
MODELING OF COMPLEX MOLECULES ADSORBED ON 

COMPLEX COPPER SURFACES 

 

 

 

 

 

 

 

 

 

 

A Dissertation 

Presented to 

The Academic Faculty 

 

 

 

 

by 

 

 

 

Daniel S. Wei 

 

 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy in the 

School of Chemical and Biomolecular Engineering 

 

 

 

 

 

 

 

Georgia Institute of Technology 

December 2014 

 

 

COPYRIGHT 2014 BY DANIEL S. WEI



MODELING OF COMPLEX MOLECULES ADSORBED ON 

COMPLEX COPPER SURFACES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Approved by:   

   

Dr. David S. Sholl, Advisor 

School of Chemical & Biomolecular 

Engineering 

Georgia Institute of Technology 

 Dr. Michael A. Filler 

School of Chemical & Biomolecular 

Engineering 

Georgia Institute of Technology 

   

Dr. Dennis W. Hess 

School of Chemical & Biomolecular 

Engineering 

Georgia Institute of Technology 

 Dr. Carsten Sievers 

School of Chemical & Biomolecular 

Engineering 

Georgia Institute of Technology 

   

Dr. Thomas Orlando 

School of Chemistry and Biochemistry 

Georgia Institute of Technology 

  

   

  Date Approved:  November 10, 2014 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my wife, Jiayi Shen, and my parents, I-Chien Wei and Huey-Jin Shen 

  

 

 

 

 

 



 

iv 

ACKNOWLEDGEMENTS 

 

 The work presented in this thesis was conducted in the School of 

Chemical and Biomolecular Engineering at the Georgia Institute of Technology in 

Atlanta, Georgia. The thesis was the culmination of four years of work between January 

2010 and November 2014. Here, I would like to acknowledge those whose assistance has 

helped me to complete this work. 

First of all, I would like to express my immense gratitude towards Dr. David S. 

Sholl, my thesis advisor. It is through his support, confidence, and patience in me that I 

may progress to the conclusion of my thesis. His enthusiasm, intellectual curiosity, and 

work ethic had set an excellent example for me and had pushed me to bring my best skills 

to the table on a daily basis. 

I would like to express my appreciation to Dr. Bharat Mhatre, Dr. Yongju Yun, 

and Dr. Andrew Gellman at Carnegie Mellon University in Pittsburgh, PA, Guo Shiou 

Foo and Dr. Carsten Sievers at Georgia Institute of Technology in Atlanta, GA, and Dr. 

Timothy Lawton, Dr. Vladimir Pushkarev, and Dr. Charlie Sykes at Tufts University in 

Boston, MA. Their experimental data and insight into the surfaces have greatly bolstered 

the impact and influence of this thesis. I would also like to thank Dr. Thomas Orlando, 

Dr. Michael Filler, and Dr. Dennis Hess, my committee members, for their helpful 

comments and suggestions. 

I would also like to thank all the current and previous Sholl group members: Dr. 

Shiqiang Hao, Dr. Taku Watanabe, Dr. Thomas Manz, Dr. Ji Zang, Dr. Mohamad Kassaee, 

Dr. Xuerong Shi, Dr. Hanjun Fang, Dr. Iyad Hijazi, Dr. Salah Boulfelfel, Dr. Veronika 



 v 

Walkosz, Dr. Rongshun Zhu, Dr. Melissa Lucero, Dr. Sung Gu Kang, Dr. Emmanuel 

Haldoupis, Dr. Dieh Teng, Dr. Ambarish Kulkarni, Dr. Nita Chandrasekhar, Dr. Liwei Li, 

Dr. Kelly Nicholson, Timothy van Heest, Rohan Awati, Alex Fergusson, Namory Keita, 

Jaeyub Chung, Seung Won Choi, Byeong Jae Chun, Jason Gee, Jeff Camp, Hakan Demir, 

Brandon Plaisance, Krishna Chandran Jayachandrababu, Ross Verploegh, and Dalar 

Nazarian. Specially, I would like to thank Dr. Shiqiang Hao and Dr. Taku Watanabe for 

helping me with the various DFT problems when I first joined the group. I would also 

like to extend a special thank Dr. Kelly Nicholson for providing valuable suggestions, 

reviews, and comments throughout my researches and publications. 

Finally, I would like to thank my wife, Jiayi Shen, my mother, Huey-Jin Shen, 

and my father, I-Chien Wei, who are always there for me. 

       Daniel S. Wei, 10 Nov 2014 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vi 

TABLE OF CONTENTS 

 

           Page 

ACKNOWLEDGEMENTS iv 

LIST OF TABLES x 

LIST OF FIGURES xxiv 

SUMMARY  xxvii 

CHAPTER 

1. INTRODUCTION 1 

1.1 Introduction 1 

1.2 Chemisorption of chiral D- and L- alanine on the chiral Cu(3,1,17)S 3 

1.3 Physisorption of R-3-methycyclohexanone on Cu surfaces 4 

1.4 Promoter impact on kinetics of methanol formation on Cu surfaces 5 

1.5 Thesis summary 6 

1.6 REFERENCES 9 

2. COMPUTATIONAL METHODOLOGY 15 

Reference 19 

3. CHEMISORPTION OF GLYCINE AND ALANINE ON COPPER SURFACES 22 

3.1 Introduction 22 

3.1.1 Dense Ordered Adlayer of Glycine and Alanine on Cu(110) 22 

3.1.2 Adsorption of Enantiopure and Racemic Alanine on Cu(3,1,17) 23 

3.2 Methodology 25 



 vii 

3.2.1 Density Functional Theory for Glycine/Alanine on Cu(110) and Alanine 

on Cu(3,1,17)S 25 

3.2.2 TPD experiment for dense alanine on Cu(3,1,17) 26 

3.3 Results and Discussion 28 

3.3.1 Dense Ordered Adlayer of Glycine and Alanine on Cu(110) 28 

3.3.2 Adsorption of Enantiopure and Racemic Alanine on Cu(3,1,17) 30 

3.3.3 LEED patterns of the clean Cu(3,1,17)R&S surfaces 34 

3.3.4 Enantiodifferentiation of adsorbed D- and L-alanine 36 

3.3.5 Relative adsorption energetics from experiment and DFT 40 

3.4 Conclusions 42 

3.5 References 44 

4. PHYSISORPTION OF R-3-METHYCYCLOHEXANONE ON COPPER  

SURFACES  49 

4.1 Introduction 49 

4.2 Methodology 50 

4.2.1 Density Functional Theory 50 

4.2.2 TPD experiment 54 

4.3 Results and Discussion 54 

4.3.1 TPD data 54 

4.3.2 Adsorption on Cu(111), Cu(110), and Cu(100) 57 

4.3.3 Adsorption on Cu(221) and Cu(643)R 60 

4.3.4 Adsorption on reconstructed Cu(110) 63 

4.4 Conclusions 65 



 viii 

4.5 References 66 

5. INSIGHT INTO THE IMPACT OF HETEROATOMS ON METHANOL 

SYNTHESIS OVER STEPPED AND KINKED COPPER SURFACES 70 

5.1 Introduction 70 

5.2 Methodology 71 

5.3 Results and Discussion 72 

5.3.1 Stability of Zinc and Zirconium Heteroatoms on Copper surface 72 

5.3.2 Adsorption and hydrogenation of formaldehyde and methoxide on Cu 

stepped edges 78 

5.3.2 Adsorption and hydrogenation of formaldehyde and methoxide on kinked 

Cu edges 86 

5.4 Conclusions 88 

5.5 References 90 

6. CONCLUSION 94 

APPENDIX A  99 

APPENDIX B  101 

APPENDIX C  107 

APPENDIX D  121 

APPENDIX E  127 

APPENDIX F  134 

APPENDIX G  137 

APPENDIX H  140 

APPENDIX I  146 



 ix 

APPENDIX J  150 



 x 

LIST OF TABLES 

 

           Page 

Table 3.1: Tabulated effect of D2 correction on dense glycine/alanine adlayers. 29 

Table 3.2: Calculated and observed N and O offset distances (in Å) of adsorbed glycine 

relative to the closest surface Cu atom. 30 

Table 3.3: Relative energies of dense alanine adlayers on Cu(3,1,17)S. All reported 

energies are referenced to the most stable adlayer (L_1_0_a). 32 

Table 4.1: Bulk Cu lattice constant for each dispersion corrected method 51 

Table 4.2: The total adsorption energy per unit cell (in eV) on different surfaces as a 

functional of resolution in k-points. 52 

Table 4.3: Adsorption energy (𝐸𝑎) of R-3MCHO on Cu surfaces 56 

Table 4.4: Summary of R-3MCHO adsorption energies (eV) on the low Miller index Cu 

surfaces. Italic values in parenthesis are differences between calculated results and 

those estimated on the basis of TPD data. 59 

Table 4.5: Dispersion contribution to total adsorption energies (eV) for R-3MCHO 

adsorption on low Miller index Cu surfaces. 59 

Table 5.1: Energy cost of two promoter atoms clustered on the surface. The energies are 

referenced to two isolated promoter within the most preferred replacement location. 77 

Table 5.2: Calculated adsorption energy, activation energy, and estimated reaction rate 

information for the hydrogenation of formaldehyde and methoxide on clean and 

modified Cu surfaces. All energies are given in eV. Adsorption energies are referenced 

to isolated adsorbate and H2 in vacuum. 81 



 xi 

Table 5.3: Adsorption energies and activation barriers of formaldehyde, methoxide, and 

methanol on clustered Zn heteroatom on Cu(211). All energies are reported in eV. 

Adsorption energies were references to isolated adsorbates and H2 in vacuum. The 

barriers were estimated using the BEP relationship. 85 

Table 5.4: Adsorption energies and activation barriers of formaldehyde, methoxide, and 

methanol on clean and heteroatom substituted Cu(643). All energies are reported in 

eV. Adsorption energies were references to isolated adsorbates and H2 in vacuum.  

The barriers were estimated using the BEP relationship. 87 

Table 5.5: Relative reaction ratio for the hydrogenation of methoxide on clean and single 

heteroatom substituted Cu stepped and kinked surfaces. All ratio were relative to 

reaction on Cu(111). 88 

Table B.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of homochiral domain dense glycine adlayer on Cu(110) as calculated by 

PBE. The unit cell vectors are given in Angstrom. Atomic positions are given in 

fraction of the unit cell vectors. 101 

Table B.2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of homochiral domain dense glycine adlayer on Cu(110) as calculated by 

PBE-D2. The unit cell vectors are given in Angstrom. Atomic positions are given in 

fraction of the unit cell vectors. 102 

Table B.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of heterochiral domain dense glycine adlayer on Cu(110) as calculated by 

PBE. The unit cell vectors are given in Angstrom. Atomic positions are given in 

fraction of the unit cell vectors. 103 



 xii 

Table B.4: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of heterochiral domain dense glycine adlayer on Cu(110) as calculated by 

PBE-D2. The unit cell vectors are given in Angstrom. Atomic positions are given in 

fraction of the unit cell vectors. 104 

Table B.5: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of enantiopure dense alanine adlayer on Cu(110) as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 105 

Table B.6: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of enantiopure dense alanine adlayer on Cu(110) as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 106 

Table C.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer L_1_0_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 107 

Table C.2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer DL_1_0_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 108 

 

 



 xiii 

Table C.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer L_1_90_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 109 

Table C.4: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer DL_2_180_a on Cu(3,1,17)S as calculated by PBE-

D2. The unit cell vectors are given in Angstrom. Atomic positions are given in fraction 

of the unit cell vectors. 110 

Table C.5: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_1_0_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 111 

Table C.6: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_2_180_a on Cu(3,1,17)S as calculated by PBE-

D2. The unit cell vectors are given in Angstrom. Atomic positions are given in fraction 

of the unit cell vectors. 112 

Table C.7: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer L_2_180_a on Cu(3,1,17)S as calculated by PBE-

D2. The unit cell vectors are given in Angstrom. Atomic positions are given in fraction 

of the unit cell vectors. 113 

 

 



 xiv 

Table C.8: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer DL_2_90_b on Cu(3,1,17)S as calculated by PBE-

D2. The unit cell vectors are given in Angstrom. Atomic positions are given in fraction 

of the unit cell vectors. 114 

Table C.9: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer DL_1_90_b on Cu(3,1,17)S as calculated by PBE-

D2. The unit cell vectors are given in Angstrom. Atomic positions are given in fraction 

of the unit cell vectors. 115 

Table C.10: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer L_2_270_a on Cu(3,1,17)S as calculated by PBE-

D2. The unit cell vectors are given in Angstrom. Atomic positions are given in fraction 

of the unit cell vectors. 116 

Table C.11: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_1_90_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 117 

Table C.12: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_1_90_b on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 118 

 

 



 xv 

Table C.13: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_2_90_b on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 119 

Table C.14: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_2_270_a on Cu(3,1,17)S as calculated by PBE-

D2. The unit cell vectors are given in Angstrom. Atomic positions are given in fraction 

of the unit cell vectors. 120 

Table D.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu(100) as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 121 

Table D.2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (110) as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 122 

Table D.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (111) as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 123 

 

 



 xvi 

Table D.4: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (221) as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 124 

Table D.5: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (643)R as calculated by PBE-GGA. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 125 

Table D.6: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (322) as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 126 

Table E.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu(100) as calculated by PBE-D2. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 127 

Table E 2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (110) as calculated by PBE-D2. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 128 

 

 



 xvii 

Table E.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (111) as calculated by PBE-D2. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 129 

Table E.4: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (221) as calculated by PBE-D2. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 130 

Table E.5: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (643)R as calculated by PBE-D2. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 131 

Table E.6: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on reconstructed Cu (110) as calculated by PBE-D2. The unit 

cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 132 

Table E.7: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on Cu (322) as calculated by PBE-D2. The unit cell vectors 

are given in Angstrom. Atomic positions are given in fraction of the unit cell vectors.133 

Table F.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu(100) as calculated by PBE-B86b. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 134 



 xviii 

Table F.2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (110) as calculated by PBE-B86b. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 135 

Table F.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (111) as calculated by PBE-B86b. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 136 

Table G.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu(100) as calculated by PBE-B88. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 137 

Table G.2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (110) as calculated by PBE-B88. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 138 

Table G.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (111) as calculated by PBE-B88. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 139 

Table H.1: Unit cell vectors and fractional coordinates for the optimized Cu(111) surface. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 140 



 xix 

Table H.2: Fractional coordinates for the optimized adsorption of formaldehyde on 

Cu(111). Atomic positions are given in fraction of the Cu(111) unit cell vector. 140 

Table H.3: Fractional coordinates for the TS of the hydrogenation of formaldehyde on 

Cu(111). Atomic positions are given in fraction of the Cu(111) unit cell vector. 140 

Table H.4: Fractional coordinates for the optimized adsorption of methoxide on Cu(111). 

Atomic positions are given in fraction of the Cu(111) unit cell vector. 141 

Table H.5: Fractional coordinates for the TS of the hydrogenation of methoxide on 

Cu(111). Atomic positions are given in fraction of the Cu(111) unit cell vector. 141 

Table H.6: Fractional coordinates for the optimized adsorption of methanol on Cu(111). 

Atomic positions are given in fraction of the Cu(111) unit cell vector. 141 

Table H.7: Unit cell vectors and fractional coordinates for the optimized Cu(211) surface. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 141 

Table H.8: Fractional coordinates for the optimized adsorption of formaldehyde on 

Cu(211). Atomic positions are given in fraction of the Cu(211) unit cell vector. 142 

Table H.9: Fractional coordinates for the TS of the hydrogenation of formaldehyde on 

Cu(111). Atomic positions are given in fraction of the Cu(211) unit cell vector. 142 

Table H.10: Fractional coordinates for the optimized adsorption of methoxide on 

Cu(211). Atomic positions are given in fraction of the Cu(211) unit cell vector. 142 

Table H.11: Fractional coordinates for the TS of the hydrogenation of methoxide on 

Cu(211). Atomic positions are given in fraction of the Cu(211) unit cell vector. 142 

Table H.12: Fractional coordinates for the optimized adsorption of methanol on Cu(211). 

Atomic positions are given in fraction of the Cu(211) unit cell vector. 143 



 xx 

Table H.13: Unit cell vectors and fractional coordinates for the optimized Cu(221) 

surface. The unit cell vectors are given in Angstrom. Atomic positions are given in 

fraction of the unit cell vectors. 143 

Table H.14: Fractional coordinates for the optimized adsorption of formaldehyde on 

Cu(221). Atomic positions are given in fraction of the Cu(221) unit cell vector. 144 

Table H.15: Fractional coordinates for the TS of the hydrogenation of formaldehyde on 

Cu(221). Atomic positions are given in fraction of the Cu(221) unit cell vector. 144 

Table H.16: Fractional coordinates for the optimized adsorption of methoxide on 

Cu(221). Atomic positions are given in fraction of the Cu(221) unit cell vector. 144 

Table H.17: Fractional coordinates for the TS of the hydrogenation of methoxide on 

Cu(221). Atomic positions are given in fraction of the Cu(221) unit cell vector. 144 

Table H.18: Fractional coordinates for the optimized adsorption of methanol on Cu(221). 

Atomic positions are given in fraction of the Cu(221) unit cell vector. 145 

Table I.1: Unit cell vectors and fractional coordinates for the optimized Zn modified 

Cu(211) surface. The unit cell vectors are given in Angstrom. Atomic positions are 

given in fraction of the unit cell vectors. 146 

Table I.2: Fractional coordinates for the optimized adsorption of formaldehyde on Zn 

modified Cu(211). Atomic positions are given in fraction of the Zn modified Cu(211) 

unit cell vector. 146 

Table I.3: Fractional coordinates for the TS for the hydrogenation of formaldehyde on Zn 

modified Cu(211). Atomic positions are given in fraction of the Zn modified Cu(211) 

unit cell vector. 147 



 xxi 

Table I.4: Fractional coordinates for the optimized adsorption of methoxide on Zn 

modified Cu(211). Atomic positions are given in fraction of the Zn modified Cu(211) 

unit cell vector. 147 

Table I.5: Fractional coordinates for the TS for the hydrogenation of methoxide on Zn 

modified Cu(211). Atomic positions are given in fraction of the Zn modified Cu(211) 

unit cell vector. 147 

Table I.6: Fractional coordinates for the optimized adsorption of methanol on Zn 

modified Cu(211). Atomic positions are given in fraction of the Zn modified Cu(211) 

unit cell vector. 147 

Table I.7: Unit cell vectors and fractional coordinates for the optimized Zn modified 

Cu(221) surface. The unit cell vectors are given in Angstrom. Atomic positions are 

given in fraction of the unit cell vectors. 148 

Table I.8: Fractional coordinates for the optimized adsorption of formaldehyde on Zn 

modified Cu(221). Atomic positions are given in fraction of the Zn modified Cu(221) 

unit cell vector. 148 

Table I.9: Fractional coordinates for the TS for the hydrogenation of formaldehyde on Zn 

modified Cu(221). Atomic positions are given in fraction of the Zn modified Cu(221) 

unit cell vector. 149 

Table I.10: Fractional coordinates for the optimized adsorption of methoxide on Zn 

modified Cu(221). Atomic positions are given in fraction of the Zn modified Cu(221) 

unit cell vector. 149 



 xxii 

Table I.11: Fractional coordinates for the TS for the hydrogenation of methoxide on Zn 

modified Cu(221). Atomic positions are given in fraction of the Zn modified Cu(221) 

unit cell vector. 149 

Table I.12: Fractional coordinates for the optimized adsorption of methanol on Zn 

modified Cu(221). Atomic positions are given in fraction of the Zn modified Cu(221) 

unit cell vector. 149 

Table J.1: Unit cell vectors and fractional coordinates for the optimized Zr modified 

Cu(211) surface. The unit cell vectors are given in Angstrom. Atomic positions are 

given in fraction of the unit cell vectors. 150 

Table J.2: Fractional coordinates for the optimized adsorption of formaldehyde on Zr 

modified Cu(211). Atomic positions are given in fraction of the Zr modified Cu(211) 

unit cell vector. 150 

Table J.3: Fractional coordinates for the TS for the hydrogenation of formaldehyde on Zr 

modified Cu(211). Atomic positions are given in fraction of the Zr modified Cu(211) 

unit cell vector. 151 

Table J.4: Fractional coordinates for the optimized adsorption of methoxide on Zr 

modified Cu(211). Atomic positions are given in fraction of the Zr modified Cu(211) 

unit cell vector. 151 

Table J.5: Fractional coordinates for the TS for the hydrogenation of methoxide on Zr 

modified Cu(211). Atomic positions are given in fraction of the Zr modified Cu(211) 

unit cell vector. 151 



 xxiii 

Table J.6: Fractional coordinates for the optimized adsorption of methanol on Zr 

modified Cu(211). Atomic positions are given in fraction of the Zr modified Cu(211) 

unit cell vector. 151 

Table J.7: Unit cell vectors and fractional coordinates for the optimized Zr modified 

Cu(221) surface. The unit cell vectors are given in Angstrom. Atomic positions are 

given in fraction of the unit cell vectors. 152 

Table J.8: Fractional coordinates for the optimized adsorption of formaldehyde on Zr 

modified Cu(221). Atomic positions are given in fraction of the Zr modified Cu(221) 

unit cell vector. 152 

Table J.9: Fractional coordinates for the TS for the hydrogenation of formaldehyde on Zr 

modified Cu(221). Atomic positions are given in fraction of the Zr modified Cu(221) 

unit cell vector. 153 

Table J.10: Fractional coordinates for the optimized adsorption of methoxide on Zr 

modified Cu(221). Atomic positions are given in fraction of the Zr modified Cu(221) 

unit cell vector. 153 

Table J.11: Fractional coordinates for the TS for the hydrogenation of methoxide on Zr 

modified Cu(221). Atomic positions are given in fraction of the Zr modified Cu(221) 

unit cell vector. 153 

Table J.12: Fractional coordinates for the optimized adsorption of methanol on Zr 

modified Cu(221). Atomic positions are given in fraction of the Zr modified Cu(221) 

unit cell vector. 153 

 

  



 xxiv 

LIST OF FIGURES 

 

           Page 

Figure 3.1: Structures and relative energies predicted using DFT-D2 for the most stable 

conformations of L-alanine, DL-alanine and D-alanine on the Cu(3,1,17)S. The 

energies are defined relative to the that of L-alanine/Cu(3,1,17)S. The unit cell contains 

two adsorbed molecules. In the case of the racemate DL-alanine overlayer the D-

alanine enantiomer is adsorbed at the top of the step and extends onto the terrace, 

while the L-alanine enantiomer is adsorbed at the bottom of the step with the –NH2 

interacting with the least coordinated Cu atom in the step edge. 33 

Figure 3.2: Upper panel. Ball model depiction of the naturally chiral Cu{3,1,17}R&S 

surfaces. The kinked structures with clockwise and counterclockwise rotations among 

the three microfacets forming the terrace, step and kink, (111) → (100) → (110), are 

designated R and S, respectively. Lower panel. LEED patterns from clean 

Cu(3,1,17)R&S single crystal surfaces (E = 225 eV, T = 90 K). The dashed lines 

highlight the repeating unit cell and the direction of the spot splitting due to the step 

edges. These are non-superimposable mirror images of one another, reflecting the 

chirality of the surfaces. 36 

Figure 3.3: TPR spectra of D-alanine/Cu(3,1,17)R and L-alanine/Cu(3,1,17)S at saturation 

coverage. The signals at m/q = 44 and 45 correspond to CO2 and 13CO2 desorption 

originating from carboxylate groups of D- and L-alanine, respectively. The yields of 

CO2 and 13CO2 can be used to estimate the coverages of D- and L-alanine 38 



 xxv 

Figure 3.4: TPR spectra of D-alanine/Cu(3,1,17)R&S and L-alanine/Cu(3,1,17)R&S at 

saturation coverage. There is no measurable enantiospecificity in the alanine 

decomposition kinetics on Cu(3,1,17)R&S surfaces. 39 

Figure 4.1: TPD of R-3MCHO on various Cu surfaces. The peak temperatures for 

desorption from the flat terraces, the steps and the kinks are ~230, ~345, and ~385 K, 

respectively. Insets to the right show the ideal structure of each surface, with color 

coding used to indicate the coordination number of surface atoms. 55 

Figure 4.2: Adsorption geometry of 3MCHO on Cu(111), as calculated with DFT using 

the PBE-D2 functional. 57 

Figure 4.3: Adsorption geometry of R-3MCHO on Cu(221) (Left) and Cu(643)R (Right), 

as calculated with DFT using PBE-D2 61 

Figure 4.4: R-3MCHO adsorption energy differences between Cu(111) and 

stepped/kinked Cu surfaces for TPD, PW-91, PBE-GGA, and PBE-D2. 62 

Figure 4.5: Adsorption energy of the most preferred configurations of R-3MCHO on the 

different Cu surfaces. 64 

Figure 5.1: Relative energy cost of Zn or Zr replacement modification on Cu(221) and 

Cu(211). All energies are reported in eV and are referenced to the most stable 

heteroatom position modification. The blue dashed circle indicated the relative energy 

cost of an adsorbed Zn or Zr. 74 

Figure 5.2: Most favorable hydroxyl adsorption energies with Zr replacing different 

surface Cu atoms. All energies are reported in eV. The values are referenced to the 

most favorable hydroxyl adsorption energies with Zr embedded in the most favorable 

position identified in Figure 5.1. 76 



 xxvi 

Figure 5.3: Energy diagram for the hydrogenation of formaldehyde and methoxide on 

Cu(111), Cu(211), Cu(221), and the heteroatom modified stepped edge. All energies 

are referenced to methanol on Cu(111). The inset pictures illustrated each step of the 

reaction for Zn promoted Cu(211). 79 

Figure 5.4: Calculated linear relationship between activation energy and ΔH for 

hydrogenation of formaldehyde and methoxide on the surfaces reported in Table 5.2. 

The dashed lines indicated the standard error in the activation energy. 84 

Figure A: Optimized dense adlayer of alanine on Cu(3,1,17)S. Converged using PBE 

functional with DFT-D2 dispersion corrected method. 100 

 

  



 xxvii 

SUMMARY 

 

There has been growing demands towards the efficient production of enantiopure 

compounds through either asymmetric synthesis or separation from racemic mixtures. 

Recent studies have examined numerous different methods that may address this 

challenge. One of these methods involved the interaction of chiral molecules on achiral 

metal surfaces such as copper to create chiral templates while another method utilizes the 

interaction of chiral molecules on intrinsically chiral surfaces. Earlier studies using 

nonhybrid Density Functional Theory (DFT) functional has provided some insights into 

the geometric structures and relative energies of some of these interactions, but it failed to 

achieve quantitative agreement with experimental studies. Using dispersion corrected 

DFT functionals, this thesis present a study of chemisorbed dense adlayers of glycine and 

alanine on Cu(110) and Cu(3,1,17), physisorbed R-3-methycyclohexanone (R-3MCHO) 

on Cu(100), Cu(110), Cu(111), Cu(221), and Cu(643)R, and the hydrogenation of 

formaldehyde and methoxide on Zn or Zr heteroatoms promoted Cu surfaces.  

In the dense glycine and alanine adlayer study, we have resolved a disagreement 

between experimental observation made on LEED, STM, and XPD, and we showed that 

heterochiral and homochiral glycine adlayer coexist on Cu(110). Our model failed to 

show the minute enantiospecificity for dense alanine adlayer on Cu(3,1,17) which 

indicated a numeric limitation for computational modeling of surface adsorption. In the 

physisorbed system, the dispersion corrected methods calculated adsorption energies 

were in better quantitative agreement with the experimentally observed values than the 

nonhybrid functionals, but it also created a significant overestimation of total adsorption 
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energies. On the other hand, our model had indicated a previously unexpected adsorbate-

induced surface reconstruction on Cu(110). This is promising news in term of 

computational modeling’s capability in examining surface-adsorbate interaction on an 

atomic scale. As for the hydrogenation of formaldehyde and methoxide on copper 

surfaces, the model showed that the increased binding strength between the reaction 

intermediates and the heteroatom promoted copper surfaces to be the primary contributor 

of the increased reaction rates. Furthermore, our model had also indicated that while 

clustered heteroatoms are relatively rare, a significant portion of reaction takes place near 

these clustered structures. It is our hope that the results and techniques presented in this 

thesis can be used to better understand and predict the interaction of more complex 

surface-adsorbate interactions. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

A hallmark of life on Earth is the homochirality of biomolecules such as amino 

acids, sugars, proteins, and DNA.1-2 Chirality is the condition in which two molecules of 

identical composition is arranged such that they represented a non-superimposable mirror 

images of each other. In the homochiral environment of living organisms, one 

consequence is that the two enantiomers of a chiral molecule can exhibit significantly 

different physiological effects.3-5 For instance, the well-known case of thalidomide where 

one enantiomer led to severe birth defect demonstrated the importance of 

enantiospecificity in pharmaceutical. This has created an enormous >$200 billion per 

year market, particularly in pharmaceuticals, for enantiomerically pure compounds.6 As a 

result, enantioselective chemical processes, such as enantioselective catalyst, biocatalyst, 

and chiral pool synthesis, have attracted a great deal of attention in the biochemical and 

pharmaceutical industries because they allow for the creation of more enantiopure 

compounds. The subject of this work, chiral surfaces, may be very attractive for chiral 

separations and heterogeneous catalysis if enantioselectivity can be achieved.  

The most common method for creating single enantiomer chiral surfaces is the 

irreversible adsorption of enantiomerically pure, chiral organic molecules on achiral 

metal surfaces, which thereby renders the surfaces chiral.7-10 Such surfaces can then serve 

as enantiospecific adsorbents or catalysts; however, their chemical and thermal stabilities 
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are limited by the intrinsic stability of the organic modifier. On the other hand, simple 

metal surfaces themselves can be much more stable and catalytically active than 

organically modified surfaces, if prepared in intrinsically chiral form. Although the bulk 

crystal structures of metals are achiral, intrinsically chiral surfaces can be obtained by 

cleaving the metal through the (hkl) plane where h≠k≠l≠0 which exposed a low 

symmetry, high Miller index chiral surface.11-12 Because the terrace−step−kink structures 

of these surfaces lack symmetry, they are not superimposable on their mirror images and 

are, therefore, chiral. When adsorbed on naturally chiral surfaces, chiral molecules 

exhibit enantiospecific desorption kinetics,13-16 reaction kinetics,17-18 orientations,19-20 

electrochemistry,21-22 etc. Various methods have been widely used to study these 

behaviors.14, 23-28 

In a variety of experiments chiral surface structures have been shown to exhibit 

enantiospecific chemical characteristics.4, 29-32 For example, experimental data obtained 

using temperature-programmed desorption (TPD) have demonstrated a measurable 

difference between the adsorption energies of enantiomers on chiral surfaces.33-37 

Currently, large scale studies of all adsorbed enantiomer−surface combinations are very 

challenging to do experimentally. However, an improved fundamental knowledge of 

enantiomer−surface interactions will allow experimental studies to narrow the focus to 

combinations with the most enantiospecific potential. 

Recent advances in computational capacity and efficacy has allowed researchers 

simulate real systems with better accuracy. Using density functional theory (DFT), it is 

possible to model the adsorption of molecules on surfaces using quantum chemistry 

principles. While earlier work using DFT yielded promising results that agree with 
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experimental trends,38-42  the calculated results did not yield quantitatively accurate 

adsorption energy for the adsorbed molecules. This is typically attributed to a  

shortcoming of the nonhybrid functionals used in these calculations, which fail to 

correctly describe long-range van-der-Waals forces.43 In recent years, several approaches 

have been developed within the DFT community to address this issue.44-47 In this work, 

we examine the ability of these methods to narrow the accuracy gap between 

computational and experimental results, and we investigate van der Waals forces 

dominated physisorbed system systems to gain fundamental knowledge which would 

facilitate future studies. 

