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ABSTRACT: The pyrolysis of a hyperbranched polyethylenimine (PEI) and
glycerol mixture under microwaves generated the carbon dot (CD) functionalized
with PEI (CD-PEI). Isobutyric amide (IBAm) groups were attached to CD-PEI
through the amidation reaction of isobutyric anhydride and the PEI moiety, which
resulted in the thermoresponsive CD-PEI-IBAm’s. CD-PEI-IBAm’s were not only
thermoresponsive but also responded to other stimuli, including inorganic salt,
pH, and loaded organic guests. The cloud point temperature (Tcp) of the aqueous
solutions of CD-PEI-IBAm’s could be modulated in a broad range through
changing the number of IBAm units of CD-PEI-IBAm or varying the type and
concentration of the inorganic salts, pH, and loaded organic guests. All the
obtained CD-PEI-IBAm’s were photoluminescent, which could be influenced a
little or negligibly by the added salts, pH, and the organic guests encapsulated.

During the past decade, carbon dots (CDs), which are
discrete quasi-spherical nanoparticles with sizes less than

10 nm and display size and excitation wavelength dependent
photoluminescence behavior, have attracted much interest.1,2

CDs are versatile and possess distinct merits, such as a simple
fabrication process, low production cost, chemical inertness, a
lack of optical blinking, low photobleaching, low cytotoxicity,
and excellent biocompatibility. These particular characters
endow CDs enormous potential applications, such as
bioimaging,3−7 photocatalysis,8,9 sensing,10−13 lasers,14 light-
emitting diodes,15 and ink.16

Thermoresponsive polymers with a lower critical solution
temperature (LCST) in aqueous solution have attracted much
interest17 and are frequently utilized to endow the luminescent
materials with thermoresponsive property. Beyond the vast
single thermostimulus-responsive photoluminescent materials,
a few with dual stimuli-responsive property have been
addressed.18−21 Nonetheless, multifunctional photoluminescent
materials that respond to more than two stimuli have seldom
been prepared.22 Up to present date, only a few polymeric
reagents have been employed as passivating agents for the
luminescent CDs, such as hyperbranched polyethylenimine
(PEI),4 diamine-terminated oligomeric poly(ethylene gly-
col),23,24 poly(propionylethyleneimine-co-ethyleneimine),23

and polyaniline.25 However, to our best knowledge, CDs with
superior biocompatibility and resistance to photobleaching have
never been integrated with thermoresponsive polymers. Herein,
we report a multistimuli-responsive CD integrated with
thermoresponsive hyperbranched polymers that is sensitive to
temperature, inorganic ions, pH, and organic compounds.
Furthermore, such a CD is not only photoluminescent but also

able to host guest molecules as a nanocarrier. Hence, it is
possible for such a CD to be used as a drug-delivery system
with the self-bioimaging function.
The multistimuli-responsive CD was prepared by two steps

(Scheme 1). First, the pyrolysis of the PEI and glycerol mixture
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Scheme 1. Preparation of Multistimuli-Responsive Carbon
Dot
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under 700 W microwaves for 10 min generated the PEI-
functionalized CD (CD-PEI).4 Second, isobutyric amide
(IBAm) groups were coupled with CD-PEI through the
amidation reaction of isobutyric anhydride and HPEI moiety.
In the first step, two commercially available PEI samples,
namely, PEI1.8K (Mn = 1800 g/mol, Mw/Mn = 1.04) and
PEI10K (Mn = 104 g/mol, Mw/Mn = 2.5), were utilized,
resulting in CD-PEI1.8K and CD-PEI10K, respectively. Before
the subsequent modification, we attempted to clarify the
structural information of these CD-PEI compounds. In the
TEM images of CD-PEI1.8K and CD-PEI10K (Figure S1 in the
Supporting Information), dark dots with average diameters of
4.0 and 4.8 nm, respectively, can be seen clearly. These dark
dots have a crystalline structure consisting of parallel crystal
planes with lattice spacings of 0.21 and 0.31 nm, which matches
with the (100) and (002) lattice spacing of graphite,26,27

