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ABSTRACT: Photoluminescence of silicon nanocrystals (SiNCs) in the presence of a series of quinone electron acceptors and fer-
rocene electron donors is quenched by oxidative and reductive electron transfer dynamic processes, respectively. The rate of these 
processes is investigated as a function of: (a) the thermodynamic driving force of the reaction, by changing the reduction potentials 
of the acceptor or donor molecules, (b) the dimension of SiNCs (diameter = 3.2 or 5.0 nm), (c) the surface capping layer on SiNCs 
(dodecyl or ethylbenzene groups), and (d) the solvent polarity (toluene vs dichloromethane). The results were interpreted within the 
classical Marcus theory, enabling us to estimate the position of the valence and conduction bands, as well as the reorganization en-
ergy (particularly small, as expected for quantum dots) and electronic transmission coefficients. The last parameter is in the range 
10-5 – 10-6, demonstrating the non-adiabaticity of the process, and it decreases upon increasing the SiNC dimensions: this result is in 
line with a larger number of excitons generated in the inner silicon core for larger SiNCs and thus resulting in a lower electronic 
coupling with the quencher molecules.   

Introduction 

In the last decades, semiconductor nanocrystals (i.e. quantum 
dots QDs) have attracted much attention as luminescent mate-
rials in bioimaging and display technology and as photoin-
duced charge separation systems in solar energy conversion 
and photodetectors. 1, 2  In this context, the efficiency of the 
electron transfer processes, detrimental for luminescent mate-
rials and desirable for the second field of application, is a key 
parameter. It is thus crucial to understand the dependence of 
the rate of electron transfer processes on QD properties in or-
der to improve the efficiency of QD-based devices. These as-
pects have not been addressed in detail, compared to the large 
body of work performed on electron transfer between mole-
cules. At a molecular level, the Marcus theory 3, 4, 5 predicts the 
rate of electron transfer to be a function of the thermodynamic 
driving force (with a normal and inverted region), nuclear pa-
rameters related to reorganization energy of the molecules and 
surrounding solvents to accommodate the change in charge 
distribution, and electronic factors, as the transmission coeffi-
cient that discriminates between an adiabatic (very fast elec-
tron transfers) and a non-adiabatic regime.  

In this context, luminescent QDs, as CdTe, CdSe, or 
CdSe/CdS core/shell, functionalized at the surface with mo-
lecular acceptor or donor groups were involved in photoin-
duced electron transfer processes.6, 7, 8, 9, 10, 11 The electron-
transfer rate constants generally increase by decreasing the QD 
size: this has been rationalized by the increase of the driving 
force because of the higher optical band gap for smaller QDs, 
but the Marcus inverted region has never been observed. The-

se results have been recently rationalized on the basis of an 
Auger-assisted mechanism:6 the transfer of the electron to the 
molecular acceptor on the QD surface is coupled to the excita-
tion of the hole, so that the excess energy of the electron pro-
motes hole excitation, overcoming the Marcus inverted region. 
However, uncertainties are still present since a change of QD 
size brings about not only a change in the driving force, but 
also of the reorganization energy and, most importantly, of the 
electronic transmission coefficient: corrections for these pa-
rameters are extremely difficult, if not impossible. Further-
more, a careful estimation of the number of molecular quench-
ers present at the QD surface is difficult 7 and, if not properly 
addressed, it may cause discrepancies in the series of the re-
ported results.  

Within the plethora of luminescent QDs, silicon nanocrystals 
(SiNCs) are attracting attention in the last few years 12 for ap-
plications ranging from luminescent probes, to sensors and 
solar cells.13, 14, 15 However, very little attention has been de-
voted to the study of photoinduced electron transfer processes 
involving SiNCs as electron donors or electron acceptors. Re-
cently, the luminescence quenching of SiNCs by nitroaromatic 
compounds (nitrotoulene derivatives, even TNT, among the 
others) was attributed to a photoinduced charge separation 
process,16 as previously reported also for porous silicon 
nanostructures.17  

