 26] and
used to modify a various types of nanoparticles, such
as carbon dots [21], upconversion nanoparticles [27],
and iron oxide nanoparticles [28]. The POSS structures
grafted on the surface of nanoparticles enable them to
be well-dispersed in organic solvents and polymers for
multifunctional applications.

Herein, we report the synthesis of POSS-coated
nanodiamonds (NDs@POSS) via the amidation reac-
tion between the amine-functionalized POSS and the
carboxyl group of ND. Due to the presence of organic
groups on POSS structures, the NDs@POSS
nanoparticles were able to disperse well in various
organic solvents and polymeric matrix. Transparent
hybrid films with tunable refractive index were fab-
ricated by solution blending NDs@POSS with poly-
vinyl butyral (PVB) and polycarbonate (PC),
respectively. The hybrid films exhibited enhanced
thermal stability than those of pure film. In addition,
the powder of NDs@POSS exhibited superhy-
drophobicity with water/air contact angle of 154°.
Liquid marbles coated with NDs@POSS were devel-
oped as miniature reactors. The process intensifica-
tion effects of the NDs@POSS-based miniature
reactors for degradation of methylene and fabrication
of Ag nanoparticles were demonstrated, respectively.

@ Springer

Experimental
Materials

Powder of NDs with average diameters of < 10 nm,
N-methyl pyrrolidone (NMP), ethanol (EAL),
methanol (Mt), acetone (Ac), tetrahydrofuran (THF),
trichloromethane (TCM), toluene (Tol) and cyclo-
hexane (CX), N,N’-dicyclohexylcarbodiimide (DCC),
methylene blue, NaBH,, AgNO;, ammonia and glu-
cose were purchased from Sigma-Aldrich. PC and
PVB were obtained from Aldrich to Beijing HWRK
Chem Co. Ltd (Beijing China), respectively. Amino-
propylisobutyl POSS (POSS-NH,;) was purchased
from Hybrid Plastics, Inc. (Hattiesburg, MS, USA).
All the chemicals were used as received without
further purification and deionized water was used
for all experiments.

Surface modification of NDs

The surface functionalization of NDs with carboxy
groups were performed by a well-developed thermal
oxidation method [29]. Typically, the powder of NDs
was dried in a vacuum oven at 80 °C for 2 h to
remove the organic impurities and then treated in a
furnace at 425 °C under air conditions for 1.5 h, to
introduce carboxylic groups on the surface of NDs.
The POSS structure was covalently grafted to NDs
via the amide formation between the oxygen-con-
taining groups of NDs and amine-functionalized
POSS by using DCC as the catalysts (Scheme 1) [21].
Briefly, 1 g powder of POSS-NH, were first dissolved
to 100 mL THF in a 250 mL round-bottom flask, fol-
lowed by the addition of 100 mg NDs and 100 mg
DCC under ultrasonication treatment. The mixture
was then refluxed at 90 °C for 72 h. The NDs@POSS
nanocomposites were collected by centrifugation at
10000 rpm for 5 min and then washed by TCM for at
least three times to remove the POSS and DCC resi-
dues. The precipitates were then dried at 60 °C in a
vacuum oven for 2 h to obtain final product of
NDs@POSS powder.

Preparation of NDs@POSS-based hybrid
films

To prepare the polymer/NDs@POSS nanocomposites
as flexible foil, PVB and PC were used as the polymer
matrix, respectively. Briefly, 50 mg of PVB was firstly
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Scheme 1 Schematic showing the route for the carboxyl of NDs
and preparation of POSS-coated NDs.

dissolved in 2 mL methanol followed by the addition
of a certain amount of NDs@POSS powder. The
weight ratios of NDs@POSS to PVB were set as 1, 5,
10, 15 and 20%, respectively. The NDs@POSS-em-
bedded hybrid films with thickness of 0.5 mm were
prepared by spin-casting the mixed solution on a
glass wafer. The NDs@POSS/PC hybrid films were
prepared by similar procedures by using chloroform
as the solvent to dissolve PC.

