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The fluorescence solvatochromism of p-phenylenediamine-derived
carbon dots (CDs) was modulated through surface modification
with decanoic acid or perfluorodecanoic acid. This is attributed to
the adjustment of the dipole interaction between solvent molecules
and the CD surface in terms of steric hindrance of a surface modifier
and polarization of the modified CD surface.

Fluorescent carbon nanomaterials, known as carbon dots
(CDs), have attracted much attention since their discovery in
2004." CDs have low toxicity and are biocompatible because
they do not contain toxic elements such as lead and cadmium;
therefore, CDs are expected to be good alternatives to semi-
conductor quantum dots such as CsPbX; (X = Cl, Br, I) and
CdSe/ZnS. Additional features of CDs are high photostability
against near-UV light* and high thermal stability.® Because of
these advantages, CDs are also good alternatives to organic
dyes. CDs have been demonstrated to have applications as
spectral converters for near-UV and blue light-emitting diodes,*”
fluorescent bio-markers in bioimaging,”” and sensors for the
toxic metal ion Hg>".®

Most previous works have reported blue-emitting CDs.
Studies on the production of multi-colour emission in addition
to blue have been started recently. The following three important
factors affect the emission wavelength of CDs: n-conjugated
domain size related to the particle size and graphitization
degree,>'>'* heteroatom doping,®'**® and surface functional
groups.'®'” It is difficult to manage these factors independently;
therefore, strategies for controlling the emission colours of CDs
have not been established thus far.

Recently, it was found that the emission colour of CDs depends
on the polarity of the solvent in which CDs are dispersed.”’®>!
This phenomenon is called fluorescence solvatochromism, which
is well known for organic dyes. The emission colour of CDs
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prepared from p-phenylenediamine (p-PD) changed from green
to red with increasing solvent polarity due to positive fluorescence
solvatochromism.”'®'%*! Wang et al. prepared CDs from p-PD in
diphenyl ether via a hot injection method at 250 °C for 8 h.'®
Zhang et al. also prepared CDs from p-PD in toluene, cyclohexane,
dimethylformamide, ethanol, and water via a solvothermal
method at 200 °C for 5 h."

Fluorescence solvatochromism is attributed to the difference in
the dipole moments in the ground state and the excited state.” If
electrically neutral molecules have a larger dipole moment in the
excited state than in the ground state, the excited state becomes
more stabilized with increasing solvent polarity. As a result, the
energy gap between the highest occupied molecular orbital and the
lowest unoccupied molecular orbital decreases, leading to redshifted
emission of CDs, ie., positive fluorescence solvatochromism.”***
Thus, the emission colour of CDs can be readily controlled by
solvent polarity. Furthermore, the emission shift due to fluorescence
solvatochromism can be modified by introducing electron-donating
or electron-withdrawing substituents into organic dyes.**** Hence, it
is expected that the fluorescence solvatochromism of CDs can be
controlled through surface modification as well as solvent polarity.

To improve the photoluminescence (PL) intensity, CD surfaces
have been modified with polymers*® and other molecules.'®
Another purpose of this surface modification is to tune the
emission colour of the CDs in a given solvent.?””*® However,
controlling the fluorescence solvatochromism of CDs through
surface modification has not yet been studied.

In the present study, we propose a novel strategy for
controlling the fluorescence solvatochromism of CDs through
surface modification. We chose p-PD-derived CDs as a target
material. Since fluorescence solvatochromism of these CDs is
induced by dipole interactions between the CD surface and a
solvent, we expected that the shift of the emission wavelength
of CDs as a result of solvent polarity can be tuned by controlling
the polarization of the CD surface. To verify this speculation,
surface modification of p-PD-derived CDs was performed via
dehydration of the amino group on the CD surface and the
carboxy group in carboxylic acid, as shown in Fig. 1; decanoic
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Fig. 1 Schematic illustration of the surface modification of p-PD-derived
CDs with DA and PFDA.
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Fig. 2 FT-IR spectra of CDs, p-PD, DA-CDs, DA, PFDA-CDs, and PFDA.

acid (DA) and perfluorodecanoic acid (PFDA) with strongly
electron-withdrawing fluorine atoms were used for surface
modification.

