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Abstract: Diamond particles have great potential to enhance the mechanical, optical, and thermal
properties of diamond–polymer composites. However, the improved properties of diamond–polymer
composites depend on the size, dispersibility, and concentration of diamond particles. In the present
study, diamond–polymer composites were prepared by adding the microdiamond particles (MDPs)
with different concentrations (0.2–1 wt.%) into polymers (acrylate resins) and then subjected to a
photocuring process. The surface morphology and topography of the MDPs–polymer composites
demonstrated a uniform high-density distribution of MDPs for one wt.% MPDs. Thermogravimet-
ric analysis was employed to investigate the thermal stability of the MDPs–polymer composites.
The addition of MDPs has significantly influenced the polymers’ thermal degradation. Absorption
and emission spectra of thin layers were recorded through UV/Vis spectrophotometry and spec-
trofluorimetry. The obtained results revealed a significant increase in the fluorescence intensity of
MDPs–polymer composites (at 1 wt.% of MDPs, a 1.5×, 2×, and 5× increase in fluorescence was
observed for MDPs–green, MDPs–amber daylight, and MDPs–red resin, respectively) compared with
the reference polymer resins. The obtained results of this work show the new pathways in producing
effective and active 3D-printed optical elements.

Keywords: methacrylate composites; microdiamond particles; polymer resin; optical properties;
fluorescence

1. Introduction

Nanodiamonds (NDs) are allotropes of nanocarbons that are promising for numerous
applications. NDs are widely used in electronics, energy storage, and coating manufac-
turing due to their unique physicochemical properties, such as high chemical stability,
superior hardness, and thermal conductivity [1,2]. In addition, NDs’ chemical stability
and biocompatibility properties are highly desirable in medical fields, including imaging,
diagnosis, and targeted drug delivery [3–7]. ND powders can be obtained by various
methods, including dynamic synthesis; high-pressure, high-temperature synthesis (HPHT);
and chemical vapor deposition (CVD). NDs synthesized via the detonation method are
frequently mentioned as helpful in preparing ND composites [8,9] by improving their
mechanical properties [8,9]. Monocrystalline diamond powders produced by the HPHT
method show high optical transparency for potential optoelectronic applications [10,11].
Moreover, structural defects and impurities responsible for the fluorescence of diamonds
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can be introduced deliberately or unintentionally during the material synthesis. Without
expensive high-energy particle irradiation, HPHT diamonds exhibit synthesis-induced de-
fects, such as nitrogen atoms, leading to form color centers for fluorescent emission [12–14].

Composites based on ND-incorporated polymer matrices have attracted significant at-
tention due to their improved toughness, strength, transparency, and heat-resistance [15–17].
The large active surface area of small carbon nanostructures creates large interfacial areas
in composites, and such regions exhibit better physical properties than pure polymers
because of the increased interaction with nanoparticles [18]. Recent developments have
been focused on the homogeneous distribution of NDs in the polymer matrices by surface
functionalization of NDs, resulting in enhanced mechanical properties demonstrated for
ND–polymer composites [5]. The most prominent polymers used in the synthesis of ND–
polymer composites are poly(methyl methacrylate) (PMMA) [19,20], polyurethane [21],
polypropylene [22], and epoxy [23,24]. An increased Young’s modulus and higher glass
transition temperature have been observed in composites containing only 0.25 wt.% NDs in
a polyurethane-based matrix [17]. ND–polymer composites have also exhibited potential
in transparent UV filter coating applications [18,25]. Methacrylate oligomer composites
were synthesized by 3D printing [26–28]. The obtained ND–polymer resins showed that
the addition of NDs significantly reduced the contact angle of the resins, reduced sorption,
and improved the mechanical properties.

Zhang et al. reported an enhanced Young’s modulus and yielding stress of 85% and
15%, respectively, for a diamond nanothread (DNT)-incorporated PMMA matrix [29]. The
DNT reinforcement mechanism is mainly based on mechanical interlocking and interfacial
interactions, which are affected by the DNT’s morphology. Takada et al. reported on acrylic
denture base resins modified with NDs (0.014–1 wt.%) [30], and the results showed that
a small amount of NDs could impart desirable thermal and esthetic properties to den-
ture base resins. In addition, the ND denture base composites demonstrated antibacterial
properties [19,28]. A recent review by Kausar described many approaches to synthesizing
ND–polymer composites and the impact of the NDs on the morphological, mechanical, or
thermal properties [31]. Octadecylamine-functionalized ND–poly(l-lactic acid) composites
have exhibited great potential for bone tissue engineering and regenerative medicine due
to their excellent mechanical properties, intrinsic fluorescence, and biodegradability [32].
However, according to the best of our knowledge, less attention has been paid to im-
proving the optical properties of polymers by incorporating diamond particles into the
polymer matrix. Therefore, the present study intended to synthesize microdiamond parti-
cles (MDPs)–polymer composites with acrylate-based resins and investigate their thermal
stability and optical properties. Furthermore, the effect of MDPs was evaluated in terms of
the morphology and optical properties.

2. Materials and Methods
2.1. Materials

Monocrystalline diamond powder MSY 0–0.25 with a median grain diameter of 125 nm
was purchased from Pureon AG (Lengwil, Switzerland). Diamond particles were produced
by milling the monocrystalline diamond films synthesized by the HPHT process. Acetone
was obtained from Sigma-Aldrich, Poznań, Poland. The acrylate-based resins (green
daylight resin 3D firm, red daylight resin 3D firm, and amber daylight resin 3D hard) were
purchased from Photocentric Ltd. (Peterborough, UK), and the properties of the resins
are listed in Table 1. The resins are chemically composed of acrylate oligomers, acrylate
monomers, methacrylate monomers, methacrylate oligomers, and photoinitiators.



