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Introduction

Sensing of oxygen in aqueous solvents has been extensively
studied, but few studies have been performed on organic sol-
vents.[1–3] The quantitative determination of dissolved oxygen
in non-aqueous media is of great importance in the evaluation
of chemical processes which can require the presence of
oxygen or may be influenced by a small amount of such re-
agent.[4–6] Consequently, there is an increasing interest in the
development of optical sensors for detecting the presence of
different oxygen concentrations in non-aqueous solvents in
a faster and easier way than conventional amperometric elec-
trodes. The latter are problematic in low conductivity media,
apart from their consumption of oxygen and potential poison-
ing of electrodes.[7, 8]

Oxygen optrode sensors are generally based on the reduc-
tion of the luminescent intensity of a dye.[9–14] In this respect,
optical oxygen sensors based on the unique properties of pho-
toactive nanoparticles have recently been developed, and, for
example, metalloporphyrin-doped polyfluorene nanoparticles

have been used as sensitive oxygen sensors in biological imag-
ing.[15] Many oxygen sensors are encapsulated within
a matrix13, 16–21] which can sometimes cause a loss, or even vari-
ability, in their sensitivity, such as when using polymeric matri-
ces and when they are applied in organic media.

Ratiometric sensors are based on the measurement of two
different emission bands and permit signal rationing, which
can increase the dynamic range and provide a built-in
correction for environmental effects.[22–24] With regards to
ratiometric oxygen sensors, metalloporphyrin-capped
(CdxZn1�xSe)CdyZn1�yS and CdSe core-shell nanoparticles,[21, 25, 26]

have been devised as versatile ratiometric, oxygen sensors
with two-photon excitation in biological samples. It has to be
taken into account that semiconductor-based nanoparticles,
such as those comprising CdSe, are particularly relevant since
they exhibit a broad absorption spectrum, a size-tuneable and
narrow emission, and high photostability.

Regarding detection of oxygen in organic solvents, to our
knowledge, there is only one example reported by Credi et al.
of a ratiometric oxygen sensor in chloroform.[27] It is a pyrene-
capped core-shell CdSe/ZnS nanoparticle and its performance
in oxygen sensing originates from the different sensitivity to
the presence of oxygen of the CdSe nanoparticle self-emission,
which is insensitive when compared to that of the pyrene mo-
nomer. However, this remarkable sensor was only tested in
chloroform and its response deviated from linearity at the
highest concentration of oxygen. In this sensor, the potential
formation of a high local concentration of the fluorophore
(pyrene) units at their periphery was not exploited. In fact, we
have previously demonstrated that both pyrene emissive spe-
cies, the monomer (M*, band 370–430 nm) and the excimer
(E*, at ca. 480 nm), can be obtained using amazingly small
pyrene concentrations by attaching pyrene units to CdSe core
nanoparticles via a long flexible chain ending in a thiolate
group, which exhibits high affinity for the nanoparticle sur-
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face.[28, 29] However, the emission of the core in this nanohybrid
was almost totally quenched due to the anchored thiolate and,
consequently, this system exhibited a dual-fluorescence de-
rived from both pyrene species.

We now envisaged that the exchange of the amine ligand of
commercially available CdSe/ZnS (CS) nanoparticles with
4-(pyren-4-yl)butyl-11-mercaptoundecanoate (Py-L-SH) could
be advantageous for the development of sensitive oxygen
optrodes due to the unique properties of the resulting nano-
hybrids. Thus, it was expected that the CS intrinsic emission
would be greater than that of core CdSe nanoparticles; in ad-
dition, the ZnS shell ensured a higher stability of their lumines-
cence properties and also made them less toxic. Moreover, the
nanohybrids would present three highly emissive channels
with small overlapping spectra: the CS intrinsic emission and
the two pyrene emissive species (M* and E*), which would in-
crease its flexibility in sensing. In addition, the emission signals
of two of these channels, specifically that of the E* and CS*,
can be chosen to be suitably separated from each other and
also from the excitation (large fluorescence Stokes shifts).