Formation and manipulation of liquid
marbles

The obtained NDs@POSS powder was placed in a
petri dish and a droplet of aqueous solution depos-
ited onto the powder through pipette tip. By waving
the petri dish, a liquid marble could be formed by
coating the water droplet with superhydrophobic
NDs@POSS powder.

Degradation of methylene blue in liquid
marbles

The degradation of methylene blue was carried out in
the liquid marble. Briefly, 20 uL. aqueous solution of
methylene blue (5 mM) was placed on the powder of
NDs@POSS. Then 20 pL aqueous solution of NaBH,
was injected into the droplet. The droplet was then
coated with NDs@POSS to form a liquid marble. At
selected time intervals, the methylene blue solution

was extracted out and diluted 100 times in water for
UV-Vis spectroscopy measurement. The absorbance
intensities of methylene blue at 665 nm were moni-
tored to investigate the reaction kinetics for the
degradation of methylene blue in liquid marbles.

Preparation of Ag nanoparticles in liquid
marbles

Typically, 1.5 g AgNO; was dissolved in 8.5 mL
water, and then 5 wt% ammonia solution was added
under vigorous magnetic stirring until a clear color-
less solution was obtained (solution A). 20 pL of
solution A were placed on the powder of NDs@POSS,
followed by the addition of 20 pL aqueous solution of
glucose (10 wt%). The mixture solution was then
coated with NDs@POSS to form a liquid marble.
After 25 min, the solution inside the liquid marble
was extracted out and diluted 100 times in water for
transmission electron microscope (TEM)
characterization.

Characterization

Powder X-ray diffraction (XRD) patterns were
recorded using a Bruker D8 Discover XRD diffrac-
tometer equipped with Cu Ka radiation. The ther-
mogravimetric  analysis (TGA) results were
determined by a NETZSC STA-449C thermogravi-
metric analyzer with heating rates of 10 °C/min in
air. TEM images were obtained by a JEOL JSM-2010F
TEM operating with an accelerating voltage of
200 kV. A Malvern Zetasizer Nano ZS90 instrument
was used to obtain the dynamic light scattering (DLS)
data of the nanoparticles dispersed in toluene. A Ni-
colet 6700 Fourier transform infrared (FTIR) spec-
trometer was used to measure the FTIR spectra of the
samples. The UV-Vis transmittance spectra were
characterized by a Shimadzu UV-2600 UV-Vis spec-
trometry. The refractive indexes of the films were
measured by using an Abbemat 300 automatic
refractometer equipped with 589 nm laser.

Results and discussion

Figure 1a, b shows the typical TEM images of ND-
COOH and NDs@POSS, respectively. The histograms
of the particle size distributions are presented in
Fig. 1c, d. For single particle of either ND-COOH or
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Figure 1 Typical TEM
images of a ND-COOH and
b NDs@POSS. Histograms of
the particle size distributions
for ¢ ND-COOH and

d NDs@POSS obtained from
the TEM images. DLS results
for the particle size
distributions of e ND-COOH
and f NDs@POSS dispersed
in toluene.
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NDs@POSS, the diameter was less than 10 nm.
However, the ND-COOH sample mainly composed
of particle aggregates, rather than isolated monodis-
perse nanoparticles. The NDs@POSS sample exhib-
ited highly dispersive morphology. The size
distributions of both ND-COOH and NDs@POSS in
toluene were measured by DLS and the results are
shown in Fig. 1e, f. The average size of ND-COOH
was measured to be 168 nm, while the average size of
NDs@POSS in toluene was 13 nm. These results
demonstrated that the surface functional groups of
POSS on NDs played significant roles in prevent the
NDs from aggregation in organic solvents, resulting
in much smaller size of NDs@POSS than NDs during
DLS measurements.

