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Dependence of photoluminescence of carbon dots with different surface
functionalization on hydrogen factor of water
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The pH dependences of the photoluminescence of carbon dots synthesized by the hydrothermal method with
polyfunctional and monofunctional (carboxylated and hydroxylated) surfaces have been studied. As a result of the
analysis of the obtained photoluminescence and absorption spectra of aqueous suspensions of all studied types of
carbon dots at different pH values, a significant effect of the acidity of the environment of nanoparticles on their
optical properties was found. It has been found that the greatest changes in the spectral characteristics of absorption
and photoluminescence of carbon dots with COOH, OH, and NH, surface groups appear in the pH ranges of 2—5
and 8—12. The obtained results are explained are explained by the processes of protonation/deprotonation of the

surface groups of carbon dots.
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Introduction

The active development and deepening of scientific
knowledge in the field of biomedicine are conditioned
upon the intensive development of known approaches and
creation of new methods of research at the molecular level.
Studying different intracellular biological processes dictates
the need to develop new nano-scale sensors/markers.
Nowadays, a promising nanomaterial are carbon dots (CD)
possessing a unique combination of properties that provide
for active application of these nanoparticles for different
biomedical purposes [1-4]. Thus, CD have an intensive
photoluminescence (PL) in the visible spectrum range: the
luminescence quantum yield is about tens of percents [5,6].
PL spectrum characteristics of CD are sensitive to changes
in parameters of the medium and its different components
strength of hydrogen bonds in the suspension [7], presence
of ions and biomolecules [8,9], pH factor [9-15], tempera-
ture [16], etc. This sensitivity suggests prospects of CD use
as different nanosensors.

There are works [9-15] suggesting to use CD as nanosen-
sors to determine pH value of the local environment.
In most of the above-mentioned studies the effect of
environment pH on the intensity of CD photoluminescence
was shown, but the challenge to find out mechanisms of this
sensitivity was not posed. In some works the studying of
mechanisms of the PL change under changing environment
pH was not possible due to the multifunctionality of
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nanoparticle surface. In [9], a nonlinear monotone increase
in PL intensity of CD was shown for the transition from low
values of pH of 3.5 to alkalinous pH of 8.5. The photolumi-
nescence lifetime in this case was increasing linearly from
1.6 to 3.7ns. Using the technique of fluorescence-lifetime
imaging microscopy (FLIM), the authors differentiated CD
located inside and outside of a lysosome (a cell organelle
surrounded by the membrane with acidic environment
maintained in its cavity) of the tumor cell HeLa. Due to the
fact that authors used polyfunctional CD with carboxylic,
hydroxylic, amide and other functional groups on their
surface, in this study they did not succeed to determine
specific mechanisms of pH effect on photoluminescence of
CD. In [10], a non-monotone decreasing dependence of PL
intensity of polyfunctional CD on the increase in pH from 2
to 13 was shown. The authors suggested a hypothesis that
the obtained dependence can be explained by deprotonation
of the functional groups with increase in pH, however the
presence of a number of different functional groups on
the CD surface impeded to confirm this hypothesis. It
is evident that confirmation of the suggested hypothesis
needs studying of the photoluminescence dependence on
the environment pH for CD with their surface functionalized
their surface functionalized only by one type of groups.
Unfortunately, there are very few works where the
effect of pH on optical properties of monofunctional CD
are investigated. Thus, in [15] CD-COOH, CD-OH and
CD-NH, coated with carboxylic, hydroxylic and amide
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functional groups, respectively, were investigated. The
authors have shown the difference between intensities of
PL spectra of CD with above-mentioned functional groups
on their surfaces at three values of hydrogen factor of the
suspension. For this purpose CD suspensions were prepared
with pH values of 1, 7 and 14, and their PL spectra were
recorded under excitation by radiation with a wavelength
of 338nm. The obtained results indicated that in case of
deprotonation of the carboxylic group a decrease in the PL
intensity of CD-COOH is observed, while deprotonation of
the hydroxylic group yields an increase in PL intensity of
CD-OH. The PL intensity of CD-NH, decreased with pH
changing from the initial neutral value towards both the
acidic range and the alkalinous range, which authors had
explained by the amphoteric behavior of the NH,-group.
The authors concluded that deprotonation of surface groups
results in extinguishing of nanoparticle PL as compared with
the protonated state of surface groups. However, no specific
mechanisms were identified for this PL behavior of CD
under protonation/deprotonation of surface groups.

