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Experimental (in the Supporting Information)

Toluene (anhydrous, 99.8 %), tetraethylorthosilicate (Si(OC2H5)4, ≥ 99 %), Brij® L4 surfactant 

((C20H42O5)n), and 1-hexanol (CH3(CH2)5OH, 98 %) were purchased from Sigma-Andrich. 

Cyclohexane (C6H12, 99.8 %), n-hexane (C6H14, 95 %), ethanol (C2H5OH, 99.5 %), acetone, 

and chloroform (CHCl3, 99.7 %) were purchased from Dae-Jung (South Korea), ammonium 

hydroxide solution (NH4OH, 25 %) was purchased from Acros Organic, and magnesium 

powder (Mg, -100+200 mesh, 99.6 %) was purchased from Alfa Aesar, respectively.

 Synthesis of silica nanoparticle. The SiO2 NPs were synthesized from tetraethylorthosilicate 

(TEOS) molecules by a micro-emulsion method using reverse micelles, as shown in Scheme 

S1 a. Brij® L4 surfactant (24 g) was mixed with cyclohexane (400 mL) and 1-hexanol (6.4 

mL) by sonication for 90 min, until the mixture changed to a clear solution. Distilled water (8 

mL) was then added, and the reaction mixture was sonicated for 30 min. When the water was 

added, a white solid was generated in the reaction mixture, which was completely re-dissolved 

by sonication. TEOS (10 mL) was then added with stirring, and the reaction mixture was further 

stirred for 90 min at room temperature. For the hydrolysis and condensation of TEOS, NH4OH 

(1.6 mL) was slowly added while stirring the reaction mixture, which was then stirred for an 
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addition 12 h at room temperature. After the reaction had been completed, the reverse micro-

emulsion was destabilized by adding acetone (400 mL), followed by centrifugation at 12,000 

rpm for 5 min. The SiO2 NPs powder was washed with acetone (30 ml for each wash) (4–5) 

times, ethyl alcohol (30 ml for each wash) (4–5) times, and water (30 ml for each wash) (4–5) 

times. 

 Synthesis of silicon nanocrystal. Previously, Veinot et al. demonstrated the synthesis of 

silicon nanocrystal using magnesiothermic reduction methods.1 Magnesiothermic reduction 

offers a straightforward way to convert silica (inexpensive and the most stable source of Si) 

into elemental silicon, while retaining the silica particle morphology. Nevertheless, the massive 

heat release from the exothermic reaction (Mg + SiO2 → Si + MgO, ΔH = -586.7 kJ/molsilica)2 

collapsed the structure of SiO2 NP, and agglomerated silicon crystal into the larger crystal. In 

our report, the SiO2 NPs powder (1 g, 0.016 mol w.r.t Si content), sodium chloride (NaCl, 10 

g), and magnesium powder (0.9 g, 0.0375 mol) were mixed (Scheme S1 a), ball-milled, and 

ground together manually to give a grayish brown-colored powder, then heated at 670 °C for 

15 h under an argon atmosphere in a quartz tube furnace. The use of NaCl as a heat scavenger 

during the reduction process (Mg + SiO2 → Si + MgO) prevents the structure collapsing, and 

aggregating into the larger crystal of silicon domain. The resulting dark brown colored powder 

product was washed to remove NaCl, and treated with hydrochloric acid (20 mL) for 12 h to 

remove the Mg remaining, Mg2Si, and MgO. A brown precipitate was obtained by vacuum 

filtration. Then the solid was washed with distilled water, until the washings resulted in a 

neutral pH (ca. 7). The precipitate was then washed with ethanol (30 mL) and acetone (3 × 30 

mL), and air-dried to yield oxide-coated Si NCs (Si NCs@SiO2). Finally, the Si NC@SiO2 was 

obtained as a brown powder.