We report here on the suitability of pyrene-capped CdSe/
ZnS nanohybrids (CS@Py) as oxygen sensors in non-aqueous
solvents (Figure 1). The CS was chosen with an emission that

did not overlap that of the pyrene species. These studies were
performed using seven organic solvents, with dielectric con-
stants (e) ranging from 1.88 to 8, and viscosity values
(h) ranging from 0.313 to 1.439 cP. Our data revealed
that these nanohybrids can be used as highly effi-
cient ratiometric oxygen sensors in organic solvents
and in the whole range of oxygen concentrations by
using the linear response of the E* emission lifetime,
combined with the linear response (though with low
sensitivity) of the CS* lifetime to oxygen.

Results and Discussion

Synthesis and characterisation of CS@Py

Thiolate-stabilized CdSe/ZnS nanoparticles decorated with
pyrene moieties (CS@Py) were prepared by the reaction of
commercially available amine-capped CdSe/ZnS nanoparticles
with 4-(pyren-4-yl)butyl-11-mercaptoundecanoate (Py-L-SH,[28]

[thiol]/[CS] proportion equal to 5000 molar ratio) under chloro-
form reflux for 48 h (see details in the Experimental Section).
The exchange of the amine ligands by thiolates is an efficient
process which preserves most of the emission of the nanopar-
ticle.[30, 31] After purification, the UV/Vis absorption spectrum of
CS@Py showed the first exciton peak of the CS at 622 nm, as
well as the presence of the pyrene chromophore in an average
amount of 200 pyrene molecules per CS. High-resolution trans-
mission electron microscopy (HRTEM) showed CS@Py nanopar-
ticles with an average size of 8.3�1.6 nm (Figure 2).

Excitation of deaerated tetrahydrofuran (THF) solutions of

CS@Py (45 nm) at lexc 450 nm, where only the nanoparticle ab-
sorbs, showed the emission of the CS* (a narrow band centred
at 640 nm, Ff = 21 %), while excitation at lexc 340 nm showed
that the emission of CS* did not overlap those of M* (lem at
376, 396 and 417 nm) and E* (lem at 480 nm), see Figure 3. Ad-
ditionally, excitation spectra of CS@Py (lem 640 nm) indicated

Figure 1. Pyrene-capped CdSe/ZnS nanohybrids (CS@Py) exhibiting three
emissive species under UV light.

Figure 2. a) Comparison between the absorption spectrum of a THF solution
of CS (c) and CS@Py (c), nanoparticle concentration: 40 nm ; inset: en-
largement of the CS@Py spectrum between 500 and 700 nm. b) HRTEM
image of CS@Py, scale bar of 20 nm; inset: image with scale bar of 5 nm.

Figure 3. Emission spectra of deaerated THF solutions of CS@Py at a) lexc = 340 nm
(A340 = 0.665) and b) lexc = 450 nm (A450 = 0.183).
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that the energy transfer from the pyrene singlet excited state
to the CS was negligible in all the solvents (spectra not
shown).

In accordance with our previous results on pyrene-capped
CdSe nanoparticles,[28] the M* fluorescence decay of CS@Py
was not a single exponential but fitted to two lifetimes (t1 and
t2), one ascribed to a short-lived M* (Ms*) and the other to
a long-lived M* (ML*), respectively. The decay kinetics of Ms*
was coincident with the rise time of E* (tg). These findings are
compatible with a nonhomogeneous distribution of Py among
the remaining amine ligands on the nanoparticle surface. Con-
sequently, some pyrenes can form the pyrene excimer, while
others are too isolated to form the excimer.[32, 33] These studies
were performed using seven solvents: hexane, dioxane, tolu-
ene, chloroform, ethyl acetate, tetrahydrofuran, and dichloro-
methane. The physical properties of the solvents and the solu-
bility of oxygen in these solvents are shown in Table 1.[34]

The contribution of each type of monomer was highly de-
pendent on the solvent nature (Table 2). In addition, the
growth and decay of the E* fluorescence fitted to two expo-
nentials to yield the growth (kg) and decay (kd) components.
The rise time of E* (tg) agreed well with the decay kinetics of

the short-lived Ms* (compare the corresponding tg and t2 in
Table 2). In addition, Table 3 shows the dependence of CS* life-
time with the solvent nature.

