
Registered charity number: 207890

Showcasing research from Prof. Xudong Jia’s group, 

Department of Polymer Science & Engineering, Nanjing 

University, Nanjing, P. R. China.

Title: One-pot synthesis and control of aqueous soluble and 

organic soluble carbon dots from a designable waterborne 

polyurethane emulsion  

Aqueous soluble and organic soluble carbon dots (ACDs, OCDs) 

were synthesized by one-pot hydrothermal treatment of a 

designable waterborne polyurethane emulsion. The yields of 

these two kinds of carbon dots could be controlled by means 

of selecting diff erent soft segments in the initial block polymers. 

The obtained ACDs exhibited strong photoluminescence for use 

in multicolor bio-imaging. The obtained OCDs processed good 

solubility in a wide range of organic solvents, which could be 

applied in fl uorescent fi lms.

As featured in:

See Xudong Jia, Kai Xi et al. 
Nanoscale, 2016, 8, 3973.

www.rsc.org/nanoscale

Nanoscale
www.rsc.org/nanoscale

ISSN 2040-3364

COMMUNICATION
Chandramouli Subramaniam, Kenji Hata et al.
Nano-scale, planar and multi-tiered current pathways from a carbon 
nanotube–copper composite with high conductivity, ampacity and 
stability   

Volume 8 Number 7 21 February 2016 Pages 3851–4398



Nanoscale

PAPER

Cite this: Nanoscale, 2016, 8, 3973

Received 4th July 2015,
Accepted 6th November 2015

DOI: 10.1039/c5nr04466a

www.rsc.org/nanoscale

One-pot synthesis and control of aqueous soluble
and organic soluble carbon dots from a designable
waterborne polyurethane emulsion†

Jiangjiang Gu,a Donghua Hu,b Jin Huang,a Xin Huang,a Qiuhong Zhang,a

Xudong Jia*a and Kai Xi*b

Carbon dots (CDs) have a wide range of applications and have drawn great interest in the recent decade.

The fabrication and control of CDs with different solubilities are still urgent problems for their practical

use. In this paper, aqueous soluble and organic soluble CDs (ACDs, OCDs) were produced by one-pot

hydrothermal treatment of a designable waterborne polyurethane (WPU) emulsion. The difference in the

solubility and fluorescence of these two kinds of CDs was attributed to the various functional groups on

the surface, which were derived from the different segment fragments formed by hydrothermal treatment

of a block polymer. It was found that the yields of the ACDs and OCDs could be regulated by means of

selecting different soft segments in WPU. The more hydrophobic soft segments could result in an

increase of the OCDs and a decrease of the ACDs. While the soft segments were hydrophilic or hydroly-

sable under hydrothermal conditions, only ACDs were obtained. The ACDs had good fluorescence and

showed low cytotoxicity for use in multicolour bio-imaging. The OCDs processed good solubility in a

wide range of organic solvents and were suitable for preparing fluorescent composite films with

polymers.

Introduction

To date, fluorescent carbon dots (CDs) have attracted great
attention since they were discovered and used by Sun’s group
in 2006.1–3 As a novel carbon based nanomaterial discovered
after fullerene, carbon nanotubes and graphene, CDs have
been widely used for bioimaging,4–7 sensing,8,9 photoelectric
devices10–13 and catalysis.14–16 CDs are usually smaller than
10 nm, and consist of carbogenic cores and functional groups
on their surface.17–19 These functional groups not only affect
the photoluminescence properties of CDs,20–22 but are also
closely related to the solubility of the CDs in different solvents.
The carboxyl, hydroxyl and amidogen groups lead to good dis-
persion in water, which are hence named aqueous soluble CDs
(ACDs). The ACDs are most reported in recent works for their
excellent fluorescence, low toxicity, eco-friendliness and low

cost.23–26 Most of these ACDs are synthesized via two
approaches: 1. top-down cutting of bulk carbon materials
including graphite powder,1 candle soot,27 activated carbon28

and coal;29 2. bottom-up dehydration of water-soluble mole-
cules30,31 and polymers.32,33 Besides this, there is another kind
of CD without these hydrophilic functional groups on their
surface and they are soluble in organic solvents.34 These CDs
also possess good luminescence and are named organic
soluble CDs (OCDs). The OCDs are useful for electronic
devices and packaging with polymers.12,35,36 Although there
are lots of methods for the fabrication of these two kinds of
promising CDs, novel synthesis strategies with controlled
measures to obtain CDs with different solubilities are still
highly desirable for practical applications.