Fourier transform infrared (FT-IR) spectra of CDs, DA-CDs,
PFDA-CDs, p-PD, DA, and PFDA are shown in Fig. 2. The details
of the FT-IR assignments are given in the ESIt (see Fig. S1 and
Tables S1-S3). The CDs retained the amino group in p-PD, as
confirmed by the N-H stretching vibrations of the NH, group at
3420-3320 cm ™. In contrast, for DA-CDs, the N-H stretching
vibration of the amide bond was observed at 3320 cm™ . Further-
more, for DA-CDs, the presence of the alkyl chain of DA was
verified by the C-H stretching vibrations at 2960-2850 cm ™",
which were not detected for the CDs. These results reveal that
CDs are modified with DA through amide bonds to form DA-CDs,
as already shown in Fig. 1.

For PFDA-CDs, the N-H stretching vibration of the amide bond
was observed at 3330 cm™'. Furthermore, the presence of the
perfluoroalkyl chain of PFDA in PFDA-CDs was verified by the C-F
stretching vibrations at 1350-1100 cm ™", which were not detected
for the CDs. For PFDA-CDs, the O-H stretching vibration of the
carboxy group of PFDA was not observed at 3600-3400 cm *,
which reveals that CDs are modified with PFDA through amide
bonds to form PFDA-CDs, as already shown in Fig. 1.

C 1s, N 1s, and O 1s peaks were observed in the wide-scan
X-ray photoelectron spectroscopy (XPS) spectra of all samples,
as shown in Fig. S2 (ESI}). In addition, the F 1s peak was also
observed for PFDA-CDs. Narrow-scan C 1s and F 1s spectra are
shown in Fig. 3. For PFDA-CDs, the C-F peak assigned to the
perfluoroalkyl group, CF, and CF;, was observed at 290.9 and
293.0 eV, respectively, in the C 1s spectrum and at 688.1 eV in
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Fig. 3 (a) C 1s XPS spectra of CDs, DA-CDs, and PFDA-CDs. (b) F 1s XPS
spectra of PFDA-CDs.
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the F 1s spectrum.”®*° This result reveals that the CD surface

was successfully modified with PFDA to form PFDA-CDs. The
C 1s spectrum of CDs was composed of C-C/C—C (284.4 eV) and
C-N (285.3 eV) peaks,'®*! whereas the C 1s spectra of DA-CDs
and PFDA-CDs contained O—C-N-H peaks due to amide bonds
(287.1-287.8 eV)*? in addition to C-C/C =C and C-N peaks.
The N 1s spectrum of CDs (Fig. S2, ESI{) exhibited pyridinic
N (398.0 eV), amino N (399.8 eV), and pyrrolic N (400.7 eV)
peaks.'®*! An O—C-N-H peak due to an amide bond (399.5-
400.1 eV) instead of an amino N peak was observed in the N 1s
spectra of DA-CDs and PFDA-CDs,'%*> which reveals that the
CD surface was successfully modified with DA and PFDA to
form DA-CDs and PFDA-CDs, respectively. In addition, the O 1s
spectra of CDs, DA-CDs, and PFDA-CDs (Fig. S2, ESIt) exhibited
C=O0 (530.4-531.2 eV) and C-O (532.1-532.5 eV) peaks.”*’
Transmission electron microscope (TEM) images and particle
size distributions are shown in Fig. S3 (ESIt). The average
diameter of CDs, DA-CDs, and PFDA-CDs were 10.4 + 3.5,
24.5 = 10.4, and 9.6 £ 3.8 nm, respectively. The larger size of
DA-CDs was attributed to aggregation due to hydrophobic inter-
action between surface modifiers. This was also confirmed from
atomic force microscope (AFM) images (Fig. S4, ESIT).
Photographs of the CD, DA-CD, and PFDA-CD dispersions in
chloroform and methanol (100 mg L") under white light are
shown in Fig. 4. The CDs were completely dispersed under

