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Carbon nanoparticles (CNPs) are of interest due to their distinct
optoelectronic properties for a diverse range of applications and their
functions and properties can be changed by varying their shape, size
and dimensionality. The current synthetic methods reported often
result in uncontrolled shape, size and polydispersity. In this work, we
focus on developing a low-temperature synthetic method for
preparing fluorescent carbon nanoparticles and modulation of prop-
erties. Our method, based on the dispersion Glaser—Hay polymeriza-
tion of acetylene followed by decomposition into a carbonaceous
material, yields CNPs with sizes varying from 30 nm to 60 nm. The
change in reaction parameters influences the shape and size of CNPs,
yielding spherical CNPs. The residual alkynes were exploited further
for post-functionalization/graphitization by UV irradiation to yield
multifunctional CNPs, which were fluorescent in the blue region. The
CNPs were characterized with microscopy and spectroscopy tech-
niques after synthesis and after UV-irradiation to study the morpho-
logical, chemical, physical and optical properties. This allowed us to
understand the influence of parameter variation on the properties and
to attempt to establish the structure—property relationship.

Introduction

Carbon nanoparticles (CNPs) have emerged as promising
materials due to their unique photoluminescence properties'>
photostability® and low toxicity,* making them highly sought
after for various applications.>® Depending on the morphology,
these properties can be varied by changing the size and shape of
the CNPs.”® Despite their numerous advantages, their imple-
mentation from laboratory to industrial products has been
slowed due to their challenging synthesis, purification and the
difficulty of controlling their size. Also, most of the synthetic
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methods reported until now involve high-temperature (>100 °C)
processes, which often result in uncontrolled shape and size
and, consequently, uncontrolled properties. Moreover, the
CNPs thus obtained are chemically inert, increasing the diffi-
culty to modulate their properties using post-synthesis
methods.

One method that has been explored for the synthesis of
carbon nanomaterials under mild conditions is the use of
metastable, sp-carbon-rich molecules as a precursor.®** When
assembled, these molecules can decompose into carbon nano-
materials of various shapes and sizes.'>'* However, this method
does not provide full control over the properties or the shape/
size of nanoparticles for wider applications.*** Several
research groups made progress lately in synthesizing CNPs with
this method. Hence, spherical,'® tubular'” and lamellar*®* CNPs
have been prepared through the self-assembly of sp-carbon rich
precursors, but in most cases, polydisperse nanoparticles have
been obtained. Moreover, the long and tedious synthesis and
self-assembly of the sp-carbon-rich precursors limit the use of
these methods for the production of a large quantity of CNPs.

Recently, our group has made progress towards the use of
a simple alkyne source for the preparation of CNPs with
controlled morphology. In two straightforward steps, we
prepared 1,4-bis(trimethylsilyl)-1,3-butadiyne and 1,2-bis(-
trimethylsilylbutadiynyl)benzene, which were polymerized
using metal-catalyzed polycondensation dispersion polymeri-
zation to form metastable polyyne intermediates that further
decompose into CNPs." This method offers an interesting
means to exploit the high reactivity of alkynes under mild
conditions, clearing the path to the use of a simple sp-carbon-
rich source to synthesize CNPs at low temperatures.

An attractive alternative to complex alkyne-containing
precursors would be to use gaseous acetylene as the sp-
carbon-rich precursor. Acetylene has been used as a carbon
source for synthesizing carbon nanomaterials at high temper-
atures using chemical vapor deposition (CVD),**** laser-irradi-
ation,” flame method,* catalytic/thermal decomposition
techniques*® plasma,*” or various other methods®**' but it has
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only been scarcely used as a carbon source for the preparation
of carbon nanomaterials in solution at low temperature.**
Although several reports on the preparation of polyynes (or
carbynes) from acetylene polymerization have been published
in the past decades, attempts to control the morphology of
resulting materials, which is often the result of their decom-
position into carbonaceous materials, are scarce. The difficulty
of controlling the morphology comes from the high reactivity of
polyynes, which are prone to addition reactions to give
a random network of sp and sp® carbon atoms.?*-3