Nanomaterials 2022, 12, 2604 3 of 15

Table 1. Mechanical properties of the resins according to the manufacturer.

Resin Type Hardness Tensile Strength Elongation at
Break Viscosity (25 ◦C) Volumetric

Shrinkage

Green Daylight
Resin 3D firm 65 Shore D 26 MPa 14.9% 560 cps 5.9%

Red Daylight
Resin 3D firm 65 Shore D 26 MPa 14.9% 560 cps 5.9%

Amber Daylight
Resin 3D hard 77 Shore D 42 MPa 8.7% 230 cps 6.6%

2.2. Fabrication of Composites

MDPs–acrylate composites were prepared by adding 1% of MDPs added to the acetone
and then subjected to ultrasonication for 15 min to obtain the proper dispersion of the
MDPs throughout the acetone. The MDPs solution was then added to polymer resin in
weight proportions of 1:1, 1:2, 1:3, 1:4, and 1:5, and these MDPs–acrylate composites were
subjected to homogenization for one minute, at 1000 rpm, with a homogenizer (CAT × 120).
This process led to obtaining MDPs–acrylate with different MDP concentrations: 0.2, 0.25,
0.33, 0.5, and 1 wt.%. The samples were placed in a vacuum oven for 12 h, at room
temperature, to eliminate air bubbles (Figure 1). Thin layers of MDPs–acrylate composites
(up to 245 µm) were prepared by pouring the liquid samples between two sodium glass
slides and two horizontally located coverslips. Due to the presence of the photoinitiators,
the abovementioned processing steps were carried out with minimal exposure to visible
light. Subsequently, the samples underwent photocuring for 12 h.
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Figure 1. Schematic of the preparation of MDPs–polymer composites: dispersion of acetone and
MDPs solution (a), homogenization of the obtained solution with polymer resin (b), air-bubble
removal with vacuum (c), and photocuring of prepared samples (d).

Shenderova et al. described that it was difficult to attain the required dispersion
of NDs by direct mechanical mixing of the NDs into the PDMS matrix, which results in
the formation of large (fractions of a millimeter) agglomerates of NDs in the ND–PDMS
composite. An intermediate solvent was employed to resolve this issue; the solvent served
as a dispersion medium for the nanoparticles before mixing with the polymer matrix [33].
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Therefore, in this present study, acetone was used as an intermediate solvent to reduce the
agglomeration of the MDPs. The entire process was repeated for each kind of acrylate resin.
To evaluate the effect of the added acetone, one set of samples was prepared by adding the
MDPs directly to the polymer resin, and pure resins were utilized as reference material.

2.3. Measurements

The morphology and topography of the MDPs–polymer composites were observed
by employing a Scanning Electron Microscope (SEM) (Phenom XL, Waltham, MA, USA)
with a backscattered electron detector, operating with the accelerating voltage of 10 kV.
AFM topography images were obtained by using a NTEGRA (NT-MD, Moscow, Russia)
system with NSG30 probes (TipsNano, Tallinn, Estonia), having geometric parameters
of 125 × 48 × 4 µm with a tip curvature radius equal to 10 nm. The measurements were
carried out in atmospheric conditions, with a moving sample, in semi-contact mode, and
the set point was set to half the value of the free oscillation amplitude. Thermogravimetric
analysis (TGA) of the MDPs–polymer composites was carried out with a TG 209 F3 appa-
ratus from the Netzsch Group (Selb, Germany). The TGA process was performed for six
samples at one time (approx. 10 mg weight), with the samples placed on a ceramic dish.
The measurements were performed under a nitrogen atmosphere over a temperature range
from 30 to 800 ◦C, with a heating rate of 10 ◦C/min.

Absorption spectra were obtained by using a double-beam UV-9000 Metash Spec-
trophotometer (Shanghai, China). The signal was registered over the 300–1000 nm range,
with a 5 nm step. Two sodium glasses with the same thickness as the investigated samples
were used as a reference beam. The transmittance of the samples was calculated through
Beer’s law. The fluorescence spectra were recorded by utilizing a custom-built setup, using
a 532 nm CW Nd:YAG SHG laser (Millenia, Spectra Physics, Milpitas, CA, USA) as an
excitation source. The samples were excited by laser from the front surface, at 45 degrees.
The fluorescence signal was collected by using a quartz lens and focused on the entrance
of an optical fiber. A bandpass filter (OG570, Schott, NY, USA) was used in the detection
path to block the laser radiation. The fluorescence signal was analyzed by using a 0.3 m
monochromator (SR303i, Andor, Belfast, Great Britain) equipped with 600 groove/mm
grating and recorded with an iCCD detector (DH740, Andor, Belfast, UK).

