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ABSTRACT

Highly-selective optical sensors that are capable of detecting complex stimuli have attracted
significant interest in environmental, biomedical, and analytical chemistry applications. In this
work, we report the development of novel and versatile platform for highly-efficient,
colorimetric multi-functional sensors using block copolymer-integrated graphene quantum
dots (bcp-GQDs). In particular, the multi-functional sensing behavior is successfully generated
simply by grafting blue emitting, temperature-responsive block copolymers onto green-
emitting, 10-nm size GQD with the GQD providing luminescent response to pH changes. Thus,
the bcp-GQDs showed simultaneous, orthogonal sensing behavior to temperature and pH, as
well as dose-dependent responses to different types of metal ions. In addition, the bcp-GQD
sensor showed excellent reversibility and dispersion stability in pure water, indicating that our
system is an ideal platform for environmental and biological applications. The detailed
mechanism of the responsive behavior of the bcp-GQDs was elucidated by measurements of

time-resolved fluorescence and dynamic light scattering.

ACS Paragon Plus Environment

Page 2 of 21



Page 3 of 21

©CoO~NOUTA,WNPE

Chemistry of Materials

INTRODUCTION
Fluorescent materials have attracted significant attention for a wide variety of applications,
ranging from optoelectronic devices to chemical and biological sensors.** Particularly,
fluorescent multi-functional sensors, which respond simultaneously and independently to
different stimuli, have been the center of research interest due to their simple detection of
multiple stimuli in a complex environment.*® These multi-functional sensing behaviors are
typically achieved by integrating different responsive objects, such as stimuli-responsive small
molecules, polymers, and/or inorganic particles into a single platform.® 7 However, such
sensors typically require a multistep and complex synthesis of different types of responsive
components.® ® Additionally, many functional sensors based on small molecules and polymers
often suffer from poor dispersion in aqueous media and toxicity, which limit their use in
biological and environmental applications.'®*? More importantly, most fluorescent sensors
respond to stimuli by a single photoluminescence (PL) intensity change that often requires an
expensive PL detector to monitor the response effectively,*15
Graphene quantum dots (GQDs), nanometer-sized graphene derivatives, have very
interesting opto-electronic properties due to quantum confinement and edge effects,6-21
Therefore, in contrast to graphene and graphene oxide that do not exhibit strong stimuli-
responsive or luminescent behaviors, GQDs have tunable luminescent properties that depend
on their size as well as pH and the presence of metal ions, making them great candidates for a
multi-sensing platform.!8 2228 |n addition, their surface typically has functional, oxygen-
containing groups that provide excellent water-solubility as well as reactive sites for surface
modification.'® Despite such advantages, the multi-sensing behavior of GQD-based materials
has not been extensively investigated.?® *° To the best of our knowledge, the colorimetric,
multi-sensing response of the GQD-based sensors has not been demonstrated despite its great

advantage of rapidly readable responses.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Chemistry of Materials

Herein, we describe the development of a colorimetric, multi-sensing platform based on
responsive block copolymer-integrated GQDs (bcp-GQDs) that detect different types of
information simultaneously, including temperature, pH, and various kinds of metal ions. Our
synthetic approach is very simple, involving single-type blue emitting, thermally-responsive
poly(7-(4-(acryloyloxy)butoxy)coumarin)-b-poly(N-isopropylacrylamide) (P7AC-b-
PNIPAAmM) polymers grafted to green-emitting, 10-nm GQDs (Scheme 1). A key strategy for
generating colorimetric, multi-sensing behavior is to control the relative amounts of blue
emission from P7AC-b-PNIPAAmM and green emission from the GQD core, which are both
strongly dependent on different types of stimuli. The colorimetric sensing response to
temperature change was generated by tuning the distance between the blue and green emitters
and, thus, their Forster resonance energy transfer (FRET). In addition, the luminescent response
of the green-emitting GQD core produced quantitative, colorimetric switching behavior of bcp-
GQDs in response to changes in pH and different types of metal ions. The detailed mechanism
of the responsive behavior of the bcp-GQD sensors was investigated using time-resolved
photoluminescence spectroscopy, dynamic light scattering, and microscopy. To the best of our

knowledge, this is the first colorimetric, multi-functional sensor based on GQDs.
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Scheme 1. Structure of block copolymer-grafted graphene quantum dots (bcp-GQDs) and their
sensing behavior.
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RESULTS AND DISCUSSION
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Figure 1. Synthesis of bcp-GQDs

