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Abstract:

We report on the successful attempt to synthesize thermoresponsive nanodiamonds hybrid
microgels through a straightforward method. Resulting microgels exhibit smart properties, as
the reversible collapsing of the structures when raising the temperature, with embedded
nanodiamonds. Thanks to the colloidal and smart properties of the microgels, nanoscaled 2D
self-assembled arrays of nanodiamonds with varying inter-particle distances were realized,
without any lithographic processes, as an illustration of the promising properties of these
novel diamond-based microgels. Such assemblies can constitute a first step toward a bottom-

up elaboration of innovative diamond-based devices.

1. Introduction

Among “hard” nanoparticles, nanodiamonds (NDs) have become during the last decade a very
promising tool for biological and technological applications, as they combine most of the
physical and chemical outstanding properties of the bulk material, at the nanometric scale. For

instance, they exhibit remarkable luminescence properties with emission of great stability and



of high quantum yield which originate from color centers, as Nitrogen-Vacancy centers[1]
emitting in far-red/near infrared, perfectly adapted for biological labeling [2]. Such N-V
centers in nanodiamonds are also widely used as single photon emitters for quantum
application, where the small size of the individual diamond crystals helps to increase the
photon collection efficiency [3]. They have already been incorporated into photonic [4] and
plasmonic nanostructures, or used as the apex of an AFM tip toward scanning probe
magnetometry [5]. If their diamond cores exhibit the chemical and mechanical inertness of the
bulk material, their surface can be widely functionalized through the carbon-related groups
present on their surface: carboxylic acids, alcohols or alkenes provided by wet chemistry [6],
annealing [7,8] or plasma treatments [9,10] act as starting points toward amidation,
silanization or carbon-carbon couplings. Numerous chemical moities have thus already been
successfully conjugated with NDs, toward biological uses as nucleic acids[11,12], protein
[6,13], genes [11,12], chemotherapeutic drugs [14—18] or toward catalysis purposes|[19].

Besides their use as luminescent probe with versatile surface chemistry, increasing interest
has also been recently devoted to NDs in the form of thin layers. This research field has
remarkably been boosted over the last years, notably because NDs can serve as seeds to
promote the growth of diamond layers by Chemical Vapor Deposition (CVD) [20]. This so-
called “nanoseeding” relies on the deposition of NDs as monolayers onto suitable substrates
(silicon, quartz, metals), with ideally densities above 10'! particles.cm™. Several approaches
have been reported in the literature, like the dispersion by spin-coating of NDs suspended in
adapted solvents[21], the self-adhesion of NDs assisted by ultrasonic agitation[20,22], or the
electrostatic grafting of NDs onto a substrate driven by their surface chemistry[23,24]. By this
mean, ultrathin polycrystalline diamond layers with thickness below 100 nm can be grown
onto flat or even 3D substrates [25]. In some cases, the CVD growth is even not necessary, as

NDs thin layers can already mimic some of the main advantages of nanocrystalline diamond



layers, as their versatile surface chemistry, their chemical resilience, their biocompatibility or
their optical properties, without inherent drawbacks of CVD grown layers, technologically
limited in terms of size and processing temperature. For instance, Chevallier et al. reported on
functionalized NDs multilayer deposited onto Surface Acoustic Wave (SAW) transducer
toward enhanced sensing properties[26]. For biological purpose, highly biocompatible NDs
thin layers were integrated with therapeutic molecules to realize localized drug-delivery
devices[27], or used to promote the formation of functional neuronal networks [28]. In
electrochemical field, Foord and coworkers reported on NDs deposited onto electrodes toward
improvement of Pt particles electrodeposition [29] or enhanced catalytic properties through
redox reactions occurring at the ND surface [30]. NDs layers can also be used as hard mask
for etching processes, when randomly dispersed onto a substrate [31].