3. Results and Discussion
3.1. Topology and Thermal Behavior

The surface morphology of the MDPs–polymer composites was observed by using the
SEM, and the obtained SEM images are shown in Figure 2. Figure 2a shows the surface
morphology of the reference sample (MDPs 0 wt.%) derived from the polymer that depicts
the river lines kind of surface feature with a smooth surface [34]. Initially, 0.2 wt.% of MDPs
was added to the polymer, and the resulting surface morphology revealed an unevenly
dispersed micron size MDPs agglomerates on the polymer’s lines kind of surface (Figure 2b).
Next, the MDPs’ filler concentration was increased to 0.25% (Figure 2c), 0.33% (Figure 2d),
and 0.50% (Figure 2e), and the obtained surface morphology images demonstrate that
the uniform distribution of MDPs in the polymer matrix has been increased with the
concentration of MDPs. The increase in MDPs’ concentration from 0.2 to 0.25 wt.% has not
shown a significant rise in MDPs’ distribution in the polymer matrix (Figure 2c). However,
the river-lines pattern of the polymer surface has been partially covered with MDPs for
the MDP-filler concentration of 0.33 wt.% (Figure 2d). The distribution of MDPs has
been increased and clearly shows the river-lines pattern of the polymer surface MDP
agglomerates for the MDP-filler concentration of 0.50% (Figure 2e). Figure 2f shows the
SEM morphology of 1% of MDPs added to the polymer composite, revealing a high density
of MDP agglomerates with sizes up to 2 µm. Therefore, an MDP concentration up to 0.50%
added to the polymer significantly improved a uniform distribution of MDPs throughout
the polymer. A further increase in the concentration of MDPs added to polymer led to
the formation of high-density MDP aggregates on the MDPs–polymer surface. The MPD
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aggregates that appeared on the polymer composite’s surface were formed during the
hardening process. MDPs and MDP aggregates are marked in red circles in the SEM images
of MDPs–polymer composites (Figure 2a–f). The distribution of MDPs in the polymer
matrix is consistent with other publications [35].
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Figure 2. SEM images of the MDP composites based on green daylight resin with (a) 0 wt.% (green
polymer), (b) 0.2 wt.%, (c) 0.25 wt.%, (d) 0.33 wt.%, (e) 0.5 wt.%, and (f) 1 wt.% of MDPs content
(0 wt.% belongs to the pure polymer without MDPs). MDPs and MDP aggregates are marked with
red circles.

MDPs–polymer composites were prepared with and without acetone for the MDP
filler concentration of 1% to investigate the role of acetone in mixing or distributing the
MDPs in the polymer. The surface morphology of the MDPs–polymer composite with
the MDPs concentration of 1% in acetone depicts a uniform distribution of MDPs with
sizes ~1–3 µm (Figure 2f). In contrast, the MDPs–polymer composite containing the MDP
concentration of 1% and without the addition of acetone leads to the formation of large
MDP agglomerates with sizes of 10 µm (Figure not shown). It has been reported that direct
mixing of MDPs into the polymer resulted in the formation of large aggregates due to a lack
of dispersion, and an intermediate medium is required to achieve appropriate dispersion
of MDPs throughout the polymer matrix [33]. Therefore, in the present study, acetone
was used as an intermediate medium to disperse the MDPs and to form a homogeneous
arrangement of MDPs in the resin matrix. In addition, the surface morphology of the
MDPs–polymer composite changed with the concentration of MDPs [36,37]. Therefore,
the solvent was determined to be necessary to obtain homogeneous samples, and further
measurements were conducted only on the acetone-based materials.

The topography and amplitude of different MDPs–polymer composites are shown in
Figure 3. Figure 3a,b shows the reference (without MDPs) resin sample’s AFM topography
and amplitude image. The topography image reveals the polymer surface without any
MDPs particles and river-lines kind of surface feature, which is similar than the SEM
morphology of the polymer surface (Figure 2a). The topography images of MDPs–red resin
(Figure 3c), MDPs–green resin (Figure 3e), and MDPs–amber resin (Figure 3g) composites
revealed the presence of MDP agglomerates of 1 µm in size, irrespective of the concentration
of MDPs. In addition, the MDPs are densely covered on lines of polymer surface for the
filler concentration of 0.5 and 1 wt.%. MDPs and MDP aggregates were marked in red
circles in the AFM topography images of MDPs–polymer composites (Figure 3).
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resin composite with 1 wt% MDPs (c,d), MDPs–green resin composite with 1 wt% MDPs (e,f), and
MDPs–amber resin with 0.5 wt% MDPs (g,h).

Moreover, MDPs clusters were found in a cross-section (Figure not shown) and the
surface of the MDPs–polymer composites at a height of 200–350 nm. Additional amplitude
imaging with the use of AFM enabled the imaging of nanostructures and their locations
concerning the roughness of the surface of the base material, which is visible at smaller
scales. The corresponding AFM amplitude images are labeled as Figure 3b for the reference
sample, Figure 3d for MDPs–red resin, Figure 3f for MDPs–green resin, and Figure 3h for
MDPs–amber resin composites. These images illustrate the momentary changes in the probe
oscillations, allowing for more precise assessment of the locations of topography changes
without the possibility of directly estimating the height. The tendency to agglomerate
in the areas of primary surface unevenness is visible, especially in the case of higher
MDP concentrations.

The upper part of Figure 4a shows the TGA curves of the MDPs–green resin samples,
while their derivatives (DTG curves) are illustrated in the lower half. A significant loss



Nanomaterials 2022, 12, 2604 7 of 15

in weight was observed for MDPs–green resin composites at temperatures between 350
and 550 ◦C, and it is attributed to the degradation of the polymer matrix. The degradation
temperature (TD) ranged from 364.4 to 375.2 ◦C (Table 2). The lowest TD value was obtained
for the reference polymer sample, while MDPs samples have illustrated the TD ~ 500 to
800 ◦C [see the supporting information Figure S1a]. A small increase in TD was observed
along with the increasing MDPs-filling concentration, which is related to the interaction of
the MDPs with the polymer matrix and obvious higher thermal stability observed for the
MDPs–polymer composite compared to the polymeric matrix. The difference between the
TD value of the reference sample and MDPs–green resin with 1 wt.% of ND was around
4 ◦C, which is similar to PMMA:MDPs composites (TD~6 ◦C) [34].
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Table 2. TGA results of MDPs–polymer composites: TD—degradation temperature at which mass
loss reaches 5%, Tmax—temperature corresponding to a maximum rate of decomposition, mr—weight
percentage of the residue at 800 ◦C.