1.2 Chemisorption of chiral D- and L- alanine on the chiral Cu(3,1,17)S 

Previous studies have shown that adsorption energies calculated by DFT tracks 

closely with the experimental results when surface adsorption is not dominated by van 

der Waals forces. Glycine, the simplest amino acid, is achiral in the gas phase, but, when 

adsorbed onto a flat surface, it becomes chiral.48-50 Initial experiments were in 

disagreement on the structure of dense glycine adlayer on Cu(110).49-50 Chen et al. 

concluded that heterochiral and homochiral domains coexist based on low-energy 

electron diffraction (LEED) and scanning tunneling microscope (STM) images, but 

Toomes et al. concluded from X-ray photoelectron diffraction (XPD) measurements that 

only one domain exists. To address this inconsistency, Rankin and Sholl investigated the 

structures of glycine and alanine, the simplest chiral amino acid, on atomically flat Cu 

surfaces using DFT.51-56 Their calculations showed a slight preference for the heterochiral 

footprint domain for glycine on Cu(110) surface, and this domain was in quantitative 

agreement with the results obtained by Toomes et al. Furthermore, there were no 
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observable differences between adsorption of D- and L- alanine on Cu surfaces, 

indicating the enantiomers are unlikely to separate into enantiospecific domains as 

suggested by Chen et al. This was later validated by further experiments.57-60  

1.3 Physisorption of R-3-methycyclohexanone on Cu surfaces 

To examine the impact of dispersion forces on the adsorption of molecules on 

metal surfaces, it is natural to consider examples where dispersion forces are expected to 

dominate the adsorption energy. 3-methylcyclohexanone (3MCHO) is an ideal model for 

a chiral adsorbate. It has been extensively studied and shown experimentally to undergo 

enantiospecific separation on chiral Cu surfaces.34-35 STM conducted by Zhao and Perry 

indicates ordered adsorption of 3MCHO on the Cu(643) surface.61 Additionally, 3MCHO 

adsorbed on the step edges of Cu(533) and Cu(221) surfaces created enough surface 

stress to induce kink formation.62 Previous work by Bhatia and Sholl investigated 

3MCHO adsorption on Cu surfaces with plane wave DFT with PW91-GGA functional. 

They calculated the adsorption energy on straight step edge and kink sites to be 0.09 and 

0.36 eV more favorable than on the Cu(111) terrace, respectively. Experimental data 

show similar differences in adsorption energy between the three different surfaces, but 

indicate ~0.45 eV more favorable absorption energies for each surface than calculated by 

DFT. This underestimation is expected since the nonhybrid functional used by Bhatia 

does not account for dispersion forces.38 Since the energy differences between straight 

edge, kink site, and the flat surfaces are consistent with the experimental results, the 

absolute difference is likely a result of systematic error in which the dispersion force 

contribution from the cyclohexane ring was not entirely accounted for in the PW91 

functional. This inference is supported by experiments that estimate the cyclohexane 
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adsorption energy to be ~0.53 eV.63 While ~0.53 eV is slightly stronger than the ~0.45 

eV underestimation calculated by the nonhybrid functional, it strongly support the notion 

that dispersion corrected methods will allow for a more accurate estimation of adsorption 

energies. Whether dispersion corrected functionals can close the gap with regard to 

quantitative accuracy will impact their ability to model surface adsorption of complex 

molecules. 

The understanding and practical application of enantiospecific processes 

involving metal surfaces demands detailed knowledge of the geometry, aggregation 

pattern, and energies of adsorbed molecules. These issues are also important in the 

broader context of multifunctional molecules adsorbed on catalytic surfaces, as, for 

instance, in catalytic treatment of biomass-derived molecules.  

1.4 Promoter impact on kinetics of methanol formation on Cu surfaces 

Methanol is a highly sought after commodity chemical with applications in 

transportation and as a chemical feedstock. Its global demand exceeds 65 million tons/yr, 

generating $36 billion/yr in economic activity. Industrially, methanol is currently 

synthesized by reacting mixtures of H2, CO2, and CO at elevated temperature (400 – 600 

K) and pressure (50 – 100 atm) with Cu/ZnO/Al2O3 catalysts.64-67 With increased demand 

for greenhouse gas mitigation and advancements in carbon capture technology, there has 

been growing interest in using captured CO2 to fuel the methanol synthesis.65, 67-72 This, 

in part, drives the demand to develop a strategic, rational design of heterogeneous 

catalysts. One major roadblock lies in the complexity of catalyst surface structures and its 

impact on reaction mechanisms. While the metallic Cu catalyst is generally accepted to 

be structure sensitive, the exact mechanism and step impacts are uncertain. Several 

file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_63
file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_64
file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_65
file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_67


 6 

preliminary studies have examined these effects.65-67, 73 Behrens et al. has proposed that 

small amounts of Cu surface, activated by presence of Zn atoms, contribute the majority 

of catalytic activity during methanol synthesis.67 An improved understanding of surface 

structure and promoter impact on this particular segment may assist in the rational design 

of future catalysts. In this spirit, we use DFT to determine the positions and behaviors of 

Zn and Zr atoms on Cu surfaces and investigate the impact of these heteroatoms on the 

adsorption energies of MeOH synthesis intermediates and on the reaction barriers for key 

reaction steps. 

1.5 Thesis summary 

In order to improve the fundamental understanding of these surface−adsorbate 

interactions and to benchmark DFT capabilities, we present a broad study that 

encompasses several different types of surface−adsorbate interactions. Additionally, we 

collaborated extensively with an experimental group supervised by Dr. Andrew Gellman 

at Carnegie Mellon University. 

We first provide a brief overview of DFT in Chapter 2, which served as the 

primary computational modeling method throughout our work. 

In Chapter 3, we re-examine the chemisorption of glycine and alanine on Cu 

using dispersion corrected DFT functionals. For glycine and alanine on flat Cu surfaces, 

the chemisorption contribution from the deprotonated carboxylic group dominates the 

adsorption energy, and the adsorbates are horizontally stabilized by two hydrogen bonds 

per molecule. These effects diminish the influence of van der Waals forces on surface 

geometry. When dispersion force corrections are applied, the total adsorption energy will 

increase, but we do not expect changes to the overall adlayer structure. To quantify the 
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overall effect of van der Waals forces on these chemisorbed molecules, we first examine 

the adsorption of dense glycine and alanine adlayer on Cu(110) with dispersion corrected 

calculations. Then we attempt to describe the equilibrium adsorption of D- and L-alanine 

mixtures on naturally chiral Cu(3,1,17) surfaces both through computational simulation 

and direct measurement. The combined experimental and computational studies provide 

insight into the enantioselectivity of chiral amino acid adsorption on naturally chiral 

surfaces. 

In Chapter 4, we investigate R-3MCHO adsorption on Cu surfaces as a 

benchmark test for the three dispersion corrected methods and to quantify the 

effectiveness of these methods for predicting surface–adsorbate interactions. The 

incorporation of dispersion forces potentially makes it possible to study and model the 

adsorption behavior of large compounds on surfaces with quantitative accuracy. We 

compare the utility of three dispersion-corrected DFT methods: (1) Grimme’s D2, (2) 

vdW-DF with optB86b, (3) and vdW-DF with optB88. Using physisorbed 3MCHO, we 

quantify the efficacy of the dispersion force functional in terms of absolute adsorption 

energy accuracy on three flat Cu surfaces. Since the goal is to probe the utility of DFT 

calculations in screening for enantiospecific processes that operate on low and high 

Miller index Cu surfaces, studying interactions of compounds with flat surfaces alone is 

not sufficient. Therefore, we model R-3MCHO adsorption on Cu(221), a surface with 

straight step edges and Cu(643), an intrinsically chiral surfaces. These surfaces were 

picked for the availability of experimental results and the large terrace of Cu(111) which 

allows for greater symmetry and reduces the number of surface geometries that needs to 

be examined.  



 8 

In Chapter 5, we expand upon the work of Behrens et al.67 and present a 

computational study of the impact of Zn and Zr heteroatoms and surface structures of Cu 

catalyst on methanol synthesis under typical methanol synthesis temperature of 500 K.64-

67 We first utilize DFT to determine the positions and behaviors of Zn and Zr heteroatoms 

on Cu surfaces. Our study then investigated the impact of these heteroatoms on the 

overall adsorption of the reaction intermediates. We further investigate the influence of 

clustered heteroatom on the adsorption of these intermediates. Additionally, we examine 

the adsorption of these intermediates on different Cu stepped orientations. Finally, we 

probe the impact of heteroatom on the adsorption of reaction intermediates on Cu kinked 

sites. 

In Chapter 6, we conclude the major results found in this thesis and outline 

challenges and opportunities for future works.  
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CHAPTER 2 

COMPUTATIONAL METHODOLOGY 

 

 

Density functional theory (DFT) is a common quantum mechanical modeling 

method used to examine electronic structure in many-body systems. A detailed 

introduction and discussion of DFT can be found in a series of books and reviews,1-10 so 

this chapter only provided a brief overview of DFT as it was used in my work. 

The basis of DFT traced back to the Schrödinger equation published by Erwin 

Schrodinger in 1926.11 While the Schrödinger equation, in theory, should be able to 

describe any system, in practice, an exact analytical solution can only be found for simple 

systems. This became obvious when one examines the expanded form of the simplified 

Schrödinger’s equation, 𝐻Ψ = 𝐸Ψ: 

[−
ℏ2

2𝑚
∑ ∇𝑖

2𝑁
𝑖=1 + ∑ 𝑉( r 𝑖)

𝑁
𝑖=1 + ∑ ∑ 𝑈 ( r 𝑖, r 𝑗)𝑗<𝑖

𝑁
𝑖=1 ] Ψ = 𝐸Ψ      (2.1) 

The three terms within the brackets describe the kinetic energy of each electron, the 

interaction energy of each electron and the atomic nuclei, and the interaction between 

different electrons, respectively. In order to solve for the individual electron wave 

function, one must simultaneously considers the interaction of this individual electron 

wave function with all other electrons. It was this interaction between different electrons 

that made it difficult to obtain an exact analytical solution for a system of any meaningful 

size. Thus, the desire to investigate the electronic structure of many-body systems and the 
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growth of computational capability had pushed for the development of numerical method 

approximation to the Schrodinger equation. 

 The entire DFT field came from two mathematical theorems proved by 

Hohenberg and Kohn12  and the subsequent development by Kohn and Sham.13 First, 

Hohenberg-Kohn showed that there is a one-to-one mapping between the ground state 

wave function and the ground state electron density. This significantly reduced the 

dimension of the Schrödinger equation from 3N to just 3. Secondly, Hohenberg-Kohn 

stated that the minimized energy of the electron density’s overall functional is the true 

electron density found in the full solution of the Schrödinger equation. Following the 

Hohenberg-Kohn theorems, Kohn and Sham showed that the many-body interacting 

electrons can be described by a set of non-interacting, self-consistent, and single particle 

equations which came to known as the Kohn-Sham equations: 

[−
ℏ2

2𝑚
∇2 + 𝑉( r ) + 𝑉𝐻( r ) + 𝑉𝑥𝑐( r )] Ψ𝑖( r ) = 𝜀𝑖Ψ𝑖( r )      (2.2) 

The four components within the brackets of the Kohn-Sham equations are kinetic energy, 

the electron-nuclei interaction energy, the Hartree potential, and the exchange-correlation 

contribution, respectively. While the first three components can be solved in exact 

analytical form, the exchange-correlation contribution is unknown. Thus, there existed a 

series of approximation methods that attempts to describe the exchange-correlation 

contribution. There are two widely used approaches to approximate the exchange-

correlation contribution within the solid material field: the local density approximation 

(LDA) and the general gradient approximation (GGA). The LDA assumes that each 

electron in the actual system can be accurately modeled as the same electron in a uniform 

electron gas with the same global density. The GGA takes a step further and includes a 
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correction for the local gradients in the electron density. This is often seen as an 

improvement over the LDA approach. Among GGA functionals, the Perdew-Burke-

Ernzerhof (PBE-GGA) functional is widely used for its simplification of the exchange-

correlation functional, which addressed the shortcoming of the Perdew-Wang 1991 

(PW91-GGA) functional.14-15 However, nonhybrid GGA failed to describe long-range 

van der Waals forces.16 

There are three main approaches to correct for the long-range van der Waals 

interaction: C6 based correction,17 density based correction,18 and effective one-electron 

potential.19 Within the C6 based methods, Grimme et al. proposed the D2 functional to 

empirically account for dispersion forces within DFT,20-21 

 𝐸𝐷𝐹𝑇−𝐷 = 𝐸𝐷𝐹𝑇 + 𝐸𝑑𝑖𝑠𝑝 (2.3) 

with, 

 𝐸𝑑𝑖𝑠𝑝 = −𝑠6 ∑ ∑
𝐶6

𝑖𝑗

𝑅𝑖𝑗
6 𝑓𝑑𝑚𝑝(𝑅𝑖𝑗)

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

 (2.4) 

Here, 𝑠6 is a global scaling factor, 𝐶6
𝑖𝑗

 is the dispersion coefficient for individual atomic 

pairs, R is the distance between the two atoms, and 𝑓𝑑𝑚𝑝(𝑅𝑖𝑗) is a damping function that 

avoid near-singularities for small values of R. 𝑠6 was determined by empirically fitting 

binding energies and intermolecular distances to a test set of system, and 𝐶6
𝑖𝑗

 was 

obtained through mixing of individual atom’s 𝐶6 parameter.20-21 

 Within the density based approach, Becke proposed a dispersion correction 

method using the LDA.18,22 The optimized B86b51,52 model accounted for the 

inhomogeneous electron densities, 𝜌𝜎, using,23-24 
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 𝐸𝑥
𝑆𝐸 = 𝐸𝑋

𝐿𝐷𝐴 − 𝛽 ∑ ∫ 𝜌𝜎
4/3 𝑥𝜎

2

(1 + 𝛾𝑥𝜎
2)

𝑑3𝑟

𝜎

 (2.5) 

where 𝐸𝑥
𝑆𝐸  is the semi-empirical exchange energy, 𝐸𝑋

𝐿𝐷𝐴  is the LDA exchange energy, 

and  𝑥𝜎 = |∇𝜌𝜎|/𝜌𝜎
4/3

. However, at the asymptotic limit, the optB86b did not converge to 

the correct values. The proposed optimized B88 shown below attempted to address this 

issue,25 

 𝐸𝑋 = 𝐸𝑋
𝐿𝐷𝐴 − 𝛽 ∑ ∫ 𝜌𝜎

4/3 𝑥𝜎
2

(1 + 6𝛽𝑥𝜎 sinh−1 𝑥𝜎)
𝑑3𝑟

𝜎

 (2.6) 

Klimeš incorporated these methods into the Vienna Ab-initio Simulation Package 

(VASP) as the optB86b and optB88 vdW-DF correction.26 Based on overall performance 

against the S22 dataset and metal crystal structures, the optB88 functional yielded the 

most precise results among revPBE, optPBE, optB86b, optB88, LDA, PBE, and other 

functionals.26-27 

 In this thesis, we implemented DFT calculations using VASP.28-31 The electron–

electron exchange and correlation interactions were described with a GGA functional. 

Core–electron interactions were modeled with the projector augmented-wave (PAW) 

potential.32-33 Additional details of the specific DFT calculation are provided in the 

respective chapter. 
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CHAPTER 3 

CHEMISORPTION OF GLYCINE AND ALANINE ON COPPER 

SURFACES 

 

3.1 Introduction* 

An interesting aspect of biological life on Earth is the homochirality of 

biomolecules such as amino acids, sugars, proteins, and DNA.1-2 One of the 

consequences of this homochirality in living organisms is that enantiomers of a chiral 

molecule can exhibit significantly different physiological effects.3-5 The resulting demand 

for enantiomerically pure molecules has created a >$200B/yr market.6 As a result, 

enantioselective chemical processes have attracted a great deal of attention in the 

biochemical and pharmaceutical industries. As one approach to enantioselectivity, chiral 

surfaces are attractive media for chiral separations and for enantioselective heterogeneous 

catalysis. Before this can be achieved, we must gain an improved understanding of the 

interactions between adsorbed species and the metal surfaces. 

3.1.1 Dense Ordered Adlayer of Glycine and Alanine on Cu(110) 

Previous work has shown that DFT based simulations can accurately predict 

experimental results when surface adsorption is not dominated by van der Waals forces. 

However, the lack of consideration of van der Waals forces limited the potential 

application of DFT based simulations. With the recent development of dispersion 

                                                 
* Published as Y. Yun, D. Wei, D. Sholl, and A. Gellman, J. Phys. Chem. C., 2014, 118 (27), pp 14957-

14966  
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corrected methods which attempted to address this weakness, we examined the impact of 

these methods on non-van der Waals forces dominated adsorption. Glycine, the simplest 

amino acid, is achiral in the gas phase, but it adopts chiral characteristics when adsorbed 

onto a flat surface.7-9 Initial experiments were in apparent disagreement on the structure 

of dense glycine adlayers on Cu(110).8-9 Chen et al. concluded heterochiral and 

homochiral domains coexisted from low-energy electron diffraction (LEED) and 

scanning tunneling microscope (STM) images,10 but Toomes et al. concluded from X-ray 

photoelectron diffraction (XPD) measurements that only one domain exists.9 To address 

this inconsistency, Rankin and Sholl investigated the structure of glycine and alanine, the 

simplest chiral amino acid, on atomically flat Cu surfaces using DFT.11-16 These 

calculations showed a slight preference for the heterochiral footprint domain for glycine 

on Cu(110), and this domain was in quantitative agreement with the results obtained by 

Toomes et al. Furthermore, there were no observable differences between adsorption of 

D- and L- alanine on Cu surfaces, indicating the enantiomers are unlikely to separate into 

enantiospecific domains. This was also in agreement with experimental results.17-20 The 

ordered structures formed by glycine and alanine on these surface greatly aided the use of 

DFT based calculations to examine these adsorbates. To quantify the overall effect of van 

der Waals forces on these chemisorbed molecules, we first re-examined these structures 

with dispersion corrected method calculations.  

3.1.2 Adsorption of Enantiopure and Racemic Alanine on Cu(3,1,17) 

Recently, Yun et al. reported the first unequivocal observation of the 

enantioselective separation of a racemic mixture on a naturally chiral metal surface.21 The 

equilibrium adsorption of a gas phase, racemic mixture of D- and L-aspartic acid on 
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naturally chiral Cu(3,1,17)R&S surfaces resulted in ~39% surface enantiomeric excess in 

the adsorbed phase, favoring adsorption of D-aspartic acid over L-aspartic acid on the 

Cu(3,1,17)S and vice versa on the Cu(3,1,17)R. Adsorption of alanine on Cu surfaces has 

been extensively studied as a model system for understanding the surface chemistry of 

chiral biomolecules such as amino acids on metal surfaces. Previous studies using 

reflection absorption infrared spectroscopy (RAIRS) have shown that alanine adsorbs on 

Cu surfaces in its anionic form (CH3-CH(NH2)-COO).22-24 LEED, near edge X-ray 

absorption fine structure spectroscopy (NEXAFS), and STM have been used to show that 

enantiomerically pure D- and L-alanine adsorbed on the naturally chiral Cu(531)R surface 

exhibit enantiospecific differences in their adsorption geometries and long-range order.25-

26 Furthermore, Clegg et al. showed that adsorption of D- and L-alanine leads to 

reconstruction of naturally chiral Cu(531)S surface that created enantiospecifically 

different surface orientations.27 The greater goal of this type of work is to understand the 

origin of the enantiospecific differences in the energetics of chiral adsorbates on chiral 

surfaces. However, the direct quantitative measurement of enantiospecific energy 

differences of chiral adsorbates on chiral surfaces is experimentally challenging. In spite 

of the extensive studies of alanine on chiral Cu surfaces, enantioselectivity has been 

predicted only on the basis of computational modeling.28-29 Later in this chapter, we 

attempt to describe the equilibrium adsorption of D- and L-Alanine mixtures on naturally 

chiral Cu(3,1,17) surfaces through computational simulation and direct measurement. 

The combined experimental and computational studies provided insight into the 

enantioselectivity of chiral amino acid adsorption on naturally chiral surfaces. 
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3.2 Methodology 

3.2.1 Density Functional Theory for Glycine/Alanine on Cu(110) and Alanine on 

Cu(3,1,17)S 

Computational simulations were carried out using periodic DFT calculations with 

the Vienna Ab initio Simulation Package (VASP).30-33 The PBE-GGA functional was 

used to describe the electron–electron exchange and correlation.34-35 Core–electron 

interactions were modeled with the projector augmented-wave (PAW) potential.36-37 All 

calculations used a plane wave expansion cutoff of 500 eV. Structural optimization was 

performed by a conjugate gradient algorithm with a force stopping criterion of 0.03 eV/Å. 

The effects of long range dispersion forces was included through Grimme’s D2 

dispersion correction method.38 The interatomic spacing of Cu was obtained through 

modeling of bulk FCC Cu atoms with a supercell containing 8 Cu atoms in an FCC lattice 

using 16×16×16 k-points. All surface slabs were 7 Å thick with the bottommost 3 Å 

immobilized in their bulk positions. All surface calculations used a Monkhorst-Pack grid 

of 4×4×1 k-points. All surface slabs were created with a vacuum spacing of at least 10 Å. 

Both glycine and alanine adsorbed in the deprotonated form with a tridentate footprint.15, 

17, 19-20, 39-42 A dense adlayer was defined as two alanines coadsorbed on the Cu(110) 

surface unit cell.  

The Cu(110) slab were made up of p(2 × 4) surface unit cells. The surface 

geometries of the dense glycine and alanine adlayer were obtained from earlier work 

conducted by Rankin and Sholl.11-12, 14 The construction of a Cu(3,1,17)S slab was similar 

to earlier work by Rankin and Sholl.43 The surface consisted of a single Cu(3,1,17)S 

surface unit cell. To ensure a systematic examination of the surface, the study modified 
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the n_A_x denotation of the adlayer defined by Rankin and Sholl to be m_n_A_3.43 Here, 

m denotes whether the adlayer was enantiopure (L-/D-) or racemic (DL-) alanine. The 

surface geometries for each dense L-Alanine adlayers and dense DL-Alanine adlayers 

were generated from the most favorable configurations found by Rankin and Sholl.43 The 

configurations for dense D-Alanine adlayers were created by taking the earlier 

configurations and modifying the methyl group position as needed. 

Since both glycine and alanine adsorbed in a deprotonated form, the calculation is 

balanced with glycine or alanine and ½ H2 in vacuum. An isolated glycine, alanine, or H2 

molecule in a 20 × 20 × 20 Å cell sampled at the Γ point was used as the reference. The 

adsorption energy was defined as, 

∆𝐸𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸isolated − 𝐸𝑆𝑢𝑟𝑓𝑎𝑐𝑒   (3.2) 

where 𝐸𝑡𝑜𝑡𝑎𝑙, 𝐸isolated, 𝐸𝑆𝑢𝑟𝑓𝑎𝑐𝑒 are the total energy of the relaxed structure including the 

adsorbed molecule, the energy of the isolated molecule, and the clean surface energy, 

respectively. On the Cu(3,1,17) surface, a dense adlayer was defined as two alanine 

coadsorbed on one surface unit cell. 

3.2.2 TPD experiment for dense alanine on Cu(3,1,17) 

Study of enantioselective adsorption of D- and L-alanine on Cu(3,1,17)R&S 

surfaces was performed in an ultrahigh vacuum surface analysis chamber with a base 

pressure of 2 × 10-10 Torr. The chamber is equipped with an Ar+ ion sputter gun to clean 

the sample, LEED optics to examine the ordering of clean surfaces, a homemade 

evaporator to deposit alanine on the Cu single crystal surfaces, and an Extrel mass 

                                                 
 Experimental results reported in this chapter were obtained by Dr. Gellman’s group at Carnegie Mellon 

University 
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spectrometer to detect chemical species in the gas phase and those desorbing from the 

surface. 

The Cu(3,1,17) single crystal sample (Monocrystals Company) was 

approximately 10 mm in diameter and 2 mm thick. The Cu single crystal disk exposed 

the Cu(3,1,17)R surface on one side and the Cu(3,1,17)S surface on the other side. The 

temperature of the sample was controlled within the range 90 - 1000 K by resistive 

heating and liquid nitrogen cooling and was measured using a chromel-alumel 

thermocouple spot welded to its edge. The temperature was controlled by a computer 

monitoring the temperature and varying the heating current. The Cu sample was cleaned 

by repeated cycles of 1 keV Ar+ ion sputtering while annealing at 850 K for 500 seconds. 

In the final step of the sputtering-annealing procedure, the sample was cooled at a 

controlled rate of -1 K/sec at a pressure of <1×10-9 Torr in order to obtain a well-ordered 

surface structure. The long range order of the clean Cu(3,1,17)R&S surfaces was verified 

by LEED before adsorption of alanine. 

Unlabeled D-alanine (Alfa Aesar, 99% chemical and optical purity) and 

isotopically labeled L-alanine (HO2
13CCH(NH2)CH3, Cambridge Isotope Laboratories, 

98% chemical purity, 99 atom%) were vapor deposited onto the Cu(3,1,17)R&S surfaces 

by sublimation from a homemade Knudsen cell evaporator with two glass vials; one for 

each enantiomer. The glass vials were wrapped with resistance heating wires and their 

temperatures were measured by thermocouples bonded to their exteriors. The fluxes of 

D- and L-alanine from each vial were controlled independently by heating the vials to 

different temperatures. The time of exposure of the Cu(3,1,17)R&S surfaces to the D- and 

L-alanine vapors was controlled by opening and closing a shutter placed in front of the 
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glass vials. After exposure to alanine, the sample was position in front of the aperture to 

the mass spectrometer and then heated at 1 K/sec to conduct temperature programmed 

reaction spectroscopy of the adsorbed species. The relative coverages of D- and L-

Alanine on the Cu(3,1,17)R&S surfaces were determined by monitoring the signals for 

CO2 (m/q = 44) and 13CO2 (m/q = 45) with the mass spectrometer while heating the 

surfaces from 250 to 670 K at 1 K/s. 

3.3 Results and Discussion 

3.3.1 Dense Ordered Adlayer of Glycine and Alanine on Cu(110) 

 Our work briefly examined the overall effect of dispersion corrected methods on 

these systems. Working from the adsorption geometries determined by Rankin and 

Sholl,11 we applied the DFT-D2 dispersion correction to estimate its effect on glycine and 

alanine adlayers on Cu(110). Since glycine is achiral, the heterochiral and homochiral 

labels denote their footprint on the surface. Table 3.1 lists the tabulated adsorption energy 

(AE) using the PBE-GGA and PBE-D2 functional. The D2 contribution was calculated 

as, 

𝐷2𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 =
𝐴𝐸𝑃𝐵𝐸−𝐷2−𝐴𝐸𝑃𝐵𝐸−𝐺𝐺𝐴

𝐴𝐸𝑃𝐵𝐸−𝐷2
   (3.3) 

where 𝐴𝐸𝑃𝐵𝐸−𝐺𝐺𝐴  and 𝐴𝐸𝑃𝐵𝐸−𝐷2  are the adsorption energies obtained using the PBE-

GGA and PBE-D2 functional, respectively. As seen in Table 3.1, the inclusion of van der 

Waals interactions increased adsorption energy by 29-35%. This was consistent with the 

expectation that van der Waals forces contributed significantly to the total adsorption 

energy. However, the contributions were approximately consistent among structures of 

similar configuration and surface coverages.  
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Table 3.1: Tabulated effect of D2 correction on dense glycine/alanine adlayers. 

System 𝐴𝐸𝑃𝐵𝐸−𝐺𝐺𝐴 (eV) 𝐴𝐸𝑃𝐵𝐸−𝐷2 (eV) 𝐷2𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

Heterochiral Glycine -1.78 -2.49 29% 

Homochiral Glycine -1.74 -2.49 30% 

Enantiopure L-Alanine -1.60 -2.43 34% 

Racemate Alanine -1.60 -2.45 35% 
 

  

 In the alanine adlayer, the similar enantiopure and racemate adsorption energies for 

both PBE-GGA and PBE-D2 functional suggested the racemate alanine domain will not 

separate into L- and D- enantiopure domains. This is consistent with previous 

calculations and experimental measurements.14, 17 Since both glycine and alanine are 

chemisorbed on Cu(110), we did not expect the van der Waals forces to dominate the 

adsorption energy. The ~30% and ~35% dispersion force contribution to adsorption 

energy for adsorbed glycine and alanine, respectively, corroborated this expectation. The 

large binding energies seen for these species indicate that molecular decomposition is 

likely to occur before desorption of intact molecules can occur, consistent with our TPS 

experiments.  

 For glycine on Cu(110), the PBE-GGA results showed a minor preference for the 

heterochiral footprint, but this difference disappeared when dispersion corrected method 

was applied. This suggested the coexistence of both heterochiral and homochiral domains 

on the surface as proposed by Chen et al.8 Since the early work by Rankin and Sholl11 

inferred a mismatch between the homochiral domain and the XPD data observed by 

Toomes et al.,9 we compared the calculated N and O offsets as seen by the PBE-D2 

functional in Table 3.2.  
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Table 3.2: Calculated and observed N and O offset distances (in Å) of adsorbed glycine 

relative to the closest surface Cu atom. 

  Rankin and Sholl11 Dispersion Corrected 

 XPD9 Heterochiral Homochiral Heterochiral Homochiral 

N offsets at 

<-110> 

0.24±0.10 0.20 0.17 

0.20 

0.16 

0.19 

0.17 

0.19 

O offsets at 

<001> 

0.68±0.09 

 

0.97±0.08 

0.70 

 

0.98 

0.76 

0.87 

0.23 

1.10 

0.63 

0.77 

1.12 

1.16 

0.63 

0.80 

1.12 

1.18 

 

 In the XPD experiments, Toomes et al. saw a single N offset distance and two O 

offset distances. The work by Rankin and Sholl indicated one N offset and two O offset 

distances for the heterochiral domain, and two N offset and four O offset distances for the 

homochiral domain. Based on these results, Rankin and Sholl inferred the homochiral 

footprint was inconsistent with the XPD data. However, DFT calculations with PBE-D2 

method suggested that the homochiral footprint was not inconsistent with the 

experimental measurements. Unlike the earlier calculation where an O offset of 0.23 Å 

was observed for the homochiral domain, calculations with the PBE-D2 method observed 

N and O offsets that were consistent with the XPS study for both the heterochiral and 

homochiral domain. This suggested, contrary to earlier studies that neglected dispersion 

interactions, that both heterochiral domain and homochiral domain can coexist on 

Cu(110).  

3.3.2 Adsorption of Enantiopure and Racemic Alanine on Cu(3,1,17) 

The energetics of alanine adsorption on the Cu(3,1,17)S surfaces were calculated 

using DFT based simulation. These calculations used the PW91-GGA functional, the 

file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_11
file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_9


 31 

PBE-GGA functional, and the PBE-D2 functional. Preliminary calculations had shown 

that PW91-GGA and PBE-GGA did not produce significant changes to energy 

differences between the different dense adlayers. This was important as the D2 dispersion 

correction used here was available only for the PBE-GGA functional rather than PW91-

GGA functional. Comparison of the earlier PW91-GGA and the PBE-D2 results are 

found in Table 3.3. Both the PW91-GGA and the PBE-D2 functionals predicted the same 

configuration to have the lowest energy and roughly the same ordering of energies among 

higher energy configurations. This was consistent with the expectation that the total 

adsorption energy for these molecules is affected by dispersion contributions but that 

these contributions are approximately equal for a large variety of adsorbate 

configurations at similar coverages. Since there were no significant changes to the 

ordering of energies among these configurations, it is unlikely for the other 

configurations examined by Rankin and Sholl to be more favorable than the 

configurations already identified.43 
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Table 3.3: Relative energies of dense alanine adlayers on Cu(3,1,17)S. All reported 

energies are referenced to the most stable adlayer (L_1_0_a). 