The control of carbon dot properties has great significance
for the practical use of CDs. Photoluminescent emission, size,
surface groups and composition of CDs have been successfully
adjusted through a variety of routes.22,29,37–44 The solubility of
CDs can also be controlled by changing the reaction con-
ditions such as reaction time and pH of the reaction
medium.45 However, there are few reports on tuning the solu-
bility of CDs by the design of the carbon source. As mentioned,
polymers have been used as raw materials to prepare CDs, for
example, synthetic polymers (polyvinyl alcohol46 and polyacryl-
amide40) and natural polymers (chitosan47 and alginate48).
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However, these polymers have relatively fixed structural units.
Waterborne polyurethane (WPU), which can be dispersed in
water in the form of an emulsion or microemulsion, is a
designable polymer containing different soft and hard seg-
ments.49 Therefore, WPU is expected to be a novel material for
tuning the solubility of CDs via the design of segment chains.

In this paper, WPU was used as the raw material to produce
ACDs and OCDs by one pot hydrothermal pyrolysis. The
different solubility between ACDs and OCDs was caused by the
functional groups on their surfaces, which were derived from
the hydrophilic and hydrophobic parts formed by hydro-
thermal treatment of WPU. It was found that the yields of
ACDs and OCDs could be regulated by means of selecting
different soft segments in WPU. The obtained ACDs exhibited
strong photoluminescence with high quantum yield and
enabled multicolour imaging when loaded in MCF-7 cells. And
the OCDs showed good solubility in many organic solvents,
which could be easily mixed with polymers such as poly-
methylmethacrylate (PMMA) to form fluorescent composite
films.

Experimental
Chemicals

Polytetramethylene glycol with a Mn of 1000 and 2000
(PTMG1K and PTMG2K), polyethylene glycol with a Mn of 1000
(PEG1K) and 2,2′-dimethylol propionic acid (DMPA) were pur-
chased from Sigma-Aldrich (USA). Polycarbonatediol with a Mn

of 1000 (PCDL1K) was bought from Nanjing Xinhua Chemical
Co., Ltd (NCMC, Nanjing, China). Isophorone diisocyanate
(IPDI) was purchased from Adamas-beta Inc. (Shanghai,
China). All the above mentioned chemicals were dried under
vacuum before use. Acetone and triethylamine (TEA) were
obtained from Shanghai Chemical Co. (China) and purified by
distillation. Trichloromethane was purchased from Nanjing
Chemical Reagent Co., Ltd and used without further purifi-
cation. Polymethylmethacrylate (PMMA) was bought from
Aladdin Industrial Inc. (China). Deionized water (18.2 MΩ
cm−1) was obtained from the Millipore system and used
throughout all experiments.

Synthesis of WPU emulsion

WPU was synthesized according to our previous report.50 In a
typical procedure, IPDI was firstly added into a three-necked
flask containing PTMG1K (or PTMG2K, PEG1K, or PCDL1K)
under a dry argon atmosphere. The mixture was stirred at
85 °C for 3 h with a stirring rate of about 400 rpm. Then
DMPA was added to the flask and the reaction was kept for
another 2 h under the same conditions. The prepolymer was
dissolved in 50 mL of acetone, and ionized with 3 mL of TEA
for 30 min. Afterwards, the above copolymer was dropwise
added into 100 mL of distilled water under moderate stirring
at room temperature overnight. The required mole numbers of
raw materials for different WPU samples are shown in
Table S1 (ESI†).

Synthesis and purification of ACDs and OCDs

20 mL of the WPU emulsion with a concentration of 20 mg
mL−1 was transferred to a 50 mL Teflon equipped stainless
steel autoclave and placed in an oven at 200 °C for 24 h with a
heating rate of 5 °C min−1. Then the autoclave was cooled
down to room temperature naturally. The obtained solution
was dried and dispersed in water. After filtration, the ACDs
could be obtained by dialysis for 1 day (MWCO = 3.5 kD) and
freeze drying. The insoluble part in the autoclave was washed
with water and dispersed in trichloromethane. Finally, the
OCDs could be obtained after filtration, column chromato-
graphy and solvent evaporation.