 Synthesis of 4-ethynylstyryl and octyl co-capping Si QD. The hydride-terminated silicon 

quantum dots (H–Si QDs) were synthesized from only the Si NCs@SiO2 (0.5 g) through an 



S3

etching reaction using 1:1:1 mixture of hydrofluoric acid, ethanol, and distilled water for 6 

hours (Scheme S1 b). After completing the etching process, H–Si QDs were extracted from the 

etching solution with dry toluene. Then, H–Si QDs were isolated from the toluene by 

centrifugation at 12,000 rpm for 5 min. To stabilize the Si QDs surface and obtain the required 

chemical functionality and solubility in a solvent, the surface of the Si QDs was passivated 

through the attachment of organic molecular ligands. In this article, the colloidal Si QD surface 

was modified by 1,4-diethynylbenzene and 1-octene capping, in which 1-octene was used as 

co-capping. The H–Si QDs were dispersed in anhydrous toluene, and then capped with 1,4-

diethynylbenzene and 1-octene by hydrosilylation under BH3THF catalysis at room 

temperature to give 4-ethynylstyryl and octyl co-capping Si QD (4-Es/Oct Si QD) (Scheme S1 

b ).3 As we recently reported, the 4-ethynylstyryl and octyl co-capping allow the Si QD surface 

to be more protected from the oxidation and more soluble in solvent, compared with only 4-

ethynylstyryl capping.4 This is thought to be the structural rigidity of 4-ethynylstyryl capping 

groups inducing incomplete surface passivation of Si QD, as compared to the flexible octyl 

capping due to the strong conjugation between the Si QD and the 4-ethynylstyryl capping 

molecule. Moreover, most of the π–conjugated poly(aryleneethynylene)’s so far reported have 

only low solubility, and were not suited to the investigation of their optical properties.5 On the 

other hand, it has been reported that the use of alkyl-substituent arylene in π–conjugated 

poly(aryleneethynylene) enhances the solubility of the polymer in organic solvent. Therefore 

in this article, the H–Si QD surface was modified by 1,4-diethynylbenzene and 1-octene 

capping, in which 1-octene is used as co-capping. For surface functionalization of silicon 

nanocrystal, Purkait et al. have reported that the borane-tetrahydrofuran complex solution was 

used as catalysts for functionalization of the hydride-terminated silicon nanocrystal with 

alkenes/alkynes.3 Thus, the H–Si QD surface was passivated by hydrosilylation with 1,4-

diethynylbenzene and 1-octene under BH3THF catalysis at room temperature. BH3THF 

solution (0.6 mL, 1 M solution in THF) was added slowly to the reaction mixture with stirring 

at 0 °C under Ar condition (Scheme S1 b). The reaction mixture was allowed to warm to room 
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temperature. The reaction mixture was degassed by three cycles of evacuation, purging with 

argon to eliminate water, and stirring for 48 h. Following functionalization, the reaction 

mixture was transferred into test tubes, and centrifuged at 12,000 rpm to remove any 

aggregated or unreacted material. The supernatant was filtered through a 0.25 µm PTFE filter. 

The reaction mixture in toluene was extracted with water (3 times) to remove BH3THF 

catalysis, and brine (2 times), and dried over anhydrous MgSO4. The product was collected by 

toluene, and the toluene solvent was removed at about 40 °C under reduced pressure to obtain 

dried solid. The remaining 1,4-diethynylbenzene capping molecules were separated by the 

column chromatography of silica-gel ((40–63) µm) using solvent n-hexane. The 4-Es/Oct Si 

QD was separated by using a solvent system of n-hexane-chlorofrom 3:1. However, due to 

interaction between 4-Es/Oct Si QD and 1,4-diethynylbenzen through C≡C–H…C≡C hydrogen 

bonds,5 the removal processed by remaining capping molecules 1,4-diethynylbenzene was not 

completed. Finally, the product was obtained as yellow powder to include 4-Es/Oct Si QD and 

the remaining capping molecules of 1,4-diethynylbenzene.

 Synthesis of π–conjugated Poly(aryleneethynylene) (PAE). Polymerization was 

synthesized by Sonogashira C–C coupling reaction (Scheme S1 c). C–C coupling reaction 

between 1,4-diethynylbenzene and 2,5-dibromo-3-hexyl-thiophene was carried out in the 

argon atmosphere by using standard Schleck techniques. The 1,4-diethynylbenzene (0.1 g), 

Pd(PPh3)2Cl2 (20 mg), and CuI (8 mg) were dispersed in a mixture of anhydrous toluene (6 

mL) and triethylamine (TEA, 3 mL), and then added to a 100 ml two-neck flask equipped with 

a condenser that was connected to a Schleck line filled with argon via a cannula.6, 7 The solution 

was stirred for 5 min at room temperature. The 2,5-dibromo-3-hexyl-thiophene (0.2 g) and 

anhydrous toluene (6 mL) were added to the mixture, and the reaction mixture was stirred at 

110 °C for 2.5 h to obtain a brown solution. After cooling the reaction mixture, methanol 

(MeOH) was added to the reaction mixture, and then centrifuged at 15,000 rpm for 5 min to 
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obtain a brown powder. This powder was washed with MeOH repeatedly (3 times) to remove 

the catalyst.