 

Dense Adlayer 

PW91-GGA43 E (eV/unit cell) 

Dense Adlayer 

PBE-D2 E (eV/unit cell) 

L_1_0_a 0.00 L_1_0_a 0.00 

DL_1_0_a 0.09 DL_1_0_a -0.01 

L_1_90_a 0.11 L_1_90_a 0.03 

L_2_180_a 0.13 DL_2_180_a 0.22 

DL_2_90_b 0.14 D_1_0_a 0.23 

L_2_270_a 0.16 D_2_180_a 0.24 

DL_1_90_b 0.20 L_2_180_a 0.25 

DL_2_180_a 0.22 DL_2_90_b 0.28 

L_4_270_b 0.24 DL_1_90_b 0.30 

DL_2_270_a 0.26 L_2_270_a 0.30 

DL_4_270_b 0.26 D_1_90_a 0.35 

DL_1_90_a 0.27 D_1_90_b 0.37 

L_1_90_b 0.30 D_2_90_b 0.39 

L_2_90_b 0.40 D_2_270_a 0.40 

 

These calculations modeled the energetics of two enantiopure phases (D-Alanine 

and L-Alanine) and a racemate phase (DL-Alanine). On the chiral Cu(3,1,17)R&S 

surfaces, the adsorption energies of the enantiopure phases differ by ∆∆𝐸𝐷𝐿 = ∆𝐸𝐷/𝑅 −

∆𝐸𝐿/𝑅 = ∆𝐸𝐿/𝑆 − ∆𝐸𝐷/𝑆. The adsorption energetics of the racemate phases are identical 

on the two surfaces, ∆𝐸𝐷𝐿/𝑅 = ∆𝐸𝐷𝐿/𝑆, but they differ from the average energy of the 

enantiopure phases by ∆∆𝐸𝑟−𝑐 = ∆𝐸𝐷𝐿/𝑅 − 1

2
(∆𝐸𝐷/𝑅 + ∆𝐸𝐿/𝑅) . Figure 3.1 shows the 

most stable configurations of D-, L-, and DL-Alanine on Cu(3,1,17)S identified using 

DFT and the associated energies referenced to the most stable phase, L-

alanine/Cu(3,1,17)S. An interesting result of the calculations is that they predicted the 

energetics of the enantiopure L-alanine on Cu(3,1,17)S to be comparable to the racemate 

phase. This indicated that both phases should be considered during the adsorption of 

alanine. 
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Figure 3.1: Structures and relative energies predicted using DFT-D2 for the most stable 

conformations of L-alanine, DL-alanine and D-alanine on the Cu(3,1,17)S. The energies 

are defined relative to the that of L-alanine/Cu(3,1,17)S. The unit cell contains two 

adsorbed molecules. In the case of the racemate DL-alanine overlayer the D-alanine 

enantiomer is adsorbed at the top of the step and extends onto the terrace, while the L-

alanine enantiomer is adsorbed at the bottom of the step with the –NH2 interacting with 

the least coordinated Cu atom in the step edge.  

 

Inspection of the structures of the adsorbed overlayers of D- and L-alanine on the 

Cu(3,1,17)S surface showed that there was a single motif for the two adsorbates in each 

unit cell that was dictated by the binding of the –CO2 and –NH2 groups to the surface and 

is independent of chirality. The unit cells drawn into the structures shown in Figure 3.1 

have been chosen to highlight the two alanine adsorbates within the unit cell. In all three 

structures, the alanine at the upper right of the unit cell was adsorbed at the bottom of the 

step edge with its –CO2 group binding to two nearest neighbor Cu atoms in the Cu(100) 

terrace and–NH2 binding to the least coordinated Cu atom along the step edge. The 

alanine in the lower left of the unit cell in all three structures has the –CO2 group binding 

to two nearest neighbor Cu atoms at the top of the step edge and the –NH2 binding to a 

Cu atom in the Cu(100) terrace. The enantiospecific differences in the adsorption 

energetics of the two enantiopure phases and the racemate phase are dictated by 

L-alanine/Cu(3,1,17)
S
 

0 eV/adsorbate 

DL-alanine/Cu(3,1,17)
S
 

-0.005 eV/adsorbate 

D-alanine/Cu(3,1,17)
S
 

0.11 eV/adsorbate 
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stereospecific orientations of the –H and –CH3 groups on the C atom. The enantiopure 

L-alanine phase has the lower of the energies of the enantiopure phases and adopts a 

structure in which both of the –CH3 groups are oriented away from the surface. Going 

from the L-alanine phase to the racemate DL-alanine phase, the adsorbate on the terrace 

is reversed in chirality from L-alanine to D-alanine and has its –CH3 interacting with the 

Cu(100) terrace. The DL-alanine phase was very slightly more stable (-0.005 

eV/molecule) than the L -alanine phase. Going from the DL-alanine phase to the D-

alanine phase, the chirality of the molecule at the bottom of the step edge was reversed. 

This has a much larger impact on the adsorption energy than reorientation of the –CH3 

group in the alanine on the terrace and destabilizes the D-alanine phase with respect to 

the L-alanine and the DL-alanine phases by ~0.11 eV/molecule.  

DFT predicted a number of common features of the enantiopure and racemate 

structures of D- and L-alanine on Cu(3,1,17)S. However, it also predicted that the subtle 

differences in structures induced by the reversal of the chirality are accompanied by 

adsorption energy differences of ~0.11 eV/molecule. As discuss below, these predictions 

are at odds with experimental observations.  

3.3.3 LEED patterns of the clean Cu(3,1,17)R&S surfaces 

 The chirality of the Cu(3,1,17)R&S surface structures was verified experimentally 

using LEED. Figure 3.2 shows the ideal structures of the Cu(3,1,17)R&S surfaces in the 

top panels and the LEED patterns obtained from the clean Cu(3,1,17)R&S surfaces in the 

lower panels. The ideal atomic structures of the Cu(3,1,17)R&S surfaces have monoatomic 

kinked steps formed by (110) and (111) microfacets, and separated by (100) terraces. 

                                                 
 Results reported in this section were obtained by Dr. Gellman’s group at Carnegie Mellon University 
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Although it is known that the real structures of such high Miller index surfaces are 

subject to thermal roughening,44-46 STM imaging of Cu(643)R and Cu(531)S surfaces 

have shown that the net chirality of the surfaces is preserved.47-48 Although thermal 

roughening of the steps results in the coalescence of kinks and loss of the periodic 

distribution of kinks along the step edge, the chirality of the remaining kinks is the same 

as that of the ideal surface structure. LEED patterns from high Miller index surfaces with 

kinked steps have periodicity based on that of the terraces but modified by splitting of the 

diffraction spots due to the presence of the step edges.49 The LEED patterns of the clean 

Cu(3,1,17)R&S surfaces (Figure 3.2) display the square symmetry of the (100) terraces 

with obvious spot splitting. The split spots in the diffraction patterns are misoriented from 

the low Miller index directions, indicating that the steps run along low symmetry 

directions and are, therefore, kinked. Close inspection of the LEED patterns reveals that 

the direction of the spot splitting is reversed on Cu(3,1,17)S and Cu(3,1,17)R images and 

that the LEED patterns are non-superimposable mirror images of one another. Thus, the 

LEED patterns of the clean Cu(3,1,17)S and Cu(3,1,17)R surfaces reveal the fact that their 

atomic surface structures are enantiomorphous and retain their surface chirality after 

sputtering and annealing under UHV conditions. 
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Figure 3.2: Upper panel. Ball model depiction of the naturally chiral Cu{3,1,17}R&S 

surfaces. The kinked structures with clockwise and counterclockwise rotations among the 

three microfacets forming the terrace, step and kink, (111) → (100) → (110), are 

designated R and S, respectively. Lower panel. LEED patterns from clean Cu(3,1,17)R&S 

single crystal surfaces (E = 225 eV, T = 90 K). The dashed lines highlight the repeating 

unit cell and the direction of the spot splitting due to the step edges. These are non-

superimposable mirror images of one another, reflecting the chirality of the surfaces. 

 

3.3.4 Enantiodifferentiation of adsorbed D- and L-alanine 

Prior to probing the enantioselectivity of DL-alanine adsorption on the 

Cu(3,1,17)R&S surfaces, temperature programmed reaction spectra (TPRS) were obtained 

from D-alanine/Cu(3,1,17)R. During exposure to D-alanine, the surface was held at 440 K 

to prevent multilayer formation on the surface. After the surface was saturated with D-

alanine, the sample was heated in front of the mass spectrometer at 1 K/s while 

monitoring the desorption signals at various mass-to-charge ratios. During heating, D-

                                                 
 Results reported in this section were obtained by Dr. Gellman’s group at Carnegie Mellon University 
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alanine/Cu(3,1,17)R decomposed into several products and the species desorbing from the 

surface yielded prominent signals at m/q = 28, 41, and 44 in the mass spectrometer. 

While the identification of all decomposition products was not attempted for the purpose 

of this work, it is expected, by analogy with decomposition of other amino acids on Cu 

surfaces, that CO2 (m/q = 44) is one of the major products.21, 50-51 

 For the purpose of enantiodiscrimination of two enantiomers of alanine, we have 

used isotopically labeled L-alanine (HO2
13C-CH(NH2)-CH3) and unlabeled D-alanine. 

TPR spectra of D-alanine/Cu(3,1,17)R and L-alanine/Cu(3,1,17)S at saturation coverage 

are compared in Figure 3.3. Note that these two combinations are diastereomerically 

equivalent to one another and, as expected, the TPR spectra are identical, other than the 

fact that the product desorption signals appear at different masses as a result of isotopic 

label. During D-alanine decomposition the desorption signal at m/q = 44 is far greater 

than that m/q = 45, while the signal at m/q = 45 dominates during L-alanine 

decomposition. It is clear that the signals at m/q = 44 and 45 correspond to CO2 and 

13CO2 desorption, respectively, and that they originate from the carboxylate groups of 

each alanine enantiomer. More importantly, the TPR spectra show that the signals at m/q 

= 44 from D-alanine and m/q = 45 from L-alanine can be used for enantiodiscrimination 

and for measurement of the relative coverages of the two enantiomer on the surface. It is 

also important to note that the TPR spectra of all four combinations of D- and L-alanine 

on the Cu(3,1,17)R&S surfaces reveal no enantiospecificity to the decomposition kinetics 

(Figure 3.4).  
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Figure 3.3: TPR spectra of D-alanine/Cu(3,1,17)R and L-alanine/Cu(3,1,17)S at 

saturation coverage. The signals at m/q = 44 and 45 correspond to CO2 and 13CO2 

desorption originating from carboxylate groups of D- and L-alanine, respectively. The 

yields of CO2 and 13CO2 can be used to estimate the coverages of D- and L-alanine 
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Figure 3.4: TPR spectra of D-alanine/Cu(3,1,17)R&S and L-alanine/Cu(3,1,17)R&S at 

saturation coverage. There is no measurable enantiospecificity in the alanine 

decomposition kinetics on Cu(3,1,17)R&S surfaces. 

 

 As seen in Figure 3.3, the TPR spectra of L-alanine and D-alanine reveal small 

signals at m/q = 44 and 45, respectively. These may arise from isotopic impurities or 

from other decomposition products. In order to account for these minority signals during 

analysis of TPR spectra from mixed layers of D-alanine and L-alanine, the coverages of 

D- and L-alanine were calculated by solving the equations 

𝑌44 = 𝛼44
𝐷 𝜃𝐷 + 𝛼44

∗𝐿𝜃∗𝐿  

and  𝑌45 = 𝛼45
𝐷 𝜃𝐷 + 𝛼45

∗𝐿𝜃∗𝐿 
(3.4) 

where 𝑌𝑚/𝑞  are the integrated areas under TPRS peaks at each m/q ratio, α are the 

coefficients for D- and L-alanine at each m/q ratio, and θ are the coverages of D- and L-
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alanine. D- and L-alanine yield signals at both m/q = 44 and 45 that are proportional to 

their coverages. The coefficients 𝛼44
𝐷  and 𝛼45

𝐷  (𝛼44
∗𝐿  and 𝛼45

∗𝐿) were obtained from the TPR 

spectra of pure D-alanine at 𝜃𝐷 = 1 (pure L-alanine at 𝜃𝐿 = 1). Using the system of 

equations ((3.4), the coverages of D- and L-alanine can be estimated from the integrated 

areas under the peaks at m/q = 44 and 45 measured during TPRS obtained after exposure 

to gas phase mixtures of the two enantiomers.  

3.3.5 Relative adsorption energetics from experiment and DFT 

The structures of dense D-, L-, and DL-alanine adlayer on Cu(3,1,17)S surfaces 

predicted by DFT and illustrated in Figure 3.1 have one of the adsorbates on the (100) 

terrace and the other at the lower edge of the kinked step. Common features associated 

with the binding of the –CO2 and the –NH2 groups of the two adsorbates to the surface 

were observed in each of the most stable configurations of the three adlayers. Switching 

the chirality of the molecule adsorbed on the (100) terrace makes little difference to the 

adsorption energy, consistent with this being the achiral binding site. However, switching 

the chirality of the molecule adsorbed at the lower edge of the step has a significant 

impact on the binding energy, consistent with this being the chiral binding site and with 

enantiospecific adsorption of D- and L-alanine.  

There was a notable inconsistency between DFT calculations and experimental 

observations. While the DFT calculations predicted an enantiospecific adsorption of D-, 

and L-alanine on Cu(3,1,17)S, none was observed in experiment. One possible 

explanation was that since DFT calculations revealed the enantiopure and racemate 

alanine Cu(3,1,17)S can have comparable energies, the contribution of a DL-alanine 

phase should be considered in analysis of the adsorption equilibria. However, the 
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experimental method measures equilibria between adsorbed phases and gas phases of 

arbitrary composition. This allows for discrimination between the two mechanisms by 

which exposure to a racemic mixture in the gas phase leads to adsorption of a racemic 

mixture on the surface: the scenario in which the racemate DL-Alanine phase is far more 

stable than either D- or L-Alanine, and the scenario in which the energies of the D- and 

L-Alanine phases are indistinguishable. The latter with ∆∆𝐸𝐷𝐿 ≈ 0 is consistent with the 

experimental results. 

It is worthwhile addressing the question of why the DFT and experimental results 

might differ. One possibility is that the enantiospecific and configuration specific energy 

differences between the D-, L- and DL-Alanine phases on the Cu{3,1,17)R&S surfaces are 

simply too small to be resolved by DFT, even when using a dispersion corrected 

functional. If one examines the enantiospecificities of reaction rates, desorption 

energetics, and adsorption equilibria measure on well-defined, naturally chiral single 

crystal surfaces,21, 52-54 the highest enantiospecific difference in reaction energetics that 

one would estimate from those measurements is ~4 kJ/mole estimated for the desorption 

of methyl lactate from Cu(643)R.55 This may be the limit for DFT and prediction of 

enantioselectivities from computational modeling remains a challenge.56 

The discrepancy between the predictions of DFT and the experimental measurement 

could also have resulted from an incorrect description of alanine on Cu(3,1,17)S. The 

experimental measurements were performed for surfaces that were saturated with 

adsorbed alanine; however, an absolute coverage had not been quantitatively determined. 

The DFT model assumed an ideal dense monolayer coverage on Cu(3,1,17)S unit cell. We 

were not able to directly measure the surface coverage of alanine in our experiments. It is 
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also possible that other species were actually present on the surface. Other studies 

suggested that adsorbed acids such as amino acids and tartaric acid can extract Cu atoms 

from the surface to form adsorbed species that are better described as Cu salts than 

adsorbed carboxylates.57-61 It may be possible that the species on the surface was a Cu-

alaninate and the surface structures was quite different from the ideal dense monolayer 

coverage or even the ideal Cu(3,1,17)S. Given the sensitive nature of this phenomena, the 

discrepancy between experimental results and DFT based simulation may not be entirely 

surprising. Converging to a fully consistent picture of the enantioselective adsorption of 

alanine on Cu(3,1,17)R&S poses a challenge to both the computational methods and the 

experimental characterization of the system. 

3.4 Conclusions 

Adsorption of dense glycine and alanine adlayers on Cu(110) was studied using 

DFT calculations. The application of PBE-D2 significantly increased the adsorption 

energy of the dense adlayers. The calculations predicted that racemate alanine domain on 

Cu(110) will not segregate into enantiopure D- and L-alanine domains. For glycine 

domain, it also indicated that there is no preference between the heterochiral and 

homochiral glycine domains on Cu(110). The calculation also indicated that the O and N 

atom offset between the heterochiral and homochiral glycine domain were minimal, and 

the apparent experimental discrepancy between LEED, STM, and XPS discussed in 

earlier works does not exist.9-11 

The adsorption energetic of enantiopure alanine and racemate alanine were 

investigated by both experimental study and DFT calculations. The DFT calculations 

predicted that there are no measurable differences between the adsorption of enantiopure 
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L-alanine phase and racemate DL-alanine phase on Cu(3,1,17)S. The suggested a lack of 

enantiospecificity on Cu(3,1,17); however, experimental measurement indicated a small 

enantiospecificity between the enantiopure L-alanine phase and the enantiopure D-

alanine phase. This discrepancy may be result of limitations of DFT calculations, for 

examining small energy differences, or differences in the detailed chemical structures 

between these examined in our calculations and those present experimentally. Due to 

these constraints, accurate predictions of minute enantiospecificity using computational 

simulation remain a challenge. 
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CHAPTER 4 

PHYSISORPTION OF R-3-METHYCYCLOHEXANONE ON 

COPPER SURFACES 

 

4.1 Introduction* 

   

The emergence of dispersion force corrections to DFT methods has allowed us to 

reexamine interesting adsorbates for which physisorption forces are expected to 

contribute significantly to adsorption. In this chapter, we investigated three different 

dispersion corrected methods – Grimme’s D2 (D2), vdW-optB86b (B86b), and vdW-

optB88 (B88). The D2 tackles the dispersion correction through the introduction of a 

semi-empirical dispersion force correction to the GGA functional.1-2 The optimized B86b 

method uses a new gradient-corrected exchange energy to account for interaction in 

systems with large density gradient.3-4 The optimized B88 method further improves this 

through an improved asymptotic potential for the gradient-corrected exchange energy 

approximation.5-7 

Temperature-programmed desorption (TPD) has been used to study the 

adsorption and desorption of R-3-methylcyclohexanone (R-3MCHO) on a large set of Cu 

single crystal surfaces that spans the stereographic triangle and includes the three low 

Miller index surfaces Cu(111), Cu(110) and Cu(100), six stepped surfaces Cu(221), 

Cu(771), Cu(533), Cu(511), Cu(410) and Cu(430), and seven kinked surfaces Cu(643)R&S, 

                                                 
* Published as Wei, D.; Mhatre, B.; Gellman, A.; Sholl, D., Contributions of dispersion Forces to R-3-

Methycyclohexanone Physisorption on Low and High Miller Index Cu Surfaces. Surface Science. 2014, 

629, 35-40 
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Cu(653)R&S, Cu(17,5,1)R&S, Cu(13, 9, 1)R&S, Cu(821)R&S, Cu(651)R&S, and Cu(531)R&S.8 

TPD results show that the desorption energies, ΔEdes, of R-3MCHO from the terraces are 

roughly equivalent on all surfaces, as are the desorption energies from the step sites and 

the kink sites. Not surprisingly, the trend among the desorption energies is ∆𝐸𝑑𝑒𝑠
𝑡𝑒𝑟𝑟 <

 ∆𝐸𝑑𝑒𝑠
𝑠𝑡𝑒𝑝 <  ∆𝐸𝑑𝑒𝑠

𝑘𝑖𝑛𝑘 . Using the nonhybrid PW-91 functional, DFT calculation of the 

adsorption energy of R-3MCHO on Cu(111) and Cu(322) yielded values that were ~0.45 

eV lower than the experimental values.9 This discrepancy was attributed to PW-91's 

inability to account for dispersion contributions to the binding of R-3MCHO to the Cu 

surfaces. A similar study using the nonhybrid PBE functional estimated the benzene 

desorption energy on Cu(111) to be −0.06 eV,10 but experiments estimated the adsorption 

energy to be between −0.53 and −0.62 eV.11-12 

In this chapter, we investigate R-3-methylcyclohexanone (R-3MCHO) adsorption 

on Cu surfaces as a benchmark test for the three dispersion corrected methods, and to 

quantify the effectiveness of these dispersion corrected methods for predicting surface–

adsorbate interaction by examining R-3MCHO physisorption behavior on the low and 

high Miller index Cu surfaces. All experimental results discussed below were obtained by 

Dr. Mhatre in Dr. Gellman’s group at Carnegie Mellon University. 

4.2 Methodology 

4.2.1 Density Functional Theory 

Periodic DFT calculations were conducted with the Vienna Ab initio Simulation 

Package (VASP).13-16 The electron–electron exchange and correlation interactions were 

described with the PBE-GGA functional.17-18 Core–electron interactions were modeled 
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with the projector augmented-wave (PAW) potential.19-20 All calculations used a plane 

wave expansion cutoff of 500 eV. Structural optimization was performed by a conjugate 

gradient algorithm with a force stopping criterion of 0.03 eV/Å. Dispersion force were 

modelled with Grimme's D2 (PBE-D2), the vdW_optB86b (PBE-B86b), and the 

vdW_optB88 (PBE-B88) dispersion corrected methods.2, 7 Bulk Cu atoms were examined 

with 8 Cu atoms in an FCC lattice with 16 × 16 × 16 k-points. The atomic positions, unit 

cell shape, and unit cell size were allowed to relax for each method. The lattice constants 

are reported in Table 4.1. The Cu lattice constants predicted by PBE-D2, PBE-B86b, and 

PBE-B88 were found to be 1.74%, 0.85%, and 0.10% smaller, respectively, than the 

lattice constant calculated by PBE-GGA. All surface calculations were performed using 

the optimized lattice constant determined with the functional used in that calculation. 

 

Table 4.1: Bulk Cu lattice constant for each dispersion corrected method 

 

Functional 
Lattice 

constant (Å) 

PBE-GGA 3.63 

PBE-D2 3.57 

PBE-B86b 3.60 

PBE-B88 3.63 

 

All surface calculations had a vacuum spacing of at least 10 Å. The required slab 

thickness was determined with R-3MCHO adsorption on Cu(111). The minimum 

thickness was achieved when the presence of an additional layer changed the R-3MCHO 

adsorption energy by less than 0.05 eV. This was determined to be three Cu(111) layers 

with the bottommost layer immobilized. Unless otherwise stated, surfaces were modeled 

as an approximately 7 Å thick slab with the bottommost 3 Å immobilized. Molecules 

file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_19
file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_2
file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_7


 52 

were only adsorbed on one side of the slab. The low Miller index Cu(111), Cu(100), and 

Cu(110) surfaces were made up of p(5 × 5) surface unit cells and were examined with 3 × 

3 × 1 k-points. The stepped Cu(221) and Cu(322) surfaces were modeled with p(2 × 6) 

surface unit cells. The kinked Cu(643)R consisted of one surface unit cell. Calculations 

for the stepped and kinked surfaces used 2 × 2 × 1 k-points. The resolution in k-points 

was chosen to ensure good convergence while minimizing computational cost. Table 4.2 

below demonstrated that these k-points offer sufficient convergence for our study. 

 

Table 4.2: The total adsorption energy per unit cell (in eV) on different surfaces as a 

functional of resolution in k-points. 

 

k-points Cu(111) Cu(100) Cu(100) Cu(221) Cu(643)R 

1×1×1 -1.16 -1.20 -1.22 -1.40 -1.58 

2×2×1 -1.02 -1.18 -1.14 -1.50 -1.49 

3×3×1 -1.05 -1.17 -1.17 -1.44 -1.51 

4×4×1 -1.04 -1.18 -1.15 -1.46 -1.52 

 

Calculations were also performed for a reconstructed Cu(110) surface to mimic 

the (2 × 1) missing-row reconstruction seen for Pt(110).21-23 The (2 × 1) missing-row 

reconstructed Cu(110) surface was modeled with a slab approximately 10 Å thick with 

the bottommost 5 Å immobilized. The reconstructed Cu(110) supercell had a p(2 × 5) 

surface unit cell and used 2 × 2 × 1 k-points. A single R-3MCHO was placed on each 

computational supercell to simulate adsorption. An isolated R-3MCHO molecule in a 20 

× 20 × 20 Å cell sampled at the Γ point was used as the reference. Various geometric 

configurations were examined, and only the lowest energy state was used as the reference 

state. On the unreconstructed surfaces, the adsorption energy was defined as, 
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∆𝐸𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸3𝑀𝐶𝐻𝑂 − 𝐸𝑆𝑢𝑟𝑓𝑎𝑐𝑒   (4.5) 

where 𝐸𝑡𝑜𝑡𝑎𝑙, 𝐸3𝑀𝐶𝐻𝑂, 𝐸𝑆𝑢𝑟𝑓𝑎𝑐𝑒 are the total energy of the relaxed structure including the 

adsorbed molecule, the energy of the isolated R-3MCHO, and the unreconstructed 

surface energy, respectively. For the reconstructed surface, the adsorption energy had to 

account for the energy lost to the reconstruction. The effective adsorption energy was 

defined as, 

∆𝐸𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =         

  𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸3𝑀𝐶𝐻𝑂 − 𝐸𝑅𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐴 ∗ ∆𝐸𝑅𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 (4.6) 

where 𝐸𝑅𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 is the total energy of the clean reconstructed surface, A is 

the reconstructed surface area, and ∆𝐸𝑅𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 is the energy required to reconstruct 

1 Å2 of the surface. An unfavorable reconstruction where energy from the environment is 

required for the reconstruction would result in a negative ∆𝐸𝑅𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛. 

Multiple preferred adsorption configurations and location combinations were 

systematically examined for each surface. A list of possible adsorption geometries for 

each surface was generated by placing oxygen on a large number of possible high 

symmetry surface sites and allowing the methylcyclohexane group to rotate around the 

oxygen. On high Miller index surface, special attention was paid to examine geometries 

where the methylcyclohexane group was on top of the stepped or kinked sites. Typically, 

these initial geometries converged to a few selective local minima, and only the most 

energetically preferred states were used in this chapter. The unit vectors and fractional 

coordinates of the most preferred states can be found in Appendix D – G. 
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4.2.2 TPD experiment 

TPD has been used to measure the influence of surface structure on the desorption 

energies of R-3MCHO from a large set of Cu(hkl) single crystal surfaces under ultra-high 

vacuum (UHV) conditions. Details of the experimental measurements can be found in 

prior publications.24-27 Briefly, the single crystal surfaces were cleaned in UHV by cycles 

of Ar+ ion sputtering and annealing at temperatures in the range 800–1000 K. The 

orientation and the crystallinity of the surfaces were examined using low energy electron 

diffraction. Once the Cu surfaces were clean, R-3MCHO was adsorbed at temperatures of 

~170 K by exposure of the surfaces to vapor introduced into the UHV chamber through a 

leak valve. The adsorption temperature of 170 K limited the coverage to one monolayer 

and prevented the formation of condensed multilayers. TPD of the adsorbed monolayer 

was performed by positioning the Cu single crystal in front of the aperture to a mass 

spectrometer and heating the crystal at 1 K/s while monitoring the signal at m/q = 39 amu 

(C3H3
+). 

4.3 Results and Discussion 

4.3.1 TPD data 

One of the important features of R-3MCHO adsorption on the single crystal Cu 

surfaces is that its binding energy is sensitive to the local structure of the adsorption site. 

As a consequence, the desorption temperature in a TPD experiment is indicative of the 

local structure of the site from which the R-3MCHO desorbed.24-30 The data in Figure 4.1 

show the TPD spectra obtained from saturated monolayer of R-3MCHO adsorbed on the 

Cu(111), Cu(100), Cu(110), Cu(221), and Cu(643)R surfaces. In the classification system 

of Jenkins et al. the Cu(111) and Cu(100) surfaces are considered flat while the Cu(110) 
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and Cu(221) are considered to be stepped.31 Desorption of R-3MCHO from flat Cu 

terraces occurs at ~230 K. R-3MCHO desorption from stepped edges occurs at ~345 K. 

Using the microfacet framework of van Hove and Somorjai, the Cu(643)R structure has a 

(111) terrace, (100) step edge, and a (110) kink.32 The R-3MCHO TPD spectrum from 

the Cu(643)R surface exhibits three resolved desorption features at 230, 345, and 385 K 

that can readily be assigned to desorption from flat terraces, steps, and kinks, 

respectively.24, 28-29 

 

 
 

Figure 4.1: TPD of R-3MCHO on various Cu surfaces. The peak temperatures for 

desorption from the flat terraces, the steps and the kinks are ~230, ~345, and ~385 K, 

respectively. Insets to the right show the ideal structure of each surface, with color coding 

used to indicate the coordination number of surface atoms. 
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The adsorption energies of R-3MCHO on the Cu surfaces are determined from the 

peak desorption temperatures. Following the Redhead method for first order desorption,33 

we calculated the adsorption energy from the peak desorption temperature using 

𝐸𝑑 𝑅𝑇𝑃
2⁄ = 𝑣 𝛽⁄ ∗ exp(− 𝐸𝑑 𝑅𝑇𝑃⁄ )    (4.7) 

where 𝐸𝑑 = –𝐸𝑎 is the measured desorption energy, R is the gas constant, TP is the peak 

desorption temperature in Kelvin, 𝑣 is the prefactor, and β is the heating rate. In all cases, 

β = 1 K/s and we assumed 𝑣 = 1018 s−1.34 This analysis assumes that the adsorption 

energy is independent of surface coverage on each surface and that 𝑣 is constant for R-

3MCHO desorption from all Cu surfaces. The peak desorption temperature for each Cu 

surfaces and the resulting adsorption energies are listed in Table 4.3. 

 

Table 4.3: Adsorption energy (𝑬𝒂) of R-3MCHO on Cu surfaces 

 

Surface Peak T (K) Ea (eV) 

Cu(111) 230 -0.85 

Cu(100) 235 -0.87 

Cu(110) 335 -1.26 

Cu(221) 348 -1.31 

Cu(643)R 385 -1.45 

 

 While the pre-factor 𝑣  is not exact, the adsorption energies are only weakly 

sensitive to changes in the pre-factor values. If 𝑣 is lowered by an order of magnitude, the 

adsorption energy on Cu(643)R in Table 4.3 changes to−1.37 eV, a decrease of less than 

5%. This difference impacts neither the analysis nor the conclusions presented in this 

chapter. 
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4.3.2 Adsorption on Cu(111), Cu(110), and Cu(100) 

Figure 4.2 illustrates the adsorption geometries of R-3MCHO on low Miller index 

Cu surfaces, as calculated by PBE-D2. The carbonyl group binds between two adjacent 

surface Cu atoms. The cyclohexane ring adopts the chair formation with the methyl group 

in an equatorial position, and the ring lies flat on the surface with a slight tilt towards the 

methyl group. Similar geometries were observed on Cu(110) and Cu(100). The dominant 

role of the carbonyl group in binding the R-3MCHO to the surface is consistent with the 

large frequency shifts observed in the FTIR spectra of R-3MCHO on the Cu(643)R&S 

surfaces.35 

 

 
 

Figure 4.2: Adsorption geometry of 3MCHO on Cu(111), as calculated with DFT using 

the PBE-D2 functional. 

