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Stages of the synthesis of carbon dots from citric acid and
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Carbon dots synthesized by the hydrothermal method from citric acid and ethylenediamine have a luminescence
quantum yield that significantly depends on the synthesis conditions and, under certain synthesis parameters,
reaches more than 90%. To clarify the reasons for the dependence of the optical properties of carbon dots on the
synthesis parameters, it is necessary to understand how their structure changes. For this purpose, in this paper
we studied the relationship between structural changes and optical properties of carbon dots at different stages of
their hydrothermal synthesis from a mixture of citric acid and ethylenediamine in a ratio of 1 : 1, achieved in 3h of
synthesis at a temperature varying from 80 to 200 °C with a step of 20 °C. As a result of the studies, the temperature
boundaries of the stages of synthesis of carbon dots and changes in their structural and optical properties were
determined: the beginning of the synthesis of luminescent structures; stage of active dehydration and carbonization
of carbon dots with a concomitant increase in the number of both luminescent and non-luminescent chromophore
structures; continuation of carbonization leading to the gradual destruction of luminescent structures. The change
in chemical bonds in the reaction products during the synthesis process as the temperature increases is analyzed.
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Introduction

Carbon dots (CDs) first synthesized in 2004 [1] quickly
attracted the interest when it became clear that these
photoluminescent nanoparticles could be synthesized by
a dozen of various methods from hundreds of various
precursors: top—bottom from carbon macromaterials or
bottom—top from almost any complex organic molecule
mixture [2-6]. The source of CDs’ photoluminescence may
be surface states, defects in CD cores, individual molecular
luminophores integrated into the CD core or the CD core
itself due to the quantum confinement effect, if it has a
crystalline structure [2-4,7,8]. Depending on the CD’s
structure, CD’s luminescence spectrum can fall within a
wide spectral range from ultraviolet to red region [2-4].
CDs’ luminescence intensity depends on the ambient con-
ditions in a different way: temperature, pH, presence
of particular molecules or ions [9-13]. A wide variety
of optical properties of CDs combined with non-toxicity,
biocompatibility, chemical stability offers an opportunity of
targeted selection for nanosensorics, optoelectronics and
biomedicine applications [4,14,15].

CDs’ luminescence quantum yield (LQY) is the most
widely used parameter for comparison of various CDs with
each other. While the LQY values for most of CDs fall
within a range from units to several tens of percent points,
LQY of some CDs may reach more than 90% [6,16-18].

214

These are the LQY values that are achieved for CDs
synthesized by the hydrothermal method from citric acid
(CA) and ethylendiamine (EDA) [16-18]. However, such
LQY is not always achieved, it depends on the main
synthesis conditions — relation of the amount of precursors,
nanoparticle synthesis temperature and time, with such
dependencies being non-monotonic [18-21].

The latest results obtained from the analysis of morphol-
ogy, luminescence excitation/emission maps and dialysis of
CDs from CA and EDA [21-23] indicate that high CD LQY
from CA and EDA is caused by molecular luminophores
represented by CA and EDA copolymers. These lu-
minophores are expected to be free or bound to the CDs’
polymer scaffold. The authors of [21] consider citrazinic
acid derivatives as such luminophores. Quantitative nuclear
magnetic resonance (NMR) measurements indicate that
an IPCA molecule (5-ox0-1,2,3,5-tetrahydroimidazo[1,2-
aJpyridine-7-carboxylic acid) may serve as such lu-
minophore [19,22]. The authors of [22] evaluated that the
number of these molecules in CDs synthesized from CA
and EDA through 360 W microwave radiation during 3 min
was equal to 18 £ 2 wt. %.

The number of luminescent structures in CDs varies
during the hydrothermal synthesis of CDs from CA and
EDA [21]. Such variation is caused by chemical processes
typical of hydrothermal synthesis of CDs: dehydration,
polymerization, carbonization and passivation by organic
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molecules [24-28]. Our previous work [29] devoted to the
study of properties of CDs synthesized from CA : EDA 1:2
(ratio of carboxyl and amino groups in this case is 3:4)
at 140°C during 0.5—6h demonstrated the presence of
several stages in the CD synthesis and found that longterm
carbonization of CDs causes the destruction of their lu-
minophores. However, the chemical processes taking place
in other synthesis conditions may differ considerably, in
particular, when there is excess in CA carboxyl groups over
EDA amino groups. According to [29], IR absorption spec-
troscopy provides a large amount of information about CDs’
transformation processes during hydrothermal synthesis in
different conditions.