Figure 1 shows the synthetic procedure employed to produce fluorescent P7AC-b-
PNIPAAmM block copolymer-grafted GQDs. Green-emitting GQDs were synthesized by the
cleavage of carbon black (CX-72), as reported in a previous study.?> 2 Blue-emitting P7AC-
b-PNIPAAm diblock copolymers were synthesized on the surface of the GQDs by the
‘“‘grafting-from”” method using reversible addition—fragmentation chain transfer (RAFT)
polymerization.®! First, the trithiocarbonate RAFT chain transfer agent was grafted covalently
onto the surface of the pristine GQDs by the N,N'-dicyclohexylcarbodiimide (DCC) coupling
reaction between the hydroxyl group on the GQD surface and the carboxylic acid group of the
RAFT agent.' % The functionalized GQDs were then precipitated, centrifuged, and filtered
several times to remove ungrafted RAFT agent and other chemical residues completely, which
was confirmed using thin-layer chromatography. For convenience, RAFT chain transfer agent-
grafted GQDs are denoted as RAFT-GQDs. The PNIPAAm block was polymerized from the

RAFT-GQDs, followed by the blue emitting P7AC block to produce P7AC-b-PNIPAAmM block
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copolymer chains on the GQDs (bcp-GQDs). Since the molecular weight (M,) of the
PNIPAAmM block is a critical parameter that determines the distance between the two
chromophores and the M, of the P7AC block influences the brightness of the blue emitters, the
M, of both the PNIPAAm and P7AC blocks were controlled carefully.t® The total M, of P7AC-
b-PNIPAAm of bcp-GQD was 6.4 kg mol™ with a polydispersity index (PDI) of 1.16. The Mh
and PDI values of the PNIPAAm block only were 5.9 kg mol™* and 1.13, respectively. The
areal chain density (8) of the grafted P7AC-b-PNIPAAmM polymers on the GQDs was estimated
to be 0.035 chain nm2. The & value was calculated based on the average size of the GQDs
using transmission electron microscopy (TEM) images, and the weight fractions of the GQD
cores and the grafted polymers obtained by thermogravimetric analysis (TGA) (Supporting
Information (S1) Figure S1).333° The § value is comparable to the values reported previously
for other systems involving PNIPAAM brushes on graphene.® 3¢

The conjugation of the P7AC-b-PNIPAAmM polymers to the surface of the GQDs was
confirmed by attenuated total-reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
and X-ray photoelectron spectroscopy (XPS) measurements. As shown in Figure S2a, ATR-
FTIR of RAFT-GQDs showed stretching vibrations of the thiocarbonyl group (C=S) at 1072
cmL, corresponding to the RAFT agent.®” %8 The amide peaks from the PNIPAAm blocks in
the PNIPAAM-GQDs and bcp-GQDs were observed at 1530, 1640 and 3290 cm .38 Compared
to the PNIPAAM-GQDs, the bcp-GQDs exhibited a slightly increased intensity of the C=0
stretching peak at 1722 cmtand a decreased intensity of the amide peak due to the additional
C=0 groups from the P7AC block (SI Figure S2b). In addition, XPS of the functionalized
GQDs revealed sulfur (S 2p) peak corresponding to the grafted RAFT agent, whereas XPS of
pristine GQDs did not show any signal (SI Figure S2c¢). The S 2p peak intensity decreased
significantly for the PNIPAAmM-GQDs and for the bcp-GQDs, because the portion of sulfur