A study of the parameters which affect the rate of electron 
transfers involving SiNCs is interesting also to estimate the 
position of the edges of the valence (VB) and conduction band 
(CB). Indeed, the band gap can be easily determined by lumi-
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nescence measurements,18 , 19 by electrochemiluminescence 20, 

21 or by scanning tunneling spectroscopy,22 but the position of 
VB and CB is very difficult to determine since electrochemi-
cal measurements on SiNCs does not provide significant sig-
nals and only very few reports on the electrochemistry of 
SiNCs are present in the literature.20, 21 

In the present work, we propose dynamic quenching of SiNC 
luminescence by two series of electron acceptors and electron 
donors as a viable alternative to locate the position of VB and 
CB within the Marcus theory. We investigated the electron 
transfer rate constants as a function of the size of the nano-
crystals, either 3 or 5 nm in diameter, the surface functionali-
zation (dodecyl or ethylbenzene groups) and the solvent polar-
ity (toluene vs dichloromethane). Quinones and ferrocene de-
rivatives were selected as electron donors and acceptors, re-
spectively, because of their accessible reduction potentials, 
which can be tuned over a large range, as well as their well-
known photophysical and electrochemical properties. 23, 24  

To the best of our knowledge, this is the first example in 
which photoinduced electron transfer processes involving 
SiNCs are rationalized within the Marcus theory, thus allow-
ing to estimate not only the thermodynamic driving force of 
the reaction and thus the position of VB and CB (knowing the 
optical band gap and the reduction potentials of the quench-
ers), but also the reorganization energy and electronic trans-
mission coefficients. 

 

Results and discussion 

Synthesis and characterization of SiNCs 

The synthesis of SiNCs (Scheme 1) was performed by thermal 
disproportionation of hydrogen silsesquioxane, prepared fol-
lowing a literature procedure.25, 26 Etching of the silica matrix 
yielded hydride terminated SiNCs that were functionalized by 
either a thermal hydrosilylation reaction with 1-dodecene 
(Scheme 1a) or a photochemical hydrosilylation reaction with 
styrene (Scheme 1b). 27, 28  Further details are reported in the 
Supporting Information. 

 

Scheme 1. Schematic representation of the synthetic strat-

egy adopted to prepare silicon nanocrystals passivated 

with dodecyl (a) or ethylbenzene groups (b).  

The size distribution of two families of nanocrystals with av-
erage diameter of 3.2 ± 1.1 nm and 5.0 ± 1.2  nm was analyzed 
by transmission electron microscopy (TEM), as displayed in 
Figure 1. 

 

Figure 1. TEM images of SiNCs with diameter of 3.2 ± 1.1 nm 
(a) and 5.0 ± 1.2  nm (b) and relative HR-TEM magnification 
showing for both samples the typical Si lattice fringes (c,d). The 
histogram in the inset shows the average Si core diameter of the 
nanocrystals.  

SiNCs capped by dodecyl or ethyl-benzene groups present the 
same photophysical properties, demonstrating that the surface 
layer does not affect their optical features: an unstructured ab-
sorption profile, due to the indirect band gap nature of silicon, 
and an emission in the red or near infrared (NIR) spectral re-
gion for SiNCs of 3.2 or 5.0 nm diameter, respectively (see 
Figure S1). The emission energy is in agreement with the ex-
pected trend for quantum confinement in crystalline silicon29,30 
and the values of emission quantum yields and lifetimes are 
similar to those previously reported by some of us.18,31,32 The 
most relevant photophysical parameters are reported in Table 
1 for dodecyl-capped SiNCs.  

Table 1. Luminescence band maximum, emission quantum 
yield and lifetime of SiNCs with average diameter of 3.2 and 
5.0 nm, passivated with dodecyl groups, in air-equilibrated 
toluene solution. 