Herein, we push the concept even further by synthesizing
CNPs directly from acetylene gas using a low-temperature
Glaser-type dispersion polymerization, allowing the synthesis
of spherical and tubular CNPs with relatively narrow size
distributions. The synthesis was conducted by bubbling acety-
lene gas directly in the reaction medium in ambient conditions.
Acetylene underwent Pd catalyzed oxidative coupling in
a dispersion polymerization medium. We assume that under
these conditions, alkynes reacted quickly to form unstable, long
polyynes that eventually decompose through a series of
additions/cyclization processes within a confined environment
(nanosize spheres) to form a disordered carbon-rich mate-
rial.*** The synthesized CNPs were irradiated with UV-light as
a post-polymerization treatment to promote further polymeri-
zation of residual alkynes and functionalization/graphitization
to yield multifunctional CNPs with new optical properties.

Results and discussion

The first report of the synthesis of conjugated polymer-based
nanoparticles using Suzuki-Miyaura dispersion polymeriza-
tion was published in 2012 by Kuehne and coworkers.****' More
recently, our group adapted this protocol to perform Glaser-type
Pd/Cu-catalyzed dispersion polymerization for the preparation
of carbon nanoparticles using 1,2-bis((trimethylsilyl)butadiynyl)
benzene and 1,4-bis(trimethylsilyl)-1,3-butadiyne.’* In the
present study, we employ the same conditions with acetylene as
the monomer as shown in Scheme 1.*

First, reactions at different temperatures and time duration
were performed to study their influence on the resulting CNPs
and the results are summarized in Table 1. The first set of
reactions has been run for four hours as per the conditions
optimized previously.'>** Then, for the second set of reactions,
the mixture was stirred for 16 hours while continuously
supplying acetylene to the reaction mixture, allowing polymer-
ization to continue during the entire time of the reaction. The
CNPs were purified by centrifugation and exchange of super-
natant (see the ESI section for the detailst).

PdCl,(PPhg),, Cul
p-benzoquinone

Triton X-45, PVPVA
1-propanol, NEtg

Carbon
nanoparticles

=

metastable

Scheme 1 Synthesis of carbon nanoparticles using the Glaser-type
Pd/Cu-catalyzed dispersion polymerization of acetylene.
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Table 1 Details of reactions and experimental conditions with
resulting nanoparticles size as determined from TEM images

Temperature

Entry (°C) Time (h) Size (nm)
1 25 4 536

2 50 4 46 + 12
3 70 4 44+9

4 25 16 42+9

5 50 16 47 £ 8

6 70 16 43 +9

When the reaction was performed at 25 °C for 4 hours (entry
1, Table 1), CNPs with an average size of 53 £+ 6 nm (Fig. S1})
were formed. Increasing the reaction temperature (entries 2 and
3, Table 1) resulted in similar CNPs sizes (46 + 12 nm and 44 +
9 nm at 50 °C and 70 °C, respectively) accompanied by the
formation of large aggregates of CNPs (Fig. S2 and S3t). More-
over, a relative decrease in the polydispersity index as measured
by dynamic light scattering (DLS) (Fig. S8-S10 and Table S17)
was also observed when the reaction temperature was
increased. The narrower size distribution and decrease in
polydispersity might be attributed to a better solubility of the
polyyne intermediate as the temperature is increased, retarding
precipitation in the reaction medium. However, the formation
of aggregates when the reaction was performed at a higher
temperature is not fully understood.