Results and Discussion (in the Supporting Information)

 X-ray diffraction result of 4-ethynylstyryl and octyl co-capping Si QD.  The Si QDs size 

and crystal structure were also confirmed from XRD (Fig. S1). The peak of the (111) plane at 

28.3° in the XRD patterns indicates that Si QDs had a diamond structure,1 and the mean size 

Si QDs diameter was estimated using the Scherrer equation to be 4.5 nm. Due to hydrogen 

boding interaction between parallel aligned ethynyl groups between 4-Es/Oct Si QD and 1,4-

diethynylbenzene through C≡C–H…C≡C, the removal of the remaining capping molecule, 1,4-

diethynylbenzene, is not completed. Eichhorn et al. reported that the bulk structure of 1,4-

diethynylbenzene is stabilized by C≡C–H…C≡C hydrogen bonding.5 The XRD result of 4-

Es/Oct Si QD (Fig. S1 of the SI) shows the peak (★) at 24.9°, which is related to the remaining 

molecular capping (1,4-diethethynylbenzene). Thus, the 4-Es/Oct Si QDs were obtained as 

yellow solid including remaining 1,4-diethynylbenzene molecules, as seen in Scheme S1 b. 

 H-NMR and UV-vis absorption spectra of P.1 and P.2. The chemical structure analyses 

of P.1 and P.2 were characterized by H-NMR (Figs. S2 a and b) in comparison with those of 

poly(aryleneethynylene), 2,5-dibromo-3-hexylthiophene, and 4-Es/Oct Si QD. As for the H-

NMR spectrum of P.2, we can see first the appearance of signals from capping groups on Si 

QD, which are found at 6.9 ppm (Si–CH=C), 6.7 ppm (CH=C), and 3.1 ppm (≡C–H) from 

4-ethynylstyryl capping,8 and 1.2 ppm (CH2), 0.8 ppm (–CH3) from octyl capping. Here, we 

also see 2.4 ppm (C=CCH2), 1.5 ppm (CH2–), and 0.8 ppm (–CH3) from hexyl group of 

thiophene.9, 10 On the other hand, the H-NMR spectrum of P.1 show only signals of protons of 

hexyl group of thiophene, which are mostly at 1.5 ppm (CH2–) and 0.8 ppm (–CH3),10 strongly 

implying little involvement of Si QD. In addition, Fig. S3 shows the UV-vis absorption spectra 

of P.2 (red line) and P.1 (green line), in comparison with 4-Es/Oct Si QD (black solid line) and 
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poly(aryleneethynylene) (black dot line) in chloroform. First, P.2 (red line) and 4-Es/Oct Si 

QD (black solid line) have the absorption at 260 nm (4.7 eV), which indicates the presence of 

silicon quantum dot in P.2. P.1 (green line) do show relatively weak absorption at 260 nm (4.7 

eV), implying little involvement of silicon quantum dot in P.1, while poly(aryleneethynylene) 

(black dot line) do not show any absorption at 260 nm. Second, P.2 (red line) and P.1 (green 

line) have absorption at 340 nm (3.6 eV), which is attributed to attributed to the change of 

electronic structure of Si QD upon clustering. Concretely, it is surely generated from the  

extension of conjugation length with thiophene ring and adjacent Si QDs. Though, the 

absorption intensity for P.1 is smaller than that for P.2, implying little involvement of silicon 

quantum dot in P.1. Therefore, combining the UV-vis absorption results with the H-NMR data, 

we conclude that P.2 is the main product containing Si QDs, and P.1 is a byproduct of of high 

fraction of very long π–conjugated polymer chain. We name the main product of Si QD (P.2) 

as “Si QD cluster”, by considering the morphology of the cluster, confirmed by the TEM results 

(Fig. 1 b and d).  