The samples of ND-COOH and NDs@POSS were
further characterized by XRD and FTIR. As shown in
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Fig. 2a, the ND-COOH exhibited similar diffraction
patterns as the ND. Both of them showed two peaks
at 43.9° and 75.3°, which were correspond to the
diamond core [30]. In addition, a broad peak was
observed at around 23°, which was attributed to the
sp>-carbon of amorphous form [31]. The powder of
POSS showed amounts of characteristic peaks, indi-
cating the well-defined crystal structure. However, in
the XRD profile of the NDs@POSS, a broad peak from
15° to 30° occurred, unlike their pristine POSS coun-
terparts, showing a largely disordered structure with
a low crystallinity. These results showed indirect
evidence that the POSS molecules were covalently
bonded to ND. The FTIR spectra of ND, ND-COOH,
POSS, and NDs@POSS are shown in Fig. 2b. There
were some changes of ND-COOH as compared to
initial NDs. As shown in Fig. 2b, the peaks at



Figure 2 a XRD, b FTIR, (a) (b)
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3423 cm™' and 1627 cm™' were attributed to the
presence of hydroxyl group corresponded to the
stretching vibration and to the deformation vibration,
respectively. The peak at 1733 cm ™' was assigned to
the stretching vibration of carbonyl (C=0). In addi-
tion to typical FTIR peak, the spectrum revealed
another band from oxygen-containing functional
groups at 1110 cm™', which was caused by the
stretching vibration C-O-C bond. After oxidation,
the C-O-C group in ND disappeared and the C=0O
band shifted from 1750 to 1798 cm™', indicating a
conversion of ketones, aldehydes, esters and ether
groups into the carboxylic acids. The FTIR spectra
NDs@POSS showed the presence of a strong peak at
1110 cm ™', due to the Si-O-Si stretching. The rela-
tively weak bands over 2750-3000 cm ™' associated
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with the isobutyl groups in POSS and the peaks at
3423 cm™' and 1627 em™' attributed to the N-H
units, indicated that POSS molecules were chemically
grafted onto ND-COOH. The UV-Vis absorption
spectra of ND, ND-COOH, POSS, and NDs@POSS
are shown in Fig. 2c. Compared to NDs, the ND-
COOH exhibited stronger absorption in the ultravi-
olet due to the increase in the carbonyl structure. The
characteristic UV-Vis absorption peaks of POSS are
about at 225 nm and 315 nm were observed from
NDs@POSS. As the TGA results shown in Fig. 2¢, all
kinds of carbon including amorphous and diamond
phases are quickly oxidized when the temperatures
increased up to 450 °C in air. A complete weight loss
was observed for both ND and ND-COOH at 650 °C.
The residual weight of NDs@POSS at 650 °C (5%) is
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higher than the NDs, which was attributed to the
highly dense Si-O structure formed by the partial
cross-linking of POSS. The NDs/POSS weight ratio in
the NDs@POSS nanocomposites was determined to
be about 1:9. Figure 2e shows the disperse stability of
NDs@POSS in various solvents (from left to right:
DMSO, Mt, Ac, TCM and Tol). The polarities of the
solvents were: DMSO > Mt > Ac > TCM > Tol
(Fig. S1b). The absorbance spectra of the NDs@POSS
dispersions in various solvents were measured to
investigate the flocculation-settling dynamics. The
NDs@POSS could be dispersed well in those solvents
to form suspensions under ultrasonic treatment
(Fig. 2e). However, after 7 day, significant suspen-
sion sediments were observed for the NDs@POSS
dispersed in TCM and Tol. The contents of
NDs@POSS in various dispersions were monitored
by measuring the absorbance of the suspensions. It
was found that the larger the polarity of the solvent
is, the better the NDs@POSS dispersed (Fig. 2f).

Due to the high refractive index of ND (n = 2.42)
[9, 10], one of promising applications of NDs fillers is
to make high refractive index polymers. Figure 3a, b
shows the transmittance spectra of flexible hybrid
films with different concentrations of NDs@POSS
embedded in PVB and PC, respectively. Both PVB
and PC films showed high transparency in the visible
region with transmittance of over 90%. As the
increasing of NDs@POSS contents in the hybrid films,
the transmittance of the films decreased. The trans-
mittance results of light with wavelength of 550 nm
were determined to be 70% for PVB-based hybrid
films and 82% for PC-based hybrid films, when the
NDs@POSS doping concentration was up to 20 wt%
(Fig. 52). The refractive indexes of various films were
measured and the results are presented in Fig. 3c, d,
in which the refractive index of the hybrid film
showed a significant linear correlation with the con-
tent of NDs@POSS in the range of 0-20 wt%. The
fitting formulas were obtained as
y =0.2179x + 1.4884 for NDs@POSS/PVB hybrid
films and y = 0.19044x + 1.57699 for NDs@POSS/PC
hybrid films, respectively. Compared with ZrO,, one
of the commonly used inorganic nanoparticles for
preparation of hybrid films with tunable refractive
index [32], the ND exhibited higher refractive index.
Meanwhile, the ND particles made of earth-abundant
carbon, are much greener than PbS which have high
refractive index. Therefore, the use of ND-based
hybrid films is very promising for further
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applications. In addition, enhanced thermal stabilities
of the hybrid films were observed. The decompose
temperatures (Tq) at 10 wt% loss were 172 °C and
320 °C for PVB film and NDs@POSS/PVB hybrid
film (Fig. 3e). The decompose temperatures at 10 wt%
loss were 400 °C and 440 °C for PC film and
NDs@POSS/PC hybrid film, respectively.

