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PS1. The benchmark calculations of several small-size silicon cluster for the basis 
sets 6-31G(d) 
Several small-size silicon clusters were calculated at the TDDFT/B3LYP level with 
the basis sets 6-31+G(d), 6-31+G(d, p) and 6-31++G(d, p) in the benchmark 
calculations. As shown in Table S1, the absorption energies with the basis sets 
6-31G(d) are in agreement with those of the large basis sets.  
 
Table S1. Comparison of calculated absorption energy Eabs (eV) of several 
small-size silicon clusters with the diffuse functions added to basis sets.  
cluster 6-31G(d) 6-31+G(d) 6-31+G(d,p) 6-31++G(d,p) expt 
SiH4 9.62 8.78 8.75 8.65 8.81 

Si2H6 7.72 7.51 7.47 7.42 7.61 
Si3H8 7.08 6.95 6.92 6.87 6.61 
Si5H12 6.61 6.47 6.19 6.17 6.52 
Si10H16 5.92 5.67 5.66 5.63  
Si29H36 4.61 4.52 4.52 4.51  
 
PS2. The most stable geometry optimized structures of Si QDs (Si32H38) in 
vacuum and with water clusters adsorption 
 
Firstly, for water clusters adsorption on Si QDs, we tried various starting structures to 
find out the most stable geometry optimized structures in ground state. Here, the most 
stable geometries of water clusters (H2O)n, where n is 1-5 and 10, refer to the previous 
studies3, as shown in Figure S1. From these initial structures, numerous local stable 
geometry optimized structures were obtained. Table S2 presents one examples of 
(H2O)3 adsorption on Si QDs, which lists six local stable structures.   
 

 
Figure S1. The most stable geometries of water clusters. 
 
Because the electronegativity of hydrogen (2.1) is slightly larger than that of silicon 
(1.9), the hydrogen atoms will carry negative charges. For example, according to the 
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Mulliken charges of (H2O)3 adsorption on Si QDs shown in Figure S2(a), the 
magnitude of negatively charged hydrogen is -0.072 while its neighboring Si atoms 
have positive charges. Thus, the hydrogen atoms of Si QDs can behave as an acceptor 
to form a weak bond defined as H-O-H…..H-Si. This weak bond favors the two 
hydrogen atoms of water molecule toward the hydrogen atoms of Si QDs, which tend 
to force the water molecule parallel to the surface. This phenomenon was also 
observed by these papers.4-7 
 
Considering to the weak interaction between the water molecule and Si QDs, we have 
further analyzed this weak interaction by reduced density gradient (RDG) method.8 As 
shown in Figure S2(b), although some hydrogen atoms of (H2O)3 do not point toward 
the hydrogen atom of the surface of Si QDs, van der Waals interaction exists between 
water molecule and Si QDs. For such weak interaction, the van der Waals interaction 
is significant in determining a nearly flat adsorption orientation of water clusters at 
the surface of Si QDs. 
 

 

Figure S2. (a) Mulliken charge of (H2O)3 adsorption on Si QDs. (b) Appearance 
of the intermolecular interaction region in the (H2O)3 adsorption on Si QDs. The 
blue, green and red regions represent the hydrogen bond interaction, van der 
Waals interaction and steric effect in ring and cage. The hydrogen-terminated Si 
cluster (Si32H38) is shown by light yellow line, except the Si atoms involved the 
orientation of water molecules shown as yellow spheres. The hydrogen atom of 
water molecule is shown by white sphere, and the oxygen atoms of water are 
shown by red spheres. 
 
In addition, the electric dipole moment of water molecules are shown to reveal the 
orientation of water clusters at the surface of Si QDs in the Figure S3. For a single 
water molecule, its hydrogen atoms bridge two nearest-neighboring surface hydrogen 
atoms of Si QDs. Similarly, the orientation of (H2O)2 is also parallel to the surface. 
For (H2O)3, one water molecule bridges a nearest-neighboring hydrogen atom while 
an interior Si atom with negatively charge leads to negatively charged water O atoms 
away from the surface. Two nearest-neighboring surface hydrogen atoms of Si QDs 
and an interior Si atom determine the adsorption orientation of (H2O)4. The adsorption 
orientation of (H2O)5 and (H2O)10 origin from the three nearest-neighboring surface 
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hydrogen atoms of Si QDs. 
 