 

Luminescence quenching of 3.2 nm size SiNCs by quinines 

 

A series of quinones, presenting different reduction potentials 
(Scheme 2 and Table 2), were added to air-equilibrated tolu-
ene dispersions of SiNCs (average diameter = 3.2 nm) passiv-

SiNCs / diameter λem / nm Φem τ / µs 

3.2 nm 765 0.35 70 

5.0 nm 955 0.45 570 
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ated by dodecyl chains (concentration of SiNCs ca. 3 x 10- 6 M 
and 8 x 10- 7 M for 3.2 and 5.0 nm SiNCs, respectively). The 
investigated quinones are: 1,4-benzoquinone (BQ), chloranil 
(or tetrachloro-1,4-benzoquinone) (Cl4-BQ), 2,5-dichloro-
benzoquinone (Cl2-BQ), 2,6-dimethyl-benzoquinone (Me2-

BQ), 1,4-naphtoquinone (NQ), 2,3-Dichloro-1,4-
naphthoquinone (Cl2-NQ), menadione (or 2-methyl naph-
toquinone) (Me-NQ), 9,10-antraquinone (AQ). 
 

 
Scheme 2. Molecular structure of the investigated qui-

nones.   

The absorption spectrum is the mere superposition of the spec-
tra of SiNCs and the quinone (see e.g. Figure S3 for AQ): this 
indicates that the interaction between the two species is negli-
gible at the ground state. On the other hand, upon excitation at 
450 nm (where SiNCs absorb light) a quenching of the SiNC 
luminescence is observed without any change in the shape of 
the emission band (Figure 2a). A concomitant decrease of life-
time is registered (Figure S4a), according to the Stern-Volmer 
equation (Figure 2b): 33 

][1// 000 Qkqτττ +=ΦΦ=   (1) 

where τ0 and τ are the lifetimes of excited SiNC (hereafter 
named *SiNC) in the absence and in the presence of quencher, 
respectively; Φ0 and Φ are the luminescence quantum yield of 
SiNCs in the absence and in the presence of quencher, respec-
tively; [Q] is the molar concentration of the quencher in solu-
tion; kq is the quenching constant.  
 

 
Figure 2. Luminescence quenching of SiNCs (uncorrected spec-
tra) with diameter of 3.2 nm (a) or 5.0 nm (c) by addition of BQ 
in air-equilibrated toluene (λex = 450 nm). Stern-Volmer plot (eq. 

1) reporting the luminescence quantum yields of 3.2 nm (b) and 
5.0 nm (d) SiNCs vs the concentration of the quencher BQ. 

 
For all the investigated quinones, the plots of Φ0/Φ or τ0/τ ver-
sus the quencher concentrations are superimposed (see e.g. 
Figure S4b), demonstrating that the quenching is occurring by 
a dynamic process. The corresponding kq values, evaluated by 
eq. 1, are collected in Table 2. 
 
Table 2. Reduction potentials of the quenchers in dichloro-
methane solution (E1/2 in  V vs SCE). Rate constants of the 
quenching of SiNCs of 3.2 nm and 5.0 nm diameter upon ad-
dition of quinones in toluene. In the case of SiNCs of 3.2 nm 
diameter, the rate constants are reported also in dichloro-
methane for some selected quinones. 

  
SiNCs 

(3.2 nm) 

SiNCs 

(5.0 nm) 

 DCM DCM Toluene Toluene 

Quencher 
E1/2 / V 

(vs SCE) 

kq /  

108 M−1 s−1 

kq /  

108 M−1 
s−1 

kq / 

108 M−1 
s−1 

Cl4-BQ − 0.05  8.4 1.15 

Cl2-BQ − 0.13  10.3 1.37 

Cl2-NQ − 0.38  11.4 1.40 

BQ − 0.45 14.0 11.0 1.06 

Me2-BQ − 0.62  8.0 1.01 

NQ − 0.69 13.0 6.8 0.61 

Me-NQ − 0.73  4.9 0.42 

AQ − 0.88 10.5 1.5 0.34 

 

Quenching constants larger than 107 M- 1 s- 1, as in the present 
case, are generally attributed either to energy or electron trans-
fer processes.34 In the present case, energy transfer from excit-
ed SiNCs to quinones  can be ruled out, as the excited state of 
the quinone lies at much higher energy compared to SiNCs 
(and the emission spectrum of SiNCs does not overlap with 
the absorption band of the quinone). Furthermore, light excita-
tion of the SiNCs dispersion in the presence of quinones does 
not lead to changes of the absorption spectrum, ruling out the 
possibility of a photochemical degradation of SiNCs (see Sup-
porting Information for more details). Therefore, the quench-
ing mechanism can be ascribed to an oxidative electron trans-
fer process, as depicted in Scheme 3. 