All these applications developed from NDs thin layers rely on well-mastered techniques to
disperse them onto a substrate. Depending on the targeted properties of the film, NDs can be
now deposited as monolayer or multilayers up to micrometric thickness. However, if very
high densities can be achieved, the spatial ordering of the deposition still remains
uncontrolled. Formation of NDs arrays still requires lithographic and etching post-processes.
To our knowledge, no self-ordering of NDs has been yet reported in the literature, while self-
assembly into 2D or even 3D arrays is known to spontaneously occur for some “hard” or
“soft” nanoparticles. So-called “colloidal lithography”, based on the self-assembly of colloids
enables simple, fast and cost efficient production of 2D-ordered arrays, without the use of
complex equipment. For instance, long range order nanocrystal superlattices or colloid
crystals were synthesized from colloid suspensions of metallic [32] or oxides [33]
nanoparticles and various polymeric beads [34], mainly toward photonic, plasmonic or

catalysis applications.



Among the polymeric beads able to self-assemble themselves in 2D arrays[35,36], microgels
exhibit serious advantages and have been thoroughly investigated during the last decade [37—
41]. They are able to undergo conformational changes in response to external stimuli as
temperature[42], pH[43] or ionic strenght[44], which enable their self-assemblies in both
close-packed or periodic loosely packed arrays [35,45], with tunable separation distances, key
parameter for photonic, nanofuidic devices[46], biosensors or biomedical applications[47].
Furthermore, it has been shown that hybrids systems can be designed, by combining
microgels and nanoparticles[48]. Resulting composite material exhibits the swelling
properties of the polymer matrix and the optical, magnetic or catalytic properties of the
inorganic particle. In the last decade, such composite structures have been investigated and
hybrid systems hosting, for instance, magnetic iron oxide[49], gold[50,51], silica
nanoparticles[52] and quantum dots[53] have already been reported in the literature[54]. By
this mean, 2D-organized arrays were synthesized, for instance with hybrid particles
containing up to 20% wt% of ZnS, in which interparticles distance can be controlled[55], or
3D nanocrystal with gold hybrids with tunable spacings between gold cores ranging from 50
to 500 nm.

There is no example of hybrid smart microgels hosting NDs in the literature. Barras et al.
recently reported on surface functionalization of NDs with pNIPAM[56], but apparently the
study was led to validate a new grafting route using dopamine derivatives and no microgels
were shown. Encapsulation of NDs in smart microgels could be very promising for applied or
basic researches, and may offer new opportunities for NDs-based devices. Using the self
assembly properties of the microgels, it would give access to controlled spatial deposition of
NDs onto substrates, not accessible so far without cost and time consuming lithographic
processes. In this study, we choose to work with pNIPAM microgels, based on the monomer

N-isopropylacrylamide (NIPAM), first prepared by Pelton and Chibante in 1986[57], which is



the most widely studied water-swellable microgel systems[58]. We thus propose to report on
the synthesis of pNIPAM/NDs hybrid system, fully characterized by DLS, Zeta
measurements, and SEM analysis. Furthermore, as an illustration of the new possibilities
given by the pNIPAM encapsulation, and thanks to the colloidal properties of the microgels,
driven self assemblies into close-packed or loosely-packed 2D arrays of pNIPAM/NDs

hybrids were realized, exhibiting 2D organization on large scale of NDs.

2. Experimental

Materials & Chemicals
High Pressure High Temperature (HPHT) nanodiamonds (NDs) were purchased from Van

Moppes (Syndia® SYP 0-0.02: ND30 and Syndia® SYP 0-0.1: ND100). The NIPAM N-
isopropylacrylamide (NIPAM, 97%), the Potassium Persulfate (KPS, 99.99%), the Sodium
Hydroxide (NaOH, >97%), the N,N-methylenebisacrylamide (BIS, >99.5%) were purchased
from Sigma-Aldrich, and used as-received. Ultrapure water with a resistivity of 18.2 MQ.cm
(25°C) was used in all experiments.