Resin Type ND Content (wt.%) TD (◦C) Tmax (◦C) mr (%)

Green 0 369.4 426.4 12.1
Green 0.2 375.2 429.9 12.2
Green 0.25 371.7 427.5 13.4
Green 0.33 372.2 430.1 12.7
Green 0.5 364.4 426.3 13.0
Green 1 373.5 426.0 14.1
Red 1 373.0 426.3 13.0
Amber 1 368.0 430.0 15.0
Average calculated for all studied
samples 370.9 ± 3.5 427.8 ± 1.9 13.2 ± 1.0

Average calculated for samples with
1 wt.% ND 371.5 ± 3.0 427.4 ± 2.2 14.0 ± 1.0

In addition, the degradation of the different MDPs–polymer composites (1 wt.% of
MDPs), such as MDPs–green, MDPs–red, and MDPs–amber daylight resins, was studied.
The obtained TGA and DTG curves of these samples are shown in Figure 4b. The upper
part of Figure 4b shows the TGA curves of the MDPs–polymer resins, which depict the
degradation of the polymer from 350 to 450 ◦C. The TD values of the MDPs–green and
MDPs–red resins are 373.5 and 373.0 ◦C, respectively, while a lower TD value of 368 ◦C
characterized the MDPs–amber daylight resin composite. According to the manufacturer’s
specifications, amber resin is characterized by higher hardness and lower flexibility than the
green and red polymers due to its slightly different chemical composition. Consequently,
its interfacial interactions with the MDP filler lead to the maximum decomposition rate.

To better understand the thermal stability of the materials studied in the present study,
the obtained results were compared with observations described by different research
groups working in the field of polymer/diamond composites (Table 3). The comparative
study in Table 3 shows no simple correlation between a higher concentration of MDP
filler and improvement of the thermal stability of MDPs–polymer composites. It should
be highlighted that many factors might affect the thermal stability of MDPs–polymer
composites, such as the MDPs’ reinforcement filler content or characteristics (purity, surface
area, particle size, etc.), polymer matrix composition (kind of polymer, its molecular weight
or crosslink density), interfacial interactions in the matrix-filler system, and thermal stability
measurements’ conditions.

Table 3. Comparison of TGA for polymer/diamonds composites.

Sample Composition TGA Conditions TD (◦C)/MDPs
Concentration Observations References

MDPs–acrylate
composites
MDPs content:
0.2–1.0 wt.%

30–800 ◦C (10 ◦C/min)
N2

369.4 (0)
375.2 (0.2)
371.7 (0.25)
372.2 (0.33)
364.4 (0.5)
373.5 (1.0)
373.0 (1.0)
368.0 (1.0)

The overall trend is that a higher
content of MDPs improved the
thermal stability. However, in

selected samples, deviations from
this trend were observed. This may

be related to chemical reactions
between the MDPs and PMMA

during synthesis that will affect the
curing kinetics and consequently the

performance properties of the
studied materials.

This work

Poly (methyl methacry-
late)/nanodiamond
nanocomposites
ND content: 0.1–1.0 wt.%

50–450 ◦C
(10 ◦C/min)
N2

287 (0)
288 (0.1)
289 (0.5)
293 (1.0)

The thermal stability increased
proportionally to the ND content.

A higher content of ND resulted in a
higher T-5%.

[36]
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Table 3. Cont.

Sample Composition TGA Conditions TD (◦C)/MDPs
Concentration Observations References

Nanodiamond-attached
exfoliated hexagonal
boron nitride/epoxy
nanocomposites
Filler content: 10–50 phr

30–900 ◦C (10 ◦C/min)
N2

PDT (polymer
decomposition
temperature)
378.3 (0)
389.2 (10)
401.8 (20)
398.2 (30)
392.3 (40)
391.2 (50)

For a sample with 10 phr of NDs, an
increase of the decomposition
temperature by 10.9 ◦C was

observed. Moreover, as could be
expected, the char residue for the

sample with 10 phr of ND is much
higher than it is for unadulterated

epoxy resin.
Similar trends were also observed in

the other composites, which
contained 20, 30, 40, and 50 phr of

the EBN and NDEBN.

[38]

Epoxy/nanodiamond
composites
ND content: 0.1–1.0 wt.%

No information about
temperature measurement
range,
(10 ◦C/min)
Air and N2

Air N2
295 (0)
342 (0)
316 (0.1)
344 (0.1)
326 (0.5)
338 (0.5)
310 (1.0)
343 (1.0)

Interestingly, the sample with 0.5
wt.% of NDs decreased in thermal
stability (in nitrogen) compared to
the reference material. A similar
tendency was observed in our

present work.

[39]

Aminated nanodiamonds
(A-NDs) as nanofillers in
biological-grade
acrylate-based 3D-printed
materials
ND content: 0.1 wt.%

100–800 ◦C (10 ◦C/min)
N2

In the reference sample,
40% weight loss was
recorded at 405 ◦C,
while in the ND- and
A-ND-incorporated
nanocomposites, the
same was observed at
420 and 426 ◦C,
respectively.