 
Figure S3. The blue thick arrows represent the orientation of water clusters at 
the surface of Si QDs. Color settings are the same as the Figure S2. 
 
Therefore, the adsorption orientation of water clusters attached to the surface of Si 
QDs can be understood from the delicate balance between the electrostatic 
interactions a weak bond defined as H-O-H…..H-Si, the surface Si atoms and the 
interior Si atoms. 
 
Table S2. One examples for searching the most stable geometry optimized 
structures of (H2O)3 adsorption on Si QDs. Therein, six local stable structures 
are listed in order of increasing system energy from left to right. The 
corresponding energy difference follows below each local stable structure, ∆E = 
Econfig – Emin, where Econfig represents the energy of local stable structures and 
Emin is the lowest energy for (H2O)3 adsorption on Si QDs. 

 
 
we have shown top three lowest-energy configurations (total six configurations 
considered each) with (H2O)1, (H2O)2, (H2O)4, (H2O)5 and (H2O)10 adsorption on Si 
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QDs in the Table S3. 
 
Table S3. Three local stable structures are listed in order of increasing system 
energy from left to right. The corresponding energy difference follows below 
each local stable structure, ∆E = Econfig – Emin, where Econfig represents the energy 
of local stable structures and Emin is the lowest energy for water clusters 
adsorption on Si QDs. 

 
 
 
PS3. The discussion of water affecting the absorption spectra 
 
As shown in Figure S4, the weak electric dipole moment (0.1) of Si32H38 in ground 
state results in the small adsorption energy of water clusters on Si32H38 (Table S4) and 
the resemblance of the HOMO and LUMO density (Figure S5), which leads to the 
similar characteristics of adsorption spectra. However, large enhancement of electric 
dipole moment (4.4) from exciton in Si32H38 induced by photo excitation can strongly 
be coupled to the water clusters on the surface of Si32H38 to induce the different 
characteristics of PL spectra. 
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Figure S4. Electric dipole moment (µ) of vacuum Si cluster in ground and excited 
state. The blue thick arrows represent the direction of µ, and the unit of it is 
Debye. Color settings are same as the Figure S2. 
 
As can be seen in Table S4, the adsorption energy of (H2O)1 is 0.19 eV. The surface 
adsorption energy even decreases upon (H2O)3 and (H2O)4 adsorption on the surface 
of Si QDs. With increasing water molecules to (H2O)5 and (H2O)10, the adsorption 
energy is only ~0.25 eV. Water adsorption on the Si clusters is in the weak 
physisorption limit leading to a hydrophobic surface.5, 7 Lange et al. have shown that 
water molecules adsorption on the hydrogenated Si(111) is the weak interaction, with 
small adsorption energies of several meV.5  
 
Table S4. The adsorption energy (∆Eadr) of water cluster on the surface of Si QDs. 
∆Eadr is defined as: ∆Eadr= Ew+ESi–Ew-Si. Here, Ew, ESi and Ew-si were the total 
energies of the water clusters, the Si QDs, and the water cluster adsorbed on Si 
QDs, respectively. 

cluster (H2O)1 (H2O)2 (H2O)3 (H2O)4 (H2O)5 (H2O)10 
∆Eadr (eV) 0.19 0.22 0.18 0.18 0.29 0.25 
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Figure S5. HOMO and LUMO of vacuum Si cluster, (H2O)1, (H2O)3 and (H2O)5 
adsorption on Si cluster in ground state. Wave function isosurfaces were plotted 
at the same isovalue, where the blue and green areas denote the signs (±), 
respectively. Color settings are same as the Figure S2. 
 
PS4. The distribution of Si-Si bond lengths of Si QDs in vacuum and with water 
clusters adsorption in ground states and excited states 
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Figure S6. Comparison of the Si-Si bond lengths distribution of vacuum Si QDs 
and water clusters adsorption on Si QDs in the ground state geometry (black 
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histogram) and in the relaxed excited state geometry (red histogram). The insets 
show schematic geometrical relaxation diagram of the Si32H38 in excited-state 
configuration, and the thick arrows represent the largest stretched bond. The 
hydrogen-terminated Si cluster (Si32H38) is shown by light yellow line, and the Si 
atoms in this Si-Si bond are shown as yellow spheres. The hydrogen atoms of 
water molecule are shown by white sphere, and the oxygen atoms of water 
molecule are shown by red spheres. 
 