Preparation of microgels

The microgel preparation was based on the procedure described by Pelton and Chibante[57].
In this work, N-isopropylacrylamide (NIPAM) was used as the main monomer, N,N’-
methylene-bis-acrylamide as a cross-linker (BIS) and potassium persulfate (KPS) as an
initiator. The polymerization experiments were carried out in a reaction vessel equipped with
a magnetic stirrer. 0.681 g (6.107 mol) of NIPAM and 0.094 g (6.10* mol) of BIS were
introduced in 60 mL of degassed ultrapure water. For synthesis with nanodiamonds, NDs
were directly introduced in the 60 mL of water at a low concentration (see table 1). To
remove the oxygen, the solution was vigorously stirred for 20 min in the presence of nitrogen
flow. Then the temperature was raised to 70°C and 0.6 mL of KPS solution at 0.1M (6.107

mol) was added to initiate polymerization. When light opalescence appeared, the stirring



speed was lowered to prevent the flocculation, and the reaction was left to proceed for 3 h. All
the microgel particles were then washed by several cycles of centrifugation—redispersion

using ultrapure water.

Preparation of 2D microspheres arrays

2D microspheres arrays were realized by dip-coating deposition (KSV NIMA) onto 2x1 cm?
silicon substrate, at a vertical speed of ca. 15 um/sec, using a suspension of ND30 hybrid
microgel (50 mg/mL). The deposition process was performed in a thermostatic bath.

Plasma exposure

MPCVD parameters were tuned with a pressure of 40 mBar, a CH4/H; ratio of 1/99. The
microwave power was adjusted to 1.1 kW in order to reach a temperature of 750 °C after 10
min measured in situ using an optical pyrometer (IRCON MODLINE 3 bi-chromatic).
Characterization

Hydrodynamic diameters and zeta potentials of the particles were measured using dynamic
light scattering (DLS) by a Malvern NanoZS at 173° angle. All experiments were performed
with the manufacturer calibration procedures. The average value of at least five measurements
was taken at a given condition. For temperature trends, samples were equilibrated for 2
minutes before measurement.

Electron microscopy imaging was performed using an in-lens Field Emission Scanning

Electron Microscope ZEISS Supra-40, operating with an acceleration voltage of 1 kV.

3. Results and discussion

3.1 Synthesis of NDs hybrids microgels

High Pressure High Temperature (HPHT) NDs were used in this study, exhibiting a mean

diameter of 30 nm (ND30). Their surface chemistry, mainly composed by carboxylic groups



[23], exhibits a negative zeta potential of -45 mV at neutral pH and room temperature. NDs
suspended in a colloidal solution were introduced directly in the aqueous phase of the reaction
mixture, at a concentration of 50 ug/mL, before the addition of the other reagents, without any
further modification. After synthesis, the resulting microgels were separated and thoroughly
washed by successive centrifugation/redispersion cycles in pure water. Diluted suspensions
were then characterized by DLS measurements as shown on Fig. 1. For comparison, Fig. 1
also reports DLS measurements of ND30 colloidal suspension and “pure” microspheres

dispersed in water.
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Fig.1 Hydrodynamic diameter distribution of as received ND30, “pure” microgels and ND30

hybrid microgels, recorded at 20°C.

As-received ND30 suspension exhibits hydrodynamic diameters centered on 30 nm. The
width of the size distribution peak and its associated polydispersity index (0.2) reveals that the
suspension is characterized by a scattered size distribution, coming from the production
method (milling). By contrast, “pure” pNIPAM microgels exhibit a narrower size distribution
peak, with a very low polydispersity index below 0.05, reflecting a quasi-monodisperse

suspension. When NDs are added to the synthesis, resulting particles exhibit a smaller



diameter than “pure” microgels. From 531 nm for pNIPAM microgels, the hydrodynamic
diameter decreases to 255 nm when NDs were added to the synthesis. Note that besides a
chemical effect leading to a size reduction of the hybrid objects, a convoluted effect of the
scattering of both diamond core and polymeric shell may also affect DLS measurements.
However, the polydispersity index remains very low, still below 0.05. The fact that the
polydispersity index remains at a very low value for hybrid microgels highlights the
efficiency of the cleaning process. An inefficient rinsing, resulting in free NDs among the
microspheres, would have led to a higher polydispersity index. Furthermore, an adsorption of
NDs at the surface of the microgels is not consistent with the present observations, as it would
have, at the opposite, induced an increase of their size. Introduction of NDs in the reaction
mixture is however clearly at the origin of a severe modification of the pNIPAM microgels
structure, illustrated by the diameter decrease.
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Fig.2 Evolution of the hydrodynamic diameters of « pure » pNIPAM microgels and ND30