was diluted by the grafted block copolymers.
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We examined the solubility and stability of the bcp-GQDs (SI Figure S3). It was observed
that all of the pristine GQDs, RAFT-GQDs, PNIPAAM-GQDs, and bcp-GQDs were dispersed
successfully in water. As shown in Figure S3, the green emission of the pristine-GQDs, RAFT-
GQDs, and PNIPAAM-GQDs was evident. In stark contrast, the bcp-GQDs showed near white
emission due to the simultaneous blue emission of the P7AC block and green emission of the
GQDs, demonstrating the potential of bcp-GQDs as luminescent sensors that have tunable
fluorescence properties (SI Figure S4). To further confirm the chemical grafting of the block
copolymers on the GQDs, the average sizes and heights of pristine GQDs, RAFT-GQDs, and
bcp-GQDs were measured and compared by high-resolution TEM and atomic force
microscopy (AFM) (SI Figure S5). The average size and height of the GQDs were 11.1 and
0.71 nm, respectively, while the average size and height of the RAFT-GQDs were 11.8 and
0.73 nm, respectively. In contrast, the average size and height of the bcp-GQDs increased
significantly to 26.6 and 3.88 nm, respectively, due to the presence of the grafted polymer
chains on the GQD surface. These results indicated that the P7AC-b-PNIPAAM chains were

successfully grafted from the RAFT agent covalently attached to the surface of the GQDs.
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Figure 2. (a) PL spectra of the bcp-GQDs; (b) Reversibility test of the PL behavior of bcp-
GQDs with the excitation at 365 nm.
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Figure 2a shows the PL response of the bcp-GQDs in water (pH 7) as a function of
temperature. The concentration of the bcp-GQDs was maintained at the low concentration of
30 ppm to avoid any PL quenching of the P7AC block by other GQD substrates in the solution.
At room temperature, the PL spectra of the bcp-GQDs showed two emission peaks, one at 410
nm from the P7AC block and one at 505 nm from the GQD cores, producing near white
luminescence. When the temperature of the solution increased to 40 °C, the intensity of the
blue emission peak at 410 nm decreased suddenly, whereas the intensity at 505 nm increased
significantly, showing green color. To quantify the change in PL intensity in terms of
temperature and to examine the reversibility of the response behavior of the bcp-GQDs, the PL
intensity ratios at emission levels of 505 and 410 nm (lsosnm/lai0nm) Were plotted with
continuous cycles in aqueous media at different temperatures in Figure 2b. When the
temperature was increased from 25 to 40 °C, the Isosnm/la10nm Value significantly increased from
0.91 to 2.27. This change was reproducible over continuous heating-cooling cycles. We
attribute the extraordinary reversibility and stability of the bcp-GQDs to the strong covalent
linkage between the grafted polymers and the GQDs, and to the excellent dispersion behavior
of the GQD substrates in water. Fast response, high reversibility, stability, and visible color
change are crucial for successful application and commercialization of optical sensors.® 3% 40
The colorimetric response of the bcp-GQD solution as a function of temperature was correlated
with the change in the conformation of the PNIPAAm chain at the lower critical solution
temperature (LCST). Below 32 °C, the PNIPAAm chains in the becp-GQDs become hydrophilic
and stretched in water. Thus, the distance between the two fluorescent units, i.e., the blue-
emitting P7AC block and the green emitting GQDs, should be long enough to suppress the