 

The experimental and DFT calculated R-3MCHO adsorption energies on the low 

Miller index Cu surfaces are given in Table 4.4. The PBE-GGA functional 

underestimated the adsorption energy of R-3MCHO by 0.56– 0.85 eV/adsorbate on these 

Cu surfaces. This result is similar to that of Bhatia and Sholl, who reported a 0.45 

eV/adsorbate underestimation of the R-3MCHO adsorption energy on Cu(111) using the 
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PW-91 functional.9 It is also consistent with McNellis et al., who reported a 0.55 

eV/adsorbate underestimation of the adsorption energy of benzene on Cu(111) with the 

PBE functional.10 The dispersion corrected methods overestimated the adsorption energy 

of R-3MCHO on the low index Cu surfaces by 0.06–0.32 eV/adsorbate. Similar 

overbinding of adsorption has been reported by Grimme et al.36  

We also calculated the dispersion contributions to the adsorption energy by 

subtracting the PBE-GGA based adsorption energy from each of the dispersion corrected 

methods. Table 4.5 shows the dispersion contribution to total adsorption energy and as a 

percentage of the total adsorption energy for each method. The large dispersion 

contributions are consistent with a physisorbed molecule. The variations in dispersion 

contributions among the surfaces were correlated with the atomic densities of the 

different surfaces: Cu(111) > Cu(100) > Cu(110). We also reported the distance between 

the plane of the surface Cu atom and the center of the cyclohexane ring for R-3MCHO on 

Cu(111) in Table 4.4. The calculated heights for the dispersion corrected methods were 

similar to the value of 3.6 Å reported by Witte et al. for cyclohexane binding above 

Cu(111).37 In that work, the inclusion of the dispersion forces brought the cyclohexane 

ring closer to the Cu(111) surface by 0.14–0.32 Å, depending upon which correction 

method was used. Compared to the other two dispersion correction methods, the shorter 

distance predicted using PBE-D2 also points to its stronger overbinding of the adsorbate. 
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Table 4.4: Summary of R-3MCHO adsorption energies (eV) on the low Miller index Cu 

surfaces. Italic values in parenthesis are differences between calculated results and those 

estimated on the basis of TPD data. 

 

  TPD PBE-GGA PBE-D2 PBE-B86b PBE-B88 

Cu(111) -0.85 -0.15 (0.70) -1.07 (-0.22) -0.98 (-0.13) -0.93 (-0.08) 

Cu(100) -0.87 -0.31 (0.56) -1.19 (-0.32) -1.20 (-0.33) -1.15 (-0.28) 

Cu(110) -1.26 -0.41 (0.85) -1.19 (0.07) -1.21 (0.05) -1.15 (0.11) 

Height 

Above 

Cu(111) (Å)   

3.80 3.48 3.66 3.60 

 

Table 4.5: Dispersion contribution to total adsorption energies (eV) for R-3MCHO 

adsorption on low Miller index Cu surfaces.  

 

  PBE-D2 PBE-B86b PBE-B88 

Cu(111) -0.92 (86%) -0.83 (84%) -0.78 (83%) 

Cu(100) -0.88 (74%) -0.89 (74%) -0.84 (73%) 

Cu(110) -0.78 (65%) -0.80 (66%) -0.74 (64%) 

 

 On the surfaces listed in Table 4.4, the PBE-GGA functional predicts the 

strongest binding to the Cu(110) surface followed by binding on Cu(100) and then on 

Cu(111). The carbonyl group preference for binding to the less coordinated surface Cu 

atoms probably contributed to this ordering of adsorption strengths. The dispersion 

corrected methods all predicted similar adsorption energies on Cu(100) and Cu(110), 

which was not consistent with our TPD observations. The experimental results show that 

R-3MCHO binds most strongly to Cu(110), and that the adsorption energy on Cu(100) is 

roughly equal to that on Cu(111). In section 4.3.4, we attempt to address this shortcoming 

by considering a possible surface reconstruction of Cu(110). While the PBE-B88 method 

provided the most accurate adsorption energies, the improvement over the other methods 

was not significant. Since the PBE-D2 method does not account for screening in the sea 
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of electrons, the method may be regarded as less accurate on metal surfaces. Preliminary 

calculations, however, did not indicate a clear disadvantage to this method as compared 

to PBE-B86b and PBE-B88. Because our study was focused on examining the adsorption 

energy differences of R-3MCHO on other Cu surfaces, the inaccuracy due to screening 

would affect all surfaces similarly and lessen the impact on overall results. With these 

observations, we reduced calculation complexity for the remaining results described 

below by employing only the PBE-D2 dispersion corrected method to examine 

adsorption of R-3MCHO on the Cu(221) and Cu(643) surfaces. 

4.3.3 Adsorption on Cu(221) and Cu(643)R 

Our study also probed the ability of dispersion corrected DFT methods to describe 

the differences in R-3MCHO adsorption energies on low and high Miller index Cu 

surfaces. Earlier calculations have indicated a distinct increase in adsorption energy from 

low to high Miller index surfaces. The adsorption geometries of R-3MCHO on the 

straight steps and kinked step edge are illustrated in Figure 4.3. On both Cu(221) and 

Cu(643)R, the carbonyl group binds between Cu atoms in the straight step edge. Similar 

to its adsorption on low Miller index surfaces, the cyclohexane ring adopted a chair 

conformation. The ring lies flat against the terrace with a tilt towards the methyl group. 

Due to the presence of the kinked step edge, the tilt was more pronounced on Cu(643)R. 
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Figure 4.3: Adsorption geometry of R-3MCHO on Cu(221) (Left) and Cu(643)R (Right), 

as calculated with DFT using PBE-D2 

 

The calculation using the PBE-D2 functional overbinds R-3MCHO on Cu(221) 

and Cu(643)R as on Cu(111). The TPD data indicated adsorption energies of −1.31 eV 

and −1.45 eV on Cu(221) and Cu(643)R, respectively, while the PBE-D2 calculation 

predicted the adsorption energies of −1.50 eV and −1.55 eV on the same two surfaces. 

On Cu(221), R-3MCHO adsorbed along the bottom of the step with the oxygen atom 

sitting between two adjacent Cu atoms in the step edge. The cyclohexane ring lies 

parallel to the terrace, and the side with the methyl group leans towards the terrace. On 

Cu(643)R, the oxygen atom sits within the kinked site bound between two adjacent atoms 

in the straight step edge while the cyclohexane ring tilts away from the kink site. Figure 

4.4 shows the differences between the adsorption energy on Cu(111) and the adsorption 

energies on Cu(221), Cu(322), and Cu(643)R. For each DFT-D method, the difference 

was calculated by subtracting the adsorption energy of R-3MCHO on Cu(111) from its 

adsorption energy on the other surfaces. Figure 4.4 also compared our calculated 

difference to energy differences reported by Bhatia and Sholl.9 Both PBE and PBE-D2 

show larger adsorption energy differences than the experimental values. 

file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_9


 62 

 

 

 

Figure 4.4: R-3MCHO adsorption energy differences between Cu(111) and 

stepped/kinked Cu surfaces for TPD, PW-91, PBE-GGA, and PBE-D2. 

 

While our PBE calculated energy differences between Cu(111) and kinked Cu 

surface agreed with those reported by Bhatia and Sholl, our calculation showed a 

significantly different adsorption energy difference between Cu(111) and the stepped Cu 

surface. We attempted to understand this discrepancy by calculating the adsorption of R-

3MCHO on Cu(322). The calculation indicated a difference of 0.28 eV between our 

calculated adsorption energy and those reported by Bhatia and Sholl.9 Calculation on 

Cu(111) and Cu(221) using PW-91 also indicated an adsorption energy stronger than 

those reported by Bhatia and Sholl. The consistency of our calculated adsorption energy 

between Cu(221) and Cu(322) and the agreement between our calculated Cu(221) and the 

experimental TPD data suggest a possible inaccuracy in the earlier result reported by 
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Bhatia and Sholl. TPD indicated a larger adsorption energy difference of 0.11 eV 

between Cu(221) and Cu(643)R than the difference predicted by our calculations. The 

PBE-GGA and PBE-D2 calculation showed a difference of only 0.03 eV and 0.06 eV 

between the two surfaces. While it is clear that dispersion corrected methods such as 

PBE-D2 can account for part of the dispersion forces, they failed to calculate the absolute 

binding energies for the range of surface we studied due to its inability to accurately 

account for parts of the exchange and correlation functional. Nonetheless, the method 

was able to achieve a useful comparison between adsorption on low and high Miller 

index Cu surfaces. 

4.3.4 Adsorption on reconstructed Cu(110) 

We attempted to address the experimental and simulated adsorption energy 

discrepancy for R-3MCHO adsorption on Cu(100) and Cu(110). Reexamination of the 

TPD data in Figure 4.1 shows the 3MCHO desorbs from Cu(110) at ~110 K above that of 

Cu(111) and Cu(100). The ~340 K desorption temperature on Cu(110) was much closer 

to the desorption temperature of 345 K observed for Cu(221). It was also similar to the 

desorption temperature of 3MCHO from the straight step of Cu(643)R. This suggested 

that Cu(110) behaves more like a step edge than a flat terrace. Scanning tunneling 

microscope (STM) and TPD study of R-3MCHO adsorption on Cu(533) and Cu(221) at 

elevated temperature showed an adsorbate induced reconstruction on these stepped 

edges.38 We therefore investigated possible surface reconstructions in which Cu(110) was 

transformed into a more stepped surface. FCC Pt naturally undergoes a (2 × 1) missing 

row reconstruction where every other row of the (110) ridge is removed.21-23 Furthermore, 

Raval et al. reported that the adsorption of CO induced a (2 × 1) missing row 

file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_38
file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_21


 64 

reconstruction on the Pd(110).39 While Cu(110) does not undergo this reconstruction 

naturally, the study used this simple reconstruction to test our hypothesis. R-3MCHO was 

found to have an adsorption energy of −1.55 eV on the (2 × 1) missing row reconstructed 

Cu(110). Accounting for the energy required for the surface reconstruction, the R-

3MCHO has an effective adsorption energy of −1.37 eV with respect to clean 

unreconstructed Cu(110). As shown in Figure 4.5, the calculated effective adsorption 

energy of 3MCHO on the reconstructed Cu(110) surface also overbinds the adsorbate to 

the surface. This overbinding was consistent with what we have observed on the other Cu 

surfaces. 

 

 

Figure 4.5: Adsorption energy of the most preferred configurations of R-3MCHO on the 

different Cu surfaces. 
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While it did not give the correct absolute binding energy, the reconstructed 

Cu(110) achieved a better agreement with the trends of adsorption energy observed in 

experimental study for the different surfaces. The presence of the consistent overbinding 

was also consistent with observation made on R-3MCHO adsorption on different Cu 

surfaces, and it helped to support the hypothesis of a possible adsorbate induced surface 

reconstruction on Cu(110). Additional studies will be necessary to determine the exact 

mechanism and structure of this reconstruction. 

4.4 Conclusions 

The study examined three different dispersion corrected DFT methods to model 

R-3MCHO adsorption on low Miller index Cu surfaces. All three methods show an 

overbinding of R-3MCHO to the surface to varying degrees, and none of them was able 

to achieve a quantitative agreement with TPD results. This significant weakness made it 

difficult to examine minute surface-adsorbate and adsorbate-adsorbate interactions. 

While PBE-B88 performed better than PBE-D2 and PBE-B86, the overall improvement 

was small. Adsorption calculations on the stepped Cu(221) and the kinked Cu(643)R 

using PBE-D2 indicated a similar overbinding of R-3MCHO. However, a qualitative 

agreement between PBE-D2 and TPD results was observed for adsorption energy 

differences between R-3MCHO adsorption on Cu(111), Cu(221), and Cu(643)R. 

Comparison among the three low Miller index Cu surfaces had shown a discrepancy 

between TPD observations and DFT calculations for Cu(110). DFT calculation 

employing the (2 × 1) missing row reconstructed Cu(110) was able to reduce this 

discrepancy pointing to a possible surface reconstruction. The exact surface 

reconstruction, however, would require additional experimental observations. 
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CHAPTER 5 

INSIGHT INTO THE IMPACT OF HETEROATOMS ON 

METHANOL SYNTHESIS OVER STEPPED AND KINKED COPPER 

SURFACES 

 

5.1 Introduction 

   

Methanol is a highly sought after commodity chemical with applications in 

transportation and chemical feedstocks. Its global demand exceeds 80 million tons/year.1 

Industrially, methanol is synthesized using mixtures of H2, CO2, and CO at elevated 

temperature (400 – 600 K) and pressure (50 – 100 atm) with a Cu/ZnO/Al2O3 catalyst.2-5 

With the advancement in carbon capture technology and demand for greenhouse gas 

mitigation, there has been growing interest in using captured CO2 as a potential feed for 

methanol synthesis.3, 5-10 This, in part, drives a demand for developing a strategy for the 

rational design of heterogeneous catalysts for methanol synthesis. 

One major roadblock towards this strategy lies in the complexity of catalyst’s 

surface structures and its impact on reaction mechanisms. While metallic Cu is generally 

accepted to be a structure sensitive catalyst, the exact mechanism and impact are 

uncertain. Several recent studies have begun to examine these effects.3-5, 11 Behrens et al. 

proposed that small amounts of a Cu surface, activated by the presence of Zn 

heteroatoms, generate the majority of catalytic activity during methanol synthesis.5 
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Furthermore, their study has shown that the catalyst surface under relevant experimental 

conditions may be modelled as clean surface slabs. 

Methanol synthesis on Cu has been studied under various experimental conditions 

with varying level of computational details.2-5, 9-10, 12-20 While earlier computational 

studies examined the impact of surface structures4, 9, 21 and heteroatoms22-23, few studies 

have examined the combined impact of heteroatoms and Cu surface structures. There are 

numerous proposed mechanisms for the synthesis of methanol from CO2.
4 Among the 

various proposed methanol synthesis pathway, this chapter will focus on the 

hydrogenation of formaldehyde to methanol via methoxide. Earlier studies have indicated 

these hydrogenation processes to be the rate limiting steps.4, 13 An improved 

understanding of surface structure and heteroatom impact on these particular reactions 

may assist in the rational design of future catalysts. 

Expanding upon the work of Behrens et al.,5 we present a computational study of 

the impact of Zn and Zr promoters and surface structures of Cu on methanol synthesis 

under a typical methanol synthesis temperature of 400 – 600 K.2-5 This study utilizes 

DFT to determine the positions and behaviors of Zn and Zr atoms on Cu surfaces and 

investigate the impact of these heteroatoms on the adsorption energy of MeOH synthesis 

intermediates and the reaction barrier for key reaction steps. 

5.2 Methodology 

Periodic DFT calculations were conducted with the Vienna ab initio simulation 

package.24-28 The electron-election exchange and correlation interactions were described 

with the PW91-GGA functional.29-30 Core-electron interactions were described with the 

projector augmented-wave (PAW) potential.31-32 All calculations used a plane wave 
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expansion cutoff of 500 eV. Structural optimization was performed by a conjugate 

gradient algorithm with a force stopping criterion of 0.03 eV/Å. 

Surfaces were modeled as three equivalent Cu(111) layers with the bottommost 

layer immobilized. The Cu(111) surface was made up of a p(5×5) surface unit cell. The 

Cu(221) and Cu(211) were made up of a p(2×6) surface unit cell. The Cu(643)R was 

made up of a single surface unit cell. All four surfaces were examined using 3×3×1 k-

points. All surfaces had a vacuum spacing of at least 10 Å. Molecules were only adsorbed 

on one side of the slab. The reference molecule was placed in a 20×20×20 Å cell and was 

sampled only at the Γ point. The surface adsorption energy was defined as, 

𝐸𝑎𝑑𝑠 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸adsorbate,ref − 𝐸𝑆𝑢𝑟𝑓𝑎𝑐𝑒      (5.1) 

where 𝐸𝑡𝑜𝑡𝑎𝑙 , 𝐸adsorbate,ref , 𝐸𝑆𝑢𝑟𝑓𝑎𝑐𝑒  are the total energy of the relaxed adsorption 

structure, the energy of the isolated reference molecule, and the clean surface energy, 

respectively. 

Initial reaction pathways were optimized with a set of eight intermediate 

geometries, obtained by linear interpolation with a mixed internal and cartesian 

coordinate system using the approach implemented in the Opt’nPath suite.33-34 The 

optimized geometries obtained by Opt’nPath suite were used as the initial geometries for 

nudged elastic band (NEB) calculation in VASP.35-36 

5.3 Results and Discussion 

5.3.1 Stability of Zinc and Zirconium Heteroatoms on Copper surface 

The adsorption of methanol synthesis intermediates and the reaction pathways are 

sensitive to surface structure.2-5, 9-10, 12-23 In this section we first investigate the behavior 

of an isolated heteroatoms on Cu steps to determine the most likely surface structures. 
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We then expanded our calculations to examine heteroatom behavior under likely 

experimental conditions and the possibility of cluster formation.  

Figure 5.1 illustrates the preferred locations of individual Zn and Zr heteroatoms 

within the straight steps of Cu(221) and Cu(211). The energies were referenced to the 

most preferred structure for each heteroatom-surface combination. The empty circle 

indicates the energy cost if the heteroatom is adsorbed instead of substituted in the 

surface. On Cu(221), the Zn heteroatom was found to be most favorable when replacing 

the Cu on the top of the step while the Zr heteroatom preferred to embed in the sublayer 

below the top of the step. A similar behavior was observed on Cu(211) and Cu(643). The 

behavior of Zn heteroatom was consistent with the model assumed by Behren et al.5 
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Figure 5.1: Relative energy cost of Zn or Zr replacement modification on Cu(221) and 

Cu(211). All energies are reported in eV and are referenced to the most stable heteroatom 

position modification. The blue dashed circle indicated the relative energy cost of an 

adsorbed Zn or Zr. 

 

It was also noted that all reported energies for Zr with the exception of adsorbed 

Zr were more favorable than Zr embedded within the bulk Cu metal. This observation is 

supported by previous work. While both Ruban et al.37 and Nilekar et al.38 reported a 

strong segregation between Zr and Cu on low-index surfaces, Han et al. was uncertain if 

Zr and Cu favored segregation or antisegregation on the stepped edges.39 Our calculations 

here implied a limited segregation between Zr and Cu on the step edge where Zr is 

segregated to a near-surface location but not directly on the exposed surface. The 

preferred embedded position for Zr, in order, is the sublayer below the top surface, the 
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exposed top surface, and the bulk material been the least favorable position. Since Zr was 

known to bind strongly with oxygen atoms and hydroxyl groups that are likely to be 

present under experimental conditions, we investigated whether the presence of hydroxyl 

group impacted the preferred location of Zr on Cu steps. We calculated the relative 

adsorption energy of hydroxyl with Zr replacing different surface Cu atoms. As shown in 

Figure 5.2, the most favorable geometry was obtained when Zr was placed on the top of 

the step. This suggested that while an isolated Zr heteroatom will preferentially 

embedded in the sublayer, the Zr-O interaction was thermodynamically favorable enough 

to overcome the energy needed to pull the Zr heteroatom to the top of the step edge. 

Since oxygen atoms and hydroxyl groups are abundant under experimental conditions, all 

subsequent calculations assumed that the Zr heteroatom resided on the top of the step. It 

was noted that the adsorption energies of hydroxyl group on Cu(211) and Cu(221) differs 

by more than 1 eV. This was due to the differences in reference state. When Zr 

heteroatom was embedded at the most stable position on Cu(211), the large size of the Zr 

heteroatom made it partially expose to the surface. This had allowed the hydroxyl group 

to partially interact with the exposed Zr heteroatom. However, on the Cu(221), the Zr 

heteroatom was entirely covered by surface Cu atoms, and the hydroxyl group was only 

able to interact with the surface Cu atoms. Thus, the large energy differences between 

hydroxyl adsorption on Cu(211) and Cu(221) was due to the hydroxyl in the Cu(211) 

reference state been able to interact with Zr atom. A similar calculation was carried out 

for Zn heteroatom. As expected, the Zn heteroatom remained most favorable at the top of 

the stepped edge in the presence of hydroxyl groups. 
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Figure 5.2: Most favorable hydroxyl adsorption energies with Zr replacing different 

surface Cu atoms. All energies are reported in eV. The values are referenced to the most 

favorable hydroxyl adsorption energies with Zr embedded in the most favorable position 

identified in Figure 5.1. 

 

Since the surface coverage of heteroatoms was known to influence the overall 

activity of a catalyst and the highest turnover frequency for methanol formation was 

achieved with a surface Zn coverage around 0.2,15, 40 we studied the likelihood of 

heteroatom clustering on the Cu surfaces. We considered a cluster of two heteroatoms 

embedded next to each other. The position of the first heteroatom was determined from 

the earlier calculation as the most preferred substitution location under experimental 

condition. For both Zn and Zr, this was determined to be at the top of the stepped or 

kinked position. The secondary heteroatom may take the position of any Cu atom 

adjacent to the first heteroatom. The cluster energy, reported in Table 5.1, was then 

calculated as the energy difference between a cluster of two heteroatoms and two 

separated heteroatom both embedded in the most preferred location. A negative energy 
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indicated a preference towards cluster formation. Several clustering geometries was 

examined, and only the energy for most favorable cluster was reported. 

 

Table 5.1: Energy cost of two heteroatoms clustered on the surface. The energies are 

referenced to two isolated promoter within the most preferred replacement location. 

Heteroatom Surface Cluster Energy (eV) 

Zn 

Cu(211) 0.06 

Cu(221) 0.20 

Cu(643) 0.05 

Zr 

Cu(211) 0.17 

Cu(221) 0.08 

Cu(643) -0.01 

 

 

The reported cluster energy for Zn heteroatoms indicated that Zn preferred to be 

isolated from each other. However, it should be noted that these cluster energy was 

obtained at 0 K. If we assumed a Boltzmann probability distribution of, 

𝐹(𝐶𝑙𝑢𝑠𝑡𝑒𝑟𝑒𝑑)

𝐹(𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙)
= 𝑒𝑥𝑝 (

∆𝐸

𝑘𝑇
)    (5.2) 

where k is the Boltzmann constant and ∆𝑬 is the cluster energy. Using this probability 

distribution, the small energy differences of 0.06 eV on Cu(211) suggested that as much 

as 25% of the steps may contained clustered Zn heteroatoms under typical methanol 

synthesis temperature of 400-600 K. Based on the cluster energy, it is more likely to 

observe Zn clusters on Cu(643) and Cu(211) than Cu(221). The differences between step 

has been observed on other surfaces.41 A similar behavior was observed for Zr on 

Cu(211) and Cu(221), although Zr cluster was more likely to form on Cu(221) instead of 

on Cu(211). It was important to note that without the presence of an additional hydroxyl 

group, the second Zr atom preferred to substitute in the sublayer instead of the step. The 

opposite also held true where the presence of a secondary hydroxyl group made it more 
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favorable for the second Zr heteroatom to substitute at the top of the step. Since hydroxyl 

groups are readily available under experimental conditions, only the latter scenario was 

considered in our calculations. The cluster energy for Zr on Cu(643) was interesting in 

that it resulted in a 0.01 eV preference towards clustering of Zr heteroatoms. An energy 

difference of 0.01 eV is small under the typical methanol synthesis temperature of 400-

600 K. As such, it was only reasonable to conclude that it is likely to observe both 

isolated and clustered Zr on Cu(643). 

5.3.2 Adsorption and hydrogenation of formaldehyde and methoxide on Cu stepped 

edges 

We investigated the reaction pathway for the hydrogenation of formaldehyde and 

methoxide. We first focused on the impact of single M heteroatom substitution in the Cu 

step edge, where a single M atom modified Cu(hkl) surface is denoted as MCu(hkl). For 

each surfaces, the adsorption geometries for formaldehyde, methoxide, and methanol 

were obtained through a systematic examination of all likely surface adsorption 

geometries. Additional attention was given to adsorption geometries around the 

heteroatoms. Multiple NEB pathways and transition states (TS) were examined with the 

Opt’nPath suite.33-34 To facilitate the NEB calculations, the surfaces were immobilized 

during the calculations. The final TS were converged with NEB. Only the most favorable 

pathways and TS are reported here. The reaction pathways on all the surfaces are 

illustrated in Figure 5.3.  
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Figure 5.3: Energy diagram for the hydrogenation of formaldehyde and methoxide on 

Cu(111), Cu(211), Cu(221), and the heteroatom modified stepped edge. All energies are 

referenced to methanol on Cu(111). The inset pictures illustrated each step of the reaction 

for Zn promoted Cu(211). 

 

    Three particulars were immediately noticeable. One, the presence of a Zn or Zr 

heteroatom significantly increased the binding energy of formaldehyde and methoxide. 

These increases are directly attributed to the binding of formaldehyde and methoxide to 

the Zn and Zr heteroatom which were stronger than the binding of formaldehyde and 

methoxide to Cu atoms. Two, the Zn modified Cu surfaces had lower activation barrier 

for the hydrogenation of formaldehyde than the clean and Zr modified Cu surfaces. 

Three, there were noticeable differences between the reaction on Cu(221) and Cu(211) 

steps. From a qualitative perspective, our results were in agreement with results obtained 

by Behrens et al.5 The usage of different functional between their calculations and ours 

contributed to the observed differences between the two set of results. We noted that 

while the presence of heteroatoms increases the adsorption energy of formaldehyde and 

methoxide, it did not change the overall shape of the energy diagram. The adsorption of 
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formaldehyde was still significantly weaker than methoxide, and the reaction barrier for 

the hydrogenation of formaldehyde was lower than the hydrogenation of methoxide. 

These general features have been reported before.4-5, 21 The adsorption energy of all 

surface species and the reaction barriers are tabulated in Table 5.2. All relative reaction 

ratios were relative to reaction on Cu(111). The instantaneous reaction energetic 

compared the ratio between reaction rates and desorption rates can be estimated by, 

𝑟 ≈ exp (
−𝐸𝐴−𝐸𝑎𝑑𝑠

𝑘𝑇
)        (5.3) 

where, 𝐸𝐴  is the activation energy and 𝐸𝑎𝑑𝑠  is the adsorption energy. We assumed a 

typical methanol synthesis temperature of 500 K.2-5 A value of r above one means the 

mechanism favors the reaction pathway over the desorption pathway. The reaction rates 

among the different surfaces were then further compared through a relative reaction ratio, 

𝑅𝑋 =
𝑟𝑋

𝑟𝐶𝑢(111)
= exp (

−∆𝐸𝑋,𝑎𝑑𝑠−∆𝐸𝑋,𝐴

𝑘𝑇
)     (5.4) 

where 𝑅𝑋 is the relative reaction rate on surface X to reaction rate on Cu(111), ∆𝐸𝑋,𝑎𝑑𝑠 is 

the adsorption energy difference between the adsorbate on surface X and on Cu(111), and 

∆𝐸𝑋,𝐴 is the difference between the activation barriers for the reaction on surface X and 

Cu(111). We assumed the reverse reaction of hydrogenation of formaldehyde and 

methoxide were negligible. For the latter reaction, the hydrogenation of methoxide 

produces methanol which readily desorb from the surface. Since these reactions were 

carried out in sequence, the total selectivity, 𝑟𝑡𝑜𝑡, and combined relative reaction ratio, 

𝑅𝑋,𝑡𝑜𝑡, were the product of the selectivity and relative reaction ratio of the two reaction 

steps. 
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Table 5.2: Calculated adsorption energy, activation energy, and estimated reaction rate 

information for the hydrogenation of formaldehyde and methoxide on clean and modified 

Cu surfaces. All energies are given in eV. Adsorption energies are referenced to isolated 

adsorbate and H2 in vacuum. 

 
Cu(111) Cu(211) 

Zn-

Cu(211) 

Zr-

Cu(211) 
Cu(221) 

Zn-

Cu(221) 

Zr-

Cu(221) 

H2CO 

+ 2H 
-0.20 -0.25 -0.29 -0.82 -0.17 -0.53 -0.68 

Barrier 

H-H2CO 

+ H 

0.55 0.35 0.12 0.71 0.41 0.25 0.64 

H3CO 

+ H 
-0.31 -0.49 -0.91 -1.35 -0.47 -1.02 -1.20 

Barrier 

H3CO-H 
1.24 0.85 1.41 1.61 0.91 1.38 1.67 

H3COH -0.22 -0.29 -0.40 -0.50 -0.25 -0.45 -0.56 

rtot 4.7E-13 3.7E-05 6.6E-04 3.6E-02 2.8E-07 1.7E-01 2.2E-04 

Rx,tot - 7.9E07 1.4E09 7.7E10 6.0E05 3.6E11 1.5E08 

 

One main difference between Table 5.2 and Figure 5.3 was the change of 

reference state. Instead of referencing all adsorption energies to methanol on Cu(111), the 

adsorption energies reported in Table 5.2 were references to an isolated adsorbate and H2. 

Using the Cu(211) as an example, the formaldehyde desorption energy, 𝐸𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =

−𝐸𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛, was 0.10 eV lower than the activation energy. This immediately suggested 

that formaldehyde was likely to desorb before reaction could take place. A similar 

prospect can be observed for the hydrogenation of methoxide to methanol. The 

desorption energy of methoxide was 0.36 eV lower than the activation barrier. Since 

desorption energies for both reactants were lower than the activation barriers, there is a 

strong preference towards desorption. However, if we considered the relative properties 
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of Cu(211) and Cu(111), the relative reaction ratio, Rx,tot, of 7.9×107 suggested that it is 

far more favorable for the reaction to proceed on Cu(211) as opposed to on Cu(111). 

Based on our calculations, the presence of heteroatoms has a significant impact on 

the adsorption energy and the activation barrier. On Cu(211), the presence of a single Zn 

heteroatom decreased the adsorption energy of formaldehyde and methoxide by 0.04 eV 

and 0.42 eV, respectively. On the other hand, it changed the activation energy by -0.23 

eV and 0.56 eV, respectively. This led to a relative reaction ratio several orders of 

magnitude higher than the clean Cu surface – implying that the reactions were more 

likely to take place at the heteroatom modified steps. For the Zr modified surfaces, the Zr 

atom bonded very strongly with the O atom within formaldehyde and methoxide. This 

resulted in adsorption energies that were more than 0.5 eV stronger than the clean Cu 

surfaces. At the same time, the strong bond between the Zr and the adsorbate produced 

significantly higher activation barriers. Despite these increases in activation barriers, the 

Zr modified surfaces had the highest relative reaction ratios. This suggested that the 

increases in adsorption energies were the key contributor to the increased activity on 

heteroatom modified Cu surfaces. 

While a similar trend between clean and heteroatom substituted stepped surface 

was observed on Cu(221), there were a noticeable differences in the reaction energetic. 

Both formaldehyde and methoxide adsorbed slightly weaker on Cu(221) than on 

Cu(211). At the same time, both hydrogenation steps required higher activation energies. 