The weight loss axis is presented
only to 40%; therefore, it is difficult

to comment on the presented results.
The authors mentioned that the

addition of ND increased the thermal
stability of the polymer matrix.

A very high level of residue for the
reference sample indicated the

presence of other fillers in
the material.

[26]

ND-grafted poly(styrene)
(ND-PS) and ND-grafted
poly(methyl methacrylate)
(ND-PMMA)

30–1000 ◦C (10 ◦C/min)
N2

The authors presented
only TGA curves. There
is no additional
information with a
summary of thermal
degradation parameters.

Chemical grafting of polymers to the
surface of the NDs resulted in

deterioration of thermal stability of
the studied systems, which is related

to the obvious lower thermal
stability of polymers compared to

the ND filler.
TGA//DTG method is a useful tool
for determining the grafting degree.

For the studied systems,
the grafting ratio of the PMMA was
10.56%, while for PS, it was 6.21%.

[40]

Various kinds of polymer
chains (e.g., polystyrene,
polymethyl methacrylate,
and polyglycidyl
methacrylate) were
chemically grafted onto
the deagglomerated
nanodiamond by the
wet-stirred-media-milling
process

25–500 ◦C (10 ◦C/min)
N2

The authors presented
only TGA curves. There
is no additional
information with a
summary of thermal
degradation parameters.

Chemical grafting of polymers to the
surface of the NDs resulted in

deterioration of thermal stability of
the studied systems, which is related

to the obvious lower thermal
stability of polymers compared to

the ND filler.
The grafting degrees for the studied

systems were as follows:
~24% for PS,

~31% for PMMA,
~34% for PGMA.

[41]

PMMA + nanodiamonds
ND content: 1–2 wt.%

30–1000 ◦C (20 ◦C/min)
N2

The authors presented
only TGA curves. There
is no additional
information with a
summary of thermal
degradation parameters.

The authors pointed out that a
noticeable effect can be observed

after high polymer weight loss. The
results demonstrate that, even at

relatively low dispersity and
agglomeration of NDs in PMMA, the

thermal degradation temperature
can be increased.

[33]
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3.2. Optical Properties

The UV–Vis spectra of the MDPs–polymer composites are presented in Figure 5.
The transmittance curves of different amounts of MDP filler added to MDPs–red resin
(Figure 5a), MDPs–amber resin (Figure 5b), and MDPs–green resin (Figure 5c) composites
demonstrate that the transmittance decreased with the increasing MDPs concentration. The
influence of MDPs on the UV–Vis transmittance of the MDPs–polymer composites was
confirmed [42–44]. The decrease in transmittance with the increase in the concentration of
MDPs particles is caused by the different refractive indexes of the MDPs particles and the
polymer matrix [45]. In addition, the scattering and reflection of incident light from the
widely dispersed MDPs on the river-lines structure of the polymer surface (Figures 2 and 3)
are also factors for the decrease in transmittance for MDPs–polymer composites. However,
in the case of amber daylight resin, the transmission value is relatively constant at 90%
throughout the low-energy part of the spectrum (Figure 5d). As a result, the MDPs–polymer
composites exhibited lower transmittance values at lower wavelengths.
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resin (c), and comparison of the samples’ transmittance at 532 nm (d) (0 wt.% in above figures belongs
to the pure polymer without MDPs).

Nevertheless, the transmittance increased with the wavelength. The observed high
absorbance at lower wavelengths is mainly related to Rayleigh light scattering, which
increases proportionally with the decrease in wavelength to 1/λ4. In addition, the MDPs–
polymer composites exhibited strong absorption in the UV range (up to 380 nm) due to
the presence of sodium glass. It was not possible to detect the signal in the higher-energy
region. However, previous studies suggest the existence of the additional absorption
band even below 300 nm [18]. In addition, the spectral characteristics of MDPs–polymer
composites also depend on the size of the MDPs used in the preparation. Larionova et al.
reported that the diameter of the diamond particles influences the color of the nanodiamond
suspensions [46].

The fluorescence spectra of the MDPs–polymer composites with different MDP con-
centrations are shown in Figure 6a for MDPs–red resin, Figure 6b for MDPs–amber resin,
and Figure 6c for MDPs–green resin composites. All of the MDPs–polymer composites
show a wide fluorescent band at around 588 nm and a small band at 700 nm, which is not
observed in the case of the reference resin sample. The fluorescence spectra of the refer-
ence resin samples depict broad and relatively weak fluorescence, while the fluorescence
signal increases significantly with the addition of MDPs to the polymers. The fluores-
cence of MDPs samples revealed the typical NV emission [see the supporting information



Nanomaterials 2022, 12, 2604 11 of 15

Figure S1b], which is the origin for enhanced fluorescence from MDPs added polymers.
It can be observed that the amber daylight resin demonstrated high emission intensity
ranging from 560 to about 700 nm (Figure 6b). The MDPs–polymer composites showed
an enhancement in fluorescence of the polymer at 588 nm. The fluorescence intensity
increased monotonically with the MDPs concentration, and MDPs–polymer composites
with the highest concentration of MDPs (1 wt.%) illustrated 4.5 times higher fluorescence
intensity than the reference composite (Figure 6b). Therefore, the obtained results indicate
that the fluorescence of MDPs arise from synthesis-induced defects such as NV centers.
Moreover, the fluorescence of the MDPs is not quenched by the polymer and is responsible
for a significant contribution to the emission signal of the MDPs–polymer composite. The
addition of 1% of MDPs to the pure green resin resulted in a 1.5× increase in the intensity
of the composite (Figure 6c).
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Figure 6. Fluorescence enhancement of MDPs–polymer composites with amber resin (a), red resin (b),
and green resin (c). Graph (d) shows normalized fluorescence and absorption signal for composites
with 1 wt.% ND (0 wt.% in above figures belongs to the pure polymer without MDPs).