365 nm
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UV light
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White light

Chloroform Methanol C

Fig. 4 Photographs of CDs, DA-CDs, and PFDA-CDs in chloroform and
methanol under white light, 365 nm UV light, and 302 nm UV light.
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ultrasonication. In contrast, the DA-CDs and PFDA-CDs were
not completely dispersed even after ultrasonication. In particular,
aggregates floated on the top of the chloroform dispersion of
DA-CDs. Chloroform and methanol dispersions of CDs were
yellowish-brown and orange under white light, respectively.
The DA-CD and PFDA-CD dispersions were brown and colour-
less in chloroform and brown and light pink in methanol under
white light, respectively. This colour change is attributed to the
change in light absorption properties in the visible region due
to surface modification.

Photographs of the CD, DA-CD, and PFDA-CD dispersions in
chloroform and methanol (100 mg L") under 365 nm UV light
are shown in Fig. 4. The CD dispersions exhibited yellowish-green
and reddish orange emission in chloroform and methanol,
respectively. In contrast, the DA-CD dispersions exhibited
bluish-green and green emission in chloroform and methanol,
respectively. In addition, the PFDA-CD dispersions exhibited
yellow and blue emission in chloroform and methanol, respec-
tively. These results revealed that such emission colour changes
due to fluorescence solvatochromism depended on not only
solvent polarity but also surface modification. The normalized
PL spectra of the CD, DA-CD, and PFDA-CD dispersions in
chloroform and methanol (25 mg L") under 365 nm excitation
are shown in Fig. S5 (ESIT). Each PL spectrum corresponded to
the observed emission colour except the methanol dispersion
of PFDA-CDs, whose actual emission colour was assumed to be
red from the PL spectrum, but the apparent emission colour
was blue. This difference is due to the purple light component
from the 365 nm UV lamp. In fact, the methanol dispersion of
the PFDA-CDs exhibited red emission under 302 nm UV light,
which did not have a purple light component, as also shown
in Fig. 4.

The PL spectra of the chloroform and methanol dispersions
of CDs, DA-CDs and PFDA-CDs are shown in Fig. 5. The PL peak
wavelengths and shifts are summarized in Table S4 (ESI}). The
emission peak of CDs redshifted by 55 nm when the dispersion
solvent was changed from slightly polar chloroform to highly
polar methanol. This redshift is attributed to positive fluores-
cence solvatochromism. In contrast, the redshift for DA-CDs
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Fig. 5 Normalized PLE and PL spectra of CDs, DA-CDs, and PFDA-CDs in
chloroform (blue) and methanol (red).
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was only 3 nm. Fluorescence solvatochromism is caused by
dipole interactions between solvent molecules and the CD
surface, including H-bonding interaction; therefore, the smaller
redshift for DA-CDs is attributed to suppression of the dipole
interaction between the solvent molecules and the CD surface
(i) by steric hindrance of long alkyl chains and (ii) by decreasing
the surface polarization of CDs through introduction of slightly
polarized alkyl chains.

The redshift of the emission peak for PFDA-CDs was 37 nm.
The order of the emission peak shift was DA-CDs < PFDA-CDs <
CDs. This result is attributed to two opposite factors: (i) enhanced
dipole interaction between solvent molecules and the CD surface
by introduction of strong electron-withdrawing perfluoroalkyl
chains with highly polarized C-F bonds***** and (ii) suppressed
dipole interaction by steric hindrance of long perfluoroalkyl
chains. Multiple emission components were observed for
PFDA-CDs in methanol, which may be attributed to the
presence of multiple emission states corresponding to different
lengths of the n-conjugated structure.