The overall relative reaction ratio on Cu(221) was two orders of magnitude lower than 

that of Cu(211). This pointed to a clear activity differences between the two clean 

surfaces, and it suggested that heteroatoms may impact the steps differently. Similar 
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differences in chemical properties between different step orientations were also reported 

for other FCC metals.41-42 The presence of a Zn heteroatom on Cu(221) increased the 

binding energy of formaldehyde by 0.36 eV and methoxide by 0.55 eV. This was an 

increase of 0.34 eV and 0.09 eV relative to Zn modified Cu(211). The Zn heteroatom on 

Cu(221) also lowered the activation barrier of formaldehyde and methoxide by 0.16 eV 

and -0.47 eV, compared to 0.23 eV and -0.56 eV on Cu(211). Thus, the relative reaction 

ratio on Zn modified Cu(221) was two orders of magnitude higher than on Zn modified 

Cu(211). Thus, even though Cu(211) was more active than Cu(221), Zn heteroatoms 

have a greater impact on Cu(221), and Zn modified Cu(221) was more reactive than Zn 

modified Cu(211). The Zr heteroatom did not appear to have similar effect on Cu(221) as 

a Zn heteroatom. While Zr modified Cu(221) showed a lower activation energy and 

adsorption energy, the overall impact on Cu(221) was similar to its impact on Cu(211), 

and Zr modified Cu(221) shown lower activity than Zr modified Cu(211). 

While adsorption behaviors and reaction energetics can be estimated by NEB 

calculations, the calculations were resource intensive. The examination of reaction 

energetics by NEB also required significant human input on likely TS and pathways. This 

made it difficult to examine large quantity of potential surface structures. It would be 

desirable if an estimation of the reaction energetics can be obtained without utilizing the 

NEB calculation. The Bell-Evans-Polanyi (BEP) principle was a promising candidate for 

this task.43 BEP relationship has been show to predict simple elementary reaction step 

with reasonable accuracy.44-46 Our calculations explored the possibility of using BEP 

relationship as a possible predictor of reaction energetics. The BEP relationship for the 

hydrogenation of formaldehyde and methoxide on the earlier surfaces is shown in Figure 
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5.4. The two dashed line designated the one standard error, 0.21 eV, of the activation 

energy. This was calculated using the differences between the calculated activation 

energy of each data point and the regression line predicted activation energy.  Since one 

standard error of 0.21 eV was able to capture majority of the data point, it illustrated a 

strong fit of the regression line to the data point. The linear regression indicated a strong 

positive relationship, r = 0.8527, between the activation energy and ΔH, the differences 

between the energy of the product and the reactant. The reported r = 0.8527 was similar 

to values reported by Vojvodic et al. for adsorption on transitional metal oxide.46 This 

implied that BEP relationship may be use as a reasonable approximation for the 

hydrogenation of formaldehyde and methoxide on stepped Cu surfaces. 

 

 
Figure 5.4: Calculated linear relationship between activation energy and ΔH for 

hydrogenation of formaldehyde and methoxide on the surfaces reported in Table 5.2. The 

dashed lines indicated the standard error in the activation energy. 
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Since our earlier surface calculations suggested a likely surface clustering of Zn 

heteroatom and other computational and experimental studies had indicated an impact of 

Zn coverage on rate of methanol synthesis,14, 39 we carried out a similar examination of 

the impact of clustered Zn atom on the reaction energetics. The calculation used clustered 

Zn heteroatoms in which two Zn atoms are embedded next to each other along the 

stepped edge. This was identified by our earlier calculation as the most favorable Zn 

clustered and was identical to the model used by Behrens et al..5 The adsorption energies 

of the surface species are listed in Table 5.3. 

 

Table 5.3: Adsorption energies and activation barriers of formaldehyde, methoxide, and 

methanol on clustered Zn heteroatom on Cu(211). All energies are reported in eV. 

Adsorption energies were references to isolated adsorbates and H2 in vacuum. The 

barriers were estimated using the BEP relationship. 

 
H2CO+2H 

Barrier 

H-H2CO+H 
H3CO+H 

Barrier 

H3CO-H 
H3COH 

Clustered 

ZnCu(211) 
-0.68 0.72 -1.01 1.17 -0.41 

 

Comparing to isolated Zn on the Cu(211) stepped edge, the clustered Zn structure 

increased the adsorption energy of formaldehyde and methoxide by 0.39 eV and 0.10 eV, 

respectively. With our current observation of a positive correlation between adsorption 

energy and relative reaction ratio, the increased in adsorption energies alone should 

indicated a likely increase in the relative reaction ratio. For this clustered Zn structure, the 

BEP relationship indicated an increase of 0.60 eV and -0.24 eV in the activation of 

formaldehyde and methoxide, respectively. The increase of 0.60 eV in the activation 

energy of formaldehyde was slightly unfavorable to the reaction ratio. Unlike the isolated 

Zn heteroatom, this increase meant the activation energy of formaldehyde was 0.04 eV 

higher than the desorption energy. While unfavorable, the gap is not large. The decreases 
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of 0.24 eV in methoxide activation energy, however, proved to be instrumental in the 

expected increase in the reaction energetic. This decrease in activation energy lowered 

the energy differences between methoxide activation and desorption from 0.50 eV to 0.16 

eV. The overall benefit was demonstrated in the calculated relative reaction ratio of 

2.5×1010, which was an order of magnitude higher than the isolated Zn heteroatom 

embedded surface. This suggests the Zn clusters could play a key role in the net activity 

of the catalysts, even though they are present in small numbers. Additional investigation 

into the impact of heteroatom cluster sizes and shapes in the future would provide further 

insight into adsorbate behavior on catalyst surfaces. 

5.3.2 Adsorption and hydrogenation of formaldehyde and methoxide on kinked Cu 

edges 

The conventional catalyst behavior noted that the kinked surface have higher 

reaction activity than the stepped surface. Since it is possible that a significant amount of 

reaction take places on kinked step sites, an examination of methanol synthesis on Cu 

would be incomplete without investigating the impact of heteroatoms on kinked surface. 

Our early calculations indicated that under experimental conditions, a single isolated 

heteroatom preferred to substitute the exposed kinked Cu atom. While earlier calculations 

also indicated a potential for clustering of Zr atoms on the kinked site, we first focused on 

the isolated heteroatom substitution of the exposed kinked Cu atom. Using this surface 

model, the DFT calculated adsorption energies and BEP estimated barrier can be found in 

Table 5.4. 
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Table 5.4: Adsorption energies and activation barriers of formaldehyde, methoxide, and 

methanol on clean and heteroatom substituted Cu(643). All energies are reported in eV. 

Adsorption energies were references to isolated adsorbates and H2 in vacuum.  The 

barriers were estimated using the BEP relationship. 

 

 
H2CO+2H 

Barrier 

H-H2CO+H 
H3CO+H 

Barrier 

H3CO-H 
H3COH 

Cu(643) -0.51 -0.60 -1.98 2.51 -0.27 

ZnCu(643) -0.83 -0.50 -2.20 2.39 -0.61 

ZrCu(643) -0.92 -0.58 -2.37 2.49 -0.68 

 

The adsorption energies for methoxide on these three surfaces were unexpected. 

While both formaldehyde and methanol shown slightly stronger adsorption than the 

stepped edge, the adsorption of methoxide on Cu(643) was more than 1 eV stronger than 

the stepped edge. Adsorption energy of ~2 eV suggested that methoxide formed a 

chemical bond with the surface. While it may be possible that methoxide formed a 

chemical bond between the O atom and the less coordinated kinked atom, it is difficult to 

explain why this was not also observed on the straight step edges examined above. The 

large methoxide adsorption energies also led to a negative BEP-estimated activation 

barrier for formaldehyde and a huge activation barrier for methoxide. More importantly, 

the negative activation energy indicated that formaldehyde will spontaneously react with 

surface H atom to form methoxide. The complexity of the reaction pathway on Cu(643) 

made it difficult to converge on a reasonable NEB pathway, so our calculations to date 

with this method cannot confirm whether a activation barrier exists for the hydrogenation 

of formaldehyde on Cu(643). However, it was noted that in several geometric relaxation 

calculations for formaldehyde, one of the neighboring adsorbed H atom formed a bond 

with the C atom, and a methoxide was formed in the final relaxed state. If we assumed a 

negative activation barrier for formaldehyde, then the hydrogenation of methoxide was 
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the sole rate limiting steps. This appears to be consistent with experimental 

observations.3,11 Ignoring the hydrogenation of formaldehyde, the relative reaction ratio 

for the hydrogenation of methoxide, Table 5.5, indicated that significant amount of 

reaction will take place on the kinked surface. 

 

Table 5.5: Relative reaction ratio for the hydrogenation of methoxide on clean and single 

heteroatom substituted Cu stepped and kinked surfaces. All ratio were relative to reaction 

on Cu(111). 

Rx,methoxide Cu(211) Cu(221) Cu(643) 

Clean 3.10E+05 5.26E+04 2.62E+07 

Zn 1.39E+04 3.10E+05 6.89E+04 

Zr 2.85E+06 2.70E+04 1.23E+07 

 

These results, however, relied on activation barrier estimated by the BEP 

relationship. One possible complication was that the hydrogenation of formaldehyde to 

methoxide on the kinked surface was not an elementary step, and BEP was not suitable 

on the kinked site. Due to the ambiguity that was presented with a single embedded 

heteroatom, we did not consider the impact of cluster heteroatoms on Cu kinked edge. 

Additional detailed investigation into how heteroatom impacted the methanol synthesis 

pathway on kinked Cu surfaces in the future would be useful to shed light into this 

situation and helped gain better understanding of Cu catalyst behavior. 

5.4 Conclusions 

This chapter had examined the behavior of Zn and Zr heteroatom on Cu surfaces 

and their impacts on the hydrogenation of formaldehyde and methoxide. The model had 

determined that the Zn heteroatom preferential embedded at the top of the copper stepped 

edge while Zr heteroatom preferred to embed in the sublayer; however, the presence of 
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hydroxyl group made it highly favorable for Zr heteroatom to embed at the top of the 

copper stepped edge as well. The presence of the Zn or Zr heteroatom increased the 

binding energy of reaction intermediates due to the adsorbates’ preferences towards 

binding with these heteroatoms instead of the Cu atoms. The increased binding energy 

meant that the reactants were more likely to react towards the product rather than simply 

desorb from the surface. This accounts for the majority of the increase in overall 

observed reaction rates. While heteroatoms were less likely to cluster on the surface, the 

clustered Zn heteroatoms bind the intermediate much stronger than a single isolated Zn 

heteroatom. For Zn clustered step, this resulted in several order of magnitude increases in 

relative reaction ratio; thus, despite the fewer number of clustered site, significant amount 

of the reactions still take place on these surface structures. Different Cu step orientations 

produced slightly different surface structures and clustering probability. These structure 

differences led to a noticeable difference in the hydrogenation of formaldehyde and 

methoxide. Our calculations also showed that BEP can be used as an approximation for 

the hydrogenation of formaldehyde and methoxide on Cu stepped edge. 

The calculated results for the hydrogenation of formaldehyde and methoxide on 

Cu kinked sites proved to be unexpected. The calculations indicated chemisorption of the 

reaction intermediates and a barrier-less hydrogenation of formaldehyde to methoxide. 

Further detailed investigation into adsorption and reaction energetic of methanol 

synthesis on Cu kinked site may provide insight into the unexpected behavior observed in 

this study.  
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CHAPTER 6 

CONCLUSION 

 

The biochemical and pharmaceutical communities has pushed for development in 

enantioselective chemical processes. Chiral surfaces have been shown to possess 

enantioselective properties. An improved understanding on how adsorbates interact on 

and with these chiral surfaces will provide valuable information towards the rational 

design of better heterogeneous catalyst. This thesis presents theoretical calculations for 

the adsorption of glycine, alanine, and R-3-methycyclohexanone on copper surfaces and 

the hydrogenation of formaldehyde and methoxide on heteroatom promoted copper 

surfaces. While many of these systems have been studied extensively experimentally, 

sheer system complexity and difficulty in directly observing adsorbate behavior limited 

our understanding of the system.. Using a theoretical approach, this thesis applied DFT 

calculations to model these surface-adsorbate interactions to examine these complex 

systems on an atomic scale. Our results provide useful insights into the behavior of 

chemisorbed and physisorbed species on copper surfaces. Additionally, we have shown 

that the application of dispersion corrected methods which were made possible by recent 

advancement in computational power were instrumental in the modeling of surface 

adsorption of both chemisorbed and physisorbed molecules. Notably, although van der 

Waals forces do not dominate the chemisorption of glycine or alanine on copper surfaces, 

the inclusion and consideration of van der Waals is necessary to address the discrepancy 

between the coexistence of homochiral and heterochiral glycine domains observed in 

experimental studies.  
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In Chapter 3, we re-examined the chemisorption of glycine and alanine on 

Cu(110) and Cu(3,1,17) using dispersion corrected methods. Our calculation predicts that 

the racemate alanine domain on Cu(110) does not thermodynamically preferred to 

segregate into enantiopure D- and L-alanine domains. For glycine on Cu(110), there was 

an apparent experimental discrepancy between LEED, STM, and XPS in the earlier 

works1-3 where LEED and STM indicated the coexistence of two glycine domains while 

XPS indicated the existence of only one domains. Our calculations show that heterochiral 

and homochiral glycine domains coexist on Cu(110). Finally, the lack of agreement 

between experimental results and DFT calculated adsorption energies of D- and L-alanine 

adlayers on Cu(3,1,17) indicates that accurate predictions of minute enantiospecificity 

using computational simulations remain a challenge. The desires and the benefits that 

come with the capability to accurately model these systems have pushed for the 

continuous development of better functionals which seeks to address these challenges.  

In Chapter 4, we investigated the physisorption of R-3-methycyclohexanone (R-

3MCHO) on copper surfaces using dispersion corrected DFT and temperature 

programmed desorption (TPD). Compared to TPD, our study indicates a strong 

overbinding of R-3MCHO to the studied copper surfaces. These overbindings are 

systematic and correlated to the density of surface copper atoms. While these 

overbindings also mean DFT calculation do not achieve a quantitative agreement with the 

experimental TPD results, the DFT data using dispersion corrected methods show 

significantly better quantitative agreement with the experimental TPD data.  Among the 

three dispersion corrected methods we implement in this work, PBE-B88 performs better 

than PBE-D2 and PBE-B86, but the differences in performance is relatively small. A 

file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_1
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qualitative agreement between PBE-D2 and TPD results is observed for adsorption 

energy differences between R-3MCHO adsorption on Cu(111), Cu(221), and Cu(643)R. 

Finally, our DFT calculations predict a potential adsorbate-induced surface reconstruction 

on Cu(110). This finding is particularly interesting. While TPD results indicated a 

similarity between R-3MCHO adsorption on Cu(110) and on stepped Cu surfaces, no one 

suspected an adsorbate-induced surface reconstruction on Cu(110). It points to a clear 

value in computational study of surface-adsorbate interaction. 

In Chapter 5, we utilized DFT to determine the impact of Zn and Zr heteroatoms 

on Cu surfaces and to investigate the impact of these heteroatoms on the adsorption 

energies of MeOH synthesis intermediates and the reaction barriers for key reaction 

steps. Our study finds that the presence of these heteroatoms greatly increases the binding 

energies of the studied reaction intermediates, the primary contributor to the increased 

reaction rates. While these heteroatoms are unlikely to cluster on the Cu surfaces, the rate 

of formaldehyde and methoxide hydrogenation of these cluster were orders of magnitude 

higher than the rate of hydrogenation of isolated heteroatom. Since thermal fluctuation 

under the typical experimental condition of 500 K resulted in 5-20% of the heteroatoms 

forming cluster on these stepped edges, a significant portion of the hydrogenation 

reaction takes places around these clusters. Furthermore, our calculations predict that the 

different orientations of Cu stepped edges produce noticeable differences in the 

adsorption of reaction intermediates and, consequently, reaction rates. Finally, we show 

that BEP serves as a reasonable approximation for the hydrogenation of formaldehyde 

and methoxide on Cu stepped edges. Finding the activation energies using NEB were 

computationally expensive and required significant amount of human input. Using the 
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BEP as an approximation, the models would only need to identify the surface geometries 

and adsorption energies of the reactant and the product. This allows for faster screening 

of reaction on heteroatom promoted Cu stepped edges. 

In terms of future opportunities around the modeling of methanol synthesis, a 

more expansive study into the methanol synthesis on heteroatom promoted Cu surfaces is 

needed in order to fully understand the impact of heteroatom on other surface species and 

their impact on key reaction intermediates. The present model assumes the overall 

reaction takes place with all intermediates adsorbed in the most stable sites and 

geometries. In reality, however, the presence of other intermediates or surface species can 

significantly alter adsorption geometries or sites. A more detailed model that accounts for 

the presence of other major surface species or that shows the presence of currently 

ignored surface species  may be valuable in understanding the overall reaction 

mechanism. Second, the present model assumes that the hydrogenations of formaldehyde 

and methoxide are the primary rate-limiting steps. While this has been shown to be true 

for this particular pathway,4-5 several other potential pathways have been identified.2-4, 10 

A rigorous study of the impact of heteroatoms along all potential pathways would 

provide immense insight into the rational design of future catalysts for MeOH synthesis 

on Cu surfaces. Finally, the hydrogenation of formaldehyde was found to possess a 

negative activation energy on the heteroatom promoted Cu kinked edge, which points to 

either the formation of formaldehye or the hydrogenation of methoxide as the rate 

limiting step. Since this  negative activation energy was based upon BEP estimation, a 

closer examination of the hydrogenation reaction at these sites should provide valuable 

information towards understanding the overall impact of heteroatom on Cu catalyst.   

file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_4
file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_2
file:///C:/Users/swei9/Dropbox/Paper/Thesis/Thesis.20141027.docx%23_ENREF_10
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APPENDIX A 

PBE-D2 CONVERGED STRUCTURES FOR DENSE ALANINE ON CU(3,1,17)S 
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Figure A: Optimized dense adlayer of alanine on Cu(3,1,17)S. Converged using PBE 

functional with DFT-D2 dispersion corrected method. 
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APPENDIX B 

STRUCTURAL INFORMATION FOR THE OPTIMIZED ADSORPTION 

GEOMETRY OF DENSE GLYCINE AND ALANINE ADLAYER ON CU(110) 

Table B.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of homochiral domain dense glycine adlayer on Cu(110) as calculated by PBE. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

 
   Vector x y z No Atom a b c 

  a 7.26 0.00 0.00 23 Cu 0.00 0.01 0.26 

  b 0.00 7.70 0.00 24 Cu 0.00 0.33 0.00 

  c 0.00 0.00 20.00 25 Cu 0.25 0.50 0.06 

No Atom a b c 26 Cu 0.00 0.33 0.13 

1 C 0.14 0.11 0.41 27 Cu 0.25 0.50 0.19 

2 C 0.32 0.14 0.37 28 Cu 0.00 0.34 0.26 

3 C 0.66 0.59 0.41 29 Cu 0.00 0.67 0.00 

4 C 0.83 0.55 0.37 30 Cu 0.25 0.83 0.06 

5 H 0.10 0.24 0.43 31 Cu 0.00 0.67 0.13 

6 H 0.17 0.02 0.45 32 Cu 0.25 0.84 0.19 

7 H 0.44 0.75 0.37 33 Cu 0.01 0.68 0.25 

8 H 0.40 0.54 0.37 34 Cu 0.50 0.00 0.00 

9 H 0.62 0.48 0.44 35 Cu 0.75 0.17 0.06 

10 H 0.69 0.71 0.44 36 Cu 0.50 0.00 0.13 

11 H 0.88 0.11 0.37 37 Cu 0.75 0.17 0.19 

12 H 0.97 0.91 0.37 38 Cu 0.51 0.00 0.25 

13 N 1.00 0.04 0.36 39 Cu 0.50 0.33 0.00 

14 N 0.50 0.63 0.36 40 Cu 0.75 0.50 0.06 

15 O 0.36 0.29 0.35 41 Cu 0.50 0.33 0.13 

16 O 0.41 1.00 0.35 42 Cu 0.75 0.50 0.19 

17 O 0.85 0.39 0.35 43 Cu 0.50 0.33 0.26 

18 O 0.93 0.67 0.35 44 Cu 0.50 0.67 0.00 

19 Cu 0.00 0.00 0.00 45 Cu 0.75 0.83 0.06 

20 Cu 0.25 0.17 0.06 46 Cu 0.50 0.67 0.13 

21 Cu 0.00 0.00 0.13 47 Cu 0.75 0.84 0.19 

22 Cu 0.25 0.17 0.19 48 Cu 0.51 0.66 0.26 
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Table B.2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of homochiral domain dense glycine adlayer on Cu(110) as calculated by PBE-

D2. The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 

  Vector  x y z No Atom a b c 

  a 7.13 0.00 0.00 23 Cu 0.00 0.01 0.25 

  b 0.00 7.56 0.00 24 Cu 0.00 0.33 0.00 

  c 0.00 0.00 20.00 25 Cu 0.25 0.50 0.06 

No Atom a b c 26 Cu 0.00 0.33 0.13 

1 C 0.12 0.11 0.40 27 Cu 0.25 0.50 0.19 

2 C 0.30 0.14 0.36 28 Cu -0.01 0.34 0.26 

3 C 0.63 0.59 0.40 29 Cu 0.00 0.67 0.00 

4 C 0.81 0.54 0.36 30 Cu 0.25 0.83 0.06 

5 H 0.07 0.24 0.42 31 Cu 0.00 0.67 0.13 

6 H 0.15 0.03 0.44 32 Cu 0.25 0.84 0.19 

7 H 0.42 0.76 0.37 33 Cu 0.01 0.68 0.25 

8 H 0.37 0.55 0.36 34 Cu 0.50 0.00 0.00 

9 H 0.59 0.48 0.43 35 Cu 0.75 0.17 0.06 

10 H 0.67 0.71 0.44 36 Cu 0.50 0.00 0.13 

11 H 0.85 0.11 0.36 37 Cu 0.75 0.17 0.19 

12 H 0.94 0.91 0.37 38 Cu 0.51 0.00 0.25 

13 N -0.03 0.04 0.36 39 Cu 0.50 0.33 0.00 

14 N 0.48 0.64 0.36 40 Cu 0.75 0.50 0.06 

15 O 0.34 0.30 0.34 41 Cu 0.50 0.33 0.13 

16 O 0.40 0.00 0.35 42 Cu 0.75 0.50 0.19 

17 O 0.83 0.39 0.34 43 Cu 0.50 0.33 0.26 

18 O 0.92 0.67 0.35 44 Cu 0.50 0.67 0.00 

19 Cu 0.00 0.00 0.00 45 Cu 0.75 0.83 0.06 

20 Cu 0.25 0.17 0.06 46 Cu 0.50 0.67 0.13 

21 Cu 0.00 0.00 0.13 47 Cu 0.75 0.83 0.19 

22 Cu 0.25 0.17 0.19 48 Cu 0.50 0.66 0.25 
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Table B.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of heterochiral domain dense glycine adlayer on Cu(110) as calculated by PBE. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

  Vector  x y z No Atom a b c 

  a 7.26 0.00 0.00 23 Cu 0.00 0.01 0.26 

  b 0.00 7.70 0.00 24 Cu 0.00 0.33 0.00 

  c 0.00 0.00 20.00 25 Cu 0.25 0.50 0.06 

No Atom a b c 26 Cu 0.00 0.33 0.13 

1 C 0.14 0.11 0.41 27 Cu 0.25 0.50 0.19 

2 C 0.32 0.14 0.37 28 Cu 0.99 0.34 0.26 

3 C 0.65 0.59 0.41 29 Cu 0.00 0.67 0.00 

4 C 0.82 0.55 0.37 30 Cu 0.25 0.83 0.06 

5 H 0.09 0.24 0.42 31 Cu 0.00 0.67 0.13 

6 H 0.16 0.03 0.45 32 Cu 0.25 0.84 0.19 

7 H 0.39 0.54 0.37 33 Cu 0.01 0.68 0.25 

8 H 0.44 0.76 0.37 34 Cu 0.50 0.00 0.00 

9 H 0.61 0.48 0.44 35 Cu 0.75 0.17 0.06 

10 H 0.68 0.70 0.44 36 Cu 0.50 0.00 0.13 

11 H 0.88 0.11 0.37 37 Cu 0.75 0.17 0.19 

12 H 0.97 0.91 0.37 38 Cu 0.50 1.00 0.25 

13 N 0.99 0.04 0.36 39 Cu 0.50 0.33 0.00 

14 N 0.49 0.64 0.36 40 Cu 0.75 0.50 0.06 

15 O 0.36 0.29 0.35 41 Cu 0.50 0.33 0.13 

16 O 0.41 1.00 0.35 42 Cu 0.75 0.50 0.19 

17 O 0.85 0.39 0.35 43 Cu 0.50 0.33 0.26 

18 O 0.93 0.67 0.35 44 Cu 0.50 0.67 0.00 

19 Cu 0.00 0.00 0.00 45 Cu 0.75 0.83 0.06 

20 Cu 0.25 0.17 0.06 46 Cu 0.50 0.67 0.13 

21 Cu 0.00 0.00 0.13 47 Cu 0.75 0.84 0.19 

22 Cu 0.25 0.17 0.19 48 Cu 0.50 0.66 0.26 
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Table B.4: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of heterochiral domain dense glycine adlayer on Cu(110) as calculated by PBE-

D2. The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of 

the unit cell vectors. 

  Vector  x y z No Atom a b c 

  a 7.13 0.00 0.00 23 Cu 0.00 0.01 0.26 

  b 0.00 7.56 0.00 24 Cu 0.00 0.33 0.00 

  c 0.00 0.00 20.00 25 Cu 0.25 0.50 0.06 

No Atom a b c 26 Cu 0.00 0.33 0.13 

1 C 0.12 0.11 0.40 27 Cu 0.25 0.50 0.19 

2 C 0.31 0.14 0.36 28 Cu -0.01 0.34 0.26 

3 C 0.64 0.59 0.40 29 Cu 0.00 0.67 0.00 

4 C 0.81 0.54 0.36 30 Cu 0.25 0.83 0.06 

5 H 0.07 0.24 0.42 31 Cu 0.00 0.67 0.13 

6 H 0.15 0.03 0.44 32 Cu 0.25 0.84 0.19 

7 H 0.37 0.55 0.36 33 Cu 0.01 0.68 0.25 

8 H 0.43 0.77 0.37 34 Cu 0.50 0.00 0.00 

9 H 0.59 0.48 0.43 35 Cu 0.75 0.17 0.06 

10 H 0.67 0.70 0.44 36 Cu 0.50 0.00 0.13 

11 H 0.86 0.11 0.36 37 Cu 0.75 0.17 0.19 

12 H 0.95 0.91 0.37 38 Cu 0.51 0.00 0.25 

13 N -0.02 0.04 0.36 39 Cu 0.50 0.33 0.00 

14 N 0.48 0.64 0.36 40 Cu 0.75 0.50 0.06 

15 O 0.34 0.30 0.34 41 Cu 0.50 0.33 0.13 

16 O 0.40 0.00 0.35 42 Cu 0.75 0.50 0.19 

17 O 0.83 0.38 0.34 43 Cu 0.50 0.33 0.26 

18 O 0.92 0.67 0.35 44 Cu 0.50 0.67 0.00 

19 Cu 0.00 0.00 0.00 45 Cu 0.75 0.83 0.06 

20 Cu 0.25 0.17 0.06 46 Cu 0.50 0.67 0.13 

21 Cu 0.00 0.00 0.13 47 Cu 0.75 0.83 0.19 

22 Cu 0.25 0.17 0.19 48 Cu 0.50 0.66 0.25 
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Table B.5: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of enantiopure dense alanine adlayer on Cu(110) as calculated by PBE-D2. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  Vector  x y z No Atom a b c 

  a 7.13 0.00 0.00 26 Cu 0.25 0.17 0.06 

  b 0.00 7.56 0.00 27 Cu 1.00 0.00 0.13 

  c 0.00 0.00 20.00 28 Cu 0.25 0.17 0.19 

No Atom a b c 29 Cu 1.00 0.01 0.26 

1 C 0.12 0.12 0.40 30 Cu 0.00 0.33 0.00 

2 C 0.15 0.01 0.47 31 Cu 0.25 0.50 0.06 

3 C 0.30 0.14 0.36 32 Cu 1.00 0.33 0.13 

4 C 0.60 0.50 0.46 33 Cu 0.25 0.50 0.19 

5 C 0.64 0.62 0.40 34 Cu 0.99 0.34 0.26 

6 C 0.82 0.55 0.36 35 Cu 0.00 0.67 0.00 

7 H 0.01 0.00 0.49 36 Cu 0.25 0.83 0.06 

8 H 0.07 0.25 0.41 37 Cu 0.00 0.67 0.13 

9 H 0.20 0.88 0.46 38 Cu 0.25 0.84 0.19 

10 H 0.25 0.08 0.50 39 Cu 0.01 0.67 0.25 

11 H 0.39 0.53 0.36 40 Cu 0.50 0.00 0.00 

12 H 0.41 0.76 0.37 41 Cu 0.75 0.17 0.06 

13 H 0.48 0.55 0.49 42 Cu 0.50 0.00 0.13 

14 H 0.56 0.36 0.44 43 Cu 0.75 0.17 0.19 

15 H 0.68 0.75 0.42 44 Cu 0.51 0.99 0.25 

16 H 0.72 0.48 0.50 45 Cu 0.50 0.33 0.00 

17 H 0.85 0.10 0.36 46 Cu 0.75 0.50 0.06 

18 H 0.96 0.90 0.37 47 Cu 0.50 0.33 0.13 

19 N 0.98 0.03 0.36 48 Cu 0.75 0.50 0.19 

20 N 0.48 0.64 0.36 49 Cu 0.50 0.33 0.26 

21 O 0.34 0.29 0.34 50 Cu 0.50 0.67 0.00 

22 O 0.39 0.00 0.35 51 Cu 0.75 0.83 0.06 

23 O 0.82 0.39 0.34 52 Cu 0.50 0.67 0.13 

24 O 0.94 0.66 0.35 53 Cu 0.75 0.83 0.19 

25 Cu 0.00 0.00 0.00 54 Cu 0.50 0.66 0.26 
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Table B.6: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of enantiopure dense alanine adlayer on Cu(110) as calculated by PBE-D2. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  Vector  x y z No Atom a b c 

  a 7.13 0.00 0.00 26 Cu 0.25 0.17 0.06 

  b 0.00 7.56 0.00 27 Cu 1.00 1.00 0.13 

  c 0.00 0.00 20.00 28 Cu 0.25 0.17 0.19 

No Atom a b c 29 Cu 0.00 0.01 0.26 

1 C 0.12 0.11 0.40 30 Cu 0.00 0.33 0.00 

2 C 0.16 0.99 0.46 31 Cu 0.25 0.50 0.06 

3 C 0.30 0.14 0.36 32 Cu 1.00 0.33 0.13 

4 C 0.62 0.56 0.40 33 Cu 0.25 0.50 0.19 

5 C 0.66 0.69 0.46 34 Cu 0.99 0.34 0.26 

6 C 0.80 0.53 0.36 35 Cu 0.00 0.67 0.00 

7 H 0.95 0.90 0.37 36 Cu 0.25 0.83 0.06 

8 H 0.03 0.97 0.49 37 Cu 1.00 0.67 0.13 

9 H 0.07 0.24 0.42 38 Cu 0.25 0.83 0.19 

10 H 0.21 0.86 0.45 39 Cu 0.01 0.67 0.25 

11 H 0.26 0.05 0.50 40 Cu 0.50 0.00 0.00 

12 H 0.36 0.56 0.36 41 Cu 0.75 0.17 0.06 

13 H 0.44 0.77 0.37 42 Cu 0.50 0.00 0.13 

14 H 0.53 0.71 0.49 43 Cu 0.75 0.17 0.19 

15 H 0.57 0.44 0.42 44 Cu 0.51 0.99 0.25 

16 H 0.70 0.82 0.45 45 Cu 0.50 0.33 0.00 

17 H 0.76 0.63 0.50 46 Cu 0.75 0.50 0.06 

18 H 0.86 0.11 0.36 47 Cu 0.50 0.33 0.13 

19 N 0.98 0.03 0.36 48 Cu 0.75 0.50 0.19 

20 N 0.48 0.64 0.36 49 Cu 0.50 0.33 0.26 

21 O 0.33 0.29 0.34 50 Cu 0.50 0.67 0.00 

22 O 0.40 0.00 0.35 51 Cu 0.75 0.83 0.06 

23 O 0.83 0.38 0.34 52 Cu 0.50 0.67 0.13 

24 O 0.91 0.66 0.35 53 Cu 0.75 0.83 0.19 

25 Cu 0.00 0.00 0.00 54 Cu 0.50 0.66 0.26 
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APPENDIX C 

STRUCTURAL INFORMATION FOR THE OPTIMIZED ADSORPTION 

GEOMETRY OF DENSE ALANINE ADLAYER ON CU(3,1,17)S 

Table C.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer L_1_0_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.54 0.65 0.97 

  b 0.00 5.63 0.00 30 Cu 0.43 0.05 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.48 0.96 