No significant fluorescence enhancement was observed for the MDPs–polymer com-
posites with less than 1% MDPs. The MDPs–red composites demonstrated a slightly
different emission spectrum than the other samples (Figure 6a,d). The main fluorescent
band was shifted toward longer wavelengths and occurred around 600 nm, and for the
addition of 1 wt.% MDPs, the fluorescence increased two times compared to the reference
sample (Figure 6a,d). The differences in emission spectra shapes are related to the indi-
vidual resin compositions, but the most interesting effect is the fluorescence enhancement
observed for the MDPs–resin composites. Surface-enhanced fluorescence was initially ob-
served for fluorophores under a strong electromagnetic field near metal nanoparticles. This
effect is strongly observed in the resonance absorption of plasmonic metal nanoparticles.
In this case, the fluorescence enhancement can be explained by the increased absorption
and scattering cross-section of plasmonic nanoparticles and decreased fluorescence lifetime
of the fluorophore that allows the excited state to return to the ground state at a higher
frequency. Recent studies of core/shell-type nanoparticles show that the refractive index of
the nanoparticle surrounding (core) has a critical role in fluorescence enhancement, and
a significant fluorescence enhancement factor can be achieved by utilizing shells having
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a higher refractive index [47]. It can be assumed that, in the case of polymeric materials
such as epoxy resin, local changes in the polymer structure caused by the presence of
nanoparticles will also affect the intensity of fluorescence enhancement [48,49]. The effect
of surface-enhanced fluorescence can be observed not only in the case of plasmonic metal
nanoparticles but also in the case of non-metallic nanomaterials, such as ZnO nanoparticles
and crosslinked polymer nanoparticles [50,51]. The results show that adding the most
commonly used NV–NDs or HPHT–MDPs could be successfully applied in fluorescence
studies and advanced optical elements.

4. Conclusions

MDPs–polymer composites synthesized by the photocuring method were prepared by
adding different concentrations (1%, 0.5%, 0.33%, 0.25%, and 0.2%) of MDPs to three kinds
of acrylate resins. SEM morphological studies of the MDPs–resin composites confirmed
the presence of MDPs in the polymer matrix, and the distribution density increased with
the MDPs concentration. In addition, the AFM topography images of the MDPs–polymer
composites are consistent with the SEM images. The density of the MDP agglomerates was
also shown to increase with the increasing MDP filler concentration. Acetone was used
as an intermediate solvent to prevent aggregation and to improve the dispersibility of the
MDPs. TGA studies demonstrated that the stability of MDPs–polymer composites could
be maintained up to around 360 ◦C, and it was found that low concentrations of MDPs
have little influence on the degradation temperatures. Moreover, the fluorescence of the
MDPs is not completely quenched by the polymer matrix. Importantly, no straightforward
correlation was found between an increased concentration of MDP filler and the improved
thermal stability of the prepared composites.

UV/Vis spectrophotometry made it possible to determine the ranges of wavelengths
with reduced light transmission due to limited MDPs dispersion. Furthermore, intrinsic
structural defects in the MDPs showed an influence on the MDPs–polymer composite’s
absorption and emission spectra. The obtained results demonstrate the significant potential
of the application of polymer–diamond composites in 3D-printed optical elements. An
undoubted advantage of the materials described above is the uncomplicated synthesis
process, which does not require expensive equipment. It was also proved that a significant
increase in the fluorescence of the composites is achievable even at low concentrations of
ND (<1%). Moreover, the HPHT–MDPs showed significant fluorescence from nitrogen-
vacancy centers; this factor influences the emission properties of MDPs-based polymer
composites. Subsequent work should focus on techniques to prevent the agglomeration of
the nanodiamonds and improve their dispersion throughout the polymer matrix, which
may affect higher optical transmittance of the composites.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12152604/s1, Figure S1: (a) TG curve of MDPs measured in air,
which revealing the significant material loss between 500 ◦C–800 ◦C. (b) Photoluminescence spectrum
of MDPs used as filler in the NDs-polymer matrix depicting the typical NV luminescence.
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S.; Nidzworski, D. Quantitative fluorescent determination of DNA—Ochratoxin a interactions supported by nitrogen-vacancy
rich nanodiamonds. J. Mol. Liq. 2021, 342, 117338. [CrossRef]

7. Głowacki, M.J.; Ficek, M.; Sawczak, M.; Wcisło, A.; Bogdanowicz, R. Fluorescence of nanodiamond cocktails: pH-induced effects
through interactions with comestible liquids. Food Chem. 2022, 381, 132206. [CrossRef] [PubMed]

8. Mochalin, V.N.; Shenderova, O.; Ho, D.; Gogotsi, Y. The properties and applications of nanodiamonds. Nat. Nanotechnol. 2012, 7,
11–23. [CrossRef]

9. Dong, J.; Jiang, R.; Huang, H.; Chen, J.; Tian, J.; Deng, F.; Dai, Y.; Wen, Y.; Zhang, X.; Wei, Y. Facile preparation of fluorescent
nanodiamond based polymer nanoparticles via ring-opening polymerization and their biological imaging. Mater. Sci. Eng. C
2020, 106, 110297. [CrossRef] [PubMed]

