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Electronic interaction-enhanced NO photorelease
and photothermal conversion in N-doped carbon
dot nanoconjugates

Francesca Laneri,a Cristina Parisi,a Marta Maria Natile b and Salvatore Sortino *a

A nitric oxide (NO) photodonor (1) capable of releasing two NO molecules through a stepwise mechanism

has been covalently grafted to blue-emitting N-doped carbon dots (NCDs). The resulting water-soluble

nanoconjugate (NCDs-1), ca. 10 nm in diameter, exhibits a new absorption band not present in the simple

physical mixture of the two components and is attributable to strong electronic interactions between

them in the ground state. Blue light excitation of NCDs-1 leads to NO photogeneration with an efficiency

almost one order of magnitude higher than that observed for 1 alone, probably due to a photoinduced

electron transfer between the NCDs and the grafted 1. Photoexcitation of the nanoconjugate also results

in effective photothermal conversion, which is negligible in the naked NCDs. Furthermore, in contrast to 1,

the nanoconjugate liberates NO also under excitation with green light. Finally, the typical blue

fluorescence of the NCDs is quenched in NCDs-1 but restored upon the photouncaging of the second

NO molecule, providing readable and real-time information about the amount of NO photogenerated.

Introduction

Carbon dots (CDs) are almost spherical carbon nanoparticles with
sizes generally less than 10 nm obtained from a variety of readily
available carbon precursors.1 The CD core consists mainly of sp2

hybrid carbons,2 while on the surface different organic functional
groups, including amine, hydroxyl and carboxylic groups, act as
stabilizers and make accessible the surface engineering with addi-
tional molecular units.2–5 CDs show excellent dispersibility, stability,
photostability and tunable optical properties.6–9 These features,
combined with the capability to be involved in intra- and inter-
molecular photoinduced energy and electron transfer processes with
suitable functional components,10–12 render CDs intriguing nano-
platforms for a wide range of applications such as photovoltaics,13,14

photocatalysis,15,16 optoelectronics17,18 and optical sensing.19,20

In contrast to traditional quantum dots based on inorganic
semiconductors, CDs exhibit much lower toxicity, better bio-
compatibility, high cell permeability and low production
costs.21 These advantages have made CDs very appealing for
several biological applications as suitable nanoscaffolds for
drug carriers22 and as active components for photodynamic

and photothermal therapy applications,23,24 bioimaging,25

theranostics26 and phototheranostics.27

Nitric oxide (NO), an inorganic free radical with a half-life of
ca. 1 s in tissues, is a critical bioregulator of vital functions,
including vasodilatation, neurotransmission, and hormone secre-
tion in living bodies.28,29 Besides, it is involved in many biological
processes spanning platelet aggregation inhibition,30 immune
response to bacterial, viral, parasite, and fungi infections,31,32

reduction of radical-mediated oxidation processes,33 wound
healing,34 and cancer biology.35 This multifaceted role of NO
has opened new and promising scenarios in bio-medicine based
on the appropriate use of this free radical as an unconventional
therapeutic agent to combat important diseases.36–39

Due to its transient nature, the biological effects of NO are
strictly dependent on its generation site and can be beneficial or
harmful depending on its doses.40 This spatiotemporal dependence
has made the NO precursors activatable by light stimuli, usually
named NO photodonors (NOPDs), very appealing given the unique
advantage light-triggering offers over other stimuli in controlling the
release process in space and time.41–44 Light is non-invasive, easy to
manipulate and ensures the confinement of the site of action of the
NOPD at the illuminated area by appropriate positioning of the light
beam and the accurate control of the therapeutic doses by tuning
the light intensity and the irradiation time.45

In recent years, we and others have achieved hybrid nano-
constructs that covalently integrate CDs and NOPDs for
potential therapeutic applications.46–49 These works have pro-
ven the persistent emission of the CDs core as a valuable tool
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for tracking the nanoconstruct in a bioenvironment, the acti-
vatable emission upon NO photorelease as an intriguing optical
reporter to detect NO generation in real time and, finally, the
utility of the CDs as two-photon antennae to trigger the release
of NO from an otherwise blue-light activatable NOPD exploiting
two-photon excitation in the red region.46–49