To effectively use CD as a PL-sensor of pH of the local
environment, it is necessary to find out the dependence
of nanoparticle PL on pH in a wide measurement range,
as well as to understand the mechanism of pH effect on
the characteristics of PL spectra of CD. Currently available
experimental dependencies of CD photoluminescence on
pH are of contradictory character [11]. This is explained by
the difference in methods of CD synthesis, variation of initial
materials-precursors used to produce nanoparticles. In the
vast majority of experimental works CD are used that have
on their surface a set of different functional groups, which
does not allow making firm conclusions from the observed
dependencies of pH effect on the photoluminescence. There
are very few publications devoted to investigation of CD
with multifunctional surface (CD—COOH, CD—OH and
CD—NH,) and made it possible to suggest a hypothesis
that the PL dependence on pH is caused by protonation
and deprotonation of functional surface groups.

In this study we focused on the dependence of PL on
pH of water for the CD synthesized by the hydrothermal
method, with polyfunctional and monofunctional (carboxy-
lated and hydroxylated) surfaces. The comparative analysis
of obtained PL and absorbance spectra of water suspensions
of all investigated CD types at different values of pH allowed
us to confirm the hypothesis that the obtained dependencies
are explained by the processes of protonation/deprotonation
of surface groups of CD.

Materials and methods

Synthesis of CD and preparation of suspensions

CD were synthesized by hydrothermal method from
citric acid and ethylendiamine. Detailed description of the
synthesis of CD with polyfunctional surface (CD-poly) can
be found in [16]. To obtain CD-poly, 550 mg of citric acid
powder were diluted in 15ml of deionized water, then
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3.5ml of ethylendiamine was added. Then the solution
was held in an ultrasonic bath for 5—10min to achieve
homogeneous agitation of initial reagents. After that the
mixture was transferred to a teflon autoclave container with
a volume of 25ml. The sealed autoclave was placed in
a general-purpose drying cabinet and held for 2h at a
temperature of 190°C.

To functionalize CD with hydroxylic groups (CD-OH)
CD (CD-OH) the dried residue of the suspension after the
synthesis was mixed with 1.8 g of sodium nitride and 5.5 ml
of hydrochloric acid to remove the amide groups. To obtain
carboxylated surface of CD (CD-COOH), the dried residue
was added with 12 ml of water and 5ml of NaOH solution
with a concentration of 0.5 M.

Water suspensions of CD were prepared using deion-
ized water (Millipore Simplicity UV water purification
system). Water suspensions of CD-OH and CD-COOH
were prepared with a concentration of 0.1 mg/ml and water
suspension of CD-poly with a concentration of 0.01 mg/ml.
To change pH in the range from 2 to 12, either HCl
acid or NaOH alkali were added to the suspensions. The
choice of such a wide variation of pH is caused, first of
all, by the fact that the hydrogen factor in the human
body varies from 2 [17] to ~ 8.6 [18]. In addition, a
large range of pH variation allows for better investigation
of deprotonation of amine and hydroxylic groups, having
their pK, for many organic compounds in ranges of 9—10
and 9—12, respectively [19]. All measurements were carried
out at a fixed temperature of 22°C.

The photoluminescence spectroscopy

PL spectra of CD water suspensions were recorded by
a Shimadzu RF-6000 spectrofluorometer in a range of
excitation wavelengths from 250 to 500nm with a step
of 5nm and in a range of PL emission wavelengths from
250 to 700nm with a step of 1nm, with a slit width
of 3nm, low sensitivity of the instrument. The spectra were
processed by means of subtracting the PL excitation lines
and smoothing over 10 points by a Savitzky—Golay filter
using the Spectragryph software [20].

PpH measurements

Hydrogen factor of CD water suspensions was measured
by an Akvilon 1-500 ionometric transducer equipped with
a pH-electrode of pH InLab Nano type (Mettler Toledo).
Measured pH values of suspensions varied from 2 to 12
by adding aqueous solutions of HCI (Sigma Aldrich, with
concentration of 1M, pH=0) and NaOH (Dia-M, with a
concentration of 1.8 M, pH=14).

The absorption spectroscopy

Optical density spectra of CD water suspensions with
different surface functionalization were measured using a
Shimadzu UV-1800 spectrophotometer. The spectra were
recorded in a range of 200—400 nm with a step of 1 nm, at
a medium scanning rate, with a spectral slit width of 1 nm.

The IR-absorption spectroscopy

To monitor the composition of CD surface groups after
the synthesis and functionalization of surface, a Varian
640-IR FT-IR IR spectrometer was used equipped with
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Figure 1. IR-absorption spectra of water and powders of
synthesized CD.

a diamond crystal-based FTIR-ATR-add-on. The spectral
resolution was 4cm™!.