Characterization

Transmission electron microscopy (TEM) images were taken
using a JEM-1011 electron microscope (JEOL, Japan) at an
accelerating voltage of 100 kV. High resolution transmission
electron microscopy (HRTEM) images were acquired with a
JEM-2100 electron microscope (JEOL, Japan) at an accelerating
voltage of 200 kV. Dynamic light scattering (DLS) result was
obtained with a Malvern MasterSizer 2000. Atomic force
microscopy (AFM) images were obtained in tapping mode
using silicon tips with an Olympus OMCL-AC160TS and con-
troller from Veeco Corporation. Samples were dropped on
silicon wafer surfaces. X-ray diffraction (XRD) patterns were
measured using a D8 Advance X-ray diffractometer (Bruker)
with Cu Kα radiation (40 kV, 40 mA, λ = 1.54051 Å). Elemental
analysis was obtained with a CHN-O-Rapid elemental analyzer
(Heraeus, Germany). X-ray photoelectron spectroscopy (XPS)
results were collected using a PHI 5000 VersaProbe XPS instru-
ment (UlVAC-PHI, Japan). Fourier transform infrared (FT-IR)
spectroscopy was performed using a Vector-22 spectrometer
(Bruker) in a range from 400 to 4000 cm−1. Ultraviolet-visible
(UV-vis) absorption was performed on a UV-1800(PC) UV-vis
spectrophotometer (Mapada, China). Fluorescence spectra
were recorded using a FluoroMax-4 spectrofluorometer
(HORIBA Scientific, Japan) with an excitation and emission slit
width of 5 nm for the samples. Time-resolved fluorescence
decay was carried out using a TimePro-01 lifetime fluorescence
spectrometer (HORIBA Jobin Yvon, France) with a 371 nm
laser as the excitation source. Fluorescence images were taken
using a Leica TCS SP5 confocal scanning microscope (Leica
Microsystems, Heidelberg GmbH, Mannheim, Germany).

Quantum yield (QY) measurements

The QY of carbon dots was calculated by the following
equation:

QYsam¼ QYref
IsamArefn 2

sam

IrefAsamn 2
ref

where “sam” and “ref” refers to the sample and reference,
respectively. “I” is the integrated emission intensity, which
could be obtained from the emission spectra at 360 nm exci-
tation. “A” represents UV-vis absorbance at 360 nm, and “n” is
the refractive index of the solvent. Quinine sulfate dissolved in
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0.1 M H2SO4 was chosen as the reference with QY = 0.54 at
360 nm.

Calculation of fluorescence lifetime

The original curve of time-resolved fluorescence decay was
fitted as given below:51

IðtÞ ¼ Aþ B1 expð�t=τ1Þ þ B2 expð�t=τ2Þ
where B1 and B2 are the relative amplitudes, and τ1 and τ2 are
the component lifetimes, respectively. Average fluorescence
lifetime 〈τ〉 was calculated according to the following equation:

hτi¼ B1

B1 þ B2
τ1 þ B2

B1 þ B2
τ2

Cytotoxicity test

MCF-7 cells (105 cells per mL) in Dulbecco’s modified Eagle’s
medium (DMEM) with high glucose were incubated in a 96-
well microplate (100 μL per well) for 12 h to adhere in an incu-
bator at 37 °C in 5% CO2. Then 100 μL of the ACD solution
was introduced into each well to obtain final concentrations of
10, 50, 100 and 500 μg mL−1. The mixtures were cultured for
24 h, 48 h and 72 h respectively. The medium was removed
and the cells were washed with phosphate-buffered saline
(PBS, pH = 7.4). 100 μL of DMEM and 20 μL of 5 mg mL−1

MTT solution were added to every cell well. The 96-well micro-
plate was further incubated for 4 h, followed by the removal of
the culture medium with MTT, and then 150 μL of DMSO was
added. The resulting mixture was shaken for 10 min at room
temperature. The optical density (OD) of the mixture at
490 nm was measured in an En-Spire multimode plate reader.
PBS was introduced to the cells in the control group. The cell
viability was calculated according to the follow equation:

Cell viability ¼ 100% � ODsam
ODcon

where ODsam and ODcon refer to the OD of sample and the
OD of the control group, respectively.

Cellular imaging experiments

MCF-7 cells were cultured in a confocal dish with 1 mL of
DMEM with high glucose at 37 °C in 5% CO2 for 24 h. 0.25 mL
of ACD aqueous solution was added into the medium and the
final concentration of the ACDs was 0.1 mg mL−1. The cells
were cultured with ACDs at 37 °C for 12 h. The cells were
washed with physiological extracellular buffer (ECB: 135 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES,
and 10 mM glucose, pH = 7.4) three times before fluorescence
imaging. Then the cells were observed using a confocal scan-
ning microscope.

Preparation of the fluorescent composite films

PMMA and OCDs were dissolved in trichloromethane and
stirred for several minutes. Then the fluorescent composite
films were obtained after evaporating the solvent in glass
plates. The weight ratios of OCDs in the final films were set as
0, 0.1, 0.5, 1.5 and 3.0%.