10. Ficek, M.; Głowacki, M.J.; Gajewski, K.; Kunicki, P.; Gacka, E.; Sycz, K.; Mrózek, M.; Wojciechowski, A.M.; Gotszalk, T.P.;
Gawlik, W.; et al. Integration of fluorescent, NV-Rich nanodiamond particles with AFM cantilevers by focused ion beam for
hybrid optical and micromechanical devices. Coatings 2021, 11, 1332. [CrossRef]

11. Wojciechowski, A.M.; Nakonieczna, P.; Mrózek, M.; Sycz, K.; Kruk, A.; Ficek, M.; Głowacki, M.; Bogdanowicz, R.; Gawlik,
W. Optical magnetometry based on nanodiamonds with nitrogen-vacancy color centers. Materials 2019, 12, 2951. [CrossRef]
[PubMed]

12. Qin, J.-X.; Yang, X.-G.; Lv, C.-F.; Li, Y.-Z.; Liu, K.-K.; Zang, J.-H.; Yang, X.; Dong, L.; Shan, C.-X. Nanodiamonds: Synthesis,
properties, and applications in nanomedicine. Mater. Des. 2021, 210, 110091. [CrossRef]

13. Kumar, R.; Singh, D.K.; Kumar, P.; Trinh, C.T.; Lee, K.G.; Kumar, R.; Dhakate, S.R. High ensemble concentration of photo-stable
NV centers in type Ib nanodiamonds by thermal assisted migration of native vacancies. Diam. Relat. Mater. 2021, 114, 108337.
[CrossRef]

14. Boudou, J.P.; Tisler, J.; Reuter, R.; Thorel, A.; Curmi, P.A.; Jelezko, F.; Wrachtrup, J. Fluorescent nanodiamonds derived from
HPHT with a size of less than 10 Nm. Diam. Relat. Mater. 2013, 37, 80–86. [CrossRef]

15. Jee, A.Y.; Lee, M. Thermal and mechanical properties of Alkyl-functionalized nanodiamond composites. Curr. Appl. Phys. 2011,
11, 1183–1187. [CrossRef]

16. Zhao, Y.Q.; Lau, K.T.; Kim, J.K.; Xu, C.L.; Zhao, D.D.; Li, H.L. Nanodiamond/Poly (Lactic Acid) Nanocomposites: Effect of
nanodiamond on structure and properties of poly (lactic acid). Compos. Part B Eng. 2010, 41, 646–653. [CrossRef]

17. Bershtein, V.; Karabanova, L.; Sukhanova, T.; Yakushev, P.; Egorova, L.; Lutsyk, E.; Svyatyna, A.; Vylegzhanina, M. Peculiar
dynamics and elastic properties of hybrid semi-interpenetrating polymer network–3-D diamond nanocomposites. Polymer 2008,
49, 836–842. [CrossRef]

18. Mochalin, V.N.; Gogotsi, Y. Nanodiamond-polymer composites. Diam. Relat. Mater. 2015, 58, 161–171. [CrossRef]
19. Mangal, U.; Kim, J.-Y.; Seo, J.-Y.; Kwon, J.-S.; Choi, S. Novel Poly (Methyl Methacrylate) containing and fungal resistance. Materials

2019, 12, 3438. [CrossRef] [PubMed]
20. Protopapa, P.; Kontonasaki, E.; Bikiaris, D.; Paraskevopoulos, K.M.; Koidis, P. Reinforcement of a PMMA resin for fixed interim

prostheses with nanodiamonds. Dent. Mater. J. 2011, 30, 222–231. [CrossRef] [PubMed]
21. Alishiri, M.; Shojaei, A.; Abdekhodaie, M.J. Biodegradable polyurethane Acrylate/HEMA-Grafted nanodiamond composites

with bone regenerative potential applications: Structure, mechanical properties and biocompatibility. RSC Adv. 2016, 6, 8743–8755.
[CrossRef]

22. Lebedev, O.V.; Bogdanova, O.I.; Goncharuk, G.P.; Ozerin, A.N. Tribological and percolation properties of polypropy-
lene/nanodiamond soot composites. Polym. Polym. Compos. 2020, 28, 369–377. [CrossRef]

http://doi.org/10.1557/s43577-022-00326-1
http://doi.org/10.1016/j.cis.2019.04.006
http://www.ncbi.nlm.nih.gov/pubmed/31082543
http://doi.org/10.1039/c1jm10813a
http://doi.org/10.1038/s41598-017-07361-y
http://www.ncbi.nlm.nih.gov/pubmed/28779095
http://doi.org/10.1016/j.msec.2020.110996
http://www.ncbi.nlm.nih.gov/pubmed/32487405
http://doi.org/10.1016/j.molliq.2021.117338
http://doi.org/10.1016/j.foodchem.2022.132206
http://www.ncbi.nlm.nih.gov/pubmed/35114620
http://doi.org/10.1038/nnano.2011.209
http://doi.org/10.1016/j.msec.2019.110297
http://www.ncbi.nlm.nih.gov/pubmed/31753408
http://doi.org/10.3390/coatings11111332
http://doi.org/10.3390/ma12182951
http://www.ncbi.nlm.nih.gov/pubmed/31514463
http://doi.org/10.1016/j.matdes.2021.110091
http://doi.org/10.1016/j.diamond.2021.108337
http://doi.org/10.1016/j.diamond.2013.05.006
http://doi.org/10.1016/j.cap.2011.02.016
http://doi.org/10.1016/j.compositesb.2010.09.003
http://doi.org/10.1016/j.polymer.2008.01.002
http://doi.org/10.1016/j.diamond.2015.07.003
http://doi.org/10.3390/ma12203438
http://www.ncbi.nlm.nih.gov/pubmed/31640147
http://doi.org/10.4012/dmj.2010-135
http://www.ncbi.nlm.nih.gov/pubmed/21383519
http://doi.org/10.1039/C5RA19669H
http://doi.org/10.1177/0967391119879280