Measurement of nanoparticle sizes

Sizes of nanoparticles in the suspension were determined

using a Malvern ZetaSizer Nano ZS instrument.

Results and discussion

The CD characterization

According to results of the dynamic scattering of light,
the CD synthesized in water suspensions have sizes of
13.0£2.5, 81£13 and 10.0£1.6nm for CD-poly,
CD-OH and CD-COOH, respectively.

The composition of surface functional groups of the
synthesized CD before and after functionalization was
investigated using the IR-absorption spectroscopy. The
analysis of IR spectra has shown that there are many
different functional groups on the CD-poly surface, such
as C—0O—C, C=N, C=C, N—H, OH [21]. However, after
the functionalization there are predominantly COOH and
OH groups on the surfaces of CD-COOH and CD-OH,
respectively (Fig. 1). It is worth to note that in the
IR-absorption spectrum of CD-COOH a peak is found
near 1375cm™!, that corresponds to the absorbance of
carboxylic acid anhydrides [22]. The obtained IR-absorption
spectra indicate the successful functionalization of CD
surface groups.

The absorption spectroscopy

To study the effect of hydrogen factor on optical proper-
ties of CD with different functionalizations of their surfaces,
CD water suspensions were prepared with different pH
values and the optical absorbance spectra were recorded.
Figure 2 shows optical absorbance spectra of CD with
different functionalization of surface in a neutral medium.

As can be seen from the presented data, the absorbance
spectra of CD water suspensions have some features. All

the optical absorbance spectra of the water suspensions
in question demonstrate an intensive absorption in the
shortwave range, which right bandwidth part is extended up
to ~ 250—300nm. According to literature, the absorbance
of CD in this spectral range is caused by & —a*-transitions
in aromatic sp?-carbons [23]. In the absorbance spectra
of CD with polyfunctional and carboxylic surfaces an
absorption bandwidth is observed near 275nm, which
corresponds to N — or* transitions of C=0 bonds and 7—n*
transitions of C=C bonds [24], as well as a bandwidth
near 340 nm, which corresponds to n—s* transitions of
—C=0, C—N or —C—OH bonds in sp*-hybridized domains
associated with carboxylic (—COOH) or amine (—NH;)
groups on the surface of CD [25]. There are no these
absorption bandwidths in optical absorbance spectra of
CD-OH.

To analyze the behavior of absorbance spectra of CD with
change in hydrogen factor of the water, their second deriva-
tives were calculated as shown in Fig. 3. The derivatives of
optical density spectra of CD water suspensions were used
to identify their features and differences between spectra
at varied values of pH, in order to separate potentially
overlapping bandwidths in the spectral analysis and to
reduce the contribution of scattering.

As can be seen from the presented data, a change
in hydrogen factor of the suspension results in various
qualitative changes in optical absorbance spectra of CD
specimens. Thus, considerable changes in the graphs of
second derivative of optical density in the short-wave part
of spectrum, near 200—250 nm, are observed for CD-poly
at pH>9. Graphs of second derivatives of absorbance
spectra for CD-OH remain almost unchanged at low pH,
however they start changing at pH greater than ~ 4.5. For
CD-COOH changes in the graphs of second derivative of
absorbance spectrum in ranges of pH <3 and > 8.3 are
observed. It is important to note that with an increase
in hydrogen factor of suspension for all the CD under
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Figure 2. Optical absorbance spectra of water suspensions of CD
under study in a neutral medium.
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Figure 3. Graphs of second derivatives of absorbance spectra of CD water suspensions with investigated functionalizations of surfaces at

different values of pH.

study a shift of peak was observed on the graphs of
second derivatives of absorbance spectra towards longer
wavelengths, which corresponds to decrease in the distance
between electron levels of m—xz* transitions in aromatic
sp?-carbons.

Changes in the graphs of second derivatives of absorbance
spectra of CD water suspensions with different functional-
izations of surfaces at varying values of pH were observed
in the range of 250—400nm as well. In the range of
250—320nm, a sharp change in the graphs of second
derivatives of absorbance spectra was found for water
suspensions of CD-COOH at pH < 3 and > 9 with a clearly
expressed shift of graph peak towards longer wavelengths
with an increase in hydrogen factor of the suspension.
In the range of 320—400nm, a change in the graphs of
second derivatives of water suspension absorbance spectra
was found for all CD under study, but in different ranges
of pH: for CD-poly — at pH <3 and > 11, for CD-OH —
at pH > 8.6, for CD-COOH — at pH<4.8 and >9. All
these changes were characterized by a peak shift towards
shorter wavelengths, which is an evidence of increase in
the energy distance between the levels corresponding to
n—a* transitions of —C=0, C—N or —C—OH bonds.
The obtained results suggest a conclusion that the effect
of pH on absorbance spectra has a holistic character:
not only one bandwidth is changing, but a number of
changes are taking place. It was found that the changes
in characteristics of the graphs of second derivatives of
CD water suspension absorbance spectra correspond to
acidic (<~ 5) and alkalinous (>~ 8) pH, which confirms
the hypothesis that the observed changes can be caused
by protonation/deprotonation of different functional groups
on the CD surface, in particular hydroxylic groups, amine
groups and carboxylic groups. The observed shifts of
bandwidths are an evidence of change in the structure of
electron levels in the CD, which, in turn, provides the basis
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to assume that changes in PL spectra of CD are located in
similar ranges of hydrogen factor variation.