No Atom a b c 32 Cu 0.20 0.88 0.94 

1 C 0.16 0.14 0.13 33 Cu 0.09 0.29 0.93 

2 C 0.23 0.07 0.20 34 Cu 0.97 0.70 0.92 

3 C 0.26 0.22 0.08 35 Cu 0.86 0.12 0.91 

4 C 0.60 0.48 0.20 36 Cu 0.75 0.53 0.90 

5 C 0.63 0.50 0.12 37 Cu 0.63 0.95 0.89 

6 C 0.77 0.60 0.11 38 Cu 0.52 0.35 0.88 

7 H 0.01 0.88 0.13 39 Cu 0.41 0.76 0.87 

8 H 0.08 0.28 0.13 40 Cu 0.29 0.17 0.86 

9 H 0.15 0.01 0.23 41 Cu 0.18 0.58 0.85 

10 H 0.16 0.79 0.09 42 Cu 0.07 0.99 0.84 

11 H 0.27 0.23 0.22 43 Cu 0.95 0.41 0.82 

12 H 0.31 0.93 0.19 44 Cu 0.84 0.82 0.81 

13 H 0.50 0.41 0.21 45 Cu 0.73 0.23 0.80 

14 H 0.52 0.20 0.09 46 Cu 0.61 0.64 0.79 

15 H 0.55 0.62 0.10 47 Cu 0.50 0.05 0.78 

16 H 0.61 0.65 0.22 48 Cu 0.38 0.46 0.77 

17 H 0.69 0.14 0.11 49 Cu 0.27 0.87 0.76 

18 H 0.68 0.36 0.22 50 Cu 0.16 0.28 0.75 

19 N 0.09 0.93 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.62 0.27 0.09 52 Cu 0.93 0.11 0.73 

21 O 0.25 0.43 0.05 53 Cu 0.82 0.52 0.72 

22 O 0.35 0.05 0.06 54 Cu 0.70 0.93 0.71 

23 O 0.78 0.82 0.10 55 Cu 0.59 0.34 0.70 

24 O 0.87 0.44 0.10 56 Cu 0.47 0.75 0.69 

25 Cu 1.00 0.99 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.90 0.41 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.76 0.83 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.66 0.25 0.99 60 Cu 0.02 0.40 0.65 
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Table C.2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer DL_1_0_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.54 0.65 0.97 

  b 0.00 5.63 0.00 30 Cu 0.43 0.06 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.48 0.96 

No Atom a b c 32 Cu 0.20 0.88 0.94 

1 C 0.15 0.14 0.13 33 Cu 0.09 0.29 0.93 

2 C 0.23 0.08 0.19 34 Cu 0.98 0.70 0.92 

3 C 0.25 0.22 0.08 35 Cu 0.86 0.12 0.91 

4 C 0.51 0.63 0.13 36 Cu 0.75 0.53 0.90 

5 C 0.64 0.46 0.13 37 Cu 0.63 0.95 0.89 

6 C 0.77 0.57 0.11 38 Cu 0.52 0.35 0.88 

7 H 0.01 0.88 0.13 39 Cu 0.41 0.76 0.87 

8 H 0.07 0.28 0.14 40 Cu 0.30 0.17 0.86 

9 H 0.15 0.02 0.23 41 Cu 0.18 0.58 0.85 

10 H 0.15 0.79 0.09 42 Cu 0.07 0.99 0.84 

11 H 0.27 0.23 0.22 43 Cu 0.95 0.41 0.82 

12 H 0.31 0.93 0.19 44 Cu 0.84 0.82 0.81 

13 H 0.42 0.54 0.15 45 Cu 0.73 0.23 0.80 

14 H 0.49 0.69 0.08 46 Cu 0.61 0.64 0.79 

15 H 0.52 0.19 0.09 47 Cu 0.50 0.05 0.78 

16 H 0.53 0.78 0.16 48 Cu 0.38 0.46 0.77 

17 H 0.65 0.40 0.19 49 Cu 0.27 0.87 0.76 

18 H 0.68 0.10 0.11 50 Cu 0.16 0.28 0.75 

19 N 0.09 0.93 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.62 0.24 0.09 52 Cu 0.93 0.11 0.73 

21 O 0.24 0.43 0.05 53 Cu 0.82 0.52 0.72 

22 O 0.35 0.06 0.06 54 Cu 0.70 0.93 0.71 

23 O 0.77 0.79 0.10 55 Cu 0.59 0.34 0.70 

24 O 0.87 0.43 0.10 56 Cu 0.47 0.75 0.69 

25 Cu 1.00 0.99 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.90 0.41 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.76 0.83 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.65 0.25 0.99 60 Cu 0.02 0.40 0.65 
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Table C.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer L_1_90_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.54 0.65 0.98 

  b 0.00 5.63 0.00 30 Cu 0.43 0.06 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.48 0.96 

No Atom a b c 32 Cu 0.20 0.88 0.94 

1 C 0.14 0.14 0.13 33 Cu 0.09 0.29 0.93 

2 C 0.21 0.08 0.20 34 Cu 0.98 0.70 0.92 

3 C 0.25 0.22 0.08 35 Cu 0.86 0.12 0.91 

4 C 0.58 0.62 0.20 36 Cu 0.75 0.52 0.90 

5 C 0.62 0.65 0.12 37 Cu 0.63 0.94 0.89 

6 C 0.73 0.44 0.10 38 Cu 0.52 0.35 0.88 

7 H 0.00 0.87 0.13 39 Cu 0.41 0.76 0.87 

8 H 0.06 0.28 0.13 40 Cu 0.30 0.17 0.86 

9 H 0.14 0.02 0.23 41 Cu 0.18 0.58 0.85 

10 H 0.15 0.79 0.09 42 Cu 0.07 0.99 0.83 

11 H 0.26 0.24 0.22 43 Cu 0.95 0.41 0.82 

12 H 0.29 0.94 0.19 44 Cu 0.84 0.82 0.81 

13 H 0.46 0.49 0.08 45 Cu 0.73 0.23 0.80 

14 H 0.44 0.79 0.09 46 Cu 0.61 0.64 0.79 

15 H 0.51 0.77 0.21 47 Cu 0.50 0.05 0.78 

16 H 0.53 0.45 0.20 48 Cu 0.38 0.46 0.77 

17 H 0.67 0.62 0.23 49 Cu 0.27 0.87 0.76 

18 H 0.67 0.82 0.12 50 Cu 0.16 0.28 0.75 

19 N 0.08 0.93 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.51 0.65 0.08 52 Cu 0.93 0.11 0.73 

21 O 0.24 0.43 0.05 53 Cu 0.82 0.52 0.72 

22 O 0.34 0.06 0.06 54 Cu 0.70 0.93 0.71 

23 O 0.67 0.24 0.09 55 Cu 0.59 0.34 0.70 

24 O 0.85 0.48 0.10 56 Cu 0.47 0.75 0.69 

25 Cu 0.99 0.99 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.90 0.43 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.77 0.82 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.66 0.22 0.98 60 Cu 0.02 0.40 0.65 
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Table C.4: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer DL_2_180_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.55 0.64 0.98 

  b 0.00 5.63 0.00 30 Cu 0.43 0.05 0.96 

  c 0.00 0.00 20.00 31 Cu 0.30 0.48 0.95 

No Atom a b c 32 Cu 0.20 0.89 0.94 

1 C 0.92 0.70 0.11 33 Cu 0.09 0.30 0.93 

2 C 0.99 0.93 0.21 34 Cu 0.98 0.70 0.92 

3 C 0.04 0.82 0.15 35 Cu 0.86 0.11 0.91 

4 C 0.37 0.34 0.08 36 Cu 0.75 0.53 0.90 

5 C 0.49 0.45 0.12 37 Cu 0.63 0.93 0.89 

6 C 0.61 0.28 0.14 38 Cu 0.52 0.35 0.88 

7 H 0.91 0.06 0.21 39 Cu 0.41 0.76 0.87 

8 H 0.96 0.80 0.25 40 Cu 0.30 0.17 0.86 

9 H 0.05 0.18 0.11 41 Cu 0.18 0.58 0.85 

10 H 0.08 0.02 0.24 42 Cu 0.07 0.99 0.84 

11 H 0.12 0.69 0.15 43 Cu 0.95 0.41 0.82 

12 H 0.19 0.00 0.10 44 Cu 0.84 0.82 0.81 

13 H 0.44 0.52 0.17 45 Cu 0.73 0.23 0.80 

14 H 0.47 0.81 0.09 46 Cu 0.61 0.64 0.79 

15 H 0.58 0.13 0.17 47 Cu 0.50 0.05 0.78 

16 H 0.63 0.70 0.10 48 Cu 0.38 0.46 0.77 

17 H 0.66 0.21 0.09 49 Cu 0.27 0.87 0.76 

18 H 0.69 0.37 0.17 50 Cu 0.16 0.28 0.75 

19 N 0.08 0.01 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.53 0.66 0.08 52 Cu 0.93 0.11 0.73 

21 O 0.81 0.83 0.10 53 Cu 0.82 0.52 0.72 

22 O 0.94 0.48 0.10 54 Cu 0.70 0.93 0.71 

23 O 0.28 0.48 0.06 55 Cu 0.59 0.34 0.70 

24 O 0.38 0.11 0.07 56 Cu 0.47 0.75 0.69 

25 Cu 0.01 1.00 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.88 0.41 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.77 0.83 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.66 0.23 0.98 60 Cu 0.02 0.40 0.65 
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Table C.5: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_1_0_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.54 0.65 0.97 

  b 0.00 5.63 0.00 30 Cu 0.43 0.06 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.48 0.96 

No Atom a b c 32 Cu 0.20 0.88 0.94 

1 C 0.18 0.10 0.14 33 Cu 0.09 0.29 0.93 

2 C 0.11 0.29 0.18 34 Cu 0.98 0.70 0.92 

3 C 0.26 0.20 0.08 35 Cu 0.86 0.12 0.91 

4 C 0.50 0.62 0.13 36 Cu 0.75 0.53 0.90 

5 C 0.63 0.45 0.13 37 Cu 0.63 0.95 0.89 

6 C 0.76 0.57 0.11 38 Cu 0.52 0.35 0.88 

7 H -0.01 0.94 0.13 39 Cu 0.41 0.76 0.87 

8 H 0.25 -0.02 0.16 40 Cu 0.29 0.17 0.86 

9 H 0.06 0.20 0.22 41 Cu 0.18 0.58 0.85 

10 H 0.12 0.77 0.10 42 Cu 0.07 0.99 0.84 

11 H 0.19 0.38 0.20 43 Cu 0.95 0.41 0.82 

12 H 0.04 0.41 0.15 44 Cu 0.84 0.82 0.81 

13 H 0.41 0.53 0.15 45 Cu 0.73 0.23 0.80 

14 H 0.48 0.67 0.08 46 Cu 0.61 0.64 0.79 

15 H 0.52 0.19 0.09 47 Cu 0.50 0.05 0.78 

16 H 0.52 0.78 0.16 48 Cu 0.38 0.46 0.77 

17 H 0.65 0.39 0.19 49 Cu 0.27 0.87 0.76 

18 H 0.68 0.10 0.10 50 Cu 0.16 0.28 0.75 

19 N 0.07 0.94 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.61 0.24 0.09 52 Cu 0.93 0.11 0.73 

21 O 0.23 0.41 0.06 53 Cu 0.82 0.52 0.72 

22 O 0.35 0.05 0.05 54 Cu 0.70 0.93 0.71 

23 O 0.76 0.79 0.10 55 Cu 0.59 0.34 0.70 

24 O 0.86 0.42 0.10 56 Cu 0.47 0.75 0.69 

25 Cu 0.00 -0.01 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.90 0.41 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.76 0.83 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.65 0.25 0.99 60 Cu 0.02 0.40 0.65 
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Table C.6: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_2_180_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.55 0.64 0.98 

  b 0.00 5.63 0.00 30 Cu 0.43 0.05 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.48 0.95 

No Atom a b c 32 Cu 0.20 0.89 0.94 

1 C 0.91 0.70 0.11 33 Cu 0.09 0.29 0.93 

2 C 0.13 0.69 0.19 34 Cu 0.98 0.70 0.92 

3 C 0.02 0.84 0.15 35 Cu 0.86 0.11 0.91 

4 C 0.38 0.32 0.08 36 Cu 0.75 0.53 0.90 

5 C 0.49 0.44 0.12 37 Cu 0.63 0.93 0.89 

6 C 0.61 0.27 0.14 38 Cu 0.52 0.35 0.88 

7 H 0.19 0.59 0.15 39 Cu 0.41 0.76 0.87 

8 H 0.09 0.57 0.22 40 Cu 0.30 0.17 0.86 

9 H 0.06 0.18 0.11 41 Cu 0.18 0.58 0.85 

10 H 0.20 0.80 0.22 42 Cu 0.07 0.99 0.84 

11 H 0.96 0.96 0.19 43 Cu 0.95 0.41 0.82 

12 H 0.18 0.98 0.10 44 Cu 0.84 0.82 0.81 

13 H 0.44 0.50 0.17 45 Cu 0.73 0.23 0.80 

14 H 0.47 0.80 0.09 46 Cu 0.61 0.64 0.79 

15 H 0.58 0.11 0.16 47 Cu 0.50 0.05 0.78 

16 H 0.63 0.69 0.10 48 Cu 0.38 0.46 0.77 

17 H 0.66 0.21 0.09 49 Cu 0.27 0.87 0.76 

18 H 0.68 0.36 0.17 50 Cu 0.16 0.28 0.75 

19 N 0.08 0.01 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.53 0.65 0.08 52 Cu 0.93 0.11 0.73 

21 O 0.80 0.82 0.10 53 Cu 0.82 0.52 0.72 

22 O 0.95 0.49 0.10 54 Cu 0.70 0.93 0.71 

23 O 0.28 0.47 0.05 55 Cu 0.59 0.34 0.70 

24 O 0.38 0.10 0.07 56 Cu 0.47 0.75 0.69 

25 Cu 0.01 1.00 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.88 0.41 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.77 0.83 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.66 0.23 0.98 60 Cu 0.02 0.40 0.65 
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Table C.7: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer L_2_180_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.55 0.64 0.98 

  b 0.00 5.63 0.00 30 Cu 0.43 0.05 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.48 0.95 

No Atom a b c 32 Cu 0.20 0.89 0.94 

1 C 0.91 0.70 0.11 33 Cu 0.09 0.30 0.93 

2 C 1.00 0.92 0.22 34 Cu 0.98 0.70 0.92 

3 C 0.04 0.82 0.15 35 Cu 0.86 0.11 0.91 

4 C 0.38 0.32 0.08 36 Cu 0.75 0.53 0.90 

5 C 0.47 0.44 0.19 37 Cu 0.63 0.93 0.89 

6 C 0.50 0.41 0.11 38 Cu 0.52 0.35 0.88 

7 H 0.91 0.06 0.21 39 Cu 0.41 0.76 0.87 

8 H 0.97 0.78 0.25 40 Cu 0.30 0.17 0.86 

9 H 0.04 0.18 0.12 41 Cu 0.18 0.58 0.85 

10 H 0.08 0.01 0.24 42 Cu 0.07 0.99 0.84 

11 H 0.12 0.69 0.15 43 Cu 0.95 0.41 0.82 

12 H 0.18 0.01 0.10 44 Cu 0.84 0.82 0.81 

13 H 0.39 0.57 0.20 45 Cu 0.73 0.23 0.80 

14 H 0.45 0.27 0.21 46 Cu 0.61 0.64 0.79 

15 H 0.46 0.77 0.09 47 Cu 0.50 0.05 0.78 

16 H 0.57 0.51 0.21 48 Cu 0.38 0.46 0.77 

17 H 0.59 0.29 0.10 49 Cu 0.27 0.87 0.76 

18 H 0.63 0.69 0.10 50 Cu 0.16 0.28 0.75 

19 N 0.08 0.01 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.53 0.64 0.08 52 Cu 0.93 0.11 0.73 

21 O 0.81 0.83 0.10 53 Cu 0.82 0.52 0.72 

22 O 0.93 0.48 0.10 54 Cu 0.70 0.93 0.71 

23 O 0.28 0.47 0.06 55 Cu 0.59 0.34 0.70 

24 O 0.37 0.09 0.07 56 Cu 0.47 0.75 0.69 

25 Cu 0.01 1.00 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.88 0.41 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.77 0.84 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.66 0.23 0.98 60 Cu 0.02 0.40 0.65 
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Table C.8: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer DL_2_90_b on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.53 0.65 0.98 

  b 0.00 5.63 0.00 30 Cu 0.42 0.06 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.47 0.95 

No Atom a b c 32 Cu 0.21 0.88 0.94 

1 C 0.92 0.70 0.11 33 Cu 0.09 0.29 0.93 

2 C 0.97 0.94 0.22 34 Cu 0.98 0.70 0.92 

3 C 0.03 0.83 0.15 35 Cu 0.86 0.11 0.91 

4 C 0.40 0.57 0.18 36 Cu 0.75 0.53 0.90 

5 C 0.41 0.52 0.11 37 Cu 0.64 0.94 0.89 

6 C 0.46 0.26 0.10 38 Cu 0.52 0.35 0.88 

7 H 0.88 0.06 0.20 39 Cu 0.41 0.76 0.87 

8 H 0.94 0.80 0.25 40 Cu 0.29 0.17 0.86 

9 H 0.03 0.18 0.12 41 Cu 0.18 0.58 0.85 

10 H 0.05 0.04 0.24 42 Cu 0.06 0.99 0.84 

11 H 0.12 0.70 0.16 43 Cu 0.95 0.41 0.82 

12 H 0.18 0.03 0.11 44 Cu 0.84 0.82 0.81 

13 H 0.32 0.56 0.08 45 Cu 0.73 0.23 0.80 

14 H 0.32 0.46 0.20 46 Cu 0.61 0.64 0.79 

15 H 0.37 0.76 0.19 47 Cu 0.50 0.05 0.78 

16 H 0.48 0.85 0.09 48 Cu 0.38 0.46 0.77 

17 H 0.50 0.54 0.21 49 Cu 0.27 0.87 0.76 

18 H 0.61 0.64 0.10 50 Cu 0.16 0.28 0.75 

19 N 0.08 0.02 0.11 51 Cu 0.04 0.70 0.74 

20 N 0.51 0.68 0.08 52 Cu 0.93 0.11 0.73 

21 O 0.81 0.82 0.10 53 Cu 0.82 0.52 0.72 

22 O 0.95 0.49 0.09 54 Cu 0.70 0.93 0.71 

23 O 0.37 0.11 0.11 55 Cu 0.59 0.34 0.70 

24 O 0.58 0.21 0.08 56 Cu 0.47 0.75 0.69 

25 Cu 0.02 1.00 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.89 0.40 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.77 0.83 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.65 0.24 0.99 60 Cu 0.02 0.40 0.65 
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Table C.9: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer DL_1_90_b on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.54 0.64 0.97 

  b 0.00 5.63 0.00 30 Cu 0.43 0.05 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.48 0.96 

No Atom a b c 32 Cu 0.20 0.89 0.94 

1 C 0.17 0.15 0.13 33 Cu 0.09 0.29 0.93 

2 C 0.24 0.10 0.19 34 Cu 0.97 0.70 0.92 

3 C 0.27 0.22 0.07 35 Cu 0.86 0.11 0.91 

4 C 0.63 0.75 0.20 36 Cu 0.75 0.53 0.90 

5 C 0.65 0.69 0.13 37 Cu 0.63 0.94 0.89 

6 C 0.70 0.44 0.12 38 Cu 0.52 0.35 0.88 

7 H 0.04 0.87 0.14 39 Cu 0.40 0.76 0.87 

8 H 0.09 0.29 0.13 40 Cu 0.29 0.18 0.86 

9 H 0.17 0.04 0.23 41 Cu 0.18 0.58 0.85 

10 H 0.18 0.80 0.09 42 Cu 0.07 0.99 0.84 

11 H 0.29 0.25 0.21 43 Cu 0.95 0.41 0.82 

12 H 0.32 0.95 0.19 44 Cu 0.84 0.82 0.81 

13 H 0.55 0.71 0.10 45 Cu 0.73 0.23 0.80 

14 H 0.55 0.63 0.22 46 Cu 0.61 0.64 0.79 

15 H 0.58 0.94 0.21 47 Cu 0.50 0.05 0.78 

16 H 0.71 0.03 0.11 48 Cu 0.38 0.46 0.77 

17 H 0.72 0.73 0.23 49 Cu 0.27 0.87 0.76 

18 H 0.84 0.82 0.11 50 Cu 0.16 0.28 0.75 

19 N 0.10 0.93 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.74 0.86 0.09 52 Cu 0.93 0.11 0.73 

21 O 0.26 0.43 0.05 53 Cu 0.82 0.52 0.72 

22 O 0.35 0.06 0.05 54 Cu 0.70 0.93 0.71 

23 O 0.62 0.28 0.13 55 Cu 0.59 0.34 0.70 

24 O 0.83 0.40 0.10 56 Cu 0.47 0.75 0.69 

25 Cu 0.00 0.99 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.88 0.41 0.01 58 Cu 0.25 0.58 0.67 

27 Cu 0.76 0.83 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.65 0.24 0.98 60 Cu 0.02 0.40 0.65 
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Table C.10: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer L_2_270_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.54 0.67 0.98 

  b 0.00 5.63 0.00 30 Cu 0.43 0.07 0.96 

  c 0.00 0.00 20.00 31 Cu 0.30 0.48 0.95 

No Atom a b c 32 Cu 0.20 0.88 0.94 

1 C 0.93 0.69 0.11 33 Cu 0.09 0.29 0.93 

2 C 0.04 0.88 0.21 34 Cu 0.98 0.70 0.92 

3 C 0.06 0.80 0.14 35 Cu 0.86 0.11 0.91 

4 C 0.43 0.42 0.08 36 Cu 0.75 0.53 0.90 

5 C 0.52 0.26 0.12 37 Cu 0.63 0.94 0.89 

6 C 0.53 0.35 0.20 38 Cu 0.52 0.35 0.88 

7 H 0.96 0.02 0.22 39 Cu 0.41 0.76 0.87 

8 H 0.02 0.73 0.25 40 Cu 0.30 0.17 0.86 

9 H 0.05 0.17 0.12 41 Cu 0.18 0.58 0.85 

10 H 0.14 0.96 0.23 42 Cu 0.07 0.99 0.83 

11 H 0.15 0.67 0.14 43 Cu 0.95 0.41 0.82 

12 H 0.20 0.02 0.09 44 Cu 0.84 0.82 0.81 

13 H 0.43 0.34 0.22 45 Cu 0.73 0.23 0.80 

14 H 0.49 0.07 0.12 46 Cu 0.61 0.64 0.79 

15 H 0.56 0.53 0.20 47 Cu 0.50 0.05 0.78 

16 H 0.60 0.24 0.23 48 Cu 0.38 0.46 0.77 

17 H 0.70 0.42 0.10 49 Cu 0.27 0.87 0.76 

18 H 0.73 0.12 0.11 50 Cu 0.16 0.28 0.75 

19 N 0.09 0.01 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.66 0.26 0.09 52 Cu 0.93 0.11 0.73 

21 O 0.83 0.82 0.10 53 Cu 0.82 0.52 0.72 

22 O 0.95 0.47 0.10 54 Cu 0.70 0.93 0.71 

23 O 0.34 0.32 0.05 55 Cu 0.59 0.34 0.70 

24 O 0.46 0.63 0.07 56 Cu 0.47 0.75 0.69 

25 Cu 0.01 1.00 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.89 0.41 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.77 0.82 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.66 0.24 0.99 60 Cu 0.02 0.40 0.65 
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Table C.11: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_1_90_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.55 0.65 0.98 

  b 0.00 5.63 0.00 30 Cu 0.42 0.06 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.49 0.96 

No Atom a b c 32 Cu 0.20 0.89 0.94 

1 C 0.17 0.16 0.13 33 Cu 0.09 0.30 0.93 

2 C 0.09 0.36 0.17 34 Cu 0.98 0.70 0.92 

3 C 0.26 0.23 0.08 35 Cu 0.86 0.12 0.91 

4 C 0.73 0.79 0.15 36 Cu 0.75 0.52 0.90 

5 C 0.62 0.61 0.13 37 Cu 0.63 0.94 0.89 

6 C 0.69 0.38 0.10 38 Cu 0.52 0.35 0.88 

7 H 0.00 0.94 0.14 39 Cu 0.41 0.76 0.87 

8 H 0.24 0.07 0.17 40 Cu 0.29 0.17 0.86 

9 H 0.02 0.30 0.20 41 Cu 0.18 0.58 0.85 

10 H 0.14 0.81 0.10 42 Cu 0.07 0.99 0.84 

11 H 0.16 0.48 0.19 43 Cu 0.95 0.41 0.82 

12 H 0.03 0.46 0.13 44 Cu 0.84 0.82 0.81 

13 H 0.43 0.63 0.09 45 Cu 0.73 0.23 0.80 

14 H 0.51 0.89 0.09 46 Cu 0.61 0.64 0.79 

15 H 0.67 0.94 0.18 47 Cu 0.50 0.05 0.78 

16 H 0.78 0.85 0.11 48 Cu 0.38 0.46 0.77 

17 H 0.80 0.70 0.19 49 Cu 0.27 0.87 0.76 

18 H 0.56 0.56 0.18 50 Cu 0.16 0.28 0.75 

19 N 0.08 0.97 0.11 51 Cu 0.04 0.70 0.74 

20 N 0.52 0.71 0.08 52 Cu 0.93 0.11 0.73 

21 O 0.26 0.44 0.06 53 Cu 0.82 0.52 0.72 

22 O 0.33 0.05 0.05 54 Cu 0.70 0.93 0.71 

23 O 0.61 0.23 0.08 55 Cu 0.59 0.34 0.70 

24 O 0.82 0.36 0.10 56 Cu 0.47 0.75 0.69 

25 Cu 1.00 0.00 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.89 0.42 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.78 0.82 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.65 0.22 0.98 60 Cu 0.02 0.40 0.65 
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Table C.12: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_1_90_b on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.54 0.64 0.97 

  b 0.00 5.63 0.00 30 Cu 0.43 0.05 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.48 0.96 

No Atom a b c 32 Cu 0.20 0.89 0.94 

1 C 0.19 0.13 0.13 33 Cu 0.08 0.30 0.93 

2 C 0.10 0.33 0.16 34 Cu 0.97 0.70 0.92 

3 C 0.28 0.21 0.08 35 Cu 0.86 0.11 0.91 

4 C 0.61 0.76 0.20 36 Cu 0.75 0.53 0.90 

5 C 0.63 0.71 0.13 37 Cu 0.63 0.94 0.89 

6 C 0.68 0.45 0.12 38 Cu 0.52 0.35 0.88 

7 H 0.04 0.89 0.14 39 Cu 0.40 0.76 0.87 

8 H 0.26 0.05 0.17 40 Cu 0.29 0.18 0.86 

9 H 0.03 0.26 0.20 41 Cu 0.18 0.58 0.85 

10 H 0.17 0.80 0.09 42 Cu 0.06 0.99 0.84 

11 H 0.16 0.46 0.19 43 Cu 0.95 0.41 0.82 

12 H 0.03 0.42 0.13 44 Cu 0.84 0.82 0.81 

13 H 0.53 0.74 0.10 45 Cu 0.73 0.23 0.80 

14 H 0.54 0.64 0.22 46 Cu 0.61 0.64 0.79 

15 H 0.58 0.94 0.21 47 Cu 0.50 0.05 0.78 

16 H 0.69 0.04 0.11 48 Cu 0.38 0.46 0.77 

17 H 0.71 0.73 0.23 49 Cu 0.27 0.87 0.76 

18 H 0.82 0.84 0.12 50 Cu 0.16 0.28 0.75 

19 N 0.10 0.94 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.73 0.87 0.09 52 Cu 0.93 0.11 0.73 

21 O 0.26 0.42 0.05 53 Cu 0.82 0.52 0.72 

22 O 0.36 0.04 0.05 54 Cu 0.70 0.93 0.71 

23 O 0.59 0.29 0.13 55 Cu 0.59 0.34 0.70 

24 O 0.81 0.40 0.10 56 Cu 0.47 0.75 0.69 

25 Cu 0.00 0.00 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.88 0.41 0.01 58 Cu 0.25 0.58 0.67 

27 Cu 0.76 0.83 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.65 0.24 0.98 60 Cu 0.02 0.40 0.65 

 

  



 119 

Table C.13: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_2_90_b on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.53 0.65 0.97 

  b 0.00 5.63 0.00 30 Cu 0.42 0.06 0.96 

  c 0.00 0.00 20.00 31 Cu 0.31 0.47 0.95 

No Atom a b c 32 Cu 0.21 0.88 0.94 

1 C 0.91 0.70 0.11 33 Cu 0.09 0.29 0.93 

2 C 0.11 0.68 0.19 34 Cu 0.98 0.70 0.92 

3 C 0.00 0.84 0.16 35 Cu 0.86 0.11 0.91 

4 C 0.45 0.56 0.19 36 Cu 0.75 0.52 0.90 

5 C 0.43 0.52 0.11 37 Cu 0.63 0.94 0.89 

6 C 0.46 0.26 0.10 38 Cu 0.52 0.35 0.88 

7 H 0.16 0.56 0.16 39 Cu 0.41 0.76 0.87 

8 H 0.06 0.58 0.23 40 Cu 0.29 0.17 0.86 

9 H 0.03 0.18 0.12 41 Cu 0.18 0.58 0.85 

10 H 0.19 0.79 0.22 42 Cu 0.06 0.99 0.84 

11 H 0.94 0.95 0.19 43 Cu 0.95 0.41 0.82 

12 H 0.17 0.01 0.11 44 Cu 0.84 0.82 0.81 

13 H 0.33 0.58 0.10 45 Cu 0.73 0.23 0.80 

14 H 0.37 0.46 0.22 46 Cu 0.61 0.64 0.79 

15 H 0.43 0.75 0.20 47 Cu 0.50 0.05 0.78 

16 H 0.50 0.84 0.09 48 Cu 0.38 0.46 0.77 

17 H 0.55 0.51 0.20 49 Cu 0.27 0.87 0.76 

18 H 0.62 0.63 0.09 50 Cu 0.16 0.28 0.75 

19 N 0.07 0.01 0.11 51 Cu 0.04 0.70 0.74 

20 N 0.52 0.67 0.07 52 Cu 0.93 0.11 0.73 

21 O 0.80 0.82 0.09 53 Cu 0.82 0.52 0.72 

22 O 0.94 0.49 0.10 54 Cu 0.70 0.93 0.71 

23 O 0.36 0.12 0.11 55 Cu 0.59 0.34 0.70 

24 O 0.58 0.19 0.08 56 Cu 0.47 0.75 0.69 

25 Cu 0.01 0.99 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.89 0.40 0.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.77 0.82 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.65 0.24 0.98 60 Cu 0.02 0.40 0.65 
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Table C.14: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of dense alanine adlayer D_2_270_a on Cu(3,1,17)S as calculated by PBE-D2. 

The unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the 

unit cell vectors. 

   Vector x y z No Atom a b c 

  a 9.75 0.56 0.00 29 Cu 0.54 0.66 0.97 

  b 0.00 5.63 0.00 30 Cu 0.43 0.06 0.96 

  c 0.00 0.00 20.00 31 Cu 0.30 0.47 0.95 

No Atom a b c 32 Cu 0.20 0.88 0.94 

1 C 0.91 0.68 0.12 33 Cu 0.09 0.29 0.93 

2 C 0.16 0.63 0.16 34 Cu 0.98 0.70 0.92 

3 C 0.04 0.80 0.15 35 Cu 0.86 0.11 0.91 

4 C 0.43 0.41 0.08 36 Cu 0.75 0.52 0.90 

5 C 0.52 0.29 0.13 37 Cu 0.63 0.94 0.89 

6 C 0.47 0.06 0.16 38 Cu 0.52 0.35 0.88 

7 H 0.19 0.56 0.11 39 Cu 0.41 0.76 0.87 

8 H 0.14 0.49 0.19 40 Cu 0.29 0.17 0.86 

9 H 0.03 0.16 0.12 41 Cu 0.18 0.58 0.85 

10 H 0.25 0.72 0.18 42 Cu 0.07 0.99 0.84 

11 H 0.00 0.88 0.20 43 Cu 0.95 0.41 0.82 

12 H 0.17 0.02 0.10 44 Cu 0.84 0.82 0.81 

13 H 0.38 0.10 0.19 45 Cu 0.73 0.23 0.80 

14 H 0.54 0.42 0.17 46 Cu 0.61 0.64 0.79 

15 H 0.46 0.93 0.12 47 Cu 0.50 0.05 0.78 

16 H 0.55 0.99 0.20 48 Cu 0.38 0.46 0.77 

17 H 0.72 0.39 0.10 49 Cu 0.27 0.87 0.76 

18 H 0.71 0.10 0.11 50 Cu 0.16 0.28 0.75 

19 N 0.07 0.00 0.10 51 Cu 0.04 0.70 0.74 

20 N 0.66 0.25 0.09 52 Cu 0.93 0.11 0.73 

21 O 0.81 0.81 0.10 53 Cu 0.82 0.52 0.72 

22 O 0.93 0.46 0.10 54 Cu 0.70 0.93 0.71 

23 O 0.34 0.28 0.05 55 Cu 0.59 0.34 0.70 

24 O 0.45 0.62 0.06 56 Cu 0.47 0.75 0.69 

25 Cu 0.01 0.99 0.01 57 Cu 0.36 0.16 0.68 

26 Cu 0.89 0.41 1.00 58 Cu 0.25 0.58 0.67 

27 Cu 0.77 0.82 0.99 59 Cu 0.13 0.99 0.66 

28 Cu 0.66 0.23 0.99 60 Cu 0.02 0.40 0.65 
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APPENDIX D 

STRUCTURAL INFORMATION FOR THE OPTIMIZED ADSORPTION 

GEOMETRY OF R-3MCHO ON COPPER SURFACES USING PBE-GGA 

 

Table D.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu(100) as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  x y z No Atom a b c No Atom a b c 

 a 10.89 0.00 0.00 35 Cu 1.00 0.33 0.18 73 Cu 0.33 0.83 0.09 

 b 0.00 10.89 0.00 36 Cu 0.17 0.50 0.18 74 Cu 0.50 0.67 0.09 

 c 0.00 0.00 20.35 37 Cu 1.00 0.50 0.27 75 Cu 0.33 0.67 0.18 

No Atom a b c 38 Cu 0.17 0.33 0.27 76 Cu 0.50 0.83 0.18 

1 C 0.36 0.47 0.57 39 Cu 0.00 0.33 0.35 77 Cu 0.33 0.83 0.27 

2 C 0.43 0.26 0.54 40 Cu 0.17 0.50 0.35 78 Cu 0.50 0.67 0.27 

3 C 0.32 0.35 0.54 41 Cu 0.00 0.67 0.00 79 Cu 0.33 0.67 0.35 

4 C 0.53 0.31 0.50 42 Cu 0.17 0.83 0.00 80 Cu 0.50 0.83 0.35 

5 C 0.58 0.43 0.53 43 Cu 0.00 0.83 0.09 81 Cu 0.67 0.00 0.00 

6 C 0.47 0.53 0.53 44 Cu 0.17 0.67 0.09 82 Cu 0.83 0.17 0.00 

7 C 0.52 0.65 0.56 45 Cu 1.00 0.67 0.18 83 Cu 0.67 0.17 0.09 

8 O 0.58 0.27 0.45 46 Cu 0.17 0.83 0.18 84 Cu 0.83 0.00 0.09 

9 H 0.28 0.36 0.49 47 Cu 1.00 0.83 0.27 85 Cu 0.67 0.00 0.18 

10 H 0.39 0.46 0.62 48 Cu 0.17 0.67 0.27 86 Cu 0.83 0.17 0.18 

11 H 0.61 0.42 0.58 49 Cu 0.00 0.67 0.35 87 Cu 0.67 0.17 0.27 

12 H 0.25 0.31 0.57 50 Cu 0.17 0.83 0.35 88 Cu 0.83 0.00 0.27 

13 H 0.29 0.54 0.57 51 Cu 0.33 0.00 0.00 89 Cu 0.67 1.00 0.35 

14 H 0.46 0.23 0.59 52 Cu 0.50 0.17 0.00 90 Cu 0.84 0.17 0.35 

15 H 0.40 0.17 0.51 53 Cu 0.33 0.17 0.09 91 Cu 0.67 0.33 0.00 

16 H 0.59 0.69 0.53 54 Cu 0.50 0.00 0.09 92 Cu 0.83 0.50 0.00 

17 H 0.44 0.72 0.56 55 Cu 0.33 0.00 0.18 93 Cu 0.67 0.50 0.09 

18 H 0.55 0.64 0.61 56 Cu 0.50 0.17 0.18 94 Cu 0.83 0.33 0.09 

19 H 0.66 0.47 0.50 57 Cu 0.33 0.17 0.27 95 Cu 0.67 0.33 0.18 

20 H 0.44 0.54 0.48 58 Cu 0.50 0.00 0.27 96 Cu 0.83 0.50 0.18 

21 Cu 0.00 0.00 0.00 59 Cu 0.33 1.00 0.35 97 Cu 0.67 0.50 0.27 

22 Cu 0.17 0.17 0.00 60 Cu 0.50 0.16 0.36 98 Cu 0.83 0.33 0.27 

23 Cu 0.00 0.17 0.09 61 Cu 0.33 0.33 0.00 99 Cu 0.67 0.34 0.36 

24 Cu 0.17 0.00 0.09 62 Cu 0.50 0.50 0.00 100 Cu 0.83 0.50 0.35 

25 Cu 1.00 0.00 0.18 63 Cu 0.33 0.50 0.09 101 Cu 0.67 0.67 0.00 

26 Cu 0.17 0.17 0.18 64 Cu 0.50 0.33 0.09 102 Cu 0.83 0.83 0.00 

27 Cu 0.00 0.17 0.27 65 Cu 0.33 0.33 0.18 103 Cu 0.67 0.83 0.09 

28 Cu 0.17 0.00 0.27 66 Cu 0.50 0.50 0.18 104 Cu 0.83 0.67 0.09 

29 Cu 0.00 1.00 0.35 67 Cu 0.33 0.50 0.27 105 Cu 0.67 0.67 0.18 

30 Cu 0.17 0.17 0.35 68 Cu 0.50 0.33 0.27 106 Cu 0.83 0.83 0.18 

31 Cu 0.00 0.33 0.00 69 Cu 0.33 0.34 0.35 107 Cu 0.67 0.83 0.27 

32 Cu 0.17 0.50 0.00 70 Cu 0.50 0.50 0.35 108 Cu 0.83 0.67 0.27 

33 Cu 0.00 0.50 0.09 71 Cu 0.33 0.67 0.00 109 Cu 0.67 0.67 0.35 

34 Cu 0.17 0.33 0.09 72 Cu 0.50 0.83 0.00 110 Cu 0.83 0.83 0.35 
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Table D.2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (110) as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 10.89 0.00 0.00 17 H 0.81 0.95 0.45 37 Cu 0.50 0.13 0.18 

  b 0.00 10.26 0.00 18 H 0.68 0.92 0.50 38 Cu 0.50 0.38 0.19 

  c 0.00 0.00 20.35 19 H 0.48 0.94 0.38 39 Cu 0.50 0.63 0.19 

No Atom a b c 20 H 0.68 0.07 0.37 40 Cu 0.50 0.88 0.19 

1 C 0.36 0.13 0.34 21 Cu 0.67 0.00 0.25 41 Cu 0.17 0.13 0.19 

2 C 0.67 0.18 0.45 22 Cu 0.67 0.25 0.25 42 Cu 0.17 0.37 0.19 

3 C 0.46 0.28 0.41 23 Cu 0.67 0.50 0.25 43 Cu 0.17 0.63 0.19 

4 C 0.60 0.30 0.42 24 Cu 0.67 0.75 0.25 44 Cu 0.17 0.88 0.19 

5 C 0.44 0.15 0.38 25 Cu 0.33 1.00 0.25 45 Cu 0.67 0.00 0.13 

6 C 0.50 0.03 0.41 26 Cu 0.33 0.25 0.25 46 Cu 0.67 0.25 0.13 

7 C 0.64 0.05 0.42 27 Cu 0.33 0.50 0.25 47 Cu 0.67 0.50 0.13 

8 O 0.71 0.94 0.45 28 Cu 0.33 0.75 0.25 48 Cu 0.67 0.75 0.13 

9 H 0.64 0.31 0.37 29 Cu 0.00 0.00 0.25 49 Cu 0.33 0.00 0.13 

10 H 0.64 0.17 0.50 30 Cu 0.00 0.25 0.25 50 Cu 0.33 0.25 0.13 

11 H 0.47 0.01 0.46 31 Cu 0.00 0.50 0.25 51 Cu 0.33 0.50 0.13 

12 H 0.62 0.39 0.45 32 Cu 0.00 0.75 0.25 52 Cu 0.33 0.75 0.13 

13 H 0.77 0.20 0.45 33 Cu 0.83 0.13 0.19 53 Cu 0.00 0.00 0.13 

14 H 0.42 0.28 0.46 34 Cu 0.83 0.38 0.19 54 Cu 0.00 0.25 0.13 

15 H 0.42 0.35 0.38 35 Cu 0.83 0.63 0.19 55 Cu 0.00 0.50 0.13 

16 H 0.69 0.85 0.42 36 Cu 0.83 0.88 0.19 56 Cu 0.00 0.75 0.13 
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Table D.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (111) as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 10.26 0.00 0.00 21 Cu 0.67 0.17 0.33 45 Cu 1.00 0.50 0.25 

  b 5.13 8.89 0.00 22 Cu 0.41 0.17 0.33 46 Cu 0.75 0.50 0.25 

  c 0.00 0.00 25.44 23 Cu 0.92 0.17 0.33 47 Cu 0.25 0.75 0.25 

No Atom a b c 24 Cu 0.17 0.17 0.33 48 Cu 1.00 0.75 0.25 

1 C 0.37 0.31 0.48 25 Cu 0.92 0.42 0.33 49 Cu 0.50 0.75 0.25 

2 C 0.27 0.48 0.48 26 Cu 0.17 0.92 0.33 50 Cu 0.75 0.75 0.25 

3 C 0.51 0.27 0.45 27 Cu 0.67 0.67 0.33 51 Cu 0.25 0.50 0.25 

4 C 0.36 0.55 0.51 28 Cu 0.92 0.92 0.33 52 Cu 0.50 0.50 0.25 

5 C 0.60 0.34 0.47 29 Cu 0.92 0.67 0.33 53 Cu 0.09 0.33 0.16 

6 C 0.50 0.51 0.47 30 Cu 0.42 0.92 0.33 54 Cu 0.09 0.83 0.16 

7 C 0.59 0.58 0.49 31 Cu 0.17 0.42 0.33 55 Cu 0.33 0.09 0.16 

8 O 0.56 0.18 0.41 32 Cu 0.17 0.67 0.33 56 Cu 0.33 0.33 0.16 

9 H 0.23 0.53 0.44 33 Cu 0.67 0.42 0.33 57 Cu 0.33 0.59 0.16 

10 H 0.39 0.51 0.55 34 Cu 0.42 0.67 0.33 58 Cu 0.33 0.83 0.16 

11 H 0.65 0.29 0.51 35 Cu 0.67 0.91 0.33 59 Cu 0.59 0.33 0.16 

12 H 0.17 0.51 0.51 36 Cu 0.41 0.42 0.33 60 Cu 0.59 0.83 0.16 

13 H 0.29 0.67 0.51 37 Cu 0.75 0.25 0.25 61 Cu 0.83 0.09 0.16 

14 H 0.40 0.26 0.52 38 Cu 0.50 0.25 0.25 62 Cu 0.83 0.33 0.16 

15 H 0.31 0.26 0.45 39 Cu 0.75 0.00 0.25 63 Cu 0.83 0.59 0.16 

16 H 0.69 0.56 0.47 40 Cu 0.25 0.25 0.25 64 Cu 0.83 0.83 0.16 

17 H 0.52 0.71 0.50 41 Cu 0.50 0.00 0.25 65 Cu 0.08 0.08 0.16 

18 H 0.64 0.54 0.53 42 Cu 1.00 0.00 0.25 66 Cu 0.08 0.58 0.16 

19 H 0.69 0.31 0.44 43 Cu 1.00 0.25 0.25 67 Cu 0.58 0.08 0.16 

20 H 0.46 0.56 0.43 44 Cu 0.25 0.00 0.25 68 Cu 0.58 0.58 0.16 
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Table D.4: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (221) as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 15.40 0.00 0.00 35 Cu 0.86 0.63 0.30 72 Cu 0.17 0.75 0.17 

  b 0.00 10.26 0.00 36 Cu 0.86 0.88 0.30 73 Cu 0.67 0.00 0.17 

  c 0.00 0.00 21.77 37 Cu 0.23 0.00 0.28 74 Cu 0.67 0.25 0.17 

No Atom a b c 38 Cu 0.23 0.25 0.28 75 Cu 0.67 0.50 0.17 

1 C 0.65 0.50 0.47 39 Cu 0.23 0.50 0.28 76 Cu 0.67 0.75 0.17 

2 C 0.75 0.51 0.47 40 Cu 0.23 0.75 0.28 77 Cu 0.03 0.12 0.14 

3 C 0.62 0.38 0.44 41 Cu 0.73 0.00 0.28 78 Cu 0.03 0.37 0.14 

4 C 0.79 0.39 0.50 42 Cu 0.73 0.25 0.28 79 Cu 0.03 0.62 0.14 

5 C 0.66 0.26 0.46 43 Cu 0.73 0.50 0.28 80 Cu 0.03 0.87 0.14 

6 C 0.76 0.27 0.46 44 Cu 0.73 0.75 0.28 81 Cu 0.53 0.12 0.14 

7 C 0.80 0.14 0.49 45 Cu 0.09 0.13 0.25 82 Cu 0.53 0.37 0.14 

8 O 0.55 0.37 0.41 46 Cu 0.09 0.38 0.25 83 Cu 0.53 0.62 0.14 

9 H 0.77 0.52 0.42 47 Cu 0.09 0.62 0.25 84 Cu 0.53 0.87 0.14 

10 H 0.78 0.38 0.55 48 Cu 0.09 0.88 0.25 85 Cu 0.39 0.00 0.11 

11 H 0.64 0.24 0.51 49 Cu 0.59 0.13 0.25 86 Cu 0.39 0.25 0.11 

12 H 0.77 0.60 0.49 50 Cu 0.59 0.38 0.25 87 Cu 0.39 0.50 0.11 

13 H 0.86 0.40 0.49 51 Cu 0.59 0.62 0.25 88 Cu 0.39 0.75 0.11 

14 H 0.63 0.51 0.52 52 Cu 0.59 0.88 0.25 89 Cu 0.89 0.00 0.11 

15 H 0.62 0.59 0.44 53 Cu 0.45 1.00 0.22 90 Cu 0.89 0.25 0.11 

16 H 0.78 0.05 0.47 54 Cu 0.45 0.25 0.22 91 Cu 0.89 0.50 0.11 

17 H 0.87 0.15 0.49 55 Cu 0.45 0.50 0.22 92 Cu 0.89 0.75 0.11 

18 H 0.79 0.13 0.54 56 Cu 0.45 0.75 0.22 93 Cu 0.25 0.12 0.08 

19 H 0.64 0.17 0.44 57 Cu 0.95 1.00 0.22 94 Cu 0.25 0.37 0.08 

20 H 0.78 0.27 0.41 58 Cu 0.95 0.25 0.22 95 Cu 0.25 0.62 0.08 

21 Cu 1.00 0.00 0.33 59 Cu 0.95 0.50 0.22 96 Cu 0.25 0.87 0.08 

22 Cu 1.00 0.25 0.33 60 Cu 0.95 0.75 0.22 97 Cu 0.75 0.12 0.08 

23 Cu 1.00 0.50 0.33 61 Cu 0.31 0.13 0.19 98 Cu 0.75 0.37 0.08 

24 Cu 1.00 0.75 0.33 62 Cu 0.31 0.38 0.19 99 Cu 0.75 0.62 0.08 

25 Cu 0.50 1.00 0.33 63 Cu 0.31 0.62 0.19 100 Cu 0.75 0.87 0.08 

26 Cu 0.50 0.25 0.33 64 Cu 0.31 0.88 0.19 101 Cu 0.11 0.00 0.06 

27 Cu 0.50 0.50 0.33 65 Cu 0.81 0.12 0.19 102 Cu 0.11 0.25 0.06 

28 Cu 0.50 0.75 0.33 66 Cu 0.81 0.38 0.19 103 Cu 0.11 0.50 0.06 

29 Cu 0.36 0.13 0.30 67 Cu 0.81 0.63 0.19 104 Cu 0.11 0.75 0.06 

30 Cu 0.36 0.38 0.30 68 Cu 0.81 0.88 0.19 105 Cu 0.61 0.00 0.06 

31 Cu 0.36 0.62 0.30 69 Cu 0.17 0.00 0.17 106 Cu 0.61 0.25 0.06 

32 Cu 0.36 0.88 0.30 70 Cu 0.17 0.25 0.17 107 Cu 0.61 0.50 0.06 

33 Cu 0.86 0.12 0.30 71 Cu 0.17 0.50 0.17 108 Cu 0.61 0.75 0.06 

34 Cu 0.86 0.38 0.30                     
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Table D.5: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (643)R as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 6.34 2.43 0.00 16 H 0.24 0.05 0.52 35 Cu 0.36 0.49 0.18 

  b 0.00 8.11 0.00 17 H 0.24 0.84 0.55 36 Cu 0.68 0.59 0.17 

  c 0.00 0.00 21.72 18 H 0.40 0.94 0.58 37 Cu 0.99 0.70 0.16 

No Atom a b c 19 H 0.57 0.06 0.46 38 Cu 0.30 0.81 0.15 

1 C 0.97 0.65 0.45 20 H 0.45 0.81 0.45 39 Cu 0.61 0.91 0.14 

2 C 0.82 0.55 0.47 21 Cu 0.00 0.00 0.33 40 Cu 0.92 0.02 0.13 

3 C 0.86 0.85 0.45 22 Cu 0.31 0.11 0.32 41 Cu 0.23 0.13 0.12 

4 C 0.65 0.64 0.51 23 Cu 0.62 0.21 0.31 42 Cu 0.54 0.24 0.10 

5 C 0.66 0.94 0.48 24 Cu 0.94 0.31 0.30 43 Cu 0.86 0.35 0.09 

6 C 0.52 0.82 0.49 25 Cu 0.25 0.42 0.29 44 Cu 0.16 0.45 0.09 

7 C 0.34 0.92 0.54 26 Cu 0.56 0.52 0.28 45 Cu 0.48 0.56 0.07 

8 O 0.93 0.94 0.42 27 Cu 0.88 0.63 0.27 46 Cu 0.79 0.66 0.06 

9 H 0.75 0.53 0.42 28 Cu 0.19 0.74 0.26 47 Cu 0.10 0.77 0.05 

10 H 0.73 0.65 0.56 29 Cu 0.50 0.84 0.25 48 Cu 0.41 0.88 0.04 

11 H 0.70 -0.03 0.53 30 Cu 0.81 0.95 0.24 49 Cu 0.72 0.98 0.03 

12 H 0.92 0.41 0.48 31 Cu 0.12 0.05 0.23 50 Cu 0.03 0.09 0.02 

13 H 0.55 0.56 0.52 32 Cu 0.43 0.16 0.21 51 Cu 0.34 0.20 0.01 

14 H 0.08 0.64 0.49 33 Cu 0.74 0.27 0.20 52 Cu 0.66 0.30 0.00 

15 H 0.07 0.60 0.41 34 Cu 0.05 0.38 0.19           
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Table D.6: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (322) as calculated by PBE-GGA. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 8.30 6.04 0.00 25 Cu 0.18 0.21 0.27 53 Cu 0.16 0.65 0.13 

  b -8.30 7.05 0.00 26 Cu 0.68 0.20 0.27 54 Cu 0.66 0.65 0.13 

  c 0.00 0.00 20.68 27 Cu 0.43 0.21 0.27 55 Cu 0.41 0.65 0.13 

No Atom a b c 28 Cu 0.93 0.21 0.27 56 Cu 0.91 0.65 0.13 

1 C 0.87 0.84 0.44 29 Cu 0.10 0.41 0.25 57 Cu 0.09 0.85 0.10 

2 C 0.92 0.72 0.43 30 Cu 0.60 0.41 0.25 58 Cu 0.59 0.85 0.10 

3 C 0.73 0.82 0.42 31 Cu 0.35 0.41 0.25 59 Cu 0.34 0.85 0.10 

4 C 0.83 0.60 0.46 32 Cu 0.85 0.41 0.25 60 Cu 0.84 0.85 0.10 

5 C 0.63 0.70 0.44 33 Cu 0.03 0.61 0.23 61 Cu 0.01 0.06 0.09 

6 C 0.69 0.58 0.43 34 Cu 0.53 0.61 0.23 62 Cu 0.51 0.06 0.09 

7 C 0.59 0.47 0.46 35 Cu 0.28 0.61 0.23 63 Cu 0.26 0.06 0.09 

8 O 0.69 0.89 0.38 36 Cu 0.78 0.61 0.23 64 Cu 0.76 0.06 0.09 

9 H 0.94 0.70 0.38 37 Cu 0.46 0.82 0.21 65 Cu 0.44 0.26 0.06 

10 H 0.82 0.62 0.52 38 Cu 0.21 0.82 0.21 66 Cu 0.19 0.26 0.06 

11 H 0.62 0.72 0.49 39 Cu 0.96 0.82 0.21 67 Cu 0.94 0.26 0.06 

12 H 0.02 0.73 0.46 40 Cu 0.71 0.82 0.21 68 Cu 0.69 0.26 0.06 

13 H 0.86 0.52 0.46 41 Cu 0.38 0.02 0.19 69 Cu 0.12 0.47 0.04 

14 H 0.88 0.87 0.49 42 Cu 0.13 0.02 0.19 70 Cu 0.37 0.47 0.04 

15 H 0.94 0.92 0.41 43 Cu 0.88 0.02 0.19 71 Cu 0.87 0.47 0.04 

16 H 0.49 0.45 0.44 44 Cu 0.63 0.02 0.19 72 Cu 0.62 0.47 0.04 

17 H 0.62 0.38 0.45 45 Cu 0.31 0.23 0.17 73 Cu 0.04 0.68 0.02 

18 H 0.57 0.48 0.51 46 Cu 0.06 0.23 0.17 74 Cu 0.29 0.68 0.02 

19 H 0.53 0.70 0.42 47 Cu 0.81 0.23 0.17 75 Cu 0.79 0.68 0.02 

20 H 0.70 0.57 0.38 48 Cu 0.56 0.23 0.17 76 Cu 0.54 0.68 0.02 

21 Cu 0.25 0.01 0.29 49 Cu 0.24 0.44 0.15 77 Cu 0.22 0.88 0.00 

22 Cu 0.01 0.01 0.29 50 Cu 0.74 0.44 0.15 78 Cu 0.72 0.88 0.00 

23 Cu 0.75 1.00 0.30 51 Cu 0.49 0.44 0.15 79 Cu 0.47 0.88 0.00 

24 Cu 0.50 0.01 0.29 52 Cu 0.99 0.44 0.15 80 Cu 0.97 0.88 0.00 



 127 

APPENDIX E 

STRUCTURAL INFORMATION FOR THE OPTIMIZED ADSORPTION 

GEOMETRY OF R-3MCHO ON COPPER SURFACES USING PBE-D2 

 

Table E.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu(100) as calculated by PBE-D2. The unit 

cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit cell 

vectors. 

  x y z No Atom a b c No Atom a b c 

 a 10.70 0.00 0.00 23 Cu 0.84 0.50 0.36 49 Cu 0.17 0.00 0.27 

 b 0.00 10.70 0.00 24 Cu 0.33 1.00 0.36 50 Cu 1.00 0.50 0.27 

 c 0.00 0.00 20.00 25 Cu 0.50 0.83 0.36 51 Cu 0.33 0.83 0.27 

No Atom a b c 26 Cu 0.00 0.33 0.36 52 Cu 1.00 0.83 0.27 

1 C 0.34 0.50 0.54 27 Cu 0.83 0.83 0.36 53 Cu 0.16 0.33 0.27 

2 C 0.40 0.27 0.53 28 Cu 0.67 0.67 0.36 54 Cu 0.50 0.67 0.27 

3 C 0.30 0.38 0.52 29 Cu 0.00 1.00 0.36 55 Cu 0.17 0.67 0.27 

4 C 0.52 0.32 0.50 30 Cu 0.17 0.17 0.36 56 Cu 0.33 0.50 0.27 

5 C 0.57 0.45 0.52 31 Cu 0.67 1.00 0.36 57 Cu 0.00 0.00 0.18 

6 C 0.46 0.54 0.51 32 Cu 0.84 0.17 0.36 58 Cu 0.00 0.33 0.18 

7 C 0.51 0.68 0.52 33 Cu 0.00 0.67 0.36 59 Cu 0.00 0.67 0.18 

8 O 0.57 0.26 0.45 34 Cu 0.17 0.83 0.36 60 Cu 0.17 0.17 0.18 

9 H 0.27 0.38 0.47 35 Cu 0.17 0.50 0.36 61 Cu 0.17 0.50 0.18 

10 H 0.36 0.51 0.60 36 Cu 0.33 0.67 0.36 62 Cu 0.17 0.83 0.18 

11 H 0.59 0.44 0.57 37 Cu 0.33 0.34 0.36 63 Cu 0.33 0.00 0.18 

12 H 0.22 0.34 0.55 38 Cu 0.50 0.50 0.35 64 Cu 0.33 0.33 0.18 

13 H 0.27 0.57 0.53 39 Cu 0.67 0.17 0.27 65 Cu 0.33 0.67 0.18 

14 H 0.42 0.26 0.58 40 Cu 0.83 0.33 0.27 66 Cu 0.50 0.17 0.18 

15 H 0.37 0.19 0.50 41 Cu 0.50 0.33 0.27 67 Cu 0.50 0.50 0.18 

16 H 0.59 0.70 0.50 42 Cu 0.50 0.00 0.27 68 Cu 0.50 0.83 0.18 

17 H 0.43 0.74 0.51 43 Cu 0.67 0.50 0.27 69 Cu 0.67 0.00 0.18 

18 H 0.53 0.68 0.58 44 Cu 0.33 0.17 0.27 70 Cu 0.67 0.33 0.18 

19 H 0.65 0.47 0.49 45 Cu 0.83 0.00 0.27 71 Cu 0.67 0.67 0.18 

20 H 0.44 0.54 0.45 46 Cu 0.67 0.83 0.27 72 Cu 0.83 0.17 0.18 

21 Cu 0.67 0.34 0.36 47 Cu 0.00 0.17 0.27 73 Cu 0.83 0.50 0.18 

22 Cu 0.49 0.16 0.36 48 Cu 0.83 0.67 0.27 74 Cu 0.83 0.83 0.18 
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Table E 2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (110) as calculated by PBE-D2. The unit 

cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit cell 

vectors. 

  x y z No Atom a b c No Atom a b c 

  a 10.79 0.00 0.00 17 H 0.82 0.94 0.43 37 Cu 0.50 0.13 0.18 

  b 0.00 10.18 0.00 18 H 0.69 0.91 0.49 38 Cu 0.50 0.37 0.19 

  c 0.00 0.00 20.00 19 H 0.48 0.93 0.38 39 Cu 0.50 0.62 0.19 

No Atom a b c 20 H 0.68 0.06 0.36 40 Cu 0.50 0.88 0.19 

1 C 0.67 0.17 0.45 21 Cu 0.67 0.00 0.25 41 Cu 0.17 0.12 0.19 

2 C 0.47 0.27 0.41 22 Cu 0.67 0.25 0.25 42 Cu 0.17 0.38 0.19 

3 C 0.61 0.29 0.41 23 Cu 0.67 0.50 0.25 43 Cu 0.17 0.63 0.19 

4 C 0.44 0.14 0.38 24 Cu 0.67 0.75 0.25 44 Cu 0.17 0.88 0.19 

5 C 0.50 0.02 0.41 25 Cu 0.33 1.00 0.25 45 Cu 0.67 0.00 0.13 

6 C 0.65 0.04 0.41 26 Cu 0.33 0.25 0.25 46 Cu 0.67 0.25 0.13 

7 C 0.71 0.93 0.44 27 Cu 0.33 0.50 0.25 47 Cu 0.67 0.50 0.13 

8 O 0.36 0.13 0.33 28 Cu 0.33 0.75 0.25 48 Cu 0.67 0.75 0.13 

9 H 0.64 0.31 0.36 29 Cu 0.00 0.00 0.25 49 Cu 0.33 0.00 0.13 

10 H 0.65 0.16 0.50 30 Cu 0.00 0.25 0.25 50 Cu 0.33 0.25 0.13 

11 H 0.47 0.00 0.46 31 Cu 0.00 0.50 0.25 51 Cu 0.33 0.50 0.13 

12 H 0.62 0.38 0.44 32 Cu 0.00 0.75 0.25 52 Cu 0.33 0.75 0.13 

13 H 0.77 0.19 0.44 33 Cu 0.83 0.13 0.19 53 Cu 0.00 0.00 0.13 

14 H 0.43 0.27 0.46 34 Cu 0.83 0.38 0.19 54 Cu 0.00 0.25 0.13 

15 H 0.42 0.34 0.38 35 Cu 0.83 0.63 0.19 55 Cu 0.00 0.50 0.13 

16 H 0.69 0.84 0.41 36 Cu 0.83 0.88 0.19 56 Cu 0.00 0.75 0.13 
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Table E.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (111) as calculated by PBE-D2. The unit 

cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit cell 

vectors. 

