
v 
 

Table of Contents 

ABSTRACT ................................................................................................................................................. I 

ACKNOWLEDGMENTS ........................................................................................................................ IV 

LIST OF FIGURES .................................................................................................................................. VI 

LIST OF TABLES .................................................................................................................................. VII 

1. INTRODUCTION ................................................................................................................................... 1 

1.1 BACKGROUND ..................................................................................................................................... 1 

1.2 THEORY ............................................................................................................................................... 2 

1.3 APPLICATIONS ..................................................................................................................................... 4 

1.4 GOAL ................................................................................................................................................... 5 

1.5 STATISTICAL MECHANICS ................................................................................................................... 7 

2. MOLECULAR DYNAMICS ................................................................................................................. 8 

2.1 BONDED INTERACTIONS ...................................................................................................................... 9 

2.2 NON-BONDED INTERACTIONS ........................................................................................................... 10 

2.3 FORCE CALCULATION ....................................................................................................................... 11 

3. NORMAL MODE ANALYSIS ............................................................................................................ 13 

4. SIMULATION SETUP ........................................................................................................................ 15 

5. SIMULATIONS IN VACUUM............................................................................................................ 17 

5.1 280 K ................................................................................................................................................. 19 

5.2 300 K ................................................................................................................................................. 20 

5.3 320 K ................................................................................................................................................. 21 

6. SIMULATIONS IN WATER ............................................................................................................... 22 

6.1 AVERAGING OF LJ POTENTIALS ........................................................................................................ 22 

6.2 FREEZE GROUPS ................................................................................................................................ 30 

6.3 USING OTHER METAL-WATER INTERACTIONS ................................................................................... 32 

6.4 KONG’S COMBINING RULES .............................................................................................................. 35 

7. SIMULATION OF NORMAL MODES ............................................................................................. 37 

8. QUANTUM CALCULATION ANALYSIS ....................................................................................... 38 

9. CONCLUSIONS ................................................................................................................................... 45 

10. FUTURE WORK ................................................................................................................................ 46 

11. BIBLIOGRAPHY ............................................................................................................................... 48 

12. VITA .................................................................................................................................................... 51 

 













22 
 

 

Figure 13. Kinetic Energy of Cd32Se32 at 320 K, 1500 ps 

 A similar strategy was implemented for Cd199Se195, Cd515Se513, and Cd20Se19.  

6. Simulations in Water 

After CdSe was analyzed in vacuum, the 64 atom cluster was solvated in water in order 

to replicate lab conditions and produce more realistic trajectories. As with the Cd and Se 

interactions, Cd-water and Se-water interaction parameters were not readily available and so 

various methods were tried to circumvent this.  

6.1 Averaging of LJ Potentials 

Because Lennard Jones parameters for water-water interactions are readily available, 

Lorentz-Berthelot’s technique of averaging the LJ potentials of Cd and Se to produce data for 

Cd-Se (Eq.19 & 20) was implemented to produce data for Cd-water and Se-water. While the 

simulation ran with this interaction potential, the cluster of CdSe broke apart in water. OW in the 

table below denotes the oxygen atom of water and HW denotes the hydrogen atom of water.  
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Table 3. Parameters used for CdSe - water interactions 

   σ (nm)  ε (kJ/mol) c6 c12 

Cadmium 1.980E-01 1.397E-01 3.367E-05 2.028E-09 

Selenide 5.240E-01 1.239E-01 1.026E-02 2.123E-04 

Cd-Se 3.610E-01 1.315E-01 1.165E-03 2.578E-06 

opls_116 (OW) 3.166E-01 6.502E-01 2.617E-03 2.633E-06 

opls_117 (HW) 0.000 0.000 0.000 0.000 

Cd-OW 2.573E-01 3.014E-01 3.496E-04 1.014E-07 

Cd-HW 9.900E-02 0.000 0.000 0.000 

Se-OW 4.203E-01 2.838E-01 6.256E-03 3.448E-05 

Se-HW 2.620E-01 0.000 0.000 0.000 

 

 At the start of the simulation, following the energy minimization and the equilibration of 

water, the cluster appeared broken: 

 

Figure 14. CdSe (Cd shown as blue, Se as yellow) in water after equilibration using original averaged parameters 

After the 500 ps run at 298 K, the water was able to separate the cluster thoroughly: 
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Figure 15. CdSe in water after run with original averaged parameters 

 

6.1.1 Increasing Cd and Se parameters by 20% 

Since the averaging of potentials is rooted in guesswork, several attempts were made to 

optimize the parameters of Cd-water and Se-water in order to keep the QD as a cluster. The first 

attempt was to increase the σ and ε of the Cd and Se by 20%, while keeping the water - cluster 

interactions the same. The following table consists of the resulting parameters that were used. 

 

Table 4. Parameters resulting in 20% increase of σ and ε of Cd and Se 

   σ (nm)  ε (kJ/mol) c6 c12 

Cadmium 2.376E-01 1.676E-01 1.206E-04 2.170E-08 

Selenide 6.288E-01 1.487E-01 3.676E-02 2.272E-03 

Cd-Se 4.332E-01 1.579E-01 4.173E-03 2.758E-05 

opls_116 (OW) 3.166E-01 6.502E-01 2.617E-03 2.633E-06 

opls_117 (HW) 0.000 0.000 0.000 0.000 

Cd-OW 2.573E-01 3.014E-01 3.496E-04 1.014E-07 

Cd-HW 9.900E-02 0.000 0.000 0.000 

Se-OW 4.203E-01 2.838E-01 6.256E-03 3.448E-05 

Se-HW 2.620E-01 0.000 0.000 0.000 
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 Following equilibration, the cluster appeared more intact compared to the original 

parameters: 

 

Figure 16. 20% increase in Cd (blue) and Se (yellow), equilibrated structure 

 The run using these parameters produced very similar results compared to the original: 

 

Figure 17. 20% increase in Cd (blue) and Se (yellow), post run structure 

 

6.1.2 Increasing Cd and Se parameters by 100% 

 Since the equilibrated structure of the 20% bump looked promising, the same parameters 

were increased by an additional 80% while maintaining the original Cd-water and Se-water 

interactions. The following table contains the resulting parameters used: 
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Table 5.Parameters resulting in 100% increase of σ and ε of Cd and Se 

   σ (nm)  ε (kJ/mol) c6 c12 

Cadmium 3.960E-01 2.794E-01 4.309E-03 1.662E-05 

Selenide 1.048E+00 2.478E-01 1.313E+00 1.740E+00 

Cd-Se 7.220E-01 2.631E-01 1.491E-01 2.112E-02 

opls_116 (OW) 3.166E-01 6.502E-01 2.617E-03 2.633E-06 

opls_117 (HW) 0.000 0.000 0.000 0.000 

Cd-OW 2.573E-01 3.014E-01 3.496E-04 1.014E-07 

Cd-HW 9.900E-02 0.000 0.000 0.000 

Se-OW 4.203E-01 2.838E-01 6.256E-03 3.448E-05 

Se-HW 2.620E-01 0.000 0.000 0.000 

 

Following equilibration, the cluster was in a worse position compared to the 20% bump: 

 

Figure 18. 100% increase in Cd (blue) and Se (yellow), equilibrated structure 

The run containing these new parameters showed water completely dissolving the cluster. 

This is most likely due to the strong increase in the σ value, which makes the repulsive 

interactions kick in at a farther distance, forcing Cd and Se to stay apart. 