In the frame of our ongoing interest in fabricating multi-
functional NO photoreleasing nanoconstructs,41,50,51 we
devised herein the novel CD-based nanoconjugate NCDs-1
(Scheme 1) and we mainly focus to gain insights into its multi-
functional properties. It integrates the NOPD 1, capable of photo-
release two NO molecules under blue light excitation through a
stepwise mechanism, into nitrogen-doped CDs (NCDs). We show
that a core–shell electronic interaction occurring in NCDs-1 leads
to a significant enhancement of efficiency of the first step of NO
photorelease if compared with the isolated 1 and, in parallel, to
effective photothermal conversion not observed in the naked
NCDs. Moreover, the typical fluorescence of the NCDs core is
suppressed in the nanoconjugate but is fully restored concomi-
tantly to the second step of NO photorelease, making the NCDs
core a fluorescent reporter which provides readable and real-time
information about the amount of NO photoreleased.

Results and discussion

Despite its low absorption in the visible region, the NOPD 1 is
responsive to 405 nm light stimuli. Excitation of a solution of 1

at this wavelength leads to the absorption spectral changes
reported in Fig. 1 typical for biphasic photolysis. The first step
(Fig. 1A) is characterized by a bleaching of the main absorption
UV band at 290 nm, a new and intense absorption growth with a
maximum at 398 nm and the presence of two isosbestic points.
Prolonged irradiation with the same excitation source induces
bleaching of this new band at 398 nm accompanied by an
absorption growth below 300 nm and the appearance of two
isosbestic points (Fig. 1B). Fig. 1C reports the absorbance evolu-
tion monitored at 398 nm as a function of the irradiation time in
which the biphasic photobehaviour can better be noted. Iso-
sbestic points in both the photolysis steps indicate clean photo-
chemical processes. The spectral profiles reported in Fig. 1 are
the same as those we have recently observed for 1 in a similar
solvent mixture52 as well as for the hydrophobic analogue of 1
based on the identical chromophoric motif53 and account well
for the release of two NO molecules generated with different
rates through the stepwise mechanism illustrated in Fig. 1D.

The first photolytic step involves the homolytic rupture of
the N–NO bond, typical for this N-nitrosoaniline moieties,54–56

and the formation of 2 as the only stable photoproduct char-
acterized by the typical absorption band at 398 nm due to
the push–pull character of the nitroaniline chromophore.57–60

The second photolytic step is typically observed for irradiating
several derivatives of the 4-nitro-3-(trifluoromethyl)aniline
chromophoric scaffold extensively used in our group, leading
to phenol derivative 3, absorbing in the UV region and respon-
sible for the photobleaching observed.61–64 The quantum yields

Scheme 1 Sketch of the nanoconjugate NCDs-1, formed by condensation of NCDs and the NOPD 1, and its stepwise conversion to NCDs-2 and then to
NCDs-3 under light excitation.
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related to the two sequential processes under these experi-
mental conditions were F1-NO = 0.03 and F2-NO = 0.7 � 10�3,
respectively.

Luminescent NCDs were prepared according to the known
hydrothermal synthetic protocol based on citric acid and urea
as starting materials.65 These scaffolds are less than 10 nm in
diameter and characterized by the presence of –NH2, –OH and
–COOH functional groups, as confirmed by the FTIR analysis

(Fig. 2A). The spectrum of NCDs shows a broad band from ca.
3800 cm�1 to 2800 cm�1, ascribed to the stretching frequency
of –OH, –NH and COOH groups present on the surface, which
make the nanostructure water soluble and suitable for further
functionalization. NCDs-1 were then achieved by condensation
of NCDs and 1, purified by dialysis and then freeze-dried (see
Experimental section). FTIR analysis demonstrated the success-
ful anchoring of 1 at the NCDs surface (Fig. 2A). The stretching
vibration at 1560 cm�1 belonged to CQC, and the distinctive
vibration band at 1700 cm�1 was related to the CQO stretching
of the carboxylic groups. This peak was shifted to 1635 cm�1 in
the NCDs-1 sample, suggesting the formation of an amide
bond. The –NQO stretching vibration occurring at 1540 cm�1

in free 1 is also evident in the nanoconjugate. HRTEM images
(Fig. 2B) show that NCDs are quite spherical with sizes ranging
from 5 to 11 nm. The well-resolved lattice fringes with inter-
planar spacing of 0.26 nm agree with (020) diffraction facets of
graphitic carbon.66

Analogously to the naked NCDs, the nanoconjugate NCDs-1
was soluble in water with 1% MeOH and remained stable for
more than one month under these conditions without any
significant signs of aggregation (confirmed by the unaltered
UV spectrum).