FRET between them. Above the LCST, the PNIPAAmM chains collapse, promoting FRET from
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the higher energy P7ACs to the lower energy GQDs and producing a color change from white

to green.*43
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Figure 3. (a) Reversible behavior of the fluorescence decay of bcp-GQDs between 25 °C and
40 °C. Both measurements were performed at 410 nm emission with the excitation at 370 nm.
(b) DLS analysis for the sizes of pristine GQDs and bcp-GQDs as a function of temperature.
The FRET efficiency was evaluated by measuring the lifetime of the fluorophores (Figure
3a).*4%® The decay in the fluorescence intensity of the P7AC emission from the bcp-GQDs at
410 nm was investigated by time-resolved fluorescence (TRF) under irradiation at 370 nm in
water.*” The TRF results indicated that the bcp-GQDs were temperature-sensitive and their
fluorescent lifetime decreased significantly at the temperature above the LCST. These results
are summarized in Table S1, and the data were fitted using a double-exponential decay model.
At 25 °C, below the LCST of the PNIPAAm spacer, the P7AC emission in the bcp-GQDs had
an average lifetime (zave) 0f 1.96 ns, with two decay components of z1=1.73 ns (population A1=
96.34%) and = 7.91 ns (population A2 = 3.66%). In contrast, at 40 °C, above the LCST of
PNIPAAm, the P7AC emission decay process was much faster, with a zave value of 0.79 ns,
with decay components of 71= 0.52 ns (population A1= 83.87%) and 7= 2.19 ns (population
Az = 16.13%). The shorter lifetime of the P7AC emission in the bcp-GQDs was attributed to

an increase in the non-radiative decay rate caused by energy transfer from the P7ACs to the
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GQDs. A similar TRF trend after multiple cycles was obtained repeatedly and is consistent
with that of the reversibility test of the static PL spectra (SI Figure S6).

A deeper insight into the dramatic color responses as a function of temperature was
obtained by examining the change in the size of the bcp-GQDs via dynamic light scattering
(DLS) (Figure 3b). Pristine GQDs had a temperature-independent, hydrodynamic diameter of
12 nm, which is in excellent agreement with the size of the GQDs measured by high resolution
TEM. In stark contrast, the particle sizes of the bcp-GQDs were strongly dependent on
temperature due to the conformational change of the polymer chains on the GQDs. The particle
size was constant at 16 nm above the LCST, showing good agreement with the sum of the GQD
core (~12 nm) and twice the radius of gyration of the PNIPAAm chains (~1.1 nm).*4% Under
these temperature conditions, the distance between the P7AC block and GQD core was short
enough to induce strong FRET from P7AC to the GQD as evidenced by the strong green
luminescence of the bcp-GQDs. When the temperature was below the LCST, the
hydrodynamic particle size of the bcp-GQDs was remarkably increased to 45 nm. Under these
conditions, the distance between the P7AC block and GQD core became significantly larger
and suppressed the FRET. Because the hydrodynamic particle size can be overestimated by
DLS measurements due to extensive swelling of the polymers by the solvent,! the increase in
the particle size is not equal to the increase in the donor-to-acceptor distance. However, it is
worthwhile to note that the trend of the particle size dependence on the temperature change
was consistent with that of the PNIPAAm conformation and the PL spectra in Figure 2. These
observations described that the dramatic temperature-dependent color response of the bcp-
GQDs was induced solely by the FRET effect from the P7AC block to the GQD due to the

changes of PNIPAAm’s conformation in response to temperature.

ACS Paragon Plus Environment

Page 10 of 21



Page 11 of 21

©CoO~NOUTA,WNPE

Chemistry of Materials

(a) (b)
0.9} 9, 3\1_0 s — pH 1
\ <
g @ pH7 9 s
E 0.6 - - \o E
—
< ! 205
N
[= —
© 0.3} T
- £
o
=
0.0 L 1 L 1 1 1 0.0 L L 1
1 3 5 7 9 11 400 500 600
pH Wavelength(nm)

Figure 4. (a) The ratio of PL intensity of bcp-GQDs at different pH values; (b) PL spectra of
bcp-GQDs at different pH values from pH 1 to 11 at 25 °C.