To assess the influence of time on the CNPs morphology,
a new set of reactions for which the reaction time remained
unchanged at 16 hours was conducted (entries 4-6, Table 1). It
was hypothesized that the longer reaction time would increase
the decomposition of polyynes. The reaction performed at 25 °C
(entry 4) resulted in CNPs aggregation (Fig. S4t) with the
average size of the nanoparticle at 42 + 9 nm. The longer
reaction time might have increased the decomposition of pol-
yynes resulting in the formation of more nanoparticles and an
increase in temperature will increase the reaction rate. This will
lead to more particles being formed and a higher concentration
of nanoparticles present in the reaction. The aggregation
observed may therefore be the result of a higher concentration
of nanoparticles. The reaction at 50 °C for 16 hours also resulted
in aggregation of CNPs with almost similar size (Fig. S51) to that
of the 4 hour reaction but also shows few tubular structures
(Fig. S61) being formed alongside spherical CNPs. The presence
of tubular CNPs in the aggregation was also observed in an
earlier reaction (Fig. Slct). It can be hypothesized that the
formation of tubular CNPs might be attributed to the change in
the concentration of the reaction mixture during the course of
the reaction as the continuous acetylene bubbling causes the
evaporation of a small amount of solvent. The CNPs synthesized
at 70 °C for 16 hours show uniform distribution of CNPs with
size averaging 43 + 9 nm (Fig. 1 and S71) and negligible
aggregation. The polydispersity index is changing with an
increase in the temperature for this set of reactions too
(Fig. S11-S13 and Table S17). As observed in Table S1,T the
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Fig. 1 (a) TEM image and (b) size histogram of CNPs synthesized at
70 °C for 16 hours.

increased reaction time and temperature seem to impact the
polydispersity index.

To observe the batch-to-batch consistency of resulting CNPs,
repetition experiments were performed under on the same
reaction conditions and the resulting CNPs follow similar
patterns to the previous reactions as shown in the TEM images
and size histogram data (Fig. Sle, S2e, S4e and S7d-ff). The
scale-up reaction at a scale of 10 times was performed for the
CNPs synthesized at 70 °C for 16 hours and the resulting CNPs
(Fig. S7gt) show similar size and distribution pattern as the
standard scale reactions.

It can be concluded that the size of CNPs could be influenced
by the variation in reaction temperature and time. The variation
in reaction parameters leads to achieving the synthesis of
spherical CNPs with uniform size distribution. Utilizing acety-
lene gas as a source in low-temperature polymerization
methods would provide a sustainable route for low-cost
synthesis of carbon nanomaterials. Though, utilizing acety-
lene gas by bubbling in the reaction mixture causes the evapo-
ration of the solvent, changing the concentration of the reaction
mixture and resulting in random changes in CNPs shapes. If
a controlled environment can be created to run the reaction
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with a pressure reactor for utilizing the acetylene, it would
reduce solvent evaporation or change in the concentration of
the reaction mixture and provide better control over the shape
and size of CNPs. It would also provide an opportunity to utilize
the pressure of acetylene gas as a reaction parameter.

The CNPs were further characterized to study their proper-
ties and chemical composition. The selected area electron
diffraction (SAED) patterns (Fig. S14 and S157) were recorded to
analyze the crystalline/amorphous nature of CNPs. The SAED
patterns show diffused halo rings without spots or solid ring
patterns, indicating the amorphous nature of CNPs.*»* The
diffused halo ring pattern is a common feature in highly
disordered amorphous carbon nanomaterials.

The CNPs were characterized by X-ray photoelectron spec-
troscopy (XPS) and the survey spectra (Fig. S17-S22 and Table
S2t) shows peaks for carbon, oxygen and nitrogen. The presence
of major peaks at 284.5 eV associated with carbon (83.4%j; Table
2) atoms confirmed the presence of carbonaceous materials.
However, the presence of a significant amount of oxygen
(14.2%) and nitrogen (2.4%) atoms could be attributed to
PVPVA and surfactant (Triton X-45) still present in the sample,
likely surrounding the CNPs. The oxygen-to-carbon ratio was
calculated to be 0.17 for CNPs from the atomic% values
measured by XPS survey spectra as shown in Tables 2 and S2.7}
The ratio varied only slightly with the increase in the reaction
temperature and reaction time, meaning that these parameters
do not significantly impact the chemical composition of the
CNPs.

X-ray induced Auger electron spectroscopy is used to study
the ratio of carbon hybridization states sp®/sp® for carbon
allotropes and polymers.***” XAES was measured from the C
KLL spectra recorded along with XPS survey spectra; the first
derivative C KLL spectra are shown in Fig. 2a (S23 and S247). For
comparison, XAES spectra of graphite were also recorded. The
D-parameter values were calculated as shown in Table S3.7 The
D-parameter values are varying with the variation in tempera-
ture and reaction time. When compared with the D-parameter
values of graphite which has 100% sp” carbon, it can be
observed that the amount of sp” carbon in CNPs is increasing
with the increase in reaction temperature and time.