hybrid microgels according to the temperature

pNIPAM microgels are known to undergo morphological modification according to an

external stimuli like the temperature [42], so-called smart properties of the microgels. DLS



temperature trends between 20 and 55 °C were thus realized. The variation of the
hydrodynamic diameters with respect to the temperature is shown in the fig. 2. Temperature
trends of “pure” and ND30 hybrid microgels are compared. For “pure” microgels, diameters
of 525 and 315 nm were recorded at 20 and 55°C respectively. From these minimum and
maximum diameters, a swelling ratio can be calculated, which is defined as the ratio between
the particle volume in collapsed and swollen state:

o 3
Vcollapsed — Rh(55 C)
szollen Rh (ZOOC)

Ru(55°C) is the hydrodynamic radius at 55°C, and Rn(20°C) is the hydrodynamic radius in the

fully swollen state at 20°C.

“Pure” pNIPAM microspheres exhibit a swelling ratio of 0.22. For synthesis in which NDs
were added, temperature trend shows a decrease of the diameters from 259 to 154 nm at 20
and 55°C respectively. The corresponding swelling ratio exhibits a value of 0.21, very close
to the value obtained from “pure” microgels. At the same time, the transition between the
swollen and the collapsed states occurs roughly in the same temperature range, around 32°C.
Therefore, if the addition of NDs in the reaction mixture induces a size modification of the
resulting microgels, it does not affect significantly their swelling properties. A collapsing of
the microsphere with increased temperature still occurs, and in a reversible manner. Smart
properties of pNIPAM thus remain unaffected even when NDs are introduced in the reaction

media, only with a size offset.



Fig.3 SEM pictures of ND30 hybrid microgels deposited on a Si substrate

SEM characterizations were performed to check the structure of the microspheres. Fig. 3
shows the SEM pictures of microgels resulting from the addition of ND30. Considering only
the general morphology, the addition of NDs in the reaction medium does not affect the
spherical shape of the pNIPAM structures, which consist of independent and quasi
monodispersed objects. Compared to DLS measurements, the diameter undergoes a decrease,
with a mean value of 210 nm from the SEM pictures, which is attributed to the vacuum
environment of the SEM chamber. On the magnification, brighter spots can be revealed
within the microspheres, which can be attributed to NDs. It is important to note that these
brighter spots are only colocalized within microspheres, and not everywhere on the substrate.
This point supports that, at the deposition of the solution drop, NDs were attached to the
microspheres and not only left in the suspension among them. Obviously, at this stage, one
could not assert that all microspheres are filled with NDs, as brighter spots assigned to NDs
are not observable in all microspheres. However, HPHT nanodiamonds used in this study are
polydispersed, with NDs of sizes ranging from few nanometers to tens of nanometers. One
could not exclude that the smallest particles are hidden by the polymeric shell. More insights

on the presence of NDs in microspheres will be given in the second part of this article, after



polymer removal. Nevertheless, these SEM pictures confirm that hybrid objects were

synthesized, consisting in NDs/pNIPAM systems.

samole NDs NDs Microgel Microgel swellin
nan?e diameter | Concentration | diameter at | diameter at ratio g
(nm) (ng/mL) 20°C (nm) 55°C (nm)

- - 0 525 315 0.22
ND30-a 30 17 362 201 0.17
ND30-b 30 50 259 154 0.21
ND30-c 30 500 191 111 0.20

ND100-a 100 50 467 257 0.17

Table 1: Maximal, minimal diameters and swelling ratios of microgels according to the

diameters and the concentration of the NDs introduced during the synthesis.

100000

1 ND30-c
~ 13
£ 10000
S AN
© AN
o N
© “._  ND30-b
S 3
© o
T 10004 ™~
5 : ~_ ND30-a
v u]

5] ND100-a
100 I ] I 1 ) 1
150 200 250 300 350 400 as0 500

diameter (nm)

Fig.4 Estimated surface area of NDs introduced in each synthesis according to the diameter of

the resulting microsphere in swollen state.