verifying the successful formation of CDs. Dynamic light
scattering (DLS) characterization shows that the average
diameters of CD-PEI1.8K and CD-PEI10K are 4.3 and 6.1
nm, respectively, bigger than those calculated from TEM
(Figure S2 in the Supporting Information). Comparing the
mean diameter measured by TEM and DLS, it can be deduced
that these CDs have a core−shell structure, and the core and
shell are made of nanocarbon and PEI, respectively. Zeta-
potential measurements show that the as-prepared CD-PEIs are
positively charged (ζ = 6.5 and 28.8 mV for CD-PEI1.8K and
CD-PEI10K, respectively) owing to the polycatioin nature of
the PEI moiety. Elemental analysis demonstrates that (Table S1
in the Supporting Information) the PEI content in the obtained
CD-PEIs is ca. 70% (Table 1).
FTIR characterization demonstrates that amidation reaction

between PEI and CD occurs due to the very strong absorption
at 1662 cm−1 characteristic for the CO stretching bond
frequency of amide groups (Figure S3 in the Supporting
Information). It is known that glycerol can be carbonized under
microwaves to produce carboxylic acid groups that can be
amidated with PEI;4 however, whether PEI is stable under
microwaves is unclear. Therefore, the PEI sample heated under
700 W microwaves in the absence of glycerol was also
characterized by FTIR, and it was found that the FTIR spectra
of PEI before and after heating under microwave were similar.
Moreover, PEIs before and after heating under microwave were
also characterized by 13C NMR, and it was found that the
degree of branching and the ratio of primary, secondary, and
tertiary amines of PEI had no obvious alteration, indicating that
PEI is stable under the microwave heating.
CD-PEIs were characterized by 1H NMR (Figure S4A in the

Supporting Information). Compared with pure PEI (Figure
S4B in the Supporting Information), new signals assigned for
the methylene protons attached to the amide groups can be

seen clearly between 3 and 4 ppm. In the range of 6−8 ppm,
very weak peaks assigned for the protons connected with the
unsaturated carbons of the CD moiety are visible. In the range
of 0.5−2 ppm, weak peaks assigned for the protons connected
with the saturated carbons of the CD moiety are also visible.
That the signals of the CD moiety are so weak can be ascribed
to its low proton content (Table S1 in the Supporting
Information). From 1H NMR spectra the degree of amidation
relative to the total nitrogen of PEI can be calculated, and it is
found that the lower molecular weight of PEI has a higher
degree of amidation (Table 1). It has been known that during
the formation of CDs carboxylic acid groups were generated on
or in the carbon sphere.1 The carboxylic acid groups on the
surface were reactive and could react with both low and high
molecular weight of PEIs. However, the inner carboxylic acid
groups could only react with the lower molecular weight of
PEIs due to the steric hindrance effect.
CD-PEI was further characterized by 13C NMR (Figure S5 in

the Supporting Information). The carbon content of CD is not
so low (Table S1 in the Supporting Information); however,
their intensity (unsaturated carbons at around 120 ppm, ether
carbons in the range of 60−70 ppm, and saturated carbons in
the range of 10−30 ppm) is very weak and even invisible. Such
a phenomenon can be explained as follows: CD is big and rigid,
and therefore its rotational and diffusional mobility is confined
seriously, leading to the weakness or even invisibility of the
carbon signals. Furthermore, the amide carbon directly
anchored onto the CD (at around 170 ppm) cannot be seen
clearly, either, which can also be attributed to confinement of
its rotational and diffusional mobility by such a big and rigid
CD entity. As for the PEI moiety, except for the amide carbon
that is located at the junction of CD and PEI, other carbons
that are away from the CD can be seen clearly. However,
compared with the pure PEI, the carbon signals of CD-PEI are
broadened pronouncedly. These results demonstrate that the
rotational and diffusional mobilities of PEI and CD moieties are
low in the CD-PEI entity, and they are more pronounced for
the big and rigid CD moiety. In the 13C NMR spectrum of PEI,
the carbon signals adjacent to various amino groups are
separated well, thus it is possible to calculate the ratio of
primary, secondary, and tertiary amino groups of PEI. In the
13C NMR spectrum of CD-PEI, beyond the carbon signals
adjacent to various amino groups, new α and β carbon signals
of amide appear in their upfield position, such as the signals at
56.46, 45.69, and 38.45 ppm. Since the carbon signals related
with amino and amide groups are overlapped so seriously, it is
not possible to calculate how many amino groups of PEI have
been amidated with the CD. Overall, from 13C NMR it can be
only indirectly proved that PEI reacts with the CD through
amidation reaction.