 

Scheme 3. Schematic representation of the oxidative elec-

tron transfer process between SiNCs and quinones. 

We can rationalize the experimental kq values within the Mar-
cus model for electron transfer reactions. 3, 35, 4 Figure 3a rep-
resents log kq versus the reduction energy of the quinones Ered. 

Page 3 of 9

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 3. Plot and corresponding fitting curve of quenching con-
stants kq vs the reduction potential of quinones (in V vs SCE) for 
the case of 3.2 nm (a) and 5.0 nm (b) SiNCs, in the oxidative elec-
tron transfer processes. 

As previously reported for photoinduced dynamic electron 
transfer processes, 34, 36, 37, 38 the quenching constant kq can be 
rationalized on the basis of Scheme 3 and it can be expressed 
by the following equation:  

e
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where kd is the diffusion rate constant, k ̶ d and k’ ̶ d are the rate 
constants for dissociation of the precursor and successor com-
plex (for more details see Supporting Information), and ke and 
k ̶ e are unimolecular rate constants for forward and backward 
electron transfer processes, respectively. 

)/( RTG

e

e e
k

k ∆− =     (3) 

where ∆G is the free-energy change of the electron transfer 
step and it is related to the reduction potentials of SiNCs and 
quinones Q by: 

wQQESiNCSiNCESiNCSiNCEFG oo +−−=∆ −+ )]/()/(*)/([

(4) 

where F is Faraday constant, E00(*SiNC/SiNC) is the one-
electron potential corresponding to the optical band gap of 
SiNCs and w is the electrostatic work term that accounts for 

Coulomb interactions between the partners after electron 
transfer. # 

In the classical Marcus approach, 3, 35, 4 ke can be expressed by: 

ke = k νn exp( ̶  ∆G*/RT)    (5) 

where k is the electronic transmission coefficient, νn is the nu-

clear factor and ∆G* is the free activation energy. 
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where ∆G*(0) is the intrinsic barrier (see also Figure S6 in the 
Supporting  Information), a parameter related to the amount of 
distortion of both the inner coordinates and the outer solvation 
shells accompanying electron transfer. 

If we consider, as in the present case, a series of homogeneous 
electron-transfer reactions in the same solvent between the 
same reductant and a series of structurally related oxidants that 
have variable redox potentials, but very similar size, shape, 
electronic structure and electric charge, we may assume that 
throughout the series the reaction parameters kd, k-d and k’-d in 
eq. 2, k in eq. 5 and ∆G*(0) in eq. 6 are constant. Under these 
assumptions, kq is only a function of ∆G, i.e. of the redox po-
tentials of the reaction partners (eq. 4). Based on the previous-
ly reported equations, a plot of log kq vs ERED consists of three 
regions: (i) a plateau region for highly exoergonic reaction, in 
which kq is controlled by diffusion and, in case of a non-
adiabatic process, by the electronic transmission coefficient k, 
(ii) an Arrhenius type linear region for endoergonic reactions, 
and (iii) an intermediate region in which kq increases in a mo-
notonous way as ERED becomes less negative. Indeed, the ex-
perimental data reported in Figure 3a presents this trend. From 
the best fitting of the data reported in Figure 3a, three parame-

ters are obtained: E(SiNC+/*SiNC), ∆G*(0) and the product 
kνn. The value of E(SiNC+/*SiNC) results  ̶  0.87 V, and, esti-
mating E00(*SiNC/SiNC) from the maximum of the corrected 
emission band (1.62 eV), E(SiNC+/SiNC)  is + 0.75 V vs SCE.  