To perform the comparative analysis of dependencies of
absorbance and PL spectra of CD in water on values of
pH, all the changes in graphs of second derivatives of CD
water suspension absorbance spectra with pH variation are
summarized in the table.

PL-spectroscopy

Figure 4 shows matrices of PL excitation and emission
of water suspensions for three types of CD at a neutral
pH value of 7 for the CD suspensions (a—c) and PL
excitation and emission of CD in water, corresponding to
the most intensive PL of each specimen (d—f). Preliminary
experiments have shown that with the CD concentrations
we used the inner filter effect is not manifested, therefore
no any additional correction was performed for the recorded
spectra.

It follows from the presented data that PL emission
spectra of CD in water are wide structureless bandwidths
with maxima at wavelengths of 445 nm for CD-poly, 405 nm
for CD-OH and 432 nm for CD-COOH. Taking into account
corrections for CD concentrations in water suspensions,
the most intensive photoluminescence is demonstrated by
polyfunctional CD, while the intensity of photoluminescence
of CD-COOH is almost two times lower. The lowest PL is
demonstrated by CD-OH: its intensity is almost 25 times
lower than the intensity of the initial CD-poly. At the same
time, half-height widths of PL emission spectra of CD-poly
and CD-COOH coincide with each other, and the same
width for CD-OH is about one-third greater, which indicates
inhomogeneity of CD-OH fluorophores. Thus, from the
analysis of obtained PL spectra of CD water suspensions
at a neutral pH value of 7 a conclusion can be made that
PL spectral characteristics of CD in water are significantly
dependent on the surface functionalization.
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Changes in absorbance and PL spectra of CD water suspensions with different functionalization of surface at different pH values of the
suspension

0
300 400 500 600 700
Wavelength, nm

300 400 500 600 700
Wavelength, nm

Spectrum type Range of wavelengths/ Spectrum change™ Range of
peak location, nm pH
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Figure 4. Matrices of excitation/emission of PL of water suspensions for three types of CD at pH 7: (a) CD-poly, (b) CD-OH,

(¢) CD-COOH. PL excitation and emission spectra (d) CD-poly, (¢) CD-OH, (f) CD-COOH.

the prepared water suspensions in the range from 2 to 12.
It follows from the obtained PL excitation and emission
matrices of CD suspensions (Fig. 4) that the highest PL

As mentioned above, to study the effect of hydrogen
factor of water on PL properties of CD with different
surface functionalization, pH of the suspension varied in

Optics and Spectroscopy, 2022, Vol. 130, No. 6



Dependence of photoluminescence of carbon dots with different surface functionalization on hydrogen factor... 717

2 400 £ 2000}
=) [=}

=} =) r
S 300 £ 1500
o] s L
2200 21000
g g ol
E 100 E 500 I

= 0
350 450 550 650 350 450

Wavelength, nm

Wavelength, nm

b -
—— 203 — 2.03 £z 3000 I
) I8 E 2500
% o B 2000 |
6.96 7.63 5“ |
lw — i Z 1000
E 500
0
550 650 350 450 550 650

Wavelength, nm

Figure 5. PL spectra of water suspensions of CD with different functionalizations of surfaces at pH variation: PL of (a) CD-poly,

(b) CD-OH, (¢) CD-COOH when excited at 320 nm.
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Figure 6. Dependencies of integral PL intensities of water

suspensions of CD with different functionalizations of surfaces
on pH. Vertical lines show pK, ranges of carboxylic, amine and
hydroxylic groups [19]. The excitation wavelength is 320 nm.

intensity of CD-OH is observed in case of excitation by
radiation with a wavelength of 320nm. Since Since
CD-OH has the lowest PL properties CD-OH has the
lowest PL properties as compared to other CD under
study, for the better contrast of the changing of CD PL
intensity as a function of pH, an excitation wavelength of
320nm was selected for all CD for subsequent analysis of
these dependencies. Figure 5 shows PL spectra of water
suspensions of all CD types with pH variation in the range
from 2 to 12.