To demonstrate the use of the bcp-GQD sensor as a multi-sensing platform, the colorimetric
responses of the bcp-GQDs to changes in pH and ion stimuli were investigated. Figure 4 shows
the pH-dependent PL behavior of the bcp-GQDs. The color of the solution distinctly turned
from blue (pH 1) to white (pH 7) to cyan (pH 11) as the pH increased. For example, the
Isosnm/ la10nm Value was 0.20 at pH 1, but it increased to 0.71 at pH 3. At pH 7, Iso5nm/la10nm Value
was highest as 0.94. This is because the emission of the GQD core at 505 nm in the bcp-GQDs
decreased as the solution became more acidic. For the same reason, lower lsosnm/ls10nm values
were provided as 0.63 at pH 9 and 0.59 at pH 11 than at the neutral condition. Whereas the PL
intensity of the bcp-GQDs at 410 nm remained almost constant irrespective of pH change, the
emission intensity of the GQDs in strong acidic and alkaline conditions decreased considerably
because the pH change can induce protonation or deprotonation of emissive sites (i.e., oxygen
groups and free zigzag sites) in the GQD cores.!® 26 % Thus, the relative amounts of green to
blue emissions were tuned in terms of pH value, generating colorimetric behavior. Compared
with traditional pH responsive polymer-based sensors that change their conformation only at a

specific pH value, our bcp-GQDs system has advantages in monitoring a wide range of pH
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values with visible color changes.®® Also, we highlight that simultaneous, orthogonal sensing
of changes in temperature and pH can be achieved using our bcp-GQDs (SI Figure S7). The
PL and color changes of bcp-GQDs in different pH conditions (i.e., pH 1-11) were observed in

terms of temperature change.
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Figure 5. (a) PL spectra of bcp-GQDs at the presence of Cu?* and Fe3* at a concentration of
100 uM; (b) Ratio of PL intensity upon the addition of 100 pM of guest metal ions (Ag?*, Cd*,
Au®t, Sn?*, Cu?t, Pb?*, Cr¥*, Fe*', and Pd?"); (c) PL spectra of bcp-GQDs as a function of the
Fe®* concentration (uM); (d) Plot of lsosnm/lszonm Of bcp-GQDs as a function of the Fed*
concentration (The line is a guide for the eye. The PL spectra were measured under irradiation
at 365 nm.)

Of particular interest is that the bcp-GQDs can detect various types of metal ions in a dose-
dependent manner. Figure 5 highlighted that the bcp-GQD system can be applied for the
sensitive detection of metal ions with dose-dependent color distinction. All experiments were

performed in pH 7 aqueous solution at 25 °C. Figure 5a shows changes in the PL spectra of
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bcp-GQDs in response to Cu?* and Fe3*. The solution of bcp-GQDs turned from white to a
greenish blue color in the presence of Cu?* at the concentration of 100 M, whereas the solution
changed to deep-blue color in the presence of Fe®* at the same concentration. These phenomena
were caused by the PL response of the GQD core at 505 nm in the presence of different metal
ions. In this regard, we investigated the color response of the bcp-GQD sensor in the presence
of various types of metal ions (i.e., Ag?*, Cd*, Au®*, Sn?*, Cu?*, Pb?*, Cr®*, Fe*", and Pd?")
(Figure 5b). The concentration of the metal ions in the solution was fixed at 100 uM. It was
observed that the degree of reduction in the green emission of GQD cores relies on the type of
metal ions, which makes multi-color recognition of bcp-GQDs dependent on the type of metal
ion. Furthermore, the concentration of the metal ions determines the colorimetric response of
the bcp-GQDs. For example, we examined the effect of Fe** concentration on the PL intensity
of the bcp-GQD cores at 505 nm, which showed a gradual decrease in the intensity as the Fe®*
concentration increased (Figure 5c). The Isosnm/la10nm Value decreased linearly with respect to
Fe3* concentration in a range from 0 to 50 uM, enabling the quantitative measurement of the
Fe3* concentrations (Figure 5d). These results can be explained by the formation of non-
radiative metal-GQD complexes by the interaction between the GQDs and electrophilic metal
ions, which contributes to additional fluorescence quenching by charge transfer from the
excited GQDs to the metal ions.>*>® For example, Figure S8 shows that the fluorescence decay
of GQD cores in bcp-GQDs became much faster in the presence of the 100 uM concentration
of Fe**.% Since the degree of formation of metal-GQD complexes is highly dependent on the
concentration of metal ions and the binding affinity between metal ions and GQDs,>’ the bcp-
GQDs showed distinct color responses depending on the concentration and also had different
PL responses for different metal ions (Figure 5b). In addition, the ion sensing behavior of bcp-
GQDs was investigated in the presence of different stimuli of temperature and pH. Figure S9