∆G*(0) is 6.5 x 10 ̶ 2 eV, a very small value consistent with a 
low reorganization energy of the apolar solvent and an ex-
tremely small inner reorganization energy. Indeed, inner reor-
ganization energy of tens of millielectronvolts have been pre-
viously reported for QDs. 11, 39 The electronic transmission co-
efficient k is estimated as 10 ̶ 5 (see Supporting Information for 
more details), typical for a non-adiabatic process. Therefore, 
the plateau value of Figure 3a is lower than expected for diffu-
sion-controlled processes since the electron transfer process is 
non-adiabatic because of the poor electronic coupling of the 
two partners. 

To have a better insight on the role of the surface layer in de-
termining the electron transfer rate and the electronic trans-
mission coefficient k, we repeated the same experiments for 
3.2 nm SiNCs, functionalized with ethyl-benzene groups on 
the surface, using BQ, NQ and AQ as representative quench-
ers. No significant difference was evidenced. This is an indica-
tion that the dodecyl layer, much thicker than the ethyl-
benzene one, does not represent a barrier for electron transfer. 
The quenchers are likely to penetrate within the dodecyl layer, 
without affecting the SiNC bandgap (no shift of the emission 
band is observed upon addition of large amount of quenchers 
both for dodecyl and ethyl-benzene functionalized samples). 
The non-adiabaticity of the electron transfer is related not to 

Page 4 of 9

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



the insulating barrier created by the surface layer, but to the 
fact that the luminescence derives from excitons which can be 
generated inside the nanocrystal, and not from a surface state. 
Therefore, we expect a distribution of quenching rate con-
stants: higher for excitons located close to the surface and 
lower for inner ones. Moreover, based on this picture, a lower 
electronic transmission coefficient is expected for 5.0 nm 
SiNCs, in which the probability to have an exciton located in 
the inner part of the nanocrystal is higher compared to the 3.2 
nm SiNCs (see discussion below). 

It is well-known that the solvent plays a crucial role in charge 
separation processes, 40 thus we investigated the quenching 
between SiNCs of 3.2 nm and BQ, NQ and AQ in air-
equilibrated dichloromethane (DCM) solution (Table 2). As 
observed for the experiments performed in toluene, the 
quenching rate constants decrease in the order BQ, NQ and 
AQ, according to the driving force for the electron transfer. 
The rate constants kq are higher in DCM than in toluene in the 
presence of the same quencher. The solvent affects the follow-
ing parameters: (i) the free-energy change ∆G (eq. 4) becomes 
more negative since DCM is more polar (dielectric constant ε 
= 9.1) than toluene (constant ε = 2.4) and stabilizes charged 
products; (ii) the diffusion rate constants increase because of 
the lower viscosity of DCM compared to toluene, and (iii) the 
solvent reorganization energy (included in ∆G*(0)) increases. 
Since the first two parameters bring about an increase of kq, 
while the last yields a decrease of kq values, the first two pa-
rameters are determining in the present case, compared to the 
solvent reorganization energy. In particular, the first term is 
expected to be the most important one since the increase of 
diffusion rate constants is limited: for example, kd increases by 
ca. 1.4 times.  

 

Luminescence quenching of 5.0 nm size SiNCs by quinones 

To verify the correlation between diameter of nanocrystals and 
electron transfer processes, the same experiments were per-
formed for SiNCs with average diameter of 5.0 nm. Addition 
of the quinones lead to luminescence quenching and lifetime 
decrease according to equation 1 (Figure 2d and Table 2), 
demonstrating the occurrence of a dynamic quenching process. 
The quenching is attributed to an oxidative photoinduced elec-
tron transfer from the excited SiNCs to the quinone since en-
ergy transfer is ruled out from a thermodynamic point of view. 
It is worth noting that, in this case, the quenching rate con-
stants are smaller than in the case of 3.2 nm SiNCs (Table 2). 
In order to explain such a result, it is useful to discuss the pa-
rameters obtained by fitting the curve reported in Figure 3b, as 
described above. The electronic transmission coefficient k is 
ca. 10-6, ∆G*(0) is 4.3 x 10 ̶ 2 eV, and the E(SiNC+/*SiNC) is  ̶  
0.76 V vs SCE and  E(SiNC+/SiNC)  results + 0.54 V vs SCE, 
taking E00 from the maximum of the emission band: 1.30 eV.  