As NDs are introduced in the reaction mixture through the aqueous phase, without any

functionalization, the subsequent chemical mechanisms involved in the synthesis of the



hybrid object have to be resolved. To gain further insights on the interactions between the
NDs and the monomers, additional synthesis were performed. The effect of three different
concentrations (from 17 to 500 pg/mL) and two different mean diameters (30 and 100 nm) of
NDs were studied. Concentrations, diameters at 20°C and 55°C and swelling ratios of the
resulting microgels are reported in the table 1.

Remarkable information concerns the evolution of the size of the microgels with respect to
the NDs initial concentration. If the swelling ratio is kept almost constant, both swollen and
collapsed states of the microgels undergo a strong decrease of their diameter for higher NDs
concentration. Besides, when the mean diameter of the NDs introduced in the reaction
mixture is raised from 30 to 100 nm, at similar concentration, the diameter of the resulting
microgels is also increased. Fig. 4 reports the diameter (at 20°C) of each microgel according
to the developed surface area of the NDs introduced in the synthesis. These surface areas were
calculated using a very simple approach, considering a spherical particle, their mean diameter
and their concentration in the solution. Note that the polydispersity of the NDs was taking into
account and represented by the error bars. An interesting point concerns the 100 nm
nanoparticles. With an initial concentration of 50 pg/mL in the aqueous phase, calculations
show that they finally develop a surface area lower than any 30 nm particles, whatever their
concentration. At the same time, resulting microgels exhibit a larger diameter than those
loaded with 30 nm, which is in agreement with the trend observed for the different
concentration of the 30 nm NDs. Thus, it confirms that the size of the resulting hybrid
microspheres depends on the total surface area of the NDs introduced in the reaction mixture,
and not only on their size.

As a first approach, it can be suggested that polymerization starts from the surface of the NDs,
as in core-shell structure. A proposed mechanism could be based on a seed precipitation

polymerization, as already described in the literature. Deng and coworkers reported the



formation of pNIPAM spheres around a silica core, through the addition of C=C bonds on the
surface of the silica cores[59]. Here, no specific functionalization was applied to NDs, but
they natively carry on their surface carboxylic groups as well as a mix of sp? and sp’ carbons
in aliphatic structures[60]. The contribution these C=C bonds may play in the polymerization
can be significant, as well as the interaction between the carboxylic groups and the NIPAM
monomer. Another experimental observation comes in support of this hypothesis, which
concerns the light opalescence during the synthesis. The appearance of the opalescence
somehow reveals when the microgels start to grow in the suspension. Here, depending on the
total NDs surface area introduced in the aqueous phase, a delay of the opalescence appearance
has been observed, which can reach 4h for the maximal concentration of NDs, i.e. the largest
surface area, compared to few minutes for 100 nm NDs, 1.e. the lower surface area. Therefore,
a preliminary step of adsorption/grafting of the reagents on the NDs seems to occur, before
the growth of the microsphere, directly linked to the total surface area of NDs introduced in

the reaction mixture.

3.2 Self assembled layers of NDs hybrid microgels
Beyond the use of the hybrid microgels as “isolated objects” combining the smart properties
of the pNIPAM microgels and the assets of NDs toward biological or optical applications, our
novel hybrid systems can also be employed to build self-assembled layers of NDs on a
surface. Fig. 5a shows a typical deposit of ND30 hybrid microgels onto a silicon substrate by
dip-coating, from a diluted suspension of hybrid microgels in water, stabilized at 45°C. These
hexagonal ordered periodic loosely packed arrays result from a self-assembly of the
microspheres at the air/liquid interface, occurring at the dewetting of the substrate. Such
assemblies are driven by repulsive forces, resulting from electrostatic and steric interaction

among the microgel, exceeding attractive forces, mainly due to capillary interactions at the