Another feature of NDs@POSS nanocomposites
was the superhydrophobicity, which was beneficial
for the formation of liquid marbles [33-39]. As shown
in Fig. 54, NDs@POSS powders showed superhy-
drophobicity with an air/water contact angle (CA) as
high as 154°. A liquid marbles could be simply pre-
pared by rolling water droplets on the powders of
NDs@POSS. The self-adsorption and self-assembly
process driven by the capillary forces at the water/air
interface encapsulated the water droplet and ren-
dered the droplet non-wetting to the substrate
[21, 33]. Subsequently, the encapsulating layers of
particles were adsorbed on the surface of the liquid
marble to form the multilayer. The most notable fea-
ture of liquid marbles is “nonstick”. Particles on the
surface of liquid droplets can effectively prevent the
contact between the internal liquid and the external
surface. When the smaller volume drops were rolled,
the hydrophobic particles were spontaneously
adsorbed at the gas/liquid interface, and the droplet
surface could be reduced to form a liquid marble [33].
Figure 4b shows a typical digital photograph of a
liquid marble with a diameter of 2 mm prepared
from 4 pL water. Figure 4c shows that the liquid
marble remained intact after being transferred onto a
water bath in a petri dish. The excellent stability of
the liquid marble further enabled it to be readily
handled with a pair of tweezers owing to elasticity
without breaking (Fig. 4d). Compared with the pure
droplets, the evaporation rate of the droplets coated
by the particles (that was, in the liquid marble) will
be reduced. As shown in Fig. 4e, the upper and lower
surfaces of the droplets (4 uL) were folded together
after the liquid marble was prepared for 45 min.

To investigate the performance of NDs@POSS-
based liquid marbles as miniature reactors, two
reaction systems were studied. One was the reduc-
tion in encapsulated aqueous methylene blue in the
presence of sodium borohydride (NaBH,) (Fig. 5).
The other one was the reduction in encapsulated
aqueous silver ammonia solution in the presence of
glucose for the synthesis of Ag nanoparticles. In the
initial stage, the presence of the active carboxyl group
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on the surface of the NDs makes it deprotonation and
produces negative electricity in the basic solution
(Fig. S6). Driven by the electrostatic interaction
between the negatively charged carboxyl groups and
positively charged ions (silver ammonia positive ions
and phenothiazine positive ions), the positive ions
will be adsorbed on the inner surface of the liquid
marbles. When the particles come into contact with
the reducing agent in solution, the positive ion reacts
by the reduction in electrons. Therefore, the reaction
of solutions consists of two processes in a liquid
projectile, the adsorption process and reaction pro-
cess. It should be noticed that the diameter of the
liquid marble has an effect on the reaction rate.
Typically, the larger the size of the liquid marble was,
the lower the active sites inside the surface with
reduction in internal surface area were. Considering
that temperature, pressure and initial reactant

concentration were kept constant throughout the
reactions, the increase in the volume of the reaction
fluid also contributed to a longer degradation time
[36]. In our experiments, for the convenience of
sampling, a liquid marble with dimeter of 5 mm was
used for the reaction. Figure 5a shows the UV-Vis
absorbance spectra of aqueous solution of methylene
blue inside liquid marbles without the addition of
NaBH,. The results demonstrated that the methylene
blue molecules were adsorbed by liquid marbles and
reached the adsorption saturation in 5 min. Figure 5b
shows the UV-Vis absorbance spectra of 20 uL
aqueous solution of methylene blue inside liquid
marbles without the addition of NaBH,, in which
significant degradation of methylene blue were
observed. The mixture solution of methylene blue
and NaBH, in a beaker was also monitored by UV-
Vis absorbance spectra measurements, in which the