Table 1. Structural Information of Thermoresponsive CD-PEI-IBAm’s and Their Phase Transition Temperature

CD-PEI precursor mean diameter (nm)

samples PEI precursor PEI contenta (%) degree of amidationb(%) DS(IBAm)
c (%) Tcp

d (°C) TEM DLS

CD-1 PEI1.8K 71.1 31.5 44.2 (43.4) 42.7 4.0 ± 0.4 4.5
CD-2 PEI10K 70.4 20.5 (19.8) 36.9 (33.8) 46.7 4.7 ± 0.5 6.5
CD-3 PEI10K 70.4 20.5 (19.8) 44.1 (42.8) 36.7 4.6 ± 0.4 6.5
CD-4 PEI10K 70.4 20.5 (19.8) 46.2 (43.8) 34.0 4.7 ± 0.4 6.7

aWeight percentage of PEI in CD-PEI. bDegree of amidation means the mole percentage of PEI’s amino groups that react with the carboxylic acid
groups of the CD moiety, which is calculated from 1H NMR or 15N NMR (data in parentheses). cDS(IBAm) represents the mole percentage of PEI’s
amino groups that are substituted by IBAm units, which is calculated from 1H NMR or elemental analysis (data in parentheses). dTcp represents the
cloud point temperature, obtained from 24 mg/mL of aqueous solution of CD.
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We also attempted to characterize CD-PEI through 15N
NMR (Figure S6 in the Supporting Information). Just like the
amide carbon in 13C NMR, the amide nitrogen (around −270
ppm) signals cannot be seen, either. In the 15N NMR of CD-
PEI, nitrogen signals of primary, secondary, and tertiary amines
can be seen clearly, and they are also much broader than those
in the pure PEI. This further proves that CD restricts the
rotational and diffusional mobility of PEI, especially for the
directly anchored amide groups. From the structure of PEI it
can be known that the steric hindrance of secondary amines in
PEI is serious, thus the reactivity of secondary amines of PEI
with the big and rigid CD should be very low. It is reasonable
that the amidation reaction mainly happens between primary
amines of PEI and CD. Under the assumption that the amount
of secondary and tertiary amines of PEI is invariable before and
after reaction with the CD, we compare the nitrogen integrals
of PEI and CD-PEI using the integrals of secondary plus
tertiary amines as the standard, and the integral decrease of
primary amines in CD-PEI is thought as the transformation
into amide units. From 15N NMR of CD-PEI we calculate the
amount of amide nitrogen, and the result is similar to that from
1H NMR (Table 1).
The residual reactive amino groups of CD-PEIs were further

amidated with isobutyric anhydride to result in CD-PEI-
IBAm’s. FTIR shows that the intensity of the signal
characteristic for the CO stretching bond frequency of
amide groups (centered at 1639 cm−1 in Figure S3C in the
Supporting Information) becomes much stronger than that of
CD-PEI, indicating the successful amidation reaction between
CD-PEI and isobutyric anhydride. In the 1H NMR spectrum
(Figure S4C in the Supporting Information), the methyl
protons of IBAm units appear at 1.09 ppm, and the methylene
protons connected with IBAm occur at 3.65 ppm. From 1H
NMR the degree of substitution of IBAm [DS(IBAm)] relative to
the total nitrogen of PEI can be calculated, which are close to
the values derived from elemental analysis (Table 1 and Table
S2 in the Supporting Information).
We prepared one CD-PEI1.8K-IBAm (CD-1) and three CD-

PEI10K-IBAm’s (CD-2, CD-3, and CD-4) with different
DS(IBAm) values, and their average diameters measured from
TEM and DLS are similar to their respective precursor (Table
1). Zeta-potential measurements show that the ζ values of all
these CDs are close to zero, indicating that the introduction of
a vast number of IBAm groups severely reduces the positive
charges of these CDs.
Aqueous solutions of these CD-PEI-IBAm’s were yellow and

transparent, which became turbid after being heated above
certain temperatures and went transparent again when they
were cooled (Figure S7 in the Supporting Information). This
indicated that the obtained CD-PEI-IBAm’s were thermores-
ponsive. Figure 1 depicts the typical temperature dependence
of the light transmittance of aqueous solutions of these CD-
PEI-IBAm’s, and obvious phase transition can be seen. From
Figure 1 the phase transition temperature, here called cloud-
point temperatures (Tcp), can be read off, and the results are
listed in Table 1. It is clear that the molecular weight of PEI
employed has a negligible influence on the Tcp (comparing CD-
1 with CD-3), whereas lowering the DS(IBAm) value can
effectively increase the Tcp (comparing CD-2 with CD-3). It is
known that more hydrophilic polymers usually have higher Tcp
because it requires more energy to release the hydrated water
molecules from the polymers.28 Relative to the amino groups of
PEI, IBAm groups are hydrophobic. CD-PEI-IBAm with a