 FT-IR spectra of Si QDs cluster (A; P2). Figure S4 shows the FTIR spectra of Si QDs 

cluster (A; P2) compared to 4-Es/Oct Si QD. The peaks at 2951, 2924, and 2854 cm-1 indicate 

the presence of octyl groups in the Si QDs.11 Whereas, the peaks at 3034 and 1601 cm-1 were 

assigned to the sp2-hybridized C–H stretching and C=C bond in conjugation with Si atoms on 

QD surface (Si–C=C-),9, 12, 13 respectively. After cross-coupling reaction, the peak intensity at 

3292 cm-1 corresponding to ≡C–H stretching band of π–conjugated Si QDs cluster gradually 

decreases as compared with that of 4-Es/Oct Si QD. In addition, the υ (C≡C) stretching band 

of Si QD cluster appears at 2164 cm-1, while the υ (C≡C) stretching band of 4-Es/Oct Si QD is 

at 2107 cm-1. Yamamoto et al. have reported that the polycondensation for poly (arylene 

ethynylene) shifts the υ (C≡C) band of the original HC≡C–Ar–C≡CH to higher frequency, 

which is consistent with a known trend that di-substituted acetylenes RC≡CR' give rise to the 

υ (C=C) band at a frequency higher than that for mono-substituted acetylenes RC≡CH.6 Then, 
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these FT-IR results indicate that that 4-Es/Oct Si QD and 2,5-dibromo-3-hexylthiophene are 

C–C cross-coupled together in the Si QD cluster.

                     

 The relationship between conductance (G) and diffusion coefficient (D). At low bias, the 

current–voltage (I–V) characteristics show ohmic behavior,14 so that the conductance (G) was 

obtained by the following equation: 

                            (A1)𝐺 =
𝐼
𝑉

The conductance of a given thin film depends on its cross-sectional area (A) and length (l). 

Then, the conductance G can be expressed as    

                                                               (A2)𝐺 = 𝜎
𝐴
𝑙

where,  is the electrical conductivity measured in siemens per meter (Sm-1). The conductivity 

 is determined by carrier concentration (n), elementary charge (e), and carrier mobility ():  

                                                               (A3)𝜎 = 𝑛𝑒𝜇

The carrier mobility () is defined as the ratio of carrier drift velocity (vd) to the applied electric 

field (E): 

                                                                (A4) 𝜇 =
𝑣𝑑

𝐸

In our studies, we tentatively assume for simplicity in building up the theoretical formalism 

that the carriers are electrons, though we have no experimental results about which kind of 

carriers between electrons and holes are actually working. We consider that this assumption 

has no effect on the key concepts and discussions in our study, since even the hole carrier 

follows essentially all the same physics as the electron does. From now on, we are mentioning 

all physical properties, and even microscopic concepts, only in terms of electron. The 

macroscopic property of ‘electron mobility’  is now related to another important macroscopic 

property of the electron diffusion coefficient D with the Einstein relation:15, 16

                                                             (A5)𝜇 =
𝑒

𝑘𝐵𝑇𝐷

As an intermediate summary, we can make the mathematical relationship between G and D: 
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                               (A6)𝐺 = 𝜎
𝐴
𝑙

                             (A7)𝐺 = 𝑛𝑒𝜇
𝐴
𝑙

                                                         (A8)𝐺 =   (𝐴𝑛𝑒2

𝑙𝑘𝐵𝑇)𝐷

 The relationship between the natural log of G and the reciprocal of absolute 

temperature.  In the results and discussion in the manuscript, we have obtained the following 

four equations. 

                      (B1)𝐷 =  
1

2𝑑 ∑𝑖𝑟𝑖
2𝑊𝑖𝑃𝑖

                                                    (B2)𝑃𝑖 =
𝑊𝑖

∑
𝑖𝑊𝑖

                 (B3) 𝐷𝑚𝑜𝑛𝑜 =
1
6(𝑟 ∗

𝑚𝑜𝑛𝑜 )
2𝑊 ∗

𝑚𝑜𝑛𝑜

                (B4)𝐷𝑐𝑙𝑢𝑠𝑡𝑒𝑟 =
1
6(𝑟 ∗

𝑐𝑙𝑢𝑠𝑡𝑒𝑟 )
2𝑊 ∗

𝑐𝑙𝑢𝑠𝑡𝑒𝑟

After inserting Eqs. (B3) and (B4) into Eq. (A8), we can obtain the conductance G and interdot 

electron transfer rate W. 