This study used the fluorescence spectroscopy, optical
absorption and IR absorption spectroscopy methods to
examine the luminescence and structural properties of CDs
at different stages of hydrothermal nanoparticle synthesis
from the EDA:CA 1:1 mixture during 3h when the
synthesis temperature varies from 80 to 200°C in 20°C
steps.

1. Materials and methods

1.1. CD synthesis

CDs were synthesized by the hydrothermal method
from CA (monohydrate, Ruskhim, AR grade) and EDA
(made by EKOS-1, ACS grade) in bidistilled deionized
water (conductivity 0.055uS/cm, Millipore Milli-Qwater
treatment system). For this, 10.53 g of CA was mixed with
3.35mL of EDA and diluted with water to 500 mL (CA and
EDA concentrations were 0.1 M, i.e. CA:EDA was equal to
1 : 1, the ratio of their carboxyl and amino groups was 3 : 2).
Autoclaves with the prepared precursor mixture were held
in the Sputnik (Russia) muffle furnace during 3 h at one of
the temperatures within the variation range of 80—200°C
in 20°C steps. Then, the autoclaves were removed from
the furnace and cooled in air to room temperature. Thus
synthesized CD samples were filtered through a membrane
filter, mesh 0.22 um.

1.2. CDs’ study methods

pH of the CD solutions was measured using the Akvilon
I-500 (Russia) pH meter, zeta potentials and hydrodynamic
diameters were measured using the Malvern ZetaSizer
Nano ZS instrument (UK).

IR absorption spectra of the concentrated CD gels were
recorded using the Bruker INVENIO R (Germany) FTIR
spectrometer in the attenuated total reflectance (ATR)
mode. Gels were prepared by applying 15uL. CD aqueous
solution to a 2 x 2mm diamond crystal of the ATR
module and drying in continuous ambient air flow during
10—15 min.

Photoluminescence spectra (PL) of the CDs’ aqueous so-
lutions were recorded using the Shimadzu RF-6000 (Japan)
spectrofluorometer, absorbance spectra were recorded using
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the Shimadzu UV-1800 (Japan) spectrophotometer. PL and
absorbance spectra of the synthesized CD samples were
recorded after dilution with water to the absorbance at
345nm equal to ~ 0.1. Such dilution was carried out to
avoid the inner filter effect (IFE) [30] caused by absorption
of both exciting and emitted CD light by the medium. For
all degrees of dilution (DD), see the table.

The CDs’ LQY was determined for the diluted solutions
by the reference dye method [30] as follows

2
Q=QrODr [ (n) ,

OD I, \n
where Q is the carbon dots’ LQY, OD is the optical density,
| is the integral PL intensity, n is the refractive index of a
medium, index ,r“ indicates the equivalent parameters of
the reference dye — quinine sulfate in aqueous solution
of sulfuric acid (H,SO4 concentration was 0.05M). All
parameters were determined for Adex = 345nm, 58 % was

used as Q, determined for a close excitation wavelength of
350 nm [30].

2. Characterization and
photoluminescence properties of CDs

Aqueous suspensions of the synthesized CDs had pH
values that decreased from 5.1 to 4.6 as the synthesis
temperature varied from 80 to 120°C, and then increase
monotonously to 6.9 for CD 200°C (see the table). pH ap-
proached 6.5 with dilution (see below). Note that within pH
5—7, photoluminescence of carbon nanoparticles, including
CDs from CA and EDA, remains unchanged [11,12,31].
This means that the variations, obtained from the study and
described below, of optical properties of CDs synthesized
at different temperatures are not attributable to the pH
variations of the CDs’ environment.

Zeta potentials of the synthesized particles had dome-
shaped distributions with FWHM of about 10mV, the
center of the distributions shifted gradually from 2mV to
—5mV as the synthesis temperature increased from 80
to 200°C. Coarse nanoparticles with such zeta potentials
are usually aggregated significantly [32,33], however, the
CD synthesized from CA and EDA contained mainly a
fraction with a hydrodynamic diameter of 0.7—1.3 nm and
rare inclusions of ~ 10nm particles. Such size distribution
is indicative of a colloidal stability mechanism caused by
the stability of hydrated molecules, rather than by the zeta
potential module.