It is well known that the C-C/C=C vibrations produce
weaker peaks in IR spectroscopy (Fig. S25 and S261) and
stronger ones in Raman spectroscopy. Thus, characterizing
CNPs with Raman spectroscopy provides more information
about carbon hybridization states. Raman spectrum is shown in
Fig. 2b. As usually observed for CNPs made from the

Table 2 Summary of atomic% values of elements (C, O, N) in CNPs
from XPS survey spectra shown in Fig. S22 (ESI)

Atomic
Elements (%)

83.4
14.2
2.4
/C 0.17

Qzo0O

Nanoscale Adv., 2023, 5, 337-343 | 339
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Fig. 2 (a) First derivative CKLL XAES spectrum for CNPs and graphite,
(b) Raman spectrum, (c) high-resolution XPS C 1s spectra of CNPs
synthesized at 70 °C for 16 hours.

decomposition of alkyne-rich molecules,*® only two broad peaks
associated with the D (1350 cm ™) and the G (1590 cm ™) bands
are observed, suggesting a disordered graphitic structure.
High-resolution XPS C 1s spectra were recorded and the
curve-fitted high-resolution XPS C 1s spectra are shown in
Fig. 2c¢ (and S27-S31%). The curve-fitted values for peaks of
interest (C-C, C=C, C-0O, and C=0) are shown in adjoining
tables (Table S4-S97) for each spectrum. Since the curve fitted
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values are not absolute values, the ratio of the peak percentage
values was compared, and the peaks were grouped as CC peaks
(C-C and C=C) and CO peaks (C-O and C=O0). Interestingly,
the CO/CC peak ratio changed when the reaction parameters
were varied as shown in Table $10.f The increase in tempera-
ture causes an increase in the relative abundance of C-O/C=0
groups with respect to C-C/C=C, which is evident by an
increase in their relative peak ratio with the increase in reaction
temperature and reaction time.

To study the optical properties of CNPs, UV-visible absorp-
tion spectra and photoluminescence spectra were recorded. The
UV-visible spectrum (Fig. S32 and S337) exhibits a very typical
absorption pattern for carbon nanomaterials specifically carbon
dots,*** with absorption peaks at 251 nm, 276 nm, 284 nm and
327 nm. The CNPs were excited at these wavelengths and the
resulting photoluminescence spectra show emission in both the
UV and visible regions around 600 nm as shown in Fig. 3a (and
S34-S387). These results suggest that there are luminescent
fragments embedded within the CNPs structure that are emis-
sive in the UV region. One way to create an emissive domain is
to promote further graphitization of the sp® carbon network.
This can be achieved by thermal annealing® or irradiation.” In
fact, the polyynes and their partially decomposed products are
known to be metastable meaning that they can be chemically
transformed into large w-conjugated domains when exposed to
heat or light.>”** To keep the structural integrity of the CNPs, UV
irradiation was preferred.'>** Irradiation of the CNPs was per-
formed on CNP dispersion in acetonitrile using a photoreactor

a. —=m] b.

——276nm
—327nm

Intensity (a.u.)
Absorbance

200 300 400 500 600 700 800 200 300 400 500
c Wavelength (nm) d Wavelength (nm)

. 10
- —— UV-72h-276nm

754 " UV-00h-3270m

Intensity (a..)