Results and discussion

As the raw material to produce carbon dots, WPU was syn-
thesized according to the procedure shown in Fig. S1 (ESI†).
We employed PTMG1K, PTMG2K, PEG1K or PCDL1K as the
soft segments, IPDI as the hard segments and DMPA as the
chain extender to synthesize six kinds of WPU. The required
mole numbers of the soft segments, IPDI and DMPA for
different WPU samples are listed in the Table S1 (ESI†). After
ionization by TEA, WPU formed a stable blue microemulsion
or white emulsion as previously reported.50 WPU with
0.0100 mol PTMG1K as the soft segments was chosen as the
representative sample to characterize the size of the emulsion.
The transmission electron microscopy (TEM) and dynamic
light scattering (DLS) results in Fig. S2 (ESI†) show that the
diameter of the emulsion particles was around 40 nm. The for-
mation process of the ACDs and OCDs from WPU is shown in
Scheme 1. WPU could form an emulsion by self-assembly
because of the carboxyl groups in the hard segments. The soft
segments of WPU could be designed as hydrophobic or hydro-
philic chains. WPU was placed in a Teflon equipped stainless
steel autoclave and heated to 200 °C for 24 h. Under such high
temperature and great pressure during the hydrothermal
process, WPU changed to segment fragments due to the hydro-
lysis and pyrolysis of the block copolymer.52 For WPU with
hydrophobic soft segments, the segment fragments contained
both hydrophilic and hydrophobic parts. These two kinds of
chain segment would further be carbonized to form ACDs and
OCDs under hydrothermal conditions, respectively. The ACDs
and OCDs could be separated by direct filtration, which is con-
sidered a simple and efficient way to prepare carbon dots. For
WPU with hydrophilic or hydrolysable soft segments, only
ACDs could be obtained. Thus the yield of the ACDs and OCDs
could be controlled by means of selecting different soft seg-
ments in WPU.

ACDs and OCDs derived from WPU with PTMG1K as the
soft segments were named PTMG1K-ACDs and PTMG1K-OCDs.
The yields of the PTMG1K-ACDs and PTMG1K-OCDs were

Scheme 1 A schematic illustration of the formation of ACDs and OCDs
by hydrothermal treatment of WPU.
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24.3% and 27.5%, which indicated that WPU was an efficient
carbon source to produce CDs. TEM was used to investigate
the morphology and size of the obtained PTMG1K-ACDs
and PTMG1K-OCDs. As shown in Fig. 1a and c, both
PTMG1K-ACDs and PTMG1K-OCDs were uniformly spherical
and well separated nanoparticles with small sizes. According
to the results of counting 100 nanoparticles, the diameters of
the PTMG1K-ACDs ranged from 2 to 7 nm with a mode around
4 nm (Fig. 1b) and the PTMG1K-OCDs had a range of 1–6 nm
with a mode of about 3 nm (Fig. 1d), which meant that
PTMG1K-ACDs had a larger size than PTMG1K-OCDs.
The possible reason was that PTMG1K-ACDs had more
irregular and defective structures.53 The PTMG1K-ACDs and
PTMG1K-OCDs were also characterized by AFM as shown in
Fig. S3 (ESI†), and both the CDs were small nanoparticles with
sub-10 nm height. The high resolution TEM (HRTEM) images
of the PTMG1K-ACDs and PTMG1K-OCDs (insets in Fig. 1a
and c) clearly revealed that these two kinds of carbon dots had
a lattice spacing of 0.22 nm and 0.21 nm, respectively. The
resolved lattice spacing corresponded to the (100) facet of sp2

graphitic carbon.54 It was shown that PTMG1K-OCDs had
smaller lattice spacing than PTMG1K-ACDs, probably due to
the smaller functional groups in PTMG1K-OCDs.19

The X-ray diffraction (XRD) patterns of the two kinds of
carbon dot are shown in Fig. S4 (ESI†). The diffraction peaks
(2θ) of the PTMG1K-ACDs and PTMG1K-OCDs were centered at
18.4° and 19.7°, which corresponded to 4.82 Å and 4.50 Å d
spacing. The different values of d spacing were caused by dis-
parities in the surface functional groups between
PTMG1K-ACDs and PTMG1K-OCDs, which meant that the
COOH group enhanced the interlayer distance.53

Elemental analysis was performed to analyze the elemental
composition of WPU, PTMG1K-ACDs and PTMG1K-OCDs. As

shown in Table S2 (ESI†), PTMG1K-ACDs had more nitrogen
than PTMG1K-OCDs, which was due to the hard segments
being the main contribution to the formation of the
PTMG1K-ACDs by hydrothermal treatment. The decrease in
the carbon content for PTMG1K-ACDs and PTMG1K-OCDs
compared with WPU was due to the hydrolyzation which hap-
pened during the hydrothermal process.