Fig. 3A shows the absorption spectra of NCDs-1 and, for
comparison, those of the same amounts of the free components
NCDs and 1. According to the grafting of 1 on the NCDs’
surface, NCDs-1 exhibits the fingerprints of both components
as proven by the absorption at ca. 330 nm, typical of NCDs and
at ca. 295 nm, typical for 1. However, the nanoconjugate shows
a new absorption band beyond 400 nm and extending up to ca.
500 nm. These absorption features differ from the simple
superposition of the absorption of the two components since

Fig. 1 Absorption spectral changes observed upon exposure of an air-
equilibrated aqueous solution of 1 (60 mM) at lexc = 405 nm at different
irradiation times from 0 to 40 min (A) and from 40 to 190 min (B). The
arrows indicate the course of the spectral profile with the illumination
time. (C) Evolution of the absorbance at 398 nm as a function of the
irradiation time. (D) Stepwise mechanism for the NO photorelease and
molecular structures of the photoproducts 2 and 3.

Fig. 2 (A) FTIR spectra of NCDs (a), 1 (b) and NCDs-1 (c). (B) Representa-
tive HRTEM images of NCDs-1.
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NCDs do not show any significant absorption beyond 400 nm.
Such an absorption cannot be ascribed simply on changes in
the molar extinction coefficient of 1 after its grafting on NCDs
(vide infra). Instead, it can result from strong electronic inter-
action between NCDs and 1 in the nanoconjugate in the ground
state. This was confirmed by the absence of such a new band in
the case of the physical mixture of NCDs and 1 under otherwise
experimental conditions (inset Fig. 3A). Based on the electron
accepting nature of 1 and the electron donating property of
NCDs, the new band is probably charge transfer in nature. This
hypothesis is well supported by a recent study by Guldi and
coworkers, who observed the formation of this new absorption
band, in their case extending even in the red region, in
nanoconjugates of CDs functionalized with strong electron
acceptor chromophoric components.67

Fluorescence measurements also confirmed electronic inter-
actions in NCDs-1. According to the literature, NCDs show
excellent emission properties with maximum dependence on
the excitation wavelength but falling in the blue region in all
cases.65 Fig. 3B shows that the typical emission of NCDs
observed at lexc = 330 nm (with fluorescence quantum yield
Ff = 0.10, see the Experimental section) is quenched in NCDs-1
(Ff = 0.016). Due to the simultaneous absorption of 1 at the
excitation wavelength (see Fig. 3A), the emission spectrum of

NCDs-1 has been corrected for the reduced amount of photons
absorbed by NCDs in the nanoconjugate. Therefore, the fluores-
cence quenching observed is not due to a trivial effect and
demonstrates a strong interaction in the excited state, opening
energy and electron transfer quenching mechanisms. We
believe that the former is less probable due to the minimal
spectral overlap between the emission spectrum of NCDs (the
potential energy donor) and the absorption spectrum of 1 (the
potential energy acceptor). In contrast, according to the litera-
ture, a photoinduced electron transfer between the NCDs and 1
seems more likely.67

Photolysis experiments were then carried out with a solution
of NCDs-1 under identical experimental conditions to those for
free 1. As shown in Fig. 4A, light irradiation leads to spectral
changes similar to those observed for free 1 (see Fig. 1A for the
sake of comparison), characterized by the bleaching of
the band at ca. 300 nm accompanied by the formation of the
intense absorption band with the push–pull character at
398 nm. This spectroscopic behaviour aligns with the photo-
release of the first molecule of NO from NCDs-1 (see Fig. 1A)
and the formation of NCDs-2 as a stable photoproduct (see
Scheme 1).