Figure S6 shows the Si-Si bond lengths distribution of Si32H38 for vacuum Si QDs and 
water clusters adsorption on Si QDs in the ground state geometry and in the relaxed 
excited state geometry, and the insets show the detail stretched bond of the Si32H38 in 
excited-state configuration. In the vacuum environment, we see that it is similar in the 
ground state and in the excited state with the maxima center at 2.37 Å (bulk Si-Si 
bond length), except for a single Si-Si bond is stretched by about 2.48 Å in the excited 
state geometry, as shown in the inset of Figure S6. Using ab initio density functional 
methods, Franceschetti and Pantelides9 also demonstrated that a single Si-Si bond in 
the interior of the nanocrystal (Si29H36) is stretched by about 15% in the excited-state 
geometry, because local density approximation (LDA) tends to overestimate bond 
strengths10. In this TDDFT calculations, the results show that excited state relaxations 
lead to the formation of a stretched bond in the surface of this Si QDs, which is 
consistent with that in small hydrogen-passivated Si QDs, excitons can become 
self-trapped in stable states localized at the surface11. Actually, the distribution of 
Si-Si bond lengths for (H2O)1 adsorption on Si QDs shows only a single Si-Si bond 
stretched by about 2.46 Å in the excited state geometry. For (H2O)2 adsorption on Si 
QDs, a single Si-Si bond stretched by about 2.46 Å in the excited state geometry is 
not only shown, but also another Si-Si bond stretched by about 2.54 Å is seen in the 
insets, which suggests that these solvent polarization impact the surface structure of 
excited state geometry. But, for the (H2O)3 and (H2O)4, the bond length of this Si-Si 
dimer extends from 2.38 to 2.54 Å under excitation, which is stretched about 0.16 Å. 
Contrary to the large stretch of (H2O)3 and (H2O)4, with the (H2O)5 and (H2O)10 

adsorption on Si QDs, this Si-Si dimer distances of excited-state configurations only 
show an extension about 0.1 Å. Therefore, the stretched bond should depend on the 
surround environment. 
 
PS5. The mechanism of water cluster changing the Si-Si dimer distance 
 
Large enhancement of electric dipole moment (4.4 for Si32H38) from exciton in Si 
QDs induced by photo excitation can strongly be coupled to the water clusters on the 
surface of Si QDs, which results in the electron localized, and then the Si-Si dimer 
distance is changed. The various changes of the Si-Si dimer distances with water 
clusters adsorption origin from the different orientation of electric dipole moment 
with water clusters adsorption on Si QDs. 
 
In the Figure S7, the direction of dipole moment vector in (H2O)1 adsorption on the 
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surface Si32H38 is parallel to the surface of Si32H38, while the direction of dipole 
moment vector in (H2O)3 and (H2O)10 adsorption on the surface Si32H38 is 
perpendicular to the surface of Si32H38. Upon a single water molecule adsorption on 
Si32H38, Figure S7 shows that the electron of lowest unoccupied molecular orbital 
(LUMO) in the excited state is localized around the surface Si atoms. The structure of 
(H2O)3 attached to the Si QDs is treated as a typical case which shows a localized 
distribution of the LUMO along the central stretched Si-Si dimer, due to a significant 
extension 2.38 to 2.54 Å. In the case of humid environment, such as (H2O)10, LUMO 
is localized on the several Si atoms at the edge of Si32H38. Comparison of the 
orientation of electric dipole moment with (H2O)1, (H2O)3 and (H2O)10 adsorption on 
Si32H38, it suggests that the direction of LUMO is drastically influenced by water 
molecules, and then changes the Si-Si dimer distances. 
 

 

Figure S7. Dipole moment of water clusters inducing electron localized of water 
clusters adsorption on the surface of Si32H38 in excited state. The orientation of 
electric dipole moment is represented by blue thick arrow. Color settings are 
same as the Figure S2. 
 
PS6. Electronic transition orbits in excited states for (H2O)1, (H2O)2, (H2O)4 and 
(H2O)5 adsorption on Si QDs 
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Figure S8. Electronic transition orbits in excited states for vacuum (H2O)1, 
(H2O)2 (H2O)4, and (H2O)5 adsorption on Si QDs. Wave function isosurfaces were 
plotted at the same isovalue, where the blue and green areas denote the signs (±), 
respectively. The thick arrows represent the electron transition in excited state. 
The hydrogen terminated Si QDs (Si32H38) is shown by light yellow line, and the 
Si atoms in the Si-Si dimer are shown as yellow spheres. Oxygen atoms and 
hydrogen atoms in water molecule are shown by red and white, respectively. 
 