The obtained photoluminescence excitation/emission
maps of the aqueous solutions of all synthesized CDs
appeared to be similar to each other (for examples, see Fig-
ure 1): they have two explicit maxima at Aex/Aem = 345/440
and 242/440nm/nm. An exception is the photolumines-
cence of the CD 80°C sample solution, for which the
luminescence emission maximum is at Ae;,, = 455 nm. Dif-
ference in the photoluminescence intensity of the samples is
also observed: if the maximum value for CD 80°C is about
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Paramete rs of the studied CD solutions: pH and dilution ratio (DDs) used for the samples, CDs’ photoluminescence properties at
Aex = 345 nm: luminescence intensity measure and quantum yields of the synthesized CDs

Parameters CDs synthesized at different temperatures
Synthesis temperature 80°C 100°C 120°C 140°C 160°C 180°C 200°C
pH of undiluted samples 5.1 49 4.6 4.8 53 6.0 6.9
DD - 9.1 1001 3001 2801 8343 601
lg(lin [instrument un.]-DD) 49 6.9 9.0 94 93 89 8.6
LQY™* 15.8% 76.0 % 88.6 % 77.0% 66.8% 65.9% 61.7%
Note. * statistical error of LQY measurement by the reference dye method is about 10% of the obtained value.
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Figure 1. Photoluminescence excitation/emission maps of the aqueous solution: @ — CD 80 °C, undiluted, » — CD 140 °C, 3001-fold

diluted, ¢ — CD 200°C, 601-fold diluted.

800 instrument un., the maximum value for CD 140°C is
14000 instrument un. This difference in radiation intensity
of the CD samples turns out to be even bigger if the dilution
ratio of synthesized CDs is taken into account (see below).
Note also that CDs synthesized from CA:EDA 1:2 at
140°C during 0.5—6h, that were studied before [29], have
almost the same luminescence map profiles with maxima
at Aex/Aem = 350/440 and 242/440 nm/nm. Similarity of
luminescence maps between all CDs from CA:EDA 1:1
and 1 : 2 suggests that the structure of electronic transitions
that are responsible for luminescence is almost the same,
and the excess of the EDA NH, groups over the CA-
COOH groups with CA:EDA 1:2 causes only the shift
of absorption band maximum by 5nm without changing the
PL emission band maximum.

Two PL maxima in the Iuminescence map of the
synthesized CDs at Aex/Aem = 345/440 and 242/440 nm/nm
(Figure 1) correspond to two highlighted CDs’ absorption
bands at 242nm and 345nm (Figure 2,a) induced by the
m —a* electronic transitions of C=C and/or C—N bonds
and by the n—s* transitions of C=0, C—N and/or C—OH
bonds in sp’domains, respectively [8,34]. Similarity of
emission spectra with excitation at these two wavelengths,
which is observed even when the radiation maximum for
CD 80°C is shifted by 15nm, suggests that the observed
two PL maxima are induced by the same CDs’ radiative
center that has two different excitation paths (Figure 1).

The table shows the calculated LQY values with excita-
tion of the main maximum of two luminescence maxima
at 345nm (Figure 2,b). Analysis of the corresponding
absorbance spectra (Figure 2,a) shows that the maximum
LQY value of 88.6 % for CD 120°C corresponds to the opti-
cal absorption spectrum with the smallest background under
the absorption band with the maximum at 345nm, while
the lowest LQY values, for example, LQY of 15.8% for
CD 80°C, correspond to optical absorption spectra with a
larger background under this absorption band (Figure 2,a).
Considering the different dilution ratios of samples, this
result suggests that, with the growth of the amount of
absorbing synthesis products as the reaction temperature
increases, the number of luminescent structures grows
faster than the number of absorbing, but non-luminescent
structures. At 120 °C, the maximum of this ratio is reached,
absorption of luminescent structures becomes dominating,

Note that the absorption of various synthesized CDs
at 345nm differed by orders of magnitude, therefore
different dilution degrees (DDs) of the sample solutions
was necessary to achieve the absorbance at this wavelength
~ 0.1 to avoid IFE. With such dilution, luminescent particle
concentration decreases proportionally and, consequently,
the luminescence intensity decreases. To enable correct
comparison of photoluminescence intensity of the synthe-
sized CDs (remember that the same precursor solution was
used for all CDs), their integral luminescence intensity iy
multiplied by DD shall be compared. Common logarithm
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Figure 2. Optical density (a) and photoluminescence (b) spectra of the examined CD aqueous solutions.

of this quantity is shown in the table. It can be seen
that the luminescence intensity for different undiluted CD
solutions differs by a factor of 4.5. Taking into account
the luminescence map profiles of all samples, this suggests
that the number of synthesized luminescent structures in the
samples also differs by a factor of 4 to 5.