water surface[35]. In our case, electrostatic interactions can be tuned through the zeta
potential of the particles, by playing on the temperature, while steric interactions are mainly
driven by the swelling or deswelling of the pNIPAM soft shell. Note that such ordered
monolayers have been easily obtained on large areas of several hundreds of square
micrometers. From the magnification (insert of fig. 5a), a mean separation distance between
two microspheres of c.a. 500 nm has been calculated with an average diameter of each
microspheres of 330 nm. The same sample was then exposed to Ho/CH4 CVD plasma at 750
°C for few minutes, in order to burn all the polymeric phases. Indeed, we already showed that
such CVD treatment is efficient to remove polymeric layers on NDs [21,23]. Note that in
these conditions, NDs are preserved from any etching, a weak growth (few nm) can even
occur. As shown on Fig. 5b, after such plasma treatment, the organized microspheres have
given the place to organized NDs (bright spots), surrounded by a dark disk, which can be
reasonably attributed to a mark left by the microspheres on the silicon substrate when burned
away. The hexagonal order of the periodic loosely packed arrays is retained, with a similar
separation distance between the objects. From the magnification (insert of Fig. 5b), it appears
that almost all microspheres contained at least one ND, which confirms their encapsulation in
pNIPAM during the synthesis. Furthermore, the removal of the polymer matrix reveals the
scattered size distribution of the encapsulated NDs, ranging from few nanometers to tens of
nanometers, in agreement with DLS measurements (see table 2). This explains the difficulty
we had to observe NDs in all microspheres (see fig. 3), the smallest being hidden by the

polymer layer.



Figure 5 SEM pictures of periodic loosely packed arrays of ND30 hybrid microgels (a)

before and (b) after CVD plasma. Scale bare : Ium

The deposition parameters during the dip-coating, as the temperature, the concentration of the
suspension, or the dewetting velocity are key parameters to control the architecture of the self-
assembled monolayer. For instance, Fig. 6 exhibits close packed (Fig. 6a) and periodic loosely
packed (Fig. 6b) arrays obtained from the same suspension of ND30 hybrid microgels. To
achieve these close packed arrays, temperature of the suspension during the deposition was
decreased to 20°C, against 50°C for periodic loosely packed, reducing the overall surface
charge of each particle and enhancing their swelling, and the suspension was 20 times more
concentrated. Zeta potential measurements reported a strong decrease of the absolute value of
the particles charge when reducing the temperature, from -32 mV at 50°C to -18 mV at 20°C,
thus minimizing the electrostatic repulsion forces between the particles. Consequently, close
packed arrays were realized with a separation distance between centers of two microspheres
reduced from c.a. 600 nm to c.a. 335 nm. At the same time, all microspheres lie in contact to
each other, and the diameter of each microsphere has been reduced from c.a. 260 nm to c.a.
159 nm for loosely packed and closed packed arrays respectively. It can also be noticed that
for loosely packed arrays, a decrease of 5°C of the suspension temperature during the

deposition results in a reduced separation distance between microspheres of 100 nm, if we



compare Fig. 5a and Fig. 6b. This illustrates the versatility of the method to control the

separation distance between the microspheres organized in 2D arrays.

Figure 6: SEM pictures of (a) close packed (b) periodic loosely packed arrays of ND30

hybrid microgels. Scale bare : Ium

3. Conclusions

In this study, we report on the synthesis of nanodiamonds hybrid microgels, characterized by
DLS and SEM. These new hybrid microgels exhibit similar smart properties than “pure”
pNIPAM microspheres, as the reversible collapsing of the structures when raising the
temperature, with almost equivalent swelling ratios and transition temperatures. Reaction
mechanisms at the origin of the loading the NDs is still under debate, but a correlation
between the surface areas of the NDs introduced in the reaction media and the size of the
resulting microspheres suggests a precipitation polymerization starting from the surface of the
NDs, through a prior adsorption of the reagents on the NDs surface.

Such hybrid microspheres are very promising for different fields of applications. The

possibility to achieve 2D organized arrays of nanodiamonds through the use of pNIPAM



encapsulation open up the doors to cost-limited nanoscaled NDs organization on a substrate
with a great flexibility in term of dimensions, toward useful technological or optical
applications. For instance, such assemblies can constitute a first step toward a bottom-up
elaboration of diamond-based devices, from simple mask lithography to 2D or 3D systems
toward catalysis, biological or optical uses. The synthesis of these novel ND-based hybrid

objects is thus very promising for the realization of innovative diamond-based devices.
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