Nanomaterials 2022, 12, 2604 14 of 15

23. Neitzel, I.; Mochalin, V.; Knoke, I.; Palmese, G.R.; Gogotsi, Y. Mechanical properties of epoxy composites with high contents of
nanodiamond. Compos. Sci. Technol. 2011, 71, 710–716. [CrossRef]

24. Neitzel, I.; Mochalin, V.; Bares, J.A.; Carpick, R.W.; Erdemir, A.; Gogotsi, Y. Tribological properties of nanodiamond-epoxy
composites. Tribol. Lett. 2012, 47, 195–202. [CrossRef]

25. Behler, K.D.; Stravato, A.; Mochalin, V.; Korneva, G.; Yushin, G.; Gogotsi, Y. Nanodiamond-polymer composite fibers and coatings.
ACS Nano 2009, 3, 363–369. [CrossRef] [PubMed]

26. Mangal, U.; Seo, J.Y.; Yu, J.; Kwon, J.S.; Choi, S.H. Incorporating aminated nanodiamonds to improve the mechanical properties
of 3d-Printed resin-based biomedical appliances. Nanomaterials 2020, 10, 827. [CrossRef] [PubMed]

27. Ely, E.D.; Lonne, Q.; Lantada, A.D.; Mejía-Ospino, E.; Durán, H.A.E.; Hernández, R.C.; Ramírez-Caballero, G.; Endrino, J.L.
Physical and chemical properties characterization of 3d-printed substrates loaded with copper-nickel nanowires. Polymers 2020,
12, 2680. [CrossRef]

28. Mangal, U.; Min, Y.J.; Seo, J.Y.; Kim, D.E.; Cha, J.Y.; Lee, K.J.; Kwon, J.S.; Choi, S.H. Changes in tribological and antibacterial
properties of poly(methyl methacrylate)-based 3D-printed intra-oral appliances by incorporating nanodiamonds. J. Mech. Behav.
Biomed. Mater. 2020, 110, 103992. [CrossRef]

29. Zhang, Y.; Rhee, K.Y.; Hui, D.; Park, S.-J. A Critical review of nanodiamond based nanocomposites: Synthesis, properties and
applications. Compos. Part B Eng. 2018, 143, 19–27. [CrossRef]

30. Takada, T.; Fukuchi, M.; Nezu, T.; Nagano-Takebe, F.; Endo, K. Evaluation of thermal conductivity and esthetic quality of denture
base resin composites with acrylic polymer and nanodiamonds. J. Appl. Polym. Sci. 2021, 138, 51436. [CrossRef]

31. Kausar, A. Nanodiamond Integrating Poly(Methyl Methacrylate) nanocomposites intending for technological innovations. Mater.
Res. Innov. 2021, 25, 310–319. [CrossRef]

32. Zhang, Q.; Mochalin, V.N.; Neitzel, I.; Knoke, I.Y.; Han, J.; Klug, C.A.; Zhou, J.G.; Lelkes, P.I.; Gogotsi, Y. Fluorescent PLLA-
nanodiamond composites for bone tissue engineering. Biomaterials 2010, 32, 87–94. [CrossRef]

33. Shenderova, O.; Tyler, T.; Cunningham, G.; Ray, M.; Walsh, J.; Casulli, M.; Hens, S.; McGuire, G.; Kuznetsov, V.; Lipa, S.
Nanodiamond and Onion-like carbon polymer nanocomposites. Diam. Relat. Mater. 2007, 16, 1213–1217. [CrossRef]

34. Sipaut, C.S.; Ahmad, N.; Adnan, R.; Rahman, I.A.; Bakar, M.A.; Ismail, J.; Chee, C.K. Properties and morphology of bulk epoxy
composites filled with modified fumed silica-epoxy nanocomposites. J. Appl. Sci. 2007, 7, 27–34. [CrossRef]

35. Hui, Y.Y.; Chen, O.Y.; Azuma, T.; Chang, B.-M.; Hsieh, F.-J.; Chang, H.-C. All-Optical thermometry with nitrogen-vacancy centers
in nanodiamond-embedded polymer films. J. Phys. Chem. C 2019, 123, 15366–15374. [CrossRef]

36. Morimune-Moriya, S.; Nishino, T. Strong, tough, transparent and highly heat-resistant acrylic glass based on nanodiamond.
Polymer 2021, 222, 123661. [CrossRef]

37. Tiainen, T.; Lobanova, M.; Karjalainen, E.; Tenhu, H.; Hietala, S. Stimuli-responsive nanodiamond–polyelectrolyte composite
films. Polymers 2020, 12, 507. [CrossRef] [PubMed]

38. Zhang, Y.; Choi, J.R.; Park, S.J. Thermal conductivity and thermo-physical properties of nanodiamond-attached exfoliated
hexagonal boron nitride/epoxy nanocomposites for microelectronics. Compos. Part A Appl. Sci. Manuf. 2017, 101, 227–236.
[CrossRef]
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