demonstrates that the bcp-GQDs had simultaneous sensing behavior for temperature and pH,
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and they also showed responses to different types of metal ions with excellent stability. The
colorimetric, orthogonal response of bcp-GQD sensors towards various stimuli sensing is
potentially advantageous for their use in environmental sensing applications, including tap-

water analysis, cell diagnosis and bio-imaging.

CONCLUSIONS

In summary, we developed a novel colorimetric multi-functional sensor using block
copolymer-integrated GQDs through the “grafting from” method. The bcp-GQDs had
simultaneous, orthogonal sensing behavior to temperature and pH, as well as dose-dependent
responses to different types of metal ions with excellent reversibility and stability. All of the
responses can be easily detected by their distinctive colorimetric changes. Our GQD-based
sensing platform can be applied easily in various sensor systems with alternate grafted
molecules, thus providing promising opportunities for use in opto-electronic, environmental,

and biological applications.

METHODS

Materials: Vulcan CX-72 carbon black was purchased from Cabot Corporation. Anhydrous
potassium carbonate (K.COs, 99.5%), magnesium sulfate (MgSQas, 99%), sodium hydroxide
(NaOH powder, 98%), and hydrochloric acid (HCI, 10 M) were purchased from Daejung
Chemical & Metal Co. Azobisisobutyronitrile (AIBN, 98%) was purchased from Junsei
Chemical Co. and purified by recrystallization from ethanol. 7-hydroxycoumarin and other
materials were purchased from Sigma-Aldrich and N-isopropylacrylamide (NIPAM, 99%)

purified by recrystallization in hexane. Deionized (DI) water was used in all experiments.

Synthesis of 7-(4-(acryloyloxy)butoxy)coumarin (7AC): The 7AC monomer was synthesized
as previously reported.’® %8 Anhydrous K,COj3 (3.48 g, 24.8 mmol) was added into a mixture

of 7-hydroxycoumarin (2 g, 12.4 mmol) and 1,4-dibromobutane (4.42 mL, 37.2 mmol) in
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acetone (120 mL). The resulting suspension was refluxed for 24 h. The precipitate was filtered
off, and the solvent was removed. The resulting mixture was diluted with diethyl ether and the
separated organic layer was washed with DI water, dried over MgSOs, and concentrated under
reduced pressure. The residue was purified by means of column chromatography using silica
gel and a mixture of hexane and ethyl acetate as the eluent, affording 7-(4-bromobutoxy)-
coumarin. Then, 7-(4-bromobutoxy)-coumarin (2.38 g, 9 mmol) and excess sodium acrylate
(1.128 g, 12 mmol) were dissolved in ethanol (150 mL). Hydroquinone (0.02 g, 1.8 mmol) was
added, and the solution was refluxed for 36 h. The precipitate was filtered off and washed with
ethanol. After the solvent was removed under reduced pressure, DI water was added, and the
residue was extracted with diethyl ether. The residue was purified by column chromatography
on silica gel with a mixture of hexane and ethyl acetate as the eluent to yield 7AC (1.4 g, 61%)

as a white solid.

IH NMR (CDCI3): 7.62 (d, 1H), 7.34 (d, 1H), 6.80 (m, 2H), 6.41 (d, 1H), 6.24 (m, 1H), 6.11
(m, 1H), 5.81 (m, 1H), 4.23 (s, 2H), 4.04 (s, 2H), 1.90 (s, 2H), 1.55 (s, 2H).