Interestingly, as shown in the inset of Fig. 4A, the photo-
transformation rate of this process was much faster than that
observed for 1. At first sight, this higher conversion rate can be
trivially attributed to the higher absorption of NCDs-1 when
compared to 1 at the excitation wavelength (see spectra a and c
in Fig. 3A). However, this is not the case. Even after correction
for the different fractions of photons absorbed at 405 nm, the
phototransformation of NCDs-1 was always faster than 1.
Accordingly, photoregulated NO release was confirmed by the
typical NO release profile obtained by the direct amperometric
detection of this species alternating cycles of light/dark. Fig. 4B
clearly shows that NO is released upon illumination, stops in
the dark, and restarts once the irradiation source is switched
on. The different slopes obtained for NCDs-1 and, for compar-
ison, free 1 allowed a quantum yield related to the first
photolytic process F1-NO = 0.24 to be obtained, which is ca. 8-
fold higher than that for the unbound 1.

From these data, it appears clear that the crucial role of the
new charge transfer band of NCDs-1 is to encourage the NO
photodetachment. Based on the already discussed charge
transfer character of this band (vide supra), we believe a prob-
able explanation for this enhancing effect could involve the
radical anion centred on the nitroso group formed after intra-
molecular electron transfer as the key intermediate. The for-
mation of NO-centred radical anions can be reasonably
responsible for releasing NO and, after back electron transfer
(back e.t.) and H transfer from the solvent, for the formation
of NCDs-2 (see Scheme 1). This hypothesis is supported by
the fact that radical anions of nitroso-derivatives possess a
lower dissociation energy of the N–NO bond than their neutral
form, encouraging fast NO detachment.68 Moreover, a similar
mechanism was proposed in our recent work in the case of
similar nitroso-derivatives photostimulated by appropriate
photosensitizers.69,70

Fig. 3 (A) Absorption spectra of aqueous solutions (1% MeOH) of NCDs-1
(26 mg mL�1) (a), NCDs (b) (10 mg mL�1) and 1 (16 mg mL�1) (c). The inset
shows the absorption spectra of the physical mixture of the NCDs and 1 at
the same concentrations (a) and the isolated components NCDs (b) and 1 (c).
T = 25 1C. (B) Fluorescence emission spectra (l = 330 nm) of NCDs-1 (a) and
NCDs (b) under the same conditions as in (A). The inset shows the actual
images of the samples under UV light illumination (lexc = 320–360 nm).
T = 25 1C.
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Note that during the first photolytic step, the emission of
NCDs-1 remains quenched. In this case, the quenching is more
likely due to Förster resonance energy transfer (FRET),71–73

according to the significant spectral overlap between the emis-
sion of NCDs and the absorption of 2, as already reported for
similar conjugated NCDs.46,47

The direct participation of the NCDs core in the formation of
the new charge transfer absorption band of NCDs-1, as well as
in the mechanism of the NO release enhancement, is con-
firmed by the photothermal experiments carried out upon
405 nm light excitation (Fig. 5).

Among the variety of properties CDs are also known to
possess high photothermal conversion efficiency, with excellent
prospects in photothermal therapy applications.24 In our case,
the naked NCDs prepared with the protocol used show a
negligible absorption at 405 nm, resulting in a negligible
photothermal effect. In contrast, photoexcitation of NCDs-1 at
the same wavelength shows a relevant photothermal action
with a temperature raise from ca. 25 1C to ca. 40 1C in a few
minutes (Fig. 5A). The conversion efficiency Z (see the Experi-
mental section for the detailed calculations) was B40%, a value
in excellent agreement with that reported for CDs and other

carbon-based photothermal agents.74 Since, of course, 1 does
not show any photothermal action, the photothermia observed
confirms well the involvement of the NCDs’ core in the charge
transfer absorption band.

Fig. 6A shows the photolysis of the nanoconjugate for
prolonged irradiation times. The spectral changes observed
were very similar to those of free 1 (see Fig. 1B for sake of
comparison), according to the release of the second molecule of
NO and the formation of NCDs-3 as the stable photoproduct. In
contrast to the first photolytic step, no changes in the photo-
lysis rate were observed (see inset of Fig. 6A), suggesting a good
retention of the photochemical properties of the NO photo-
releaser in the nanoconjugate.