X-ray photoelectron spectroscopy (XPS) was used to charac-
terize the surface element composition of these two kinds of
CD. The XPS spectra in Fig. 2a and b shows that both
PTMG1K-ACDs and PTMG1K-OCDs have three peaks centered
at 284 eV (C 1s), 399 eV (N 1s) and 532 eV (O 1s). The content
ratios of these peaks were 78.24%: 8.20%: 13.56% and 78.55%:
1.17%: 20.28% for PTMG1K-ACDs and PTMG1K-OCDs,
respectively. The greater amount of nitrogen doped in the
PTMG1K-ACDs corresponded to the elemental analysis results.
The elemental content from the XPS results was different from
that of the elemental analysis, which was due to the different

Fig. 1 TEM images (a and c) and the corresponding size distribution
histograms (b and d) of the PTMG1K-ACDs (a and b) and PTMG1K-OCDs
(c and d). Inset: HRTEM images of an individual PTMG1K-ACD and
PTMG1K-OCD.

Fig. 2 XPS full survey (a and b), C 1s (c and d), N 1s (e and f) and O 1s (g
and h) spectra of the PTMG1K-ACDs (a, c, e and g) and PTMG1K-OCDs
(b, d, f and h).
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groups on the surface and in the whole of the CDs. These
groups on the surface were derived from the initial WPU and
formed by hydrolyzation during the hydrothermal process.
Furthermore, the high-resolution spectra from the XPS results
could give information about the element states. For
PTMG1K-ACDs, the three peaks at 284.4, 285.6 and 287.7 eV in
the C 1s spectra (Fig. 2c) were assigned to C–C/CvC, C–O/C–N
and CvO groups, respectively. However the C 1s spectra of the
PTMG1K-OCDs (Fig. 2d) only had two peaks at 284.6 and 285.9
eV, which were attributed to C–C/CvC and C–O/C–N groups.
The lack of a CvO peak in the C 1s spectrum indicated that
PTMG1K-OCDs did not have a hydrophilic carboxy group. The
N 1s spectrum of the PTMG1K-ACDs in Fig. 2e shows three
peaks at 398.9, 400.2 eV and 401.1 eV, which was attributed to
C–N–C, N–(C)3 and N–H groups, respectively. For the N 1s
spectrum of the PTMG1K-OCDs (Fig. 2f), the peaks at 398.9
and 400.2 eV were ascribed to C–N–C and N–(C)3 groups. The
comparison of the N 1s spectrum from PTMG1K-ACDs and
PTMG1K-OCDs demonstrated that PTMG1K-OCDs did not
have hydrophilic primary or secondary amine groups. The O 1s
spectrum of the PTMG1K-ACDs (Fig. 2g) exhibited two peaks at
531.0 and 532.1 eV, which were assigned to CvO and C–OH/
C–O–C, respectively. The O 1s spectrum of the PTMG1K-OCDs
(Fig. 2h) exhibited only one peak at 532.2 eV (C–OH/C–O–C).
The absence of a CvO peak in the O 1s spectrum of the
PTMG1K-OCDs indicated that PTMG1K-OCDs lacked a COOH
group, which corresponded to the results of the C 1s
spectrum.

The functional groups of these two kinds of CDs could also
be identified by FT-IR spectroscopy. As shown in Fig. 3, both
PTMG1K-ACDs and PTMG1K-OCDs displayed two peaks at
about 2950 and 2860 cm−1, which were attributed to
–CH2– and –CH3 groups, respectively. It was obvious that
PTMG1K-OCDs had stronger and sharper –CH2– and
–CH3 absorption peaks, which indicated that PTMG1K-OCDs
had more hydrophobic functional groups. Moreover,
PTMG1K-ACDs had a peak at 1644 cm−1, which was attributed
to CvO stretching vibration in the carboxy group,55 while the
PTMG1K-OCDs had no obvious CvO peak. This difference
showed that PTMG1K-ACDs had hydrophilic groups such as

carboxyl groups, and primary or secondary amine groups,
which caused the different solubility between PTMG1K-ACDs
and PTMG1K-OCDs. Other absorption peaks in PTMG1K-ACDs
such as 3405 cm−1 were assigned to –COOH and –OH. The
PTMG1K-OCDs also had a broad peak at about 3445 cm−1,
which was caused by the –OH group. The peak in
PTMG1K-OCDs at 1110 cm−1 revealed the existence of C–O,
which was probably derived from the soft segments of
PTMG1K.