       (B5)    𝐺𝑚𝑜𝑛𝑜 = (𝐴𝑛𝑚𝑜𝑛𝑜𝑒2

𝑙𝑘𝐵𝑇 )𝐷𝑚𝑜𝑛𝑜 = ( 𝐴𝑒2

6𝑙𝑘𝐵𝑇) 𝑛𝑚𝑜𝑛𝑜 (𝑟 ∗
𝑚𝑜𝑛𝑜 )

2𝑊 ∗
𝑚𝑜𝑛𝑜    

  (B6) 𝐺𝑐𝑙𝑢𝑠𝑡𝑒𝑟 = (𝐴𝑛𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑒2

𝑙𝑘𝐵𝑇 )𝐷𝑐𝑙𝑢𝑠𝑡𝑒𝑟 = ( 𝐴𝑒2

6𝑙𝑘𝐵𝑇) 𝑛𝑐𝑙𝑢𝑠𝑡𝑒𝑟 (𝑟 ∗
𝑐𝑙𝑢𝑠𝑡𝑒𝑟 )

2𝑊 ∗
𝑐𝑙𝑢𝑠𝑡𝑒𝑟 

  (B7)𝑙𝑛(𝐺𝑚𝑜𝑛𝑜) = 𝑙𝑛( 𝐴𝑒2

6𝑙𝑘𝐵) +𝑙𝑛(𝑛𝑚𝑜𝑛𝑜) +2𝑙𝑛(𝑟 ∗
𝑚𝑜𝑛𝑜) + 𝑙𝑛 (1

𝑇) + 𝑙𝑛 (𝑊 ∗
𝑚𝑜𝑛𝑜)   

(B8)𝑙𝑛(𝐺𝑐𝑙𝑢𝑠𝑡𝑒𝑟) = 𝑙𝑛( 𝐴𝑒2

6𝑙𝑘𝐵) +𝑙𝑛(𝑛𝑐𝑙𝑢𝑠𝑡𝑒𝑟) +2𝑙𝑛(𝑟 ∗
𝑐𝑙𝑢𝑠𝑡𝑒𝑟) + 𝑙𝑛 (1

𝑇) + 𝑙𝑛 (𝑊 ∗
𝑐𝑙𝑢𝑠𝑡𝑒𝑟)   

Here, we first assume that the electron carrier concentration of 4-Es/Oct Si QD thin film, nmono 

is quite similar to that of the Si QD cluster thin film, ncluster: 

 nmono      ncluster                         (B9)

As for the conventional bulk n-doped Si semiconductor, the electron carrier concentration is 

usually determined by the n doping concentration. In our Si QD system, although there is no 
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artificial doping element, the electron carrier concentration might be invoked by the 1Se orbital 

in Si QD, or defects existing in the Si QD surface. We assume, as mentioned just below, that 

the interdot distance between QDs in 4-Es/Oct Si QD thin film is the same as that for the Si 

cluster thin film. Then, the number of 1Se orbital in a unit volume for 4-Es/Oct Si QD thin film 

is the same as that for the Si cluster thin film. In addition, since the 4-Es/Oct Si QDs and Si 

QD cluster have locally the same capping groups, we think that their defect concentrations and 

the relevant electron carrier concentrations over the entire thin films are roughly similar to each 

other for the two cases. These rough arguments support the above assumption of the same 

electron carrier concentrations for the 4-Es/Oct Si QD and Si QD cluster thin films. In addition, 

we secondly assume that the interdot distance of 4-Es/Oct Si QD thin film is the same 𝑟 ∗
𝑚𝑜𝑛𝑜 

as the effective, representative interdot distance of Si QD cluster thin film: 𝑟 ∗
𝑐𝑙𝑢𝑠𝑡𝑒𝑟 