lower DS(IBAm) is therefore more hydrophilic, having a higher
Tcp.
With CD-4 as a representative, DLS was used to monitor the

size variation during the phase transition (Figure S8 in the
Supporting Information). Below the transition temperature, the
average diameter of CD-4 in water is always around 7 nm.
When the temperature is elevated above the transition
temperature, the size increases pronouncedly, indicating the
occurrence of large aggregation. During the phase transition, no
obvious shrinkage of the PEI-IBAm shell can be observed due
to its inherent compact structure. Moreover, compared with the
curve from the turbidity measurement, it can be found that the
phase transition temperatures measured from the DLS and
turbidity are similar.
The salt sensitivity of the thermoresponsive property of CD-

PEI-IBAm was measured, and CD-4 was employed as the
representative. Three sodium salts with the typical anions,
including Cl−, SO4

2−, and I−, were chosen. The Tcp value of
CD-4 can be modulated to different extents by the addition of
different inorganic anions (Figure 2A). I− exhibits the

significant salting-in effect that is embodied by the increase of
Tcp in certain salt concentration regions, whereas Cl− and
SO4

2− show the obvious salting-out effect that is embodied with
the decrease of Tcp. Furthermore, SO4

2− is more efficient to
lower the Tcp than Cl−. The specific ranking of these three
anions in reducing the Tcp is SO4

2− > Cl− > I−. This sequence is
in accordance with the well-known Hofmeister series for the
biopolymers and synthetic water-soluble polymers.29−31 The
sensitivity of CD-4 to salts is similar to the dendritic
thermoresponsive polymer PEI-IBAm32,33 but much higher
than the linear thermoresponsive polymer PNIPAm.34 For
instance, concentrations of ca. 0.3 M Na2SO4 lowered the
LCSTs of linear PNIPAM around 10 °C, while NaI elevated its

Figure 1. Influence of temperature on the light transmittance of CD-
PEI-IBAm in deionized water (concentration of CDs is 24 mg/mL).

Figure 2. Tcp of CD-4 influenced by (A) different salts (■) NaCl, (□)
NaI, and (▲) Na2SO4 and (B) pH (concentration of CD-4 is 4 mg/
mL).
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LCST maximally about 2 (ca. 0.3 M). Whereas from Figure 2A
it can be known that 0.2 M Na2SO4 can lower the Tcp of CD-4
about 15 °C, 0.2 M NaI can enhance the Tcp of CD-4 by ca. 7
°C.
The thermoresponsive property of the obtained CD-4 is also

pH-sensitive (Figure 2B). The pH of CD-4 in water is close to
7. Increasing the acidity significantly increases Tcp. Conversely,
adjusting the pH to around 8 obviously lowers the Tcp. The
decrease of Tcp becomes insignificant after increasing the pH to
12.5. After the pH reaches around 13, the Tcp decreases
pronouncedly again. The pH response of CD-4 is interpreted as
follows: As the acidity of an aqueous solution of CD-4
increases, more amino groups of CD-4 are protonated to form
more polar N+ groups. The significant increase in polarity
increases Tcp. In contrast, increasing basicity gradually turns the
more polar protonated N+ groups into less polar amines,
decreasing Tcp. When the pH is high enough, the concentration
of OH− is high enough in the system to affect the hydration
waters wrapped around the CD-4. OH− is a kosmotropic anion
that dehydrates CD-4. This leads to the salting-out of CD-4,
thereby lowering the Tcp.
PEI-IBAm can encapsulate organic molecules with a