As shown in the inset image in Fig. 4a, the PTMG1K-ACDs
were clear in water under daylight and demonstrated strong
blue photoluminescence under 365 nm UV excitation. The
PTMG1K-OCDs could be well dispersed in trichloromethane,
and also showed light blue fluorescence under 365 nm UV
excitation (the inset image in Fig. 4c). The optical properties of
the two kinds of CDs were investigated by UV–vis absorption
and photoluminescence emission spectra. The UV–vis absorp-
tion spectrum of the PTMG1K-ACDs (Fig. 4a) and
PTMG1K-OCDs (Fig. 4c) exhibited a peak at 273 and 254 nm,
respectively, which was similar to the results of previously
reported CDs.56,57 The peak in PTMG1K-ACDs was caused by
the n → π* transition of the CvO bond and the peak in
PTMG1K-OCDs resulted from the π → π* transition. The
maximum excitation wavelength (λex) and maximum emission
wavelength (λem) of the PTMG1K-ACDs were 366 and 442 nm
as shown in Fig. 4a. The emission and excitation spectra of the
PTMG1K-OCDs under λex (382 nm) and λem (435 nm) are
shown in Fig. 4c. The λex and λem of the PTMG1K-ACDs and
PTMG1K-OCDs revealed that there are different fluorescence
properties between these two kinds of CDs. Furthermore, the
photoluminescence emission spectra of the PTMG1K-ACDs

Fig. 3 FT-IR spectra of the PTMG1K-ACDs (A) and PTMG1K-OCDs (B).

Fig. 4 UV-vis absorption spectra, the maximum excitation & emission
spectra (a and c) and photoluminescence emission spectra (b and d) at
different excitation wavelengths of the PTMG1K-ACDs (a and b) and
PTMG1K-OCDs (c and d). Inset: photographs of the PTMG1K-ACDs in
water (a) and PTMG1K-OCDs in trichloromethane (c) under daylight and
UV irradiation.
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and PTMG1K-OCDs with various excitation wavelengths are
shown in Fig. 4b and d, respectively. When the excitation wave-
length increased from 320 to 400 nm, the wavelength of the
maximum emission of the PTMG1K-ACDs shifted from 420 to
449 nm. In Fig. 4d, the emission spectra of the PTMG1K-OCDs
also shifted from 438 to 472 nm when the excitation wave-
length increased from 340 to 420 nm. These excitation-depen-
dent redshifts of the emission spectra were similar to other
reported carbon dots, which was caused by the complex
carbon cores and the surface defects.30,47 Analogously, the
different fluorescence between PTMG1K-ACDs and
PTMG1K-OCDs was also attributed to the surface defects
resulting from the different functional groups.22 The photo-
luminescence quantum yields (QYs) of the PTMG1K-ACDs and
PTMG1K-OCDs were 25.0% and 5.0% with quinine sulfate as a
standard when excited at 360 nm (Table S3, ESI†). The
PTMG1K-ACDs had high QY and were suitable for various
applications. The QY of the PTMG1K-OCDs was lower than
10%. The QY of the PTMG1K-ACDs was much higher than that
of the PTMG1K-OCDs because of the greater nitrogen content,
which is consistent with Chen’s report.58 They thought that
the greater nitrogen content could result in more defects and
more amino groups, which could increase the quantum yield
due to protonation.

To understand the formation of CDs from WPU, samples
with different reaction temperatures were prepared. The TEM
images of the aqueous soluble part are shown in Fig. S5 (ESI†).
When the temperature was 120 °C, the WPU emulsion kept its
morphology and did not form CDs. As the temperature
increased to 160 °C, both large and small nanoparticles
appeared, which indicated that part of the WPU emulsion was
pyrolyzed to CDs. Meanwhile the TEM image of the sample at
240 °C showed only small nanoparticles, which were similar to
the sample at 200 °C in Fig. 1a. The emission spectra of the
different samples under 360 nm are shown in Fig. S6 (ESI†). It
was clear that the samples at 120 °C did not have obvious fluo-
rescence. When the temperature increased, the fluorescence of
the samples became stronger and changed a little after 200 °C.
The TEM images and emission spectra both indicated that the
reaction from WPU to CDs was completed gradually as the
hydrothermal temperature increased and the optimal reaction
temperature was 200 °C. The CDs from pure PTMG1K or IPDI
were also prepared. They had low QYs of 2.0% and 1.3% in
water respectively, which were much lower than that of the

PTMG1K-ACDs. Their TEM images are shown in Fig. S7 (ESI†).
The PTMG1K sample under hydrothermal treatment also had
a water insoluble part, which could not be dissolved in organic
solvents such as trichloromethane. This was possibly due to
excessive carbonization.