Monitoring of oxygen diffusion through intensity emission
measurements

The effect of O2 concentration on the CS* luminescence as
well as on that of the pyrene species was studied in the seven
organic solvents using deaerated, aerated, and O2-saturated
samples. The emission of pyrene species was highly sensitive
to the presence of O2 (see Table 4). Regarding the decrease of
the CS* emission in aerated samples, it varied from a negligible
effect in THF and dioxane to a about 20 % decay in toluene
(see Figure 4 a,b for THF and toluene, respectively, and fig-
ure S1 in the Supporting Information for the other solvents).
Table 5 shows the comparatively small variation of the CS*
average lifetime (tav) on the oxygen concentration for all the
solvents.[35, 36–39]

At low [O2], the dependence of the M* emission intensity
was linear with the quencher concentration. However, in gen-
eral, the I0/I intensity ratios did not increase linearly at high
[O2] , but they rather approached a plateau (Figure 4 c,d for
THF and toluene, respectively; figure S2 in the Supporting In-
formation for the other solvents). Likewise, time-resolved fluo-
rescence studies showed that the t0/t lifetime ratios did not in-
crease linearly at high [O2] either but also approached a plateau
(figure S3 in the Supporting Information). In addition, the ki-
netic traces evidenced that M* formation showed negligible
dependence with [O2] (see figure S4 in the Supporting Informa-
tion for THF). All these results are consistent with the existence
of a pre-equilibrium intermediate at high [O2], that is, the com-
plex between M* and ground state oxygen (M*–O2 exciplexes),
in the M* decay.[40, 41, 42–44]

Regarding the pyrene excimer, E* emission intensity was
comparatively more sensitive to the presence of O2 in the satu-
rated medium than in the aerated samples. For example, the

Table 1. Physical properties of the solvents assayed through this study
and the solubility of oxygen (at 0.21 and 1 atm) in these solvents.

Solvent e[a] m[b] h[c] [O2][d]

0.21 atm
[O2][d]

1 atm

Hexane 1.88 – 0.313 3.10 14.70
Dichloromethane 8.00 1.60 0.449 2.20 10.70
Ethyl acetate 6.02 1.78 0.451 1.90 8.89
Tetrahydrofuran 7.58 1.60 0.575 2.10 10.0
Chloroform 4.80 1.01 0.580 2.40 11.50
Toluene 2.38 0.36 0.586 2.10 9.88
Dioxane 2.2 0.40 1.439 1.30 6.28

[a] Dielectric constant. [b] Dipolar moment in Debye. [c] Viscosity (h) at
25 8C, cP. [d] O2 concentration in mm.

Table 2. Lifetime of the pyrene monomers, M*, and the rise time and
decay of the E* of CS@Py registered for each solvent under nitrogen at-
mosphere.[a]

Solvent ML* MS* E*
t1 [ns] t2 [ns] tg [ns] td [ns]

Hexane 65.5�5.0
(10)

5.2�0.4
(90)

5.6�0.6
(�120)

46.9�1
(100)

Dichloromethane 34.3�2
(11)

3.7�0.3
(89)

4.0�3
(�109)

58.8�4.0
(100)

Ethyl acetate 73.9�2
(29)

13.2�1
(71)

9.2�0.1
(�156)

49.8�0.5
(100)

Tetrahydrofuran 84.9�2
(30)

14.3�1
(70)

19.0�2
(�120)

58.0�1
(100)

Chloroform 34.8�1
(75)

13.1�2
(25)

13.0�0.3
(�127)

39.0�1
(100)

Toluene 89.8�6
(22)

20.1�1
(78)

22.6�1
(�105)

58.6�2
(100)

Dioxane 81.1�2
(46)

21.8�1
(54)

24.2�3
(�109)

63.2�4
(100)

[a] Relative contribution to the biexponential fit given in parentheses.