@ Springer



Figure 4 a Formation of a liquid marble by rolling a water droplet
on NDs@POSS powder. Digital photographs of b a liquid marble
made from water and NDs@POSS powder (marble size: 2 mm),
¢ the liquid marble placed on a water surface, d and e the liquid

reaction rate was found to be much lower than those
in the liquid marbles (Fig. 5¢). Figure 5d shows the
changes of absorbance intensity of methylene blue in
various reactors (liquid marbles and beaker) with and
without the addition of NaBHj, at various time points,
which indirectly expressed the relationship between
the degradation of methylene blue under different
conditions. In the initial 5 min, adsorption of
methylene blue is the main process. After that,
methylene blue degradation was dominant and con-
sumption was 53%. Therefore, the extinction-dura-
tion plot depicted an exponential decrease for the
methylene blue reacted in the liquid marble. This
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marble being picked up with a pair of tweezers. f Digital
photographs show plan view of the liquid marble during
evaporation.

phenomenon can be due to the electron transfer. In
the electron transfer step, when there is a large redox
potential difference between acceptor and donor,
there may be a case of electron limitation. The
NDs@POSS particles distributed on the inner surface
of liquid marbles play an electron transfer role as
active sites, lowering the original reaction potential
[36].

As for the fabrication of Ag nanoparticles using
liquid marbles as miniature reactors, similar process
intensification effect was demonstrated. With the
increase in reaction time, the deposition of silver
nanoparticles leads to the gradual deepening of the
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color of the shell of the liquid marbles. No change in
the color of aqueous solution in the liquid marbles
was observed in the initial 5 min (Fig. S7), which was
attributed to the electrostatic adsorption of silver
ammonia positive ions on the inner surface of the
liquid marble. And then, the color was deepened on
account of the silver mirror reaction preferentially
taking place on the encapsulating NDs@POSS
nanoparticles. Subsequently, the newly formed Ag’
could serve as a nucleating site for further formation
of Ag nuclei by reducing more Ag™ around it, lead-
ing to the formation of silver mirrors after the growth
of silver nuclei. With the formation of the silver
mirrors on the inner surface of the liquid marbles, the
Ag nanoparticles fall off in the internal solution. After
the reaction, the solution was dripped to the Cu grid
and tested by TEM. Figure 6b shows the UV-Vis
spectra of NDs@POSS and the silver nanoparticles in
ethanol solution, and the characteristic absorption
peak of silver nanoparticles appears in 430 nm. The
silver nanoparticles prepared in liquid marbles

600 750 0 5 10 15 20
Time (min)

showed much smaller sizes than those prepared in a
beaker with reactant ratio (Fig. 6¢c and Fig. 57).

Conclusion

We reported the surface functionalization of NDs
with POSS via the covalent bond and performed a
series of test characterization. The NDs@POSS
nanocomposites were used for multifunctional
applications. NDs@POSS nanocomposites-embedded
hybrid films were fabricated by solution blending
methods, showing tunable refractive indexes in the
range of 1.49-1.61. Liquid marbles formed by coating
the water droplet with NDs@POSS were prepared as
used as miniature reactors for degradation of
methylene and fabrication of Ag nanoparticles. The
process intensification effects of the NDs@POSS-
based miniature reactors were demonstrated. This
work represents a new strategy for the design and
development of nanodiamonds for multifunctional
applications.
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Figure 6 a Photographs of a
liquid marble with
encapsulated ammoniacal
silver solution and glucose for
the preparation of Ag
nanoparticles at various time
points from 5 to 25 min.

b Characteristic absorption
curve of silver nanoparticles/
NDs@POSS and
NDs@POSS. ¢ TEM image of
Ag nanoparticles prepared in
the liquid marble.
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