According to the literature, the release of NO from the
nitroaniline derivative NCDs-2 takes place through a nitro-to-
nitrite rearrangement64 in which the NCD core is not expected
to play any role, in agreement with the similar kinetic beha-
viour observed. In contrast, the NCD core plays a role in the
emissive behaviour accompanying the second photolytic step.
As shown in Fig. 6B, a significant increase in the fluorescence
emission accompanied by a blue shift of the maximum was
observed upon irradiation. As already observed for a nanocon-
jugate similar to NCDs-2,46 the fluorescence increase is due to
suppression of the FRET process due to the absorption band’s
disappearance at 397 nm of the energy acceptor.46 Interestingly,
this fluorescence enhancement makes the NCD core an optical
counter for the NO.50 The starting point of the fluorescence
restoration represents an indication that the first photolytic

Fig. 4 (A) Absorption spectral changes observed upon exposure of an air-
equilibrated aqueous solution (1% MeOH) of NCDs-1 (26 mg mL�1) at lexc =
405 nm at different irradiation times from 0 to 39 min. The arrows indicate
the course of the spectral profile with the illumination time. The inset
shows the difference of absorbance observed at 398 nm for NCDs-1 (K)
and, for comparison, the free 1 (’), in the early stage of the photoreac-
tions. (B) NO release profile observed for an air-equilibrated aqueous
solutions (1% MeOH) of NCDs-1 (26 mg mL�1) (a) and, for comparison, 1
(16 mg mL�1) (b) and NCDs (10 mg mL�1) (c), upon alternate cycles of light
irradiation at lexc = 405 nm. T = 25 1C.

Fig. 5 (A) Temperature changes observed upon 405 nm light excitation of
aqueous solutions of NCDs-1 (26 mg mL�1) (K) and, for comparison, naked
NCDs (10 mg mL�1) (J). The inset shows representative thermographic
images of the NCDs-1 sample recorded before (left) and after the com-
plete cycle of illumination (right). (B) Linear time data versus �ln(y)
obtained from the cooling period of NCDs-1 in (A).
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step is over, and the continuous emission increase of the
second photolytic step (inset Fig. 6B) provides a readable
indication of the total amount of NO being photogenerated.

The last remarkable point of NCDs-1 is its capability to
release NO even under the lower energy green light. Fig. 7A
shows that irradiation of NCDs-1 with 532 nm light leads to a
photolysis profile identical to that observed upon irradiation
with blue light (see Fig. 4A for comparison). In parallel, NO
photorelease associated with this photolytic step was unam-
biguously demonstrated by its direct detection (Fig. 7B). On the
other hand, no phototransformation of 1 was observed under
otherwise identical experimental conditions (Fig. 7C). We
believe that also in this case, the charge transfer band of
NCDs-1 has a role in triggering the NO photorelease. As shown
in Fig. 7D, although very low, the absorption of this band is
present at the excitation wavelength, in contrast to 1 alone.

Conclusions

We have prepared a nanoconjugate of NCDs and NOPDs
gaining insights into its multifunctional properties which
further validates the versatility of CD-based nanoplatforms as
intriguing building blocks for the fabrication of fluorescent
point sources of NO and heat addressed to bio-oriented studies.

The nanoconjugate NCDs-1 exhibits a new absorption band
which is not present in the simple physical mixture of the two
components and attributable to a strong electronic interaction
between them in the ground state. This new absorption is
responsible for an enhancement of the NO photogeneration
efficiency under blue light excitation by almost one order of
magnitude with respect to the free NOPD and for the activation
of photothermal conversion, which is negligible in the naked
NCDs. The new absorption band in NCDs-1 extends up to ca.
550 nm and, despite its low intensity, permits NO to be
generated even upon excitation with the lower energy green
light. The typical blue fluorescence of the naked NCDs is
quenched in NCDs-1, initially due to the intramolecular charge
transfer and after the NO detachment, due to a FRET mecha-
nism. The sequential release of the second molecule of NO
from the shell of the NCDs is accompanied by the suppression
of the FRET process, leading to a restoration of the emission
from the NCD core which acts as a useful optical NO reporter.