Table 3. Lifetime of the nanoparticle, CS*, of CS@Py registered in each
solvent under nitrogen atmosphere.

Solvent t1 [ns][a] t2 [ns][a] tav [ns][b]

Hexane 36.1�1.4
(69)

12.7�2.0
(31)

32.9

Dichloromethane 43.4�3.0
(45)

13.6�1.9
(55)

35.1

Ethyl acetate 29.4�1.6
(17)

6.2�1
(83)

17.6

Tetrahydrofuran 45.0�3
(26)

14.3�0.57
(4)

30.4

Chloroform 36.1�1
(69)

12.7�4
(31)

32.9

Toluene 31.1�2
(37)

9.4�1
(63)

23.7

Dioxane 47.1�7
(46)

12.5�2
(54)

38.9

[a] Relative contribution to the biexponential fit given in parentheses.
[b] Average lifetime calculated as tav =SAiti

2/SAiti.
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I0/I intensity ratio changed from approximately 2.4 to 32.7
when [O2] changed from 2.10 mm (aerated sample) to 9.9 mm

(O2-saturated sample) in toluene, as shown in Table 4. In addi-
tion, time-resolved fluorescence studies evidenced the de-
crease of E* formation with [O2] and, consequently, the E*
emission intensity reflected the quenching of E* by O2 and
that of its precursor (see figure S4 in the Supporting Informa-
tion for THF samples).

Consequently, we found that CS@Py nanohybrids were not
ideal sensors on the basis of the CS* and E* emission intensi-
ties. However, they could be used for monitoring the diffusion
of O2 in different non-aqueous solvents or solvent mixtures
under a specific oxygen pressure.

As an example, we studied the time-evolution of the E*
emission intensity of deaerated samples under atmospheric air
pressure. Figure 5 a compares the I0/I change in the E* emission
versus time for each of the seven solvents. It showed that the
profile was similar for THF, toluene, and chloroform, while the
changes were faster in hexane and considerably slower in diox-
ane (for the profiles of the M* emission, see figure S5 in the
Supporting Information). The maximum change in the emis-
sion (I0/I)max would correspond to [O2]0.21atm for each solvent.

A constant Kt was estimated from the dependence of the I0/I
ratio versus time (t) in the linear part of the plots. A series of
studies were made to evaluate the regression between the Kt

value for the different solvents and their properties. Figure 5 b
shows that there is a good linear regression between Ln Kt and
Ln h (h, solvent viscosity) for E*, despite the fact that the sol-
vents in this study were used as received without any further
purification. The aforementioned correlation agrees well with

the diffusion nature of the deac-
tivation process.

Alternatively, the time-recov-
ery of the E* emission of an O2-
saturated sample in THF con-
nected to a 1 L N2 container was
also monitored. In this solvent,
the comparative insensitivity of
the nanoparticle emission to the
removal of oxygen would allow
the use of the nanohybrid as
a dual sensor of the diffusion of
nitrogen/removal of oxygen
into/from the solution (see
Figure 6 for THF). In general,
CS@Py nanohybrids could be
used to monitor the displace-
ment of oxygen of saturated
samples by other gases so long
as they cannot be quenchers of
the corresponding nanohybrid
emissive species.

CS@Py as ratiometric oxygen
sensors

Time-resolved measurements
showed that, in general, the de-
pendence of the M* lifetime on

Table 4. Change in the I0/I and t0/t ratios for the emissive species in air
and O2-saturated samples.