carboxylic acid group through acid−base neutralization.35,36

Thus, we also studied the influence of the loaded organic
compounds on the thermoresponsive property of CD-PEI-
IBAm. Aspirin and pyrene-4-butyric acid (PBA) were utilized as
the guest models. The successful interaction between CD-PEI-
IBAm and these two guests can be interpreted from the 2D
NOESY 1H NMR spectroscopy that is a powerful technique to
investigate the interaction between two different components in
close proximity (<0.5 nm). The 2D NOESY 1H NMR spectra
of the mixtures of CD-4 with aspirin or PBA show strong
positive cross-peaks between the aromatic rings of the guests
and the inner methylene groups of CD-4 (Figures S9 and S10
in the Supporting Information), revealing the formation of the
complex of CD-4 and aspirin or PBA. Subsequently, the
thermoresponsive properties of these complexes were studied.
From Figure 3 it can be seen that the relatively polar aspirin

guest can increase the Tcp, and increasing the content of aspirin
in the complex results in the gradual increase of Tcp. However,
loading the apolar PBA guest leads to the decrease of Tcp, and
the more PBA molecules that are loaded, the lower the Tcp is.
All the obtained CD-PEI-IBAm’s are photoluminescent.

When temperature is lower than Tcp, the aqueous solutions of
these CD-PEI-IBAm’s irradiated with 350 nm UV light
illuminate blue light, and the solutions are still transparent.
When the temperature is higher than Tcp, the solutions become
turbid and still illuminate blue light, but the emission intensity
is decreased pronouncedly (Figure 4). With CD-4 as the
representative, it can be seen that the emission intensity
decreases about 65% when the temperature increases from 26

to 45 °C. CD-PEI10K, the precursor of CD-4, is also
luminescent, and its emission intensity also decreases upon
increasing the temperature (Figure S11 in the Supporting
Information). However, its emission intensity decreases only
about 36% upon increasing the temperature from 26 to 45 °C.
Therefore, the emission reduction of CD-4 upon increasing
temperature above Tcp can be ascribed to two aspects: one is
the inherent property of the CDs prepared by a such way and
the other is due to the thermo-induced aggregation of CD
particles.
The detailed photoluminescent characterization shows that

the maximal excitation wavelength (λex) and emission wave-
length (λem) of CD-PEI-IBAm are concentration- dependent
(Figure S12 in the Supporting Information). At low
concentration (below 10 and 4 mg/mL for CD-4 and CD-1,
respectively), the maximal λex and λem are always around 350
and 470 nm, respectively. However, the emission intensity
varies pronouncedly when the concentration of CD-PEI-IBAm
varies in this concentration region (Figure S12C in the
Supporting Information). The emission intensity increases
upon increasing the concentration at the beginning. After
reaching the maximal emission intensity at a certain
concentration, it decreases with the further concentration
increase. When the concentration is above the low concen-
tration limit, both the maximal λex and λem increase
pronouncedly with the concentration increase. The emission
wavelength can arrive in the region of green, even red light.
However, the emission intensity is much lower than that of the
strongest blue light. The increase of maximal λex and λem and
the weakening of emission at a high CD concentration might be
attributed to the microscopic aggregation of CD particles.
Whether salts, pH, and the encapsulated organic molecules

have an influence on the emission intensity was measured
(Figure S13 in Supporting Information). It is clear that these
factors have a little or even negligible influence on the emission
of CD-PEI-IBAm.
In summary, multistimuli-responsive photoluminescent CDs

that responded to temperature, salt, pH, and encapsulated
organic guests were successfully prepared. The aqueous
solutions of CD-PEI-IBAm’s were thermoresponsive, and the
Tcp could be modulated through changing the DS(IBAm) value of
CD-PEI-IBAm. Moreover, the Tcp could be also tuned in a
broad range through changing the pH, the type, and
concentration of salts added and the type and concentration
of organic guests encapsulated. Low pH, the traditional salting-
in anion, and polar organic guests increased the Tcp

Figure 3. Tcp of CD-4 influenced by the organic additive (A) aspirin
and (B) PBA.

Figure 4. Typical excitation and emission spectra of CD-4 at room
temperature (26 °C) and 45 °C (concentration of CD-4 is 2 mg/mL,
inset: the typical luminescent photographs of CD-4).
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pronouncedly, whereas high pH, the traditional salting-out
anions, and apolar organic guest favored the decrease of Tcp. All
the obtained CD-PEI-IBAm’s were photoluminescent, which
was influenced a little or negligibly by pH, salts, and the organic
guests encapsulated.
CD-PEI-IBAm’s integrate the multistimuli-responsive prop-

erty, nanocarrier for organic guest, and luminescent property
together, thus it is promising for them to be applied in the field
of biomedicine and biotechnology as “smart” materials.
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