Synthesis of trithiocarbonate RAFT chain transfer agent: We synthesized (2-(((butylsulfanyl)-
carbonothioyl)sulfanyl))propanoic acid using a procedure modified from previous reports.tt
An aqueous solution of NaOH (50 %, 16.0 g) was added to a mixture of butanethiol (18.0 g,
200 mmol) and DI water (30 mL), followed by the addition of acetone (10 mL) to give a
colorless solution. The solution was stirred at room temperature for 0.5 h. Carbon disulfide (14
mL, 17.6 g, 231 mmol) was added to obtain a clear orange solution. The reaction mixture was
stirred for 0.5 h and then cooled in an ice bath. Then, 2-bromopropionic acid (31.4 g, 205 mmol)
was added dropwise, followed by the addition of NaOHg) (50 %, 16.0 g) at a rate such that
the temperature of the bath was kept lower than 30 °C. After the exothermic reaction had
terminated, DI water (30 mL) was added, and the reaction mixture was stirred at room
temperature for 24 h. The reaction mixture was diluted with 50 mL of water. Then, 10 M HCl )
(60 mL) was added to the solution under an ice bath. A yellow oil was obtained, and kept in an
ice bath until the oil solidified. The solid was separated by filtration, washed with cold water,
and dried. Finally, the product was recrystallized from hexane with gentle stirring to give
bright-yellow solid crystals (34.8g, 71.2%).

IH NMR (CDCI3, 500 MHz) § 9.9 (br s, 1H), 4.87 (g, 1H), 3.37 (t, 2H), 1.66-1.76 (m, 2H),
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1.64 (d, 3H), 1.42-1.49 (m, 2H), 0.94 (t, 3H).

Synthesis of GQDs: GQDs were synthesized via chemical oxidation.? 2% In brief, carbon black
(1 g) was added to a mixture of nitric acid@q) (100 mL) and DI water (150 mL). The resulting
suspension was refluxed for 48 h. The solution was then cooled to room temperature and
centrifuged (6000 rpm, 20 min). The supernatant was heated to yield a reddish-brown powder.
GQDs were re-dispersed in tetrahydrofuran (THF) and ultra-filtered through a 0.22 um
microporous membrane, resulting in the fluorescent GQDs.

Synthesis of bcp-GQDs: GQDs (0.1 g), trithiocarbonate RAFT agent (0.5 g, 2.1 mmol), DCC
(10 mg, 0.05 mmol) and 4-dimethylaminopyridine (DMAP) (1 mg, 0.01 mmol) were mixed in
THF overnight at room temperature. Then, the mixture was precipitated into diethyl ether and
centrifuged (10000 rpm, 20 min) several times. The resulting material was vacuum-dried, re-
dispersed in dimethylformamide (DMF), and filtered through a 0.45 um PVDF syringe filter.
Asolution of RAFT-GQDs (100 mg), NIPAAm monomer (0.5 g, 4.4 mmol), and AIBN (6 umol)
in DMF (5 ml) was added into a glass ampoule for polymerization under vacuum. After
polymerization for 12 h at 65 °C, PNIPAAmM-GQDs were precipitated into cold diethyl ether
twice and vacuum-dried. A solution of PNIPAAM-GQDs (0.1 g), 7AC monomer (65 mg, 0.23
mmol), and AIBN (0.5 mg, 4 umol) in DMF (5 ml) was added into a glass ampoule for
sequential polymerization under vacuum. After reacting for 12 h at 65 °C, the product was
precipitated in cold diethyl ether twice and vacuum-dried.

Characterization: Detailed procedures are described in the Supporting Information
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Detailed characterization data: TGA, ATR-FTIR, XPS, TEM, SEM, PL spectra, and
fluorescence decay data. This material is available free of charge via the Internet at

http://pubs.acs.org.
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