300 400 500 600 700 800
Wavelength (nm)

Fig. 3 (a) Photoluminescence spectra recorded in methanol at exci-
tation wavelengths (251 nm, 276 nm, 327 nm) for CNPs synthesized at
70 °C for 16 hours; (c) photoluminescence spectra at excitation
wavelengths (276 nm and 327 nm) before (00h) and after (72 h) of UV
irradiation for CNPs dispersed in acetonitrile for synthesized at 70 °C
for 16 hours. The discontinuity of spectra is due to the removal of
second harmonics peaks. (b) UV-vis. absorption spectra recorded in
methanol at various time intervals before (00h) and after UV irradiation
of CNPs dispersed in acetonitrile for CNPs synthesized at 70 °C for 16
hours; (d) Photographic images of CNPs synthesized at 70 °C for 16
hours, observed (i) in daylight, (i) under UV lamp, (iii) CNPs after 72
hours of UV-irradiation under a UV-lamp.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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equipped with 16 x 254 nm light bulbs (7.2 W). The CNPs were
irradiated for 72 hours, and the absorption and emission were
recorded at time intervals (4 h, 12 h, 24 h, 72 h) to study the
change in properties. The absorption spectra at various time
intervals are shown in Fig. 3b. Interestingly, the absorption
intensities changed significantly after 4 h, 12 h, and 24 h of
irradiation, but the changes were minimal after 48 h and 72 h.
Comparing the absorption spectra before irradiation (00%4) and
after 72 hours of UV irradiation (Fig. S32, S33 and S39, S407), it
can be observed that the absorption intensities have increased
significantly between the 250 nm and 350 nm but no new well-
resolved peaks have appeared. The increase in absorption
intensities after irradiation indicates that structural changes
might have occurred during the irradiation process. Interest-
ingly, the TEM images (Fig. S50 and S51f) after the photo-
chemical treatment show the presence of carbon dots,
graphene-like sheets, and aggregates of bigger CNPs along
with the spherical CNPs present before UV irradiation indi-
cating changes in the morphology of the CNPs.

The photoluminescence spectra changed significantly upon
irradiation as shown in Fig. 3c (and S41-S49%). As expected,
a shift in the photoluminescence spectra was observed upon
irradiation. The emission shifted from the UV to the visible
region, meaning that conjugated fragments with longer effec-
tive conjugation length have been formed upon irradiation.
Also, the emission peak position is excitation wavelength-
dependent, as observed for CNPs prepared using other
methods.* The CNPs are emitting blue-colored light under UV
lamps as shown in Fig. 3d (and Fig. S68-S72+).

XPS survey spectra (Fig. S52-S571) show an increase in the
oxygen content in CNPs after UV irradiation as shown in Tables
S11 and S12.1 C KLL Auger spectra (Fig. S58 and S59t) of CNPs
measured after irradiation show a slight increase in the values
of the D-parameter (Table S13t) in comparison to before UV-
irradiation (Table S3 and S14f), meaning that light-induced
graphitization of CNPs took place. The FT-IR measurements
(Fig. S60 and S611) and high-resolution C 1s spectra (Fig. S62-
S67 and Tables S15-S22) show the increased presence of the
oxygen species after UV irradiation. Indeed, we observe an
increase in the CO/CC ratios (Tables S21 and S227) in compar-
ison to before UV-irradiation (Tables S9 and S227). The increase
in the oxygen content (O/C ratio: Table S127), increased
graphitization (Table S1471) and increased presence of oxygen-
based functional groups (CO/CC ratio: Table S227), should be
responsible for the change in the emission properties and shift
of emission peaks towards the visible region from the UV region
after irradiation. Thus, one can argue that the change in the
emission properties of the CNPs upon irradiation can be
attributed to the formation of additional emissive domains as
well as the presence of carbonyl groups as a result of partial
photo-oxidation of the NPs.

Conclusions

In conclusion, the dispersion polymerization of acetylene was
successful in synthesizing CNPs from acetylene gas and
modulating their optical properties. The synthesis of CNPs was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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achieved by the polymerization of acetylene at low temperature
with Glaser-type Pd-catalyzed homocoupling in a dispersion
polymerization medium at low temperature. This demonstrates
the first use of acetylene gas in a dispersion polymerization
reaction for the synthesis of CNPs with controlled morphology.
The polymerization method was optimized to synthesize
spherical CNPs with narrow size distribution. The UV irradia-
tion of CNP dispersion changed the emission of CNPs from the
UV region to the visible region. The presence and trans-
formation of residual alkynes show that residual alkynes could
be used to attach functional groups to add new properties to the
CNPs.
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