3. IR spectroscopy of CD

IP absorption spectra of CDs obtained in the work
(Figure 3) demonstrate a complex structure of the syn-
thesized particles that varies depending on the synthesis
temperature. All CDs’ spectra show a wide absorption
band at 2300—3800cm~! induced by stretching of —OH
groups of surface-absorbed water particles (in the range of
3000—3800cm~!) and stretching of the functional group
elements on the nanoparticle surface: carboxyl and hydroxyl
groups (in the range of 2300—3300 cm™1).

Two bands with maxima at 1700 and 1780 cm~! corre-
spond to C=0 bond stretching in various environment [35].
The first of these bands in the spectra of the precursor and
CD 80°C mixture is closer to 1710 cm~! and only at 120°C
shifts towards smaller wavenumbers to 1700 cm™!. A band
with a maximum at 1780cm~! becomes visible only at
the nanoparticle synthesis temperature higher than 120°C.
Shift of the absorption band of C=O stretching towards
lower frequencies is typical for lower degrees of carbon
oxidation, i.e. the observed shift of this band by 10cm™!
indicates that the -COOH carboxyl groups remaining from
CA molecules that didn’t react with EDA were destructed
and replaced with R;—(C=0)—R; carbonyl groups. This
process is confirmed by the fact that at the synthesis
temperature of 120 °C a band induced by stretching of C—O
carboxyl groups with a maximum at 1186 cm~! disappears
(Figure 3). While a band with a maximum at 1780 cm ™!
corresponds to stretching of C=O groups of conjugated
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anhydrides —(C=0)—0—(C=0)-. The shift and appear-
ance of a new band are indicative of the precursor molecule
polymerization stage through the carboxyl bond. However,
for CDs with the synthesis temperature higher than 160°C,
decrease in the intensity of both of these bands is observed,
C=0 bands for them are destructed substantially. The
presence and gradual transformation of carboxyl groups into
CD synthesized from CA and EDA, which are observed in
this work, are only typical for the case where the number
of EDA amide groups is smaller than the number of CA
carboxyl groups: when CA:EDA 1:2 (ie. with the ratio of
-COOH precursor groups to -NH; 3 :4), C=0 groups are
no longer observed in the precursor mixture.

There is a deformation band of OH stretching at
1640 cm~! (Figure 3). Starting from the synthesis tem-
perature of 120°C, a band with a maximum at 1646 cm™!
appears and grows. This band is induced by C=C bond
stretching [36,37] and indicates that precursor carbonization
grows. Note that this growth takes place simultaneously
with the above-mentioned disintegration of carboxyl groups
and remaining C=0 bonds.

IR absorption spectra of CD also display bands of sym-
metric (1387 cm~!) and asymmetric (1550 cm~!) stretching
of -NOj nitro groups. At the nanoparticle synthesis tempera-
tures higher than 120 °C, absorption intensity of -NO, bands
decreases, however, a band with a maximum at 1525cm™!,
that is caused by stretching of -N=O nitroso groups, grows
(Figure 3). The presence of nitro groups and nitroso
groups in all CDs’ and precursor mixture, the absence of
these groups in molecules of individual precursors, and
the absence of synthesis bands of -NH, amino groups and
-CH,- methylene groups of ethylendiamine (3400—3250
and 2800—3000cm™!) at the same time in the precursor
mixture spectra, and then also in CDs’ spectra are indicative
of the active interaction between precursor molecules even
before the start of synthesis. When the CDs’ synthesis
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Figure 3. IR absorption spectra of the mixture of CD precursors and CDs synthesized at various synthesis temperatures.

temperature increases to 120°C and higher, nitro groups,
that were formed during mixing, are transformed into
nitroso groups: dehydration process takes place.

Besides the bands listed above, the IR absorption spectra
of CDs synthesized in this work from CA:EDA 1:1 during
3 h at various temperatures also have absorption bands with
maxima at 1437, 1387, 1360, 1340, 1296, 1235, 1138,
1063, 1053, 985, 779 cm™!, etc. (Figure 3). These bands
are induced by stretching of C—N, N—-H, C-H, C-0O
bonds and other groups, however, they cannot be interpreted
accurately without knowing the structure of synthesized
particles. At the same time, a common behavior of all
these bands shall be noted: the mixture of precursors and
CDs synthesized at 80 and 100°C has a set of bands,
spectra of CD synthesized at 120 and 140°C have strongly
pronounced new bands, and in spectra of CD synthesized
at 160—200°C, most of the maxima — both ,,0ld“, and
new — are smeared. Pronounced narrow bands are
indicative of a large amount of the same type of chemical
bonds in the synthesized particle structure, while smearing
of the bands is indicative of the versatility of these chemical
bonds in the immediate environment.