Solvent Emissive species Air Oxygen
I0/I t0/t I0/I t0/t

Hexane M*
E*
CS*

5.4
6.3
1.2

5.5
3.1
1.0

11.4
41.5

1.5

8.4
11.1

1.1
Dichloromethane M*

E*
CS*

2.2
2.5
1.2

3.0
1.9
1.2

4.6
11.2

1.9

–[a]

5.5
1.3

Ethyl acetate M*
E*
CS*

3.5
5.2
1.1

3.6
2.6
1.1

8.7
33.5

1.2

7.8
8.6
1.1

Tetrahydrofuran M*
E*
CS*

3.1
4.7
1.0

4.0
2.7
0.93

7.6
30.0

1.0

8.0
7.2
0.97

Chloroform M*
E*
CS*

2.2
3.7
1.2

1.7
1.7
1.0

4.1
16.9

1.5

3.8
4.2
1.3

Toluene M*
E*
CS*

2.0
2.4
1.3

2.9
2.4
1.0

7.9
32.7

1.9

8.7
7.4
1.3

Dioxane M*
E*
CS*

2.2
2.4
1.1

1.8
1.7
1.2

4.6
11.8

1.5

4.3
4.1
1.4

[a] The lifetime value was close to that of the detection limit of the instru-
ment (<1 ns).

Figure 4. Emission spectra of CS@Py at lexc = 340 nm (A340 = 0.15) in a) THF and b) toluene in the presence of in-
creasing [O2]: the deaerated sample (c), the aerated sample (c) and the O2 saturated sample (c). I0/I de-
pendence of [O2] for M*, E* and CS* of CS@Py in c) THF and d) toluene.
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[O2] was not linear (Table 5 and figure S3 in the Supporting In-
fomation). This fact was consistent with the efficiency of O2 as
the quencher, which deactivated both ML* and MS*.

Ideal fluorescent sensors are those that show a linear re-
sponse and high sensitivity to the target quencher and, addi-
tionally, behave as ratiometric sensors. In this regard, the linear
response of the E* lifetime to the whole range of [O2] (Table 5),
from deaerated to aerated and O2-saturated samples, can be
advantageously used for the detection and quantification of O2

in non-aqueous media. Moreover, the dynamic Stern–Volmer
quenching constant of the E* emission by O2, KE*, in all the sol-
vents, except dioxane, is more than 25 times greater than that

of the nanoparticle, KCS* (see KE* and KCS* values in
table S2 in the Supporting Infomation). The sensor re-
sponse (R) with a linear-dependence on [O2] would
be the ratio between the nanoparticle CS* lifetime
(tCS) and that of excimer E* (td), Table 6 (a plot of the
dependence of R on the oxygen concentration for
each solvent is shown in figure S6 of the Supporting
Information).

The sensor sensitivity to oxygen (QO2
) can thus be

expressed by the overall quenching response to dis-
solved oxygen, defined by [Equation (1)] .

QO2
¼

RN2
� RO2

� �

RN2

� 100 ð1Þ

where RN2
is the response in the fully deoxygenated

sample and RO2
is that of the oxygenated sample.

These values were remarkably high, varying from
75 % to 91 % (see Table 6).

Finally, regarding the pyrene-capped nanoparticles,
their emissive properties (absorption and emission)
preserved under air atmosphere for more than six
months. Therefore, CS@Py nanohybrids fulfil the re-
quirements to be used as ideal sensors of oxygen by
using the linear response of the E* lifetime, as well as

that of the ratio between the
CS* and the E* lifetimes, to [O2] .

Conclusion

In summary, pyrene capped
CdSe/ZnS core-shell nanohybrids
are useful in the monitoring and
determination of dissolved
oxygen in non-aqueous media.
Their applicability as sensors is
based on the unique emissive
properties of the nanoparticles,
namely high emission and pho-
tostability, as well as on their
high surface-to-volume ratio,
which makes the formation of
the pyrene excimer possible, in

Table 5. Lifetime of the pyrene monomer, M*, E* and CS * of CS@Py registered for
the different solvents in the presence of increasing oxygen concentrations.