The lower values of kq for 5.0 nm SiNCs compared to 3.2 nm 
SiNCs is rationalized by the following considerations: (i) the 
free energy change ∆G (see Table S1) is lower for 5.0 nm 
SiNCs, related to the lower energy of the band gap, and (ii) the 
electronic transmission coefficient k is one order of magnitude 
lower compared to 3.2 nm SiNCs, as in larger nanocrystals the 
number of inner excitons, more distant from the quinone 
quenchers, is higher than in smaller ones.  

 

 

Luminescence quenching of SiNCs by ferrocene deriva-

tives 

The same experiments were repeated with electron donor mol-
ecule, i.e. ferrocene derivatives: ferrocene (Fc), 1,1’-dimethyl-
ferrocence (Me2-Fc), decamethyl-ferrocene (Me10-Fc). As be-
fore, the absorption spectrum in air-equilibrated toluene was 
the superposition of the spectra of SiNCs and the ferrocenes, 
indicating that the interaction between the two species is neg-
ligible at the ground state. By adding ferrocenes (in large ex-
cess) to a solution of SiNCs the luminescence was quenched 
and the lifetime decreased with an increase of the quencher 
concentration. In our experiments, excitation was performed at 
450 nm in the case of Me2-Fc and Me10-Fc, and 380 nm in the 
case of Fc, in order to excite mainly SiNCs. However, a small 
contribution due to the absorbance of the ferrocenes cannot be 
excluded, therefore, the kq values reported in Table 3 are ob-
tained by plotting τ0/τ versus the quencher concentration since 
these values are not affected by the percentage of light ab-
sorbed by SiNCs or ferrocene derivatives. Energy transfer can 
be ruled out as a possible quenching mechanism, since ferro-
cene has a triplet excited state which lies at 1.78 eV, 41 while 
the exciton of SiNCs lies at lower energy (ca. 1.6 eV for 3.2 
nm and ca. 1.3 eV for 5.0 nm SiNCs). Therefore, the quench-
ing is attributed to a reductive electron transfer: Me10-Fc is the 
best quencher, followed by Me2-Fc and Fc, in accordance with 
the oxidation potentials (Table 3). To fit the data in a diagram 
logkq versus the oxidation energy of the ferrocene derivatives 
(Figure 4), the same treatment as above was used. In the pre-
sent case, the free energy change can be estimated by equation 
7: 

wSiNCSiNCESiNCSiNCEFcFcEFG oo ++−=∆ −+ )]/(*)/(*)/([

(7) 

 

Figure 4. Chemical structures of ferrocene derivatives used as 
electron donor (top). Plot and corresponding fitting curve of 
quenching constants kq vs the oxidation potential of ferrocene de-
rivatives (EOX in V, vs SCE) for 3.2 nm SiNCs (bottom). 
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Table 3. Oxidation potentials of the ferrocene derivatives (E1/2 in V vs SCE) in DCM; rate constants for the quenching processes 
(in air-equilibrated toluene); estimated values of ∆G for reductive electron transfer. Data refer to processes involving 3.2 nm and 
5.0 nm SiNCs. 

 3.2 nm SiNCs 5 nm SiNCs 

Quencher E1/2 / V (vs SCE) kq / 108M−1 s−1 ∆G / eV kq / 106 M−1 s−1 ∆G / eV 

Me10-Fc ̶  0.02 12.0 ̶  0.46 27.2 ̶  0.48 

Me2-Fc + 0.39 1.30 ̶  0.05 0.21 ̶  0.07 

Fc + 0.51 0.12 + 0.07 0.02 + 0.05 

 

From the best fitting for 3.2 nm SiNCs, the reorganization en-

ergy ∆G*(0) is 8.2 x 10 ̶ 2 eV, the electronic transmission coef-

ficient k is ca 10 ̶ 5, the reduction potential E(*SiNC/SiNC¯) is 

+ 0.44 V and E(SiNC/SiNC¯)  is  ̶  1.18 V in DCM vs SCE 
(since E00 = 1.62 eV). It is appropriate to mention that other 
quenchers with less accessible oxidation potentials than ferro-
cene have been tested, but in those cases no quenching of 
SiNCs luminescence has been detected.  