The above-mentioned changes of CD chemical bond
structure during the hydrothermal synthesis with temper-
ature increasing from 80 to 200 °C, that are determined by
the IR absorption spectra, correlate with the changes of
photoluminescence properties of the synthesized CD (see
the table). The mixture of precursor and CD synthesized

at 80°C don’t luminesce or luminesce weakly, which can
be seen from the obtained luminescence intensity logarithm
and LQY of the samples (see the table). As a result
of the CDs’ synthesis at 100°C, luminescence intensity
in CDs grows by two orders of magnitude with respect
to the luminescence intensity of CD 80°C, which is also
followed by a significant increase in LQY, however this
intensity is still lower by two orders of magnitude than
the maximum value (see the table). IR absorption spectra
of precursors and CDs synthesized at 80 and 100°C are
similar to each other: synthesis reaction of luminescent
structures at such temperatures flows slowly and fails to
change a large fraction of intermolecular bonds during 3 h.
During the CDs’ synthesis at 120 and 140°C, dehydration,
carbonization and polymerization processes take place: nitro
groups are transformed into nitroso groups, C=C bonds are
formed, carboxyl groups ,loose” —OH bonds and ,,close®
on carbon or on the identical groups of other molecules to
form conjugated anhydrides. These formed structures have
the most pronounced similarity of chemical bonds among all
synthesized CDs. At 120°C, 100 times as many luminescent
structures are synthesized than at 100 °C, thus, providing the
highest LQY among the studied CDs — the largest ratio of
luminescent fraction to just absorbing fraction. Whereas the
synthesis at 140°C causes the continued synthesis of the
luminescent fraction — its amount grows by an additional
factor of 2.5 — however, the amount of the absorbing, but
non-luminescent fraction also increases: LQY decreases (see
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the tables). At the CDs’ synthes is temperature from 160
to 200 °C during the synthes is time of 3 h, more active CD
carbonization takes place and is followed by destruction of
C=O0 bonds and increase in the versatility of CDs’ bonds
environment. Analysis of the luminescence properties of
CDs suggests that a part of luminescent CDs’ structures is
destructed at this synthesis stage.

Conclusion

The study investigated the correlation of structural
changes and optical properties of CDs at various stages
of hydrothermal synthesis from 1:1 CA and EDA mixture
during 3h in a wide temperature variation range from 80
to 200 °C. Information about structural features of CDs was
obtained by the IR absorption spectroscopy method.

It was found that:

— when mixing EDA and CA precursors at room
temperature, EDA nitrogen atoms react with CA carboxyl
groups to form nitro groups and nitroso groups;

— during the 3-hour CD synthesis process at temperatures
from 80 to 100°C , transformations of chemical bonds that
are visible in the IR absorption spectra are not observed
in the reaction products. However, luminescent structures
with luminescence maxima at Aex/Aem = 345/440 and
242/440 nm/nm start to be synthesized and their number
grows as the temperature increases, thus, causing the growth
of LQY from 15.8% to 76 %;

— at higher temperatures from 120 to 160°C during
3h of synthesis, considerable changes occur in the CD
structure: -NO; groups are replaced with -N=O groups,
C=C bonds and conjugated anhydrides are formed. These
changes are indicative of the dehydration, carbonization and
polymerization processes in the reaction medium. These
are the synthesis stages, at which the highest PL intensity
and CDs’ LQY are observed, ie. a significant growth of
luminescent structures.

— according to the IR absorption spectroscopy data,
carbonization becomes quite active at even higher synthesis
temperatures from 160 to200°C. It is followed by destruc-
tion of C=0 bonds and significant increase in the versatility
of CDs’ bonds in the environment. Whereas CD LQY and
luminescence intensity decrease, i.e. luminescent structures
of CDs are destructed at this stage.

The established correlation between structural changes
and optical properties of CDs at various stages of hy-
drothermal synthesis from the CA and EDA mixture makes
it possible to choose the best synthesis conditions for
successful solution of certain problems not only for the
CD synthesis with pre-defined luminescence properties,
but also with pre-defined chemical bonds. Thus, the
work demonstrates the importance of IR absorption spectra
measurements of the synthesized CDs for evaluation of
the changes in the composition of CDs’ surface groups,
uniformity or versatility of their chemical bonds, apart from
the photoluminescence property measurements.
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