Solvent [O2] ML* MS* E* CS*
mm t1 [ns] t2 [ns] tg [ns] td [ns] tCS [ns][a]

Hexane 0[b]

3.1
14.7

65.5�5
20.7�0.8
24.0�0.9

5.2�0.4
2.9�0.2
3.2�0.1

5.6�0.6
–[c]

–[c]

46.9�1
15.1�0.2

4.2�0.1

32.9�4
33.1�5
28.7�3

Dichloromethane 0[b]

2.2
10.7

34.3�2
25.2�0.3

–[c]

3.7�0.3
1.8�0.1
–[c]

4.0�3
9.7�1
–[c]

58.8�4
30.4�0.5
11.0�0.3

35.1�8
29.6�3
27.4�5

Ethyl acetate 0[b]

1.9
8.89

73.9�2
24.5�2
23.1�1

13.2�1
8.2�0.7
3.3�0.1

9.2�0.1
6.7�1
4.1�0.2

49.8�0.5
18.9�0.6

5.8�0.2

17.6�4
16.3�3
16.1�5

Tetrahydrofuran 0[b]

2.1
10.0

84.9�2
23.5�1
28.1�1

14.3�1
11.0�2

4.8�0.2

19.0�2
10.5�0.4

3.1�0.1

58.0�1
21.2�0.5

8.1�0.2

30.4�5
32.6�8
31.5�9

Chloroform 0[b]

2.4
11.5

34.8�1
41.6�1
25.0�3

13.1�2
15.4�1

5.0�0.2

13.0�0.3
15.2�0.9

3.47�0.7

39.0�1
19.8�0.8

9.2�0.6

32.9�5
32.2�6
25.3�4

Toluene 0[b]

2.1
9.9

89.8�6
60.5�2
27.3�4

20.1�1
13.9�0.5

3.6�0.2

22.6�1
10.0�0.5

4.4�0.2

58.6�2
22.5�0.6

6.0�0.2

23.7�5
23.0�4
17.7�7

Dioxane 0[b]

1.3
6.3

81.1�2
39.9�1
26.3�3

21.8�1
13.2�2
11.3�1

24.2�3
14.7�0.6

6.3�0.5

63.2�4
38.4�0.8
15.5�0.8

38.9�4
33.3�8
27.9�7

[a] Average lifetime calculated as tav =SAiti
2/SAiti. [b] Under nitrogen atmosphere.

[c] The lifetime value was close to that of the detection limit of the instrument
(<1 ns).

Figure 5. a) Change in excimer emission of deaerated CS@Py sample versus time under an air atmosphere, moni-
tored for hexane (A), dichloromethane (B), ethyl acetate (C), tetrahydrofuran (D), chloroform (E), toluene (F) and di-
oxane (G). b) Regression between the Ln K and Ln cP for the pyrene excimer of CS@Py in the different solvents
employed in this study.

Table 6. Dependence of the CS@Py response (R) under nitrogen, air, and
oxygen for different solvents.

Solvent R[a] N2 R[a] [O2]0.21 atm R[a] [O2]1 atm QO2 [%]

Hexane 0.70 2.19 6.83 91
Dichloromethane 0.59 0.97 2.49 81
Ethyl acetate 0.35 0.91 2.77 87
Tetrahydrofuran 0.52 1.53 3.88 87
Chloroform 0.82 1.39 2.75 76
Toluene 0.40 1.02 2.95 89
Dioxane 0.61 0.86 1.80 75

[a] R is the tCS/td ratio. [b] QO2 = (RN2�RO2)/RN2 � 100; RO2 at 1 atm.
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addition to the pyrene mono-
mer. By choosing the appropri-
ate nanoparticle size, the emis-
sion signal of the pyrene exci-
mer and that of the nanoparticle
will be suitably separated from
each other and also from the ex-
citation light (large fluorescence
Stokes shifts). The advantage of
these nanohybrids as ratiometric
oxygen sensors in organic sol-
vents arises from the linear re-
sponse of the pyrene excimer
lifetime and that of the nanopar-
ticle excited state lifetime. Our
strategy reveals the key features
for designing an efficient and
flexible oxygen sensor in organic
media within an ample range of
dielectric constants and viscosi-
ties and over the whole oxygen
concentration range.