To further study the adjustability of carbon dot solubility,
other soft segments were used to synthesize WPU and produce
ACDs and OCDs in one step thereafter. The products were
named PTMG2K-ACDs, PTMG2K-OCDs, PEG1K-ACDs and
PCDL1K-ACDs, which were derived from WPU with soft seg-
ments of PTMG2K, PEG1K or PCDL1K. To confirm the success-
ful synthesis of various ACDs and OCDs, TEM images had
been taken as shown in Fig. S8 (ESI†). All kinds of ACDs and
OCDs exhibited small spherical nanoparticles with sizes less
than 10 nm. The maximum emission spectra under λex and
the maximum excitation spectra under λem of these carbon
dots are shown in Fig. S9 (ESI†). It was obvious that these CDs
demonstrated blue fluorescence under λex, which was similar
to the carbon dots obtained from WPU with soft segments of
PTMG1K.

The yield, λex, λem and QY of all the ACDs and OCDs from
WPU with different soft segments are summarized in Table 1.
It was found that the QYs of the ACDs were over 17%, which
were higher than those of other ACDs from polymers,40,46,59

while those of the OCDs were lower than 10%. When the soft
segment changed from PTMG1K to PTMG2K with the same
weight percentage, the yields of the ACDs and OCDs did not
change. When the soft segments were hydrophilic or hydroly-
sable, for example PEG1K and PCDL1K, the yield of the OCDs
was negligible and the yield of the ACDs increased. WPU with
different amounts of PTMG1K was also prepared to investigate
the effect of the soft segment content on the final CDs. When
the weight content of PTMG1K increased to 65%, the yield of
the ACDs decreased to 18.0% and that of the OCDs increased
to 47.5%. If the weight content of the PTMG1K decreased to
45%, the yield of the ACDs increased to 33.2% and that of the
OCDs decreased to 21.4%. It could be inferred that the soft
segments in WPU could tune the yields of the obtained ACDs
and OCDs. This was due to the fact that WPU could form
hydrophilic and hydrophobic fragments under hydrothermal
hydrolysis and pyrolysis, which would be carbonized to ACDs
and OCDs, respectively. The schematic illustration of the for-
mation mechanism is shown in Fig. S10 (ESI†). More hydro-
phobic soft segments would lead to an increase of

Table 1 Yield, λex, λem and QY of ACDs and OCDs from WPU with different soft segments

Soft segment

ACDs OCDs

Yielda /% λex/nm λem/nm QY/% Yielda /% λex/nm λem/nm QY /%

PTMG1K 24.3 366 442 25.0 27.5 382 435 5.0
PTMG2K 23.8 365 442 19.3 26.8 381 433 4.5
PEG1K 38.6 357 442 17.1 — — — —
PCDL1K 49.7 345 430 18.0 — — — —

a The yield was calculated by the weight of CDs divided by the weight of WPU.
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hydrophobic fragments, and the hydrophilic or hydrolysable
soft segments would cause an increase of hydrophilic frag-
ments. The λex and λem of the PEG1K-ACDs were similar to
those of the PTMG1K-ACDs and PTMG2K-OCDs, because all of
the soft segments in these polymers were similar. Yet, when
the soft segments were PCDL1K, the λex and λem of the ACDs
decreased because of the different structures of the ACDs. On
the other hand, the λex and λem of the PTMG1K-OCDs and
PTMG2K-OCDs had similar fluorescence properties due to the
same repeated structural unit of soft segments.

Lifetime fluorescence spectroscopy was carried out to
measure the fluorescence lifetimes of the PTMG1K-ACDs,
PTMG1K-OCDs, PTMG2K-ACDs, PTMG2K-OCDs, PEG1K-ACDs
and PCDL1K-ACDs. The time-resolved fluorescence decays of
these samples are demonstrated in Fig. S11 (ESI†). By calcu-
lation, the fluorescence lifetimes of the PTMG1K-ACDs,
PTMG1K-OCDs, PTMG2K-ACDs, PTMG2K-OCDs, PEG1K-ACDs
and PCDL1K-ACDs were 6.14, 1.68, 4.74, 1.58, 4.18 and 4.22
ns, respectively (Table S4, ESI†). It was obvious that the ACDs
had longer fluorescence lifetimes than the OCDs, which
resulted from the different structures and varied defects
between these two kinds of CDs.