The rate constants obtained in the case of 5.0 nm SiNCs (Ta-
ble 3) are lower compared to the cases of 3.2 nm SiNCs. By 
fitting the data of logkq values versus oxidation energy of the 
ferrocene derivatives, the following values were obtained: 
E(*SiNC/SiNC¯) = + 0.46 V, thus E(SiNC/SiNC¯)  is – 0.84V 
(in DCM vs SCE), ∆G*(0) is 2.2 x 10 ̶ 1 eV, and the electronic 
transmission coefficient k  results around 10  ̶ 6.  

It is worth noting that the electronic transmission coefficients 
of oxidative and reductive quenching is similar and it is one 
order of magnitude lower for 5.0 nm compared to 3.2 nm 
SiNCs, indicating that the main contribution to the non-
adiabaticity of the process is related to the nanocrystals, as 
previously discussed, and not to the molecular quencher. 

 

Conclusions 

A series of quinone electron acceptors and ferrocene electron 
donors were investigated as molecular quenchers of the photo-
luminescence of SiNCs by oxidative and reductive electron 
transfers, respectively. The superposition of the Stern-Volmer 
plots reporting the ratio of luminescence quantum yields or the 
ratio of lifetimes in the absence and presence of quenchers 
demonstrates that the quenching process is dynamic, i.e. the 
quencher molecules are not associated to the SiNCs at the 
ground state. 

The rate constants of the photoinduced electron transfer pro-
cess were influenced by the reduction potential of the quench-
ers, the size of the SiNCs, the solvent polarity, but not by the 
surface capping layer of the SiNCs (dodecyl or ethylbenzene 
groups), suggesting that quencher molecules can penetrate 
within the protecting layer. These data were interpreted within 
the Marcus theory and enabled us to locate the position of the 
VB and CB, as reported in Figure 5. From the data reported in 
Figure 5, the band gap energy is ca. 1.9 eV and 1.4 eV, for 3.2 
nm and 5.0 nm SiNCs respectively. These values are in good 
agreement with the corresponding values obtained by optical 
characterization (E00 = 1.62 eV for 3.2 nm and 1.30 for 5.0 nm 

nanocrystals). The small discrepancy can be due to the pres-
ence of surface states.  

 

Figure 5. Estimated position of valence (VB) and conduction 
band (CB) reported in  V (vs SCE) for 3.2 nm and 5.0 nm SiNCs.  

The analysis of the rate constants enabled us to estimate also 
the very small intrinsic barrier, a parameter related to the 
amount of distortion of both the inner coordinates and the out-
er solvation shells accompanying electron transfer, as well as 
the electronic transmission coefficient, which evidences a non-
adiabatic electron transfer process in all the investigated cases. 
Therefore, the electron transfer processes observed for very 
exoergonic reactions are not diffusion controlled. Furthermore, 
this parameter decreases upon increasing the dimension of 
SiNCs because photoexcitation of larger SiNCs has a larger 
probability of forming an internal rather than a surface exciton 
and thus leads to a lower electronic coupling with the molecu-
lar quencher. 

To the best of our knowledge, this is the first time in which 
Marcus theory has been used to rationalize electron transfer 
processes involving SiNCs. The evaluation of VB and CB po-
sition is particularly important in the case of SiNCs since elec-
trochemical investigations are usually not informative: no sig-
nal can be recorded by standard cyclic voltammetry, likely due 
to the thick layer of passivating ligands, as well as to the slow 
kinetic of electron transfer processes. 
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Supporting Information. Synthetic procedures, photophysical 
characterization and details on the fitting procedure. This material 
is available free of charge via the Internet at http://pubs.acs.org.  
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