Experimental Section

Reagents : All reagents were commercially available and used as re-
ceived. 11-Mercaptoundecanol (MU) and 1-pyrenebutanol were
purchased from Sigma–Aldrich. CHCl3, CH2Cl2, EtOAc, toluene,
hexane and tetrahydrofuran (THF) of HPLC grade were purchased
from Scharlau (Barcelona, Spain). Dioxane was purchased from
Sigma–Aldrich. The core shell (CS) nanoparticles capped with
a long-chain primary amine were purchased from Ocean Nanotech
LLC (San Diego, CA, USA).

Synthesis of CS@Py : Amine-capped CdSe/ZnS nanoparticles (CS;
5.97 � 10�9 mol) and 4-(pyren-4-yl)butyl-11-mercaptoundecanoate
(Py-L-SH; 3.13 � 10�5 mol, [thiol]/[CS] = 5000 molar ratio) were
mixed in of CHCl3 (25 mL). This mixture was heated to reflux under
N2 atmosphere for 48 h. After almost total solvent evaporation
(2 mL remaining) and the addition of MeOH (30 mL), the samples
were centrifuged (8000 rpm, 20 min, 20 8C), and the supernatant
was decanted. This process was repeated until the UV absorption
spectrum of the supernatant did not detect the presence of the
pyrene (five washing/centrifugation cycles). The nanoparticles
(QD@Py) were dissolved in THF (2 mL). Spectroscopic measure-
ments were performed at RT (T = 22 8C).

The number of Py units on each nanoparticle was estimated by
firstly determining the extinction coefficient of Py in THF (e=
13 193 m

�1 cm�1). The absorbance at 335 nm of a solution of CS@Py
and that of CS, both at the same nanoparticle concentration, were
registered (Figure 2). The difference between these absorbances
was attributed to Py (APy(335 nm) = ACS@Py�ACS), thus allowing the esti-
mation of Py concentration [Py] = APy(335 nm)/ecb, and, eventually, the
ratio of Py units per nanoparticle.

Experiments at different oxygen pressures were carried out by sat-
urating the solution of CS@Py with N2 (research grade) and/or O2

(ultrapure, 99 %) in all solvents.

Characterization : UV/Vis spectra of the samples were recorded in
quartz cuvettes using an Agilent 8453E spectrophotometer.

Steady-state fluorescence spectra (LPS-220B, motor driver (MD-
5020), Brytebox PTI) were measured on a spectrofluorometer PTI,
equipped with a lamp power supply and working at RT. The Felix
32 Analysis software was used to register the data. All the data
were acquired using 1 cm � 1 cm path length quartz cuvettes.
Time-resolved measurements were made with a Time Master Fluo-
rescence lifetime spectrometer TM-2/2003 from PTI. Sample excita-
tion was afforded by PTI’s own GL-3300 nitrogen laser. The kinetic
traces were fitted by mono- or biexponential decay functions and
reconvolution of the instrument response function. The accuracy
of the fits was evaluated by the reduced c2 values (0.8>c2<F
1.2). QD images were obtained by high-resolution transmission
electron microscopy (HRTEM, FEI Tecnai G2 F20) at an accelerating
voltage of 200 kV. Samples were prepared by dropping the colloi-
dal solution on a Lacey Formvar/carbon-coated copper grid. The
digital analysis of the HRTEM micrographs was done using digital
MicrographTM 1.80.70 for GMS by GATAN.
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