                                                 (B10)  𝑟 ∗
𝑚𝑜𝑛𝑜   𝑟 ∗

𝑐𝑙𝑢𝑠𝑡𝑒𝑟      

The density of Si QD in Si QD thin films, NQD, is assumed to be roughly proportional to the 

weight concentration of its precursor solution (CQD) normalized thickness (l) with the 

proportional constant, if we ignore the relatively small amount of organic linker fragments: 

                             (B11)𝑁𝑄𝐷  𝑘
𝐶𝑄𝐷

𝑙

We use the thickness values of 4-Es/Oct Si QD and Si QD cluster thin films, of (70 and 60) 

nm, respectively, which are measured from their vertical cross-sectional images (Fig. 4). Then, 

we can compare the density of 4-Es/Oct Si QD thin film with that of Si QD cluster thin film 

with the same weight concentrations (2 wt.%) of their precursor solutions:  

                              (B12)
𝑁𝑆𝑖 𝑄𝐷 𝑐𝑙𝑢𝑠𝑡𝑒𝑟

𝑁4 ― 𝐸𝑠/𝑂𝑐𝑡  𝑆𝑖 𝑄𝐷
 

𝑙4 ― 𝐸𝑠/𝑂𝑐𝑡  𝑆𝑖 𝑄𝐷

𝑙𝑆𝑖 𝑄𝐷 𝑐𝑙𝑢𝑠𝑡𝑒𝑟  
 =  

70 𝑛𝑚
60 𝑛𝑚 = 1.2 

Finally, it is sufficiently plausible to suggest the above assumption of roughly the same interdot 

distance for the 4-Es/Oct Si QD and Si QD cluster thin films.  

                (B13)                                       
 𝑟 ∗

𝑚𝑜𝑛𝑜

𝑟 ∗
𝑐𝑙𝑢𝑠𝑡𝑒𝑟

 =  ( 𝑁𝑆𝑖 𝑄𝐷 𝑐𝑙𝑢𝑠𝑡𝑒𝑟

𝑁4 ― 𝐸𝑠/𝑂𝑐𝑡  𝑆𝑖 𝑄𝐷)
1
3
 =  1.06   1.0

The decrease in porosity of Si QD cluster thin films, as compared with that of 4-Es/Oct Si QDs, 

may result in little decreases in film thickness and interdot center-to-center distance (r*), which 
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are ignored as shown in Eq. (B13). 

Based on the above two assumptions of the same carrier concentrations and interdot distances, 

we set the first three terms on the right side of Eqs. (B7) and (B8) as an appropriate constant 

B: 

 (B14)𝑙𝑛( 𝐴𝑒2

6𝑙𝑘𝐵) +𝑙𝑛(𝑛𝑚𝑜𝑛𝑜) +2𝑙𝑛(𝑟 ∗
𝑚𝑜𝑛𝑜)  𝑙𝑛( 𝐴𝑒2

6𝑙𝑘𝐵) +𝑙𝑛(𝑛𝑐𝑙𝑢𝑠𝑡𝑒𝑟) +2𝑙𝑛(𝑟 ∗
𝑐𝑙𝑢𝑠𝑡𝑒𝑟)  𝐵 

Then, we set two available intermediate equations for the natural log of the conductances of 

the QD thin films, if tolerating very small errors:  

                 (B15)𝑙𝑛(𝐺𝑚𝑜𝑛𝑜)  𝐵 + 𝑙𝑛 (1
𝑇) + 𝑙𝑛 (𝑊 ∗

𝑚𝑜𝑛𝑜)   

               (B16)𝑙𝑛(𝐺𝑐𝑙𝑢𝑠𝑡𝑒𝑟)  𝐵 + 𝑙𝑛 (1
𝑇) + 𝑙𝑛 (𝑊 ∗

𝑐𝑙𝑢𝑠𝑡𝑒𝑟)   

Substituting Eq. (4) for the electron transfer rate W into these expressions, we finally obtain 

the final Eqs. (B17-b) and (B18-b) for the natural log of conductances, where the activation 

energies, Ea, mono, Ea, cluster appear in the slope for the linear equation in terms of 1/T:   

   (B17-a) 𝑙𝑛(𝐺𝑚𝑜𝑛𝑜)  𝐵 + 𝑙𝑛 (1
𝑇) + ln[2𝜋

ℏ ∙ (𝑉𝑚𝑜𝑛𝑜)2( 1
16𝑘𝐵𝜋𝐸𝑎,𝑚𝑜𝑛𝑜)