Excitation spectra of the chloroform and methanol dispersions
of CDs, DA-CDs, and PFDA-CDs are shown in Fig. 5. The photo-
luminescence excitation (PLE) peak wavelengths and shifts are
summarized in Table S4 (ESIt). The excitation peak for each high-
polarity methanol dispersion was located at a longer wavelength
than that for each low-polarity chloroform dispersion. Thus, similar
positive solvatochromism was also observed in the excitation
spectra. The redshift of the excitation peak for the CDs was
44 nm, while the redshift for the DA-CDs was 6 nm. The smaller
shift of the excitation peak of the DA-CDs is attributed to suppres-
sion of the dipole interaction between solvent molecules and the CD
surface (i) by steric hindrance of long alkyl chains and (ii) by
decreasing the surface polarization of CDs through introduction
of slightly polarized alkyl chains. In addition, the redshift of the
excitation peak for the PFDA-CDs was 78 nm, which was larger than
that of the CDs. This finding might be explained by the enhanced
dipole interaction between solvent molecules and the CD surface by
the introduction of strong electron-withdrawing perfluoroalkyl
chains with highly polarized C-F bonds, which was more effective
than the suppression of the dipole interaction by steric hindrance of
the long perfluoroalkyl chains.

The absolute PL quantum yields (QYs) of the CD, DA-CD,
and PFDA-CD dispersions in chloroform and methanol are
given in Table S5 (ESIT). The absolute PL QYs of the DA-CDs
and PFDA-CDs were lower than that of the CDs, which is
attributed to the following three factors. The first factor is
non-radiative relaxation through vibration of the m-conjugated
structure caused by vibration of the long-chain alkyl or
perfluoroalkyl group, as described in a previous report,® where
non-radiative relaxation was inhibited by an increase in the
rigidity of the n-conjugated structure in CDs. The second factor
is the decreased amount of amino groups due to the conversion
of amino groups to amide bonds through surface modification
because amino groups play a role in surface passivation.'> The
third factor is concentration quenching of fluorescence due to
aggregation of particles through interactions between surface
modifiers. In addition, the absolute PL QYs of the methanol

This journal is © The Royal Society of Chemistry 2020
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dispersions were lower than those of the chloroform dispersions of
CDs and PFDA-CDs, which is attributed to non-radiative relaxation
through vibration of the O-H bond in methanol.*®*"*

The PL decay curves of the CD, DA-CD, and PFDA-CD dispersions
in chloroform and methanol (25 mg L™ ") are shown in Fig. S6 (ESIT).
The parameters of the PL decay curves fitted by the biexponential
equation are given in Table S6 (ESIT). The average PL lifetimes were
decreased by surface modification, which is attributed to the three
factors mentioned above for the decrease in PL QYs. Hence, the
average PL lifetimes are correlated to absolute PL QYs, as shown in
Fig. S6 (ESIt).

In summary, we successfully modulated the fluorescence
solvatochromism of CDs by surface modification. p-PD-derived
CDs were modified with DA and PFDA to form DA-CDs and
PFDA-CDs, respectively. The emission peak for CDs in highly
polar methanol redshifted by 55 nm compared with that in
slightly polar chloroform due to fluorescence solvatochromism.
In contrast, the redshift for DA-CDs was only 3 nm because
of suppression of the dipole interaction between solvent mole-
cules and the CD surface (i) by steric hindrance of long alkyl
chains and (ii) by decreasing the surface polarization of CDs
through introduction of slightly polarized alkyl chains. In
contrast, the redshift for PFDA-CDs was 37 nm because of
two opposite factors, ie., (i) enhanced dipole interaction by
introduction of strong electron-withdrawing perfluoroalkyl chains
with highly polarized C-F bonds and (ii) suppression of dipole
interactions by steric hindrance of long perfluoroalkyl chains.
This work verifies that the shift in the emission of CDs due
to fluorescence solvatochromism can be controlled by surface
modification in terms of steric hindrance of surface modifiers and
polarization of the modified CD surfaces. Therefore, this work
introduces a new way to tune the emission wavelength of CDs for
wider applications that require a broad colour range.
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