PS7. The PL spectra of large size of Si QDs (Si43H48) 
 
In order to check the impact of the size of Si QDs, we have performed simulations 
using Si43H48 to compute the absorption spectra and fluorescence spectra of water 
cluster adsorption on this cluster with the size of around 1.2 nm. In contrast to the 
negligible impact on the absorption spectra with (H2O)1 adsorption on Si43H48, the 
fluorescence spectra of with the peak position at ~367 nm show a red-shift about 10 
nm compared to Si43H48 in the vacuum environment. Meanwhile, we also find the 
existence of a dual fluorescence with maxima centered at ~356 nm and ~470 nm in 
the (H2O)3 adsorption on Si43H48. This suggests that our results can be extended for 
other larger size of Si QDs. 
 
In the Figure S9(a), although there are little different intensity of the absorption peak,  
the absorption wavelengths of Si43H48 in the vacuum and water cluster molecules 
adsorption are all centered on ~297 nm. This suggests that there is also negligible 
impact of water molecules on the optical absorption of Si43H48. As the fluorescence 
spectra of vacuum Si43H48 shown in Figure S9(b), the feature appears as the main 
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peak at ~356 nm with the oscillator strength of 0.0067. The resemblance of these 
features exists in the fluorescence spectra of (H2O)1 adsorption on Si43H48. In the case 
of (H2O)3 attached to Si43H48, the appearance of a dual-band emission with maxima 
centered at ~356 nm and ~470 nm can be observed, as shown in Figure S9(b). Upon 
(H2O)5 adsorption on Si43H48, compared with that in the gas phase of Si43H48, there is 
a strong intensity decrease with the main peak position at ~355 nm. 
 

 

Figure S9. (a) Absorption spectra of vacuum Si43H48 and water clusters 
adsorption on this cluster. (b) Fluorescence spectra of vacuum Si43H48 and water 
clusters adsorption on this cluster. A Gaussian function with the full width at half 
maximum (0.66 eV) is used to simulate a finite broadening. 
 
The PL spectra are also determined on the Si-Si dimer. Comparison of Si-Si bond 
lengths of Si43H48 in ground states and excited states, the Si-Si dimer distance shows a 
stretch about 0.02 Å in the vacuum (Table S5), and this Si-Si dimer is displayed large 
yellow spheres in the inset of Figure S10. Same situations could be found in the 
(H2O)1 adsorbed on Si43H48 (0.03 Å). But, for the (H2O)3, the bond length of Si-Si 
dimer under excitation is stretched about 0.08 Å (Table. S5). Contrary to the large 
stretch of (H2O)3, with the (H2O)5 adsorption on Si QDs, this Si-Si dimer distance of 
excited-state configurations only shows an extension about 0.02 Å.  
 
Table S5. Si-Si dimer distances for vacuum Si43H48 and water molecule clusters 
adsorption on Si43H48 in ground state (dG) and excited state (dE). The difference 
between dG and dE is shown by ∆d. All values are in Å. This Si-Si dimer is 
displayed by yellow spheres in the inset of Figure S10.  

Cluster Vacuum (H2O)1 (H2O)3 (H2O)5 
∆d  0.02 0.03 0.08 0.02 

 
In order to understand the different stretch of Si-Si dimer distance for water clusters 
adsorption on Si43H48, as the electric dipole moment (µ) of Si43H48 shown in Figure 
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S10, the direction of dipole moment vector in (H2O)1 and (H2O)5 adsorption on the 
surface of Si43H48 is parallel to the surface of Si43H48, while the direction of dipole 
moment vector in (H2O)3 adsorption on the surface of Si43H48 is perpendicular to the 
surface of Si43H48. Comparison of the orientation of electric dipole moment with 
(H2O)1, (H2O)3 and (H2O)5 adsorption on Si43H48, it suggests that the Si-Si dimer 
distances is influenced by water molecules.  
 

 
Figure S10. The geometry optimized structures of vacuum Si43H48, (H2O)1, 
(H2O)3 and (H2O)5 adsorption on this cluster in ground state. Electric dipole 
moment (µ) is represented by the blue solid thick. Color settings are same as the 
Figure S2. 
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