Experimental section
Materials and methods

NOPD 1 was prepared according to our previously reported
procedure.58 Naked NCDs were prepared according with the
known hydrothermal synthetic protocol based on citric acid
and urea as starting materials.65 Briefly, 1.0 g of citric acid and
1.0 g of urea were dissolved in 25 mL water. The mixture was
moved into a 50 mL Teflon autoclave and heated at 190 1C for
6 hours. Thereafter, the solution was cooled down to room

Fig. 6 (A) Absorption spectral changes observed upon exposure of an air-
equilibrated aqueous solution (1% MeOH) of NCDs-1 (26 mg mL�1) pre-
viously irradiated for 39 min and then further irradiated at lexc = 405 nm at
different irradiation times from 39 min to 180 min. The arrow indicates the
course of the spectral profile with the illumination time. The inset shows
the difference of absorbances observed at 398 nm for NCDs-1 (K) and, for
comparison, the free 1 (&), in the early stage of the photoreactions. (B)
Fluorescence emission spectra related to the sample as in (A) recorded at
lexc = 330 nm from 39 to 180 min. The inset shows the difference in the
fluorescence intensity as a function of the irradiation time.

Fig. 7 (A) Absorption spectral changes observed upon exposure of an air-
equilibrated aqueous solution (1% MeOH) of NCDs-1 (26 mg mL�1) at lexc =
532 nm at different irradiation times from 0 to 180 min. The arrows
indicate the course of the spectral profile with the illumination time. (B)
NO release profile observed for an air-equilibrated aqueous solutions (1%
MeOH) of NCDs-1 (26 mg mL�1) upon alternate cycles of light irradiation at
lexc = 532 nm. T = 25 1C. (C) Absorption spectral changes observed
upon exposure of an air-equilibrated aqueous solution (1% MeOH) of 1
(16 mg mL�1) at lexc = 532 nm at different irradiation times from 0 to
180 min. (D) Magnified view of the absorption spectra of aqueous solutions
(1% MeOH) of NCDs-1 (26 mg mL�1) (a) and 1 (16 mg mL�1) (b) in the spectral
region 450–550 nm.
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temperature to obtain a black/dark brown-coloured crude. The
obtained product was centrifuged at 7000 rpm for 20 minutes
to remove the larger sized particles. The brown-coloured super-
natant was further dialyzed in water overnight by employing a
dialysis membrane (1000 Da) in order to remove the unreacted
reactants. Finally, the resultant solution was freeze-dried to
obtain a black powder.

NCDs-1 were prepared as follows: 10 mg of NCDs were
dispersed in 2 mL aqueous solution containing EDC (0.094 g,
0.49 mmol) and N-hydroxysuccinimide (NHS) (0.057 g,
0.029 mmol). The mixed solution was sonicated with the
addition of the ice for 15 min in the dark. Then, 1 mL
acetonitrile solution of 1 (20 mg) was added and stirred for
48 hours in the dark at room temperature. The solution was
dialyzed to remove the residual starting materials, and then the
solvent was freeze-dried to obtain the final product.

Fluorescence quantum yields (Ff) were determined at lexc =
330 nm using optically matched solutions at the excitation
wavelength of NCDs or NCDs-1 and anthracene as a standard
through the eqn (1):

Ff ¼
FfðsÞIAn

2

IAðsÞnðsÞ2
(1)

where Ff(s) is the fluorescence quantum yield of the standard in
ethanol (Ff(s) = 0.27);75 IA and IA(s) are the areas of the fluores-
cence spectra of NCDs or NCDs-1, and the standard, respec-
tively; n and n(s) are the refraction index of the solvents used for
NCDs or NCDs-1, and the standard. Absorbance at the excita-
tion wavelength was less than 0.1 in all cases.

Photodecomposition quantum yields for step 1 (F1-NO) and 2
(F2-NO) in the case of free 1 were determined at lexc = 405 nm
within the 20% transformation by using eqn (2):

F ¼ ½X�V
I 1� 10�Að Þt (2)

where, [X] is the concentration of phototransformed 1 or 2, V is
the volume of the irradiated sample, I the intensity of the
excitation light source, A is the absorbance of the sample
at the excitation wavelength and t is the irradiation time.
The concentrations of the phototransformed 1 and 2 were
determined spectrophotometrically, by taking into account
the absorption changes at 290 nm and 400 nm, and De290 =
8500 M�1 cm�1 and De400 = 9600 M�1 cm�1, respectively. I was
calculated by potassium ferrioxalate actinometry.