1
2] + 𝑙𝑛[(1

𝑇)
1
2] ―

𝐸𝑎.𝑚𝑜𝑛𝑜

𝑘𝐵
(1

𝑇)  

 ln         (B17-b)(𝐺𝑚𝑜𝑛𝑜) ―
3
2𝑙𝑛 (1

𝑇) 𝐵𝑚𝑜𝑛𝑜 ― 
𝐸𝑎, 𝑚𝑜𝑛𝑜

𝑘𝐵
 (1

𝑇)

                          (B17-c)𝐵𝑚𝑜𝑛𝑜 =  𝐵 +  ln[2𝜋
ℏ ∙ (𝑉𝑚𝑜𝑛𝑜)2( 1

16𝑘𝐵𝜋𝐸𝑎,𝑚𝑜𝑛𝑜)
1
2]

 (B18-a)   𝑙𝑛(𝐺𝑐𝑙𝑢𝑠𝑡𝑒𝑟)  𝐵 + 𝑙𝑛 (1
𝑇) + ln[2𝜋

ℏ ∙ (𝑉𝑐𝑙𝑢𝑠𝑡𝑒𝑟)2( 1
16𝑘𝐵𝜋𝐸𝑎,𝑐𝑙𝑢𝑠𝑡𝑒𝑟

)
1
2] + 𝑙𝑛[(1

𝑇)
1
2] ―

𝐸𝑎. 𝑐𝑙𝑢𝑠𝑡𝑒𝑟

𝑘𝐵
(1

𝑇) 

 ln      (B18-b)(𝐺𝑐𝑙𝑢𝑠𝑡𝑒𝑟) ―
3
2𝑙𝑛 (1

𝑇)  𝐵𝑐𝑙𝑢𝑠𝑡𝑒𝑟 ― 
𝐸𝑎, 𝑐𝑙𝑢𝑠𝑡𝑒𝑟

𝑘𝐵
 (1

𝑇)    

                      (B18-c)𝐵𝑐𝑙𝑢𝑠𝑡𝑒𝑟 =  𝐵 +  ln[2𝜋
ℏ ∙ (𝑉𝑐𝑙𝑢𝑠𝑡𝑒𝑟)2( 1

16𝑘𝐵𝜋𝐸𝑎,𝑐𝑙𝑢𝑠𝑡𝑒𝑟
)

1
2]
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Scheme S1. (a) Synthesis of Si NC@SiO2. (b) Synthesis of 4-Es/Oct Si QDs. (c) Synthesis of 

π–conjugated poly(aryleneethynylene) (PAE).  
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Figure S1. XRD results of 4-Es/Oct Si QD and 1,4-diethynylbenzene.
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Figure S2. H-NMR spectra of (a) P.1, compared with PAE and 2,5-dibromo-3-hexylthiophene, 

and (b) P.2, compared with 4-Es/Oct Si QD and 2,5-dibromo-3-hexylthiophene. 



S16

240 340 440 540 640

A
bs

or
ba

nc
e 

(A
rb

. u
ni

ts
) PAEP.2

4-Es/Oct Si QDP.1

260 nm (4.8 eV)
340 nm (3.6 eV)

390 nm (3.2 eV)

Figure S3. UV–vis absorbance spectra of P.1 and P.2 compared with 4-Es/Oct Si QDs and 

PAE in chloroform. 
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Figure S4. FT-IR spectra of the 4-Es/Oct Si QDs and Si QD clusters. 
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Figure S5. (a) C1s photoemission spectra at photon energy of 630 eV of 4-Es/Oct Si QDs and 

Si QD cluster thin films curing at 150 °C. Here, the charge-calibration in data analysis is not 

performed, in order to directly show the different extent of charging for the two thin films. (b) 

O1s photoemission spectra at photon energy of 630 eV of 4-Es/Oct Si QDs and Si QD cluster 

thin films cured at 150 °C. Here, the two spectra were charge-calibrated with setting the 

corresponding C1s peak to 285.0 eV. (c) S1s photoemission spectra at photon energy of 630 

eV of Si QD cluster thin film curing at 150 °C. Here, the spectrum was charge-calibrated with 

setting the corresponding C1s peak to 285.0 eV.