As a result of analysis of the obtained PL spectra of water
suspensions for all CD types with pH variation in the range
from 2 to 12 a significant effect of suspension pH on PL of
CD was found, and and this effect differs for various CD
(Fig. 5). Changes of PL spectra and corresponding ranges
of pH variation are shown in the table.

The dependencies of the integral PL intensity of CD water
suspensions with different surface functional groups on the
hydrogen factor of water were calculated and plotted. These
dependencies are shown in Fig. 6.
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It can be seen from the presented data (Fig. 6) that the
dependencies of integral PL intensity of water suspensions
of CD-poly and CD-COOH on pH have similar behavior: a
monotone increase in the PL is observed with pH variation
from 2 to 5 (for CD-COOH specimen this increase is
approximately 2.5 times higher than for CD-poly). This
increase is followed by a section of pH from 5 to ~ 8.5,
where PL intensity decrease insignificantly. With further
increase in pH from 8.5 to 11 a growth of PL intensity
is observed, and in the pH range from 11 to 12 the PL
intensity of both types of CD decreases. The dependence of
integral PL intensity of CD-OH water suspensions on pH is
fundamentally different: in the pH range from 2 to 8 the PL
intensity remains nearly constant, however with further pH
increase up to 11 a sharp increase in the PL intensity occurs
(about 4 times as compared with the PL at pH equal to 2).

As can be seen from the table and Fig. 6, optical charac-
teristics (absorbance and PL) of CD water suspensions with
variation of the hydrogen factor of water are significantly
dependent on functionalization of the CD surface. The
most intensive changes in the spectral characteristics of
CD-OH are observed in the range of pH> 8, and in the
spectral characteristics of CD-poly, CD-COOH they are
observed in the ranges of pH<5 and >8. These pH
values fall into the ranges of pK, of carboxylic, amide
and hydroxylic functional groups (Fig. 6), which indicates
the processes of deprotonation of carboxylic groups COOH
taking place in the suspensions at pH > 5, deprotonation of
hydroxylic groups OH and amine groups at pH> 8, that
present in small quantities on the surfaces of CD-poly and
CD-COOH [19]. As it was found from the IR spectroscopy
of the specimen, there are numerous different functional
groups on the surface of CD-poly, therefore in the optical
spectra of CD-poly water suspensions significant changes
are observed in both acidic range (pH < 5) and alkalinous
range (pH > 8) of pH.

It follows from the obtained data that in case of
deprotonation of COOH, OH and NH, surface groups a
sharp increase in PL intensity of CD water suspensions
is observed as compared with the case when these CD
surface groups are protonated. A similar behavior — an
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increase in PL intensity under deprotonation of molecular
groups — was detected in the case of fluoresceine dye-
molecule [26,27]. According to the authors of [28], this
phenomenon may be a consequence of the fact that the
energy of triplet excitation (T3) of the deprotonated form
is located slightly below the energy of its singlet state (),
which makes the speed on interlevel transition from S; to Tz
higher in the protonated form than in the deprotonated form.
Also, it should be noted that results obtained in this study
for the effect of pH on the PL of several types of CD in
water are fully compatible with results of similar studies for
water suspensions of detonation-synthesized nanodiamonds
having large amount of sp?-hybridized carbon on their
surfaces [29]. In the above-mentioned study confirmed by
quantum-chemical methods the hypothesis that the obtained
dependence of PL of the sp?-hybridized carbon on the
environment pH is caused by protonation/deprotonation
processes.

Conclusion

In this study we focused on the CD synthesized by the
hydrothermal method, with polyfunctional and monofunc-
tional (carboxylated and hydroxylated) surfaces.

The comparative analysis of absorbance spectra and PL
of water suspensions of three types of nanoparticles — CD
with polyfunctional surface, with carboxylic and hydroxylic
groups — has shown that optical properties of CD in a
neutral environment (pH 7) are significantly dependent on
functionalization of nanoparticle surface.

The study of the dependence of PL on the environment
pH for water suspensions of CD with different functional
groups on their surfaces revealed a significant effect of
nanoparticle environment acidity on their optical properties.
It is found that the biggest changes in spectral characteristics
of all types of CD are manifested in the same ranges of pH
variation: 2—5 and 8—12. The obtained results are explained
by the processes of protonation/deprotonation of CD surface
groups (COOH, OH and NH;), which is a confirmation
of the corresponding hypothesis suggested by a number of
authors.
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