To put our carbon dots into practice, PTMG1K-ACDs and
PTMG1K-OCDs were chosen as examples. To evaluate the cell
viability of the PTMG1K-ACDs, MCF-7 cells were used for the
MTT assay. As shown in Fig. S12 (ESI†), PTMG1K-ACDs were
not significantly toxic for cells even at a high concentration of
0.5 mg mL−1. To show that the fluorescent PTMG1K-ACDs
were excellent agents for cellular imaging, MCF-7 cells were
cultured with PTMG1K-ACDs (0.1 mg mL−1) for 12 hours. The
fluorescence photos of the labeled MCF-7 cells were captured
using a confocal fluorescence microscope. The images in
Fig. 5 under 405 nm, 488 nm and 514 nm excitation show
obvious blue, green and yellow fluorescence, which conformed
to the redshift of the emission peak with the increase of exci-
tation wavelength (Fig. 4b). The low cytotoxicity and different
fluorescence in the cells under various wavelengths of exci-
tation indicated that PTMG1K-ACDs were suitable for multico-
lor bioimaging and other biomedical applications.

To study the dispersibility in different solvents,
PTMG1K-OCDs were dissolved in 13 different organic solvents
including n-hexane, toluene, chloroform, dichloromethane,
aether, ethyl acetate, THF, acetone, alcohol, methanol,
N,N-dimethyl acetamide (DMAc), N,N-dimethylformamide
(DMF) and dimethylsulfoxide (DMSO). The photos of the
PTMG1K-OCDs dispersed in these solvents under UV exci-
tation (365 nm) are shown in Fig. 6a, which demonstrate
strong blue photoluminescence. The corresponding emission
spectra are shown in Fig. S13 (ESI†). It was clear that the
spectra of the PTMG1K-OCDs in various solvents had minor
differences in the peak position, which was in accordance with
the reference data.34,60

Fluorescent composite films were further made by directly
mixing PMMA and PTMG1K-OCDs in trichloromethane. The
photos of the fluorescent composite films with different
content of PTMG1K-OCDs are shown in Fig. 6b. When the

content of the PTMG1K-OCDs increased from 0 to 3.0 wt%,
the blue photoluminescence intensity increased gradually.
The weak homogeneous fluorescence could be observed even

Fig. 5 Representative brightfield (a) and fluorescence (b–d) micro-
photographs of MCF-7 cells labeled with PTMG1K-ACDs (0.1 mg mL−1)
for 12 h. (b) λex = 405 nm, (c) λex = 488 nm, and (d) λex = 514 nm.

Fig. 6 (a) PTMG1K-OCDs dispersed in different organic solvents. 1,
n-hexane, 2, toluene, 3, trichloromethane, 4, dichloromethane, 5,
aether, 6, ethyl acetate, 7, THF, 8, acetone, 9, alcohol, 10, methanol, 11,
N,N-dimethyl acetamide (DMAc), 12, N,N-dimethylformamide (DMF),
and 13, dimethylsulfoxide (DMSO). (b) Optical photograph of the PMMA
films with various content of the PTMG1K-OCDs under daylight and UV
illumination (365 nm).
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when the content of the PTMG1K-OCDs was only 0.1 wt%.
In addition, the TEM image of the PMMA film with 3.0 wt%
PTMG1K-OCDs (Fig. S14, ESI†) showed that the CDs were well
dispersed at the nanoscale dimension in the polymer matrix.
It indicated that PTMG1K-OCDs had a good dispersibility in
the PMMA films. The quantitative emission spectra of these
films under 365 nm are shown in Fig. S15 (ESI†). The peak at
about 430 nm gradually increased in intensity as the content
of PTMG1K-OCDs increased, which agreed well with the
change in fluorescence intensity in Fig. 6b. Moreover, as
shown in Fig. S16 (ESI†), a red shift of the emission peak of
the composite film also took place accompanied by an
increase in the excitation wavelength. It revealed that
PTMG1K-OCDs are appropriate for building fluorescent films
with a polymer matrix.

Conclusions

In conclusion, ACDs and OCDs were prepared from designable
WPU with various soft segments by one step hydrothermal
treatment. The ACDs and OCDs showed different solubilities
and photoluminescence properties, which were caused by the
different functional groups on their surfaces. We studied the
effects of different soft segments on the final obtained carbon
dots, and found that the yields of the ACDs and OCDs could
be controlled by means of selecting different soft segments in
the initial block polymers. The more hydrophobic soft seg-
ments would lead to an increase in the amount of OCDs, and
the hydrophilic or hydrolysable soft segments would cause an
increase in the amount of ACDs. The obtained ACDs and
OCDs demonstrated possible applications in multicolor bioi-
maging and fluorescent films, respectively.
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