Photodecomposition quantum yields for step 1 (F1-NO) in
the case of NCDs-1 was calculated using the same equation as
above but with X being the amount of NO photoreleased
calculated by the amperogram.

The photothermal conversion efficiency Z was calculated
according to the literature,76,77 using the following eqn (3):

Z ¼ hS Tmax � Tsurrð Þ �Qdis

I 1� 10�Að Þ (3)

where h represents the heat transfer coefficient, and S denotes
the surface area of the container. The product hS is determined
using eqn (6) and Fig. 5B. Tmax is the equilibrium temperature

and Tsurr is the temperature of the surroundings (39 1C and
25.7 1C, respectively, from Fig. 5A). QDis represents the heat
dissipated from the light absorbed by the solvent and the
container. I is the incident laser power applied and A is
absorbance of the NCDs-1 at the excitation wavelength.

To obtain hS, the dimensionless parameter y is introduced
as follows:

y ¼ T � Tsurr

Tmax � Tsurr
(4)

A sample system time constant ts can be determined as eqn (5).

t = �ts ln(y) (5)

Based on Fig. 5B, ts was estimated and found to be 107.70 s.

hS ¼ mDCD

ts
(6)

The mass mD is 0.1 g and the specific heat capacity CD is
4.2 J g�1�1C�1. Therefore, using eqn (6), hS was calculated to be
3.90 mW 1C�1. Qdis represents the heat dissipated from the
light absorbed by the NMR tube and the solvent, and it was
independently measured to be 32.34 mW using the borosilicate
glass NMR tube filled with pure water with 1% MeOH.

Instrumentation

UV-vis spectra absorption and fluorescence emission spectra
were recorded with a PerkinElmer spectrophotometer (mod.
Lambda 365) and a Spex Fluorolog-2 (mod. F-111) spectro-
fluorimeter, respectively, using either quartz cells with a path
length of 1 cm. FTIR spectra were recorded with a System 2000
(PerkinElmer, Waltham, MA, USA).

HR-TEM images were taken with a scanning transmission
electron microscope (S/TEM), JEOL JEM F200, at the maximum
electron voltage of 200 kV. TEM grids were prepared by drop-
casting of an aqueous dispersion of the samples onto 400 mesh
carbon-coated Cu grids, followed by air-drying.

Photothermal experiments were performed by irradiating
the samples (100 mL) in an NMR tube with a 405 nm
continuous-wave (CW) laser (ca. 250 mW cm�2) having a beam
diameter of ca. 1.5 mm and detecting the temperature changes
with a FLIR C3 thermal imaging camera. Pictures are edited
using FLIR tools software and presented with a linear colour
scale for temperature.

Steady-state irradiation photolysis experiments were per-
formed in a thermostatted quartz cell (1 cm pathlength, 3 mL
capacity) under gentle stirring using CW laser sources at lexc =
405 nm or 532 nm.

Direct monitoring of NO release for samples in solution was
performed by amperometric detection with a World Precision
Instrument, ISO-NO meter, equipped with a data acquisition
system, and based on direct amperometric detection of NO with
short response time (o5 s) and sensitivity range 1 nM–20 mM.
The analog signal was digitalized using a four-channel record-
ing system and transferred to a PC. The sensor was accurately
calibrated by mixing standard solutions of NaNO2 with 0.1 M
H2SO4 and 0.1 M KI according to the reaction:
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4H+ + 2I� + 2NO2
� - 2H2O + 2NO + I2

Irradiation was performed in a thermostatted quartz cell (1 cm
pathlength, 3 mL capacity) using the above CW laser at lexc =
405 nm or 532 nm. NO measurements were carried out under
stirring with the electrode positioned outside the light path to
avoid NO signal artifacts due to photoelectric interference on
the ISO-NO electrode.
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19 L. Ðord-ević, F. Arcudi, A. D’Urso, M. Cacioppo, N. Micali,
T. Bürgi, R. Purrello and M. Prato, Nat. Commun., 2018,
9, 3442.

20 D. Li, P. Jing, L. Sun, Y. An, X. Shan, X. Lu, D. Zhou, D. Han,
D. Shen, Y. Zhai, S. Qu, R. Zbořil and A. L. Rogach, Adv.
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