  x y z No Atom a b c No Atom a b c 

  a 10.09 0.00 0.00 21 Cu 0.67 0.17 0.33 45 Cu 1.00 0.50 0.24 

  b 5.04 8.73 0.00 22 Cu 0.41 0.17 0.33 46 Cu 0.75 0.50 0.24 

  c 0.00 0.00 25.00 23 Cu 0.92 0.17 0.33 47 Cu 0.25 0.75 0.25 

No Atom a b c 24 Cu 0.16 0.17 0.33 48 Cu 1.00 0.75 0.24 

1 C 0.54 0.19 0.40 25 Cu 0.92 0.42 0.33 49 Cu 0.50 0.75 0.24 

2 C 0.35 0.32 0.47 26 Cu 0.17 0.92 0.33 50 Cu 0.75 0.75 0.25 

3 C 0.26 0.50 0.46 27 Cu 0.67 0.67 0.33 51 Cu 0.25 0.50 0.24 

4 C 0.50 0.27 0.44 28 Cu 0.92 0.92 0.33 52 Cu 0.50 0.50 0.24 

5 C 0.34 0.58 0.48 29 Cu 0.92 0.67 0.33 53 Cu 0.09 0.33 0.16 

6 C 0.59 0.34 0.46 30 Cu 0.42 0.92 0.33 54 Cu 0.09 0.83 0.16 

7 C 0.49 0.52 0.45 31 Cu 0.16 0.42 0.33 55 Cu 0.33 0.09 0.16 

8 O 0.58 0.60 0.47 32 Cu 0.16 0.67 0.33 56 Cu 0.33 0.33 0.16 

9 H 0.22 0.53 0.42 33 Cu 0.67 0.42 0.33 57 Cu 0.33 0.59 0.16 

10 H 0.36 0.57 0.52 34 Cu 0.42 0.67 0.33 58 Cu 0.33 0.83 0.16 

11 H 0.63 0.32 0.50 35 Cu 0.67 0.91 0.32 59 Cu 0.59 0.33 0.16 

12 H 0.15 0.54 0.49 36 Cu 0.41 0.42 0.32 60 Cu 0.59 0.83 0.16 

13 H 0.27 0.71 0.47 37 Cu 0.75 0.25 0.25 61 Cu 0.83 0.09 0.16 

14 H 0.38 0.29 0.51 38 Cu 0.50 0.25 0.25 62 Cu 0.83 0.33 0.16 

15 H 0.30 0.27 0.45 39 Cu 0.75 0.00 0.25 63 Cu 0.83 0.59 0.16 

16 H 0.69 0.56 0.45 40 Cu 0.25 0.25 0.25 64 Cu 0.83 0.83 0.16 

17 H 0.51 0.72 0.46 41 Cu 0.50 0.00 0.25 65 Cu 0.08 0.08 0.16 

18 H 0.61 0.58 0.51 42 Cu 1.00 0.00 0.25 66 Cu 0.08 0.58 0.16 

19 H 0.70 0.30 0.43 43 Cu 1.00 0.25 0.25 67 Cu 0.58 0.08 0.16 

20 H 0.47 0.54 0.41 44 Cu 0.25 0.00 0.25 68 Cu 0.58 0.58 0.16 
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Table E.4: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (221) as calculated by PBE-D2. The unit 

cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit cell 

vectors. 

  x y z No Atom a b c No Atom a b c 

  a 15.13 0.00 0.00 35 Cu 0.86 0.63 0.31 72 Cu 0.17 0.75 0.17 

  b 0.00 10.09 0.00 36 Cu 0.86 0.87 0.31 73 Cu 0.67 0.00 0.17 

  c 0.00 0.00 21.39 37 Cu 0.23 0.00 0.28 74 Cu 0.67 0.25 0.17 

No Atom a b c 38 Cu 0.23 0.25 0.28 75 Cu 0.67 0.50 0.17 

1 C 0.68 0.51 0.44 39 Cu 0.22 0.50 0.28 76 Cu 0.67 0.75 0.17 

2 C 0.78 0.52 0.45 40 Cu 0.23 0.75 0.28 77 Cu 0.03 0.12 0.14 

3 C 0.64 0.38 0.42 41 Cu 0.72 0.00 0.28 78 Cu 0.03 0.37 0.14 

4 C 0.82 0.39 0.48 42 Cu 0.73 0.25 0.28 79 Cu 0.03 0.62 0.14 

5 C 0.69 0.26 0.44 43 Cu 0.73 0.50 0.28 80 Cu 0.03 0.87 0.14 

6 C 0.79 0.27 0.44 44 Cu 0.72 0.75 0.28 81 Cu 0.53 0.12 0.14 

7 C 0.83 0.14 0.46 45 Cu 0.09 0.12 0.25 82 Cu 0.53 0.37 0.14 

8 O 0.56 0.38 0.40 46 Cu 0.09 0.38 0.25 83 Cu 0.53 0.62 0.14 

9 H 0.81 0.53 0.40 47 Cu 0.09 0.63 0.25 84 Cu 0.53 0.87 0.14 

10 H 0.79 0.38 0.53 48 Cu 0.09 0.88 0.25 85 Cu 0.39 0.00 0.11 

11 H 0.66 0.22 0.48 49 Cu 0.59 0.13 0.25 86 Cu 0.39 0.25 0.11 

12 H 0.80 0.61 0.47 50 Cu 0.59 0.38 0.25 87 Cu 0.39 0.50 0.11 

13 H 0.89 0.40 0.48 51 Cu 0.59 0.62 0.25 88 Cu 0.39 0.75 0.11 

14 H 0.65 0.54 0.48 52 Cu 0.59 0.88 0.25 89 Cu 0.89 0.00 0.11 

15 H 0.66 0.59 0.41 53 Cu 0.45 1.00 0.22 90 Cu 0.89 0.25 0.11 

16 H 0.82 0.06 0.43 54 Cu 0.45 0.25 0.22 91 Cu 0.89 0.50 0.11 

17 H 0.91 0.15 0.46 55 Cu 0.45 0.50 0.22 92 Cu 0.89 0.75 0.11 

18 H 0.81 0.12 0.51 56 Cu 0.45 0.75 0.22 93 Cu 0.25 0.12 0.08 

19 H 0.67 0.18 0.40 57 Cu 0.95 1.00 0.22 94 Cu 0.25 0.37 0.08 

20 H 0.82 0.29 0.39 58 Cu 0.95 0.25 0.22 95 Cu 0.25 0.62 0.08 

21 Cu 0.00 0.00 0.33 59 Cu 0.95 0.50 0.22 96 Cu 0.25 0.87 0.08 

22 Cu 0.00 0.25 0.33 60 Cu 0.95 0.75 0.22 97 Cu 0.75 0.12 0.08 

23 Cu 0.00 0.50 0.33 61 Cu 0.31 0.13 0.20 98 Cu 0.75 0.37 0.08 

24 Cu 0.00 0.75 0.33 62 Cu 0.31 0.37 0.20 99 Cu 0.75 0.62 0.08 

25 Cu 0.50 1.00 0.33 63 Cu 0.31 0.62 0.20 100 Cu 0.75 0.87 0.08 

26 Cu 0.51 0.25 0.33 64 Cu 0.31 0.88 0.20 101 Cu 0.11 0.00 0.06 

27 Cu 0.51 0.50 0.33 65 Cu 0.81 0.12 0.20 102 Cu 0.11 0.25 0.06 

28 Cu 0.50 0.75 0.33 66 Cu 0.81 0.38 0.20 103 Cu 0.11 0.50 0.06 

29 Cu 0.37 0.13 0.31 67 Cu 0.81 0.63 0.20 104 Cu 0.11 0.75 0.06 

30 Cu 0.36 0.37 0.31 68 Cu 0.81 0.87 0.20 105 Cu 0.61 0.00 0.06 

31 Cu 0.37 0.63 0.31 69 Cu 0.17 0.00 0.17 106 Cu 0.61 0.25 0.06 

32 Cu 0.36 0.88 0.31 70 Cu 0.17 0.25 0.17 107 Cu 0.61 0.50 0.06 

33 Cu 0.86 0.12 0.31 71 Cu 0.17 0.50 0.17 108 Cu 0.61 0.75 0.06 

34 Cu 0.86 0.38 0.31                     
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Table E.5: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (643)R as calculated by PBE-D2. The unit 

cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit cell 

vectors. 

  x y z No Atom a b c No Atom a b c 

  a 6.23 2.39 0.00 16 H 0.13 0.97 0.49 35 Cu 0.37 0.49 0.18 

  b 0.00 7.97 0.00 17 H 0.18 0.75 0.52 36 Cu 0.68 0.59 0.17 

  c 0.00 0.00 21.34 18 H 0.32 0.89 0.55 37 Cu 0.99 0.70 0.16 

No Atom a b c 19 H 0.46 0.99 0.41 38 Cu 0.30 0.80 0.15 

1 C 0.91 0.64 0.42 20 H 0.38 0.73 0.42 39 Cu 0.61 0.91 0.14 

2 C 0.79 0.51 0.44 21 Cu 0.01 0.98 0.33 40 Cu 0.92 0.02 0.13 

3 C 0.78 0.84 0.43 22 Cu 0.32 0.10 0.32 41 Cu 0.23 0.13 0.12 

4 C 0.61 0.60 0.49 23 Cu 0.63 0.20 0.31 42 Cu 0.54 0.24 0.11 

5 C 0.54 0.91 0.45 24 Cu 0.94 0.31 0.30 43 Cu 0.86 0.35 0.09 

6 C 0.44 0.77 0.46 25 Cu 0.25 0.42 0.29 44 Cu 0.16 0.45 0.09 

7 C 0.26 0.85 0.51 26 Cu 0.57 0.52 0.28 45 Cu 0.48 0.56 0.07 

8 O 0.86 0.95 0.41 27 Cu 0.88 0.63 0.27 46 Cu 0.79 0.66 0.06 

9 H 0.72 0.48 0.40 28 Cu 0.19 0.73 0.26 47 Cu 0.10 0.77 0.05 

10 H 0.68 0.63 0.53 29 Cu 0.50 0.84 0.25 48 Cu 0.41 0.88 0.04 

11 H 0.53 0.00 0.48 30 Cu 0.81 0.94 0.24 49 Cu 0.72 0.98 0.03 

12 H 0.91 0.39 0.46 31 Cu 0.12 0.05 0.23 50 Cu 0.03 0.09 0.02 

13 H 0.54 0.50 0.50 32 Cu 0.43 0.16 0.21 51 Cu 0.34 0.20 0.01 

14 H 0.05 0.62 0.45 33 Cu 0.74 0.27 0.20 52 Cu 0.66 0.30 0.00 

15 H 0.96 0.62 0.37 34 Cu 0.06 0.38 0.19           
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Table E.6: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on reconstructed Cu (110) as calculated by PBE-D2. The unit 

cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit cell 

vectors. 

  x y z No Atom a b c No Atom a b c 

  a 14.26 0.00 0.00 24 Cu 0.01 0.75 0.24 51 Cu 0.25 0.50 0.13 

  b 0.00 10.09 0.00 25 Cu 0.53 1.00 0.24 52 Cu 0.25 0.75 0.13 

  c 0.00 0.00 20.00 26 Cu 0.53 0.25 0.24 53 Cu 0.50 0.00 0.12 

No Atom a b c 27 Cu 0.53 0.50 0.24 54 Cu 0.50 0.25 0.12 

1 C 0.37 0.50 0.41 28 Cu 0.53 0.75 0.24 55 Cu 0.50 0.50 0.12 

2 C 0.30 0.27 0.38 29 Cu 0.15 0.13 0.21 56 Cu 0.50 0.75 0.12 

3 C 0.29 0.43 0.37 30 Cu 0.16 0.37 0.21 57 Cu 0.75 1.00 0.12 

4 C 0.39 0.23 0.36 31 Cu 0.15 0.62 0.21 58 Cu 0.75 0.25 0.12 

5 C 0.47 0.29 0.39 32 Cu 0.16 0.88 0.21 59 Cu 0.75 0.50 0.12 

6 C 0.47 0.45 0.38 33 Cu 0.33 0.12 0.22 60 Cu 0.75 0.75 0.12 

7 C 0.55 0.52 0.41 34 Cu 0.38 0.37 0.19 61 Cu 0.13 0.13 0.06 

8 O 0.40 0.15 0.31 35 Cu 0.37 0.62 0.20 62 Cu 0.13 0.38 0.06 

9 H 0.29 0.45 0.32 36 Cu 0.38 0.88 0.19 63 Cu 0.13 0.63 0.06 

10 H 0.37 0.48 0.46 37 Cu 0.68 0.12 0.22 64 Cu 0.13 0.88 0.06 

11 H 0.47 0.27 0.45 38 Cu 0.68 0.37 0.22 65 Cu 0.38 0.13 0.06 

12 H 0.22 0.46 0.39 39 Cu 0.68 0.62 0.22 66 Cu 0.38 0.38 0.06 

13 H 0.37 0.60 0.40 40 Cu 0.68 0.87 0.22 67 Cu 0.38 0.63 0.06 

14 H 0.29 0.25 0.43 41 Cu 0.86 0.13 0.20 68 Cu 0.38 0.88 0.06 

15 H 0.24 0.22 0.35 42 Cu 0.86 0.38 0.21 69 Cu 0.63 0.13 0.06 

16 H 0.62 0.48 0.39 43 Cu 0.86 0.63 0.20 70 Cu 0.63 0.38 0.06 

17 H 0.55 0.62 0.41 44 Cu 0.86 0.87 0.21 71 Cu 0.63 0.63 0.06 

18 H 0.55 0.50 0.47 45 Cu 0.00 0.00 0.12 72 Cu 0.63 0.88 0.06 

19 H 0.54 0.25 0.37 46 Cu 0.00 0.25 0.12 73 Cu 0.88 0.13 0.06 

20 H 0.47 0.46 0.33 47 Cu 0.00 0.50 0.12 74 Cu 0.88 0.38 0.06 

21 Cu 0.01 1.00 0.24 48 Cu 0.00 0.75 0.12 75 Cu 0.88 0.63 0.06 

22 Cu 0.01 0.25 0.24 49 Cu 0.25 0.00 0.13 76 Cu 0.88 0.88 0.06 

23 Cu 0.01 0.50 0.24 50 Cu 0.25 0.25 0.13      
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Table E.7: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on Cu (322) as calculated by PBE-D2. The unit cell vectors are 

given in Angstrom. Atomic positions are given in fraction of the unit cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 8.16 5.93 0.00 25 Cu 0.18 0.20 0.28 53 Cu 0.16 0.65 0.13 

  b -8.16 6.92 0.00 26 Cu 0.68 0.20 0.28 54 Cu 0.66 0.65 0.13 

  c 0.00 0.00 20.32 27 Cu 0.43 0.20 0.28 55 Cu 0.41 0.64 0.13 

No Atom a b c 28 Cu 0.93 0.20 0.28 56 Cu 0.91 0.65 0.13 

1 C 0.61 0.90 0.36 29 Cu 0.10 0.41 0.26 57 Cu 0.09 0.85 0.11 

2 C 0.72 0.75 0.41 30 Cu 0.60 0.41 0.26 58 Cu 0.59 0.85 0.11 

3 C 0.71 0.60 0.41 31 Cu 0.35 0.40 0.25 59 Cu 0.34 0.85 0.11 

4 C 0.60 0.79 0.39 32 Cu 0.85 0.41 0.26 60 Cu 0.84 0.85 0.11 

5 C 0.57 0.53 0.44 33 Cu 0.03 0.61 0.24 61 Cu 0.01 0.06 0.09 

6 C 0.46 0.71 0.40 34 Cu 0.53 0.61 0.24 62 Cu 0.51 0.06 0.09 

7 C 0.45 0.56 0.40 35 Cu 0.28 0.61 0.24 63 Cu 0.26 0.06 0.09 

8 O 0.32 0.48 0.42 36 Cu 0.78 0.61 0.24 64 Cu 0.76 0.06 0.09 

9 H 0.72 0.57 0.36 37 Cu 0.45 0.82 0.21 65 Cu 0.44 0.26 0.06 

10 H 0.57 0.56 0.49 38 Cu 0.20 0.82 0.22 66 Cu 0.19 0.26 0.06 

11 H 0.43 0.73 0.45 39 Cu 0.95 0.82 0.22 67 Cu 0.94 0.26 0.06 

12 H 0.80 0.58 0.44 40 Cu 0.70 0.82 0.21 68 Cu 0.69 0.26 0.06 

13 H 0.57 0.43 0.44 41 Cu 0.38 0.02 0.19 69 Cu 0.12 0.47 0.04 

14 H 0.75 0.79 0.46 42 Cu 0.13 0.02 0.19 70 Cu 0.37 0.47 0.04 

15 H 0.81 0.80 0.37 43 Cu 0.88 0.02 0.19 71 Cu 0.87 0.47 0.04 

16 H 0.23 0.50 0.39 44 Cu 0.63 0.02 0.19 72 Cu 0.62 0.47 0.04 

17 H 0.31 0.38 0.41 45 Cu 0.31 0.23 0.17 73 Cu 0.04 0.68 0.02 

18 H 0.29 0.50 0.47 46 Cu 0.06 0.23 0.17 74 Cu 0.29 0.68 0.02 

19 H 0.39 0.73 0.36 47 Cu 0.81 0.23 0.17 75 Cu 0.79 0.68 0.02 

20 H 0.47 0.54 0.35 48 Cu 0.56 0.23 0.17 76 Cu 0.54 0.68 0.02 

21 Cu 0.25 1.00 0.30 49 Cu 0.23 0.44 0.15 77 Cu 0.22 0.88 0.00 

22 Cu 0.00 1.00 0.30 50 Cu 0.73 0.44 0.15 78 Cu 0.72 0.88 0.00 

23 Cu 0.76 1.00 0.30 51 Cu 0.48 0.44 0.15 79 Cu 0.47 0.88 0.00 

24 Cu 0.49 0.99 0.30 52 Cu 0.98 0.44 0.15 80 Cu 0.97 0.88 0.00 
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APPENDIX F 

STRUCTURAL INFORMATION FOR THE OPTIMIZED ADSORPTION 

GEOMETRY OF R-3MCHO ON COPPER SURFACES USING PBE-B86b 

 

Table F.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu(100) as calculated by PBE-B86b. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  x y z No Atom a b c No Atom a b c 

 a 10.79 0.00 0.00 23 Cu 0.84 0.50 0.35 49 Cu 0.17 0.00 0.27 

 b 0.00 10.79 0.00 24 Cu 0.33 1.00 0.35 50 Cu 1.00 0.50 0.27 

 c 0.00 0.00 20.18 25 Cu 0.50 0.83 0.35 51 Cu 0.33 0.83 0.27 

No Atom a b c 26 Cu 0.00 0.33 0.35 52 Cu 1.00 0.83 0.27 

1 C 0.35 0.50 0.54 27 Cu 0.83 0.83 0.35 53 Cu 0.16 0.33 0.27 

2 C 0.41 0.27 0.52 28 Cu 0.67 0.67 0.35 54 Cu 0.50 0.67 0.26 

3 C 0.31 0.37 0.52 29 Cu 0.00 1.00 0.35 55 Cu 0.17 0.67 0.27 

4 C 0.53 0.32 0.49 30 Cu 0.17 0.17 0.35 56 Cu 0.33 0.50 0.26 

5 C 0.57 0.44 0.51 31 Cu 0.67 1.00 0.35 57 Cu 0.00 0.00 0.18 

6 C 0.47 0.54 0.50 32 Cu 0.84 0.17 0.35 58 Cu 0.00 0.33 0.18 

7 C 0.51 0.67 0.53 33 Cu 0.00 0.67 0.35 59 Cu 0.00 0.67 0.18 

8 O 0.57 0.27 0.44 34 Cu 0.17 0.83 0.35 60 Cu 0.17 0.17 0.18 

9 H 0.28 0.38 0.46 35 Cu 0.17 0.50 0.35 61 Cu 0.17 0.50 0.18 

10 H 0.36 0.50 0.59 36 Cu 0.33 0.67 0.35 62 Cu 0.17 0.83 0.18 

11 H 0.60 0.44 0.57 37 Cu 0.33 0.34 0.35 63 Cu 0.33 0.00 0.18 

12 H 0.23 0.34 0.54 38 Cu 0.50 0.50 0.35 64 Cu 0.33 0.33 0.18 

13 H 0.27 0.57 0.53 39 Cu 0.67 0.17 0.27 65 Cu 0.33 0.67 0.18 

14 H 0.43 0.26 0.58 40 Cu 0.83 0.33 0.27 66 Cu 0.50 0.17 0.18 

15 H 0.38 0.18 0.50 41 Cu 0.50 0.33 0.27 67 Cu 0.50 0.50 0.18 

16 H 0.59 0.70 0.50 42 Cu 0.50 0.00 0.27 68 Cu 0.50 0.83 0.18 

17 H 0.44 0.74 0.52 43 Cu 0.67 0.50 0.27 69 Cu 0.67 0.00 0.18 

18 H 0.53 0.67 0.58 44 Cu 0.33 0.17 0.27 70 Cu 0.67 0.33 0.18 

19 H 0.66 0.47 0.49 45 Cu 0.83 0.00 0.27 71 Cu 0.67 0.67 0.18 

20 H 0.45 0.55 0.45 46 Cu 0.67 0.83 0.27 72 Cu 0.83 0.17 0.18 

21 Cu 0.67 0.34 0.36 47 Cu 0.00 0.17 0.27 73 Cu 0.83 0.50 0.18 

22 Cu 0.50 0.16 0.36 48 Cu 0.83 0.67 0.27 74 Cu 0.83 0.83 0.18 
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Table F.2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (110) as calculated by PBE-B86b. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 10.79 0.00 0.00 17 H 0.82 0.94 0.43 37 Cu 0.50 0.13 0.18 

  b 0.00 10.18 0.00 18 H 0.69 0.91 0.49 38 Cu 0.50 0.37 0.19 

  c 0.00 0.00 20.00 19 H 0.48 0.93 0.38 39 Cu 0.50 0.62 0.19 

No Atom a b c 20 H 0.68 0.06 0.36 40 Cu 0.50 0.88 0.19 

1 C 0.67 0.17 0.45 21 Cu 0.67 0.00 0.25 41 Cu 0.17 0.12 0.19 

2 C 0.47 0.27 0.41 22 Cu 0.67 0.25 0.25 42 Cu 0.17 0.38 0.19 

3 C 0.61 0.29 0.41 23 Cu 0.67 0.50 0.25 43 Cu 0.17 0.63 0.19 

4 C 0.44 0.14 0.38 24 Cu 0.67 0.75 0.25 44 Cu 0.17 0.88 0.19 

5 C 0.50 0.02 0.41 25 Cu 0.33 1.00 0.25 45 Cu 0.67 0.00 0.13 

6 C 0.65 0.04 0.41 26 Cu 0.33 0.25 0.25 46 Cu 0.67 0.25 0.13 

7 C 0.71 0.93 0.44 27 Cu 0.33 0.50 0.25 47 Cu 0.67 0.50 0.13 

8 O 0.36 0.13 0.33 28 Cu 0.33 0.75 0.25 48 Cu 0.67 0.75 0.13 

9 H 0.64 0.31 0.36 29 Cu 0.00 0.00 0.25 49 Cu 0.33 0.00 0.13 

10 H 0.65 0.16 0.50 30 Cu 0.00 0.25 0.25 50 Cu 0.33 0.25 0.13 

11 H 0.47 0.00 0.46 31 Cu 0.00 0.50 0.25 51 Cu 0.33 0.50 0.13 

12 H 0.62 0.38 0.44 32 Cu 0.00 0.75 0.25 52 Cu 0.33 0.75 0.13 

13 H 0.77 0.19 0.44 33 Cu 0.83 0.13 0.19 53 Cu 0.00 0.00 0.13 

14 H 0.43 0.27 0.46 34 Cu 0.83 0.38 0.19 54 Cu 0.00 0.25 0.13 

15 H 0.42 0.34 0.38 35 Cu 0.83 0.63 0.19 55 Cu 0.00 0.50 0.13 

16 H 0.69 0.84 0.41 36 Cu 0.83 0.88 0.19 56 Cu 0.00 0.75 0.13 
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Table F.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (111) as calculated by PBE-B86b. The 

unit cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit 

cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 10.18 0.00 0.00 21 Cu 0.67 0.17 0.33 45 Cu 0.25 0.75 0.25 

  b 5.09 8.81 0.00 22 Cu 0.41 0.17 0.33 46 Cu 1.00 0.75 0.25 

  c 0.00 0.00 25.00 23 Cu 0.92 0.17 0.33 47 Cu 0.50 0.75 0.25 

No Atom a b c 24 Cu 0.17 0.92 0.33 48 Cu 1.00 0.50 0.25 

1 C 0.35 0.32 0.48 25 Cu 0.17 0.17 0.33 49 Cu 0.75 0.50 0.25 

2 C 0.25 0.50 0.48 26 Cu 0.92 0.92 0.33 50 Cu 0.75 0.75 0.25 

3 C 0.50 0.27 0.45 27 Cu 0.92 0.42 0.33 51 Cu 0.25 0.50 0.25 

4 C 0.34 0.58 0.50 28 Cu 0.42 0.92 0.33 52 Cu 0.50 0.50 0.25 

5 C 0.59 0.34 0.47 29 Cu 0.92 0.67 0.33 53 Cu 0.09 0.33 0.16 

6 C 0.49 0.52 0.47 30 Cu 0.67 0.67 0.33 54 Cu 0.09 0.83 0.16 

7 C 0.58 0.60 0.48 31 Cu 0.16 0.67 0.33 55 Cu 0.33 0.09 0.16 

8 O 0.54 0.18 0.41 32 Cu 0.17 0.42 0.33 56 Cu 0.33 0.33 0.16 

9 H 0.22 0.53 0.43 33 Cu 0.42 0.67 0.33 57 Cu 0.33 0.59 0.16 

10 H 0.36 0.56 0.54 34 Cu 0.67 0.91 0.33 58 Cu 0.33 0.83 0.16 

11 H 0.62 0.32 0.52 35 Cu 0.67 0.42 0.33 59 Cu 0.59 0.33 0.16 

12 H 0.15 0.53 0.50 36 Cu 0.41 0.42 0.33 60 Cu 0.59 0.83 0.16 

13 H 0.27 0.70 0.49 37 Cu 0.75 0.00 0.25 61 Cu 0.83 0.09 0.16 

14 H 0.38 0.29 0.52 38 Cu 0.50 0.25 0.25 62 Cu 0.83 0.33 0.16 

15 H 0.30 0.26 0.46 39 Cu 0.75 0.25 0.25 63 Cu 0.83 0.59 0.16 

16 H 0.68 0.56 0.46 40 Cu 0.50 0.00 0.25 64 Cu 0.83 0.83 0.16 

17 H 0.51 0.72 0.48 41 Cu 0.25 0.25 0.25 65 Cu 0.08 0.08 0.16 

18 H 0.60 0.58 0.53 42 Cu 1.00 0.00 0.25 66 Cu 0.08 0.58 0.16 

19 H 0.70 0.30 0.45 43 Cu 0.25 0.00 0.25 67 Cu 0.58 0.08 0.16 

20 H 0.46 0.54 0.42 44 Cu 1.00 0.25 0.25 68 Cu 0.58 0.58 0.16 
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APPENDIX G 

STRUCTURAL INFORMATION FOR THE OPTIMIZED ADSORPTION 

GEOMETRY OF R-3MCHO ON COPPER SURFACES USING PBE-B88 

 

Table G.1: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu(100) as calculated by PBE-B88. The unit 

cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit cell 

vectors. 

  x y z No Atom a b c No Atom a b c 

 a 10.88 0.00 0.00 35 Cu 1.00 0.33 0.18 73 Cu 0.33 0.83 0.09 

 b 0.00 10.88 0.00 36 Cu 0.17 0.50 0.18 74 Cu 0.50 0.67 0.09 

 c 0.00 0.00 20.33 37 Cu 1.00 0.50 0.27 75 Cu 0.33 0.67 0.18 

No Atom a b c 38 Cu 0.17 0.33 0.27 76 Cu 0.50 0.83 0.18 

1 C 0.36 0.49 0.55 39 Cu 1.00 0.33 0.35 77 Cu 0.33 0.83 0.27 

2 C 0.42 0.26 0.53 40 Cu 0.17 0.50 0.35 78 Cu 0.50 0.67 0.27 

3 C 0.32 0.36 0.53 41 Cu 0.00 0.67 0.00 79 Cu 0.33 0.67 0.35 

4 C 0.54 0.31 0.50 42 Cu 0.17 0.83 0.00 80 Cu 0.50 0.83 0.35 

5 C 0.58 0.43 0.52 43 Cu 0.00 0.83 0.09 81 Cu 0.67 0.00 0.00 

6 C 0.48 0.53 0.52 44 Cu 0.17 0.67 0.09 82 Cu 0.83 0.17 0.00 

7 C 0.52 0.66 0.54 45 Cu 1.00 0.67 0.18 83 Cu 0.67 0.17 0.09 

8 O 0.58 0.27 0.45 46 Cu 0.17 0.83 0.18 84 Cu 0.83 0.00 0.09 

9 H 0.29 0.37 0.48 47 Cu 1.00 0.83 0.27 85 Cu 0.67 0.00 0.18 

10 H 0.38 0.48 0.61 48 Cu 0.17 0.67 0.27 86 Cu 0.83 0.17 0.18 

11 H 0.61 0.43 0.58 49 Cu 0.00 0.67 0.35 87 Cu 0.67 0.17 0.27 

12 H 0.24 0.33 0.56 50 Cu 0.17 0.83 0.35 88 Cu 0.83 0.00 0.27 

13 H 0.29 0.55 0.55 51 Cu 0.33 0.00 0.00 89 Cu 0.67 1.00 0.35 

14 H 0.45 0.25 0.58 52 Cu 0.50 0.17 0.00 90 Cu 0.84 0.17 0.35 

15 H 0.40 0.18 0.51 53 Cu 0.33 0.17 0.09 91 Cu 0.67 0.33 0.00 

16 H 0.60 0.69 0.51 54 Cu 0.50 0.00 0.09 92 Cu 0.83 0.50 0.00 

17 H 0.45 0.73 0.53 55 Cu 0.33 0.00 0.18 93 Cu 0.67 0.50 0.09 

18 H 0.54 0.66 0.59 56 Cu 0.50 0.17 0.18 94 Cu 0.83 0.33 0.09 

19 H 0.66 0.46 0.50 57 Cu 0.33 0.17 0.27 95 Cu 0.67 0.33 0.18 

20 H 0.45 0.54 0.46 58 Cu 0.50 0.00 0.27 96 Cu 0.83 0.50 0.18 

21 Cu 0.00 0.00 0.00 59 Cu 0.33 1.00 0.35 97 Cu 0.67 0.50 0.27 

22 Cu 0.17 0.17 0.00 60 Cu 0.50 0.16 0.36 98 Cu 0.83 0.33 0.27 

23 Cu 0.00 0.17 0.09 61 Cu 0.33 0.33 0.00 99 Cu 0.67 0.34 0.36 

24 Cu 0.17 0.00 0.09 62 Cu 0.50 0.50 0.00 100 Cu 0.84 0.50 0.35 

25 Cu 1.00 0.00 0.18 63 Cu 0.33 0.50 0.09 101 Cu 0.67 0.67 0.00 

26 Cu 0.17 0.17 0.18 64 Cu 0.50 0.33 0.09 102 Cu 0.83 0.83 0.00 

27 Cu 0.00 0.17 0.27 65 Cu 0.33 0.33 0.18 103 Cu 0.67 0.83 0.09 

28 Cu 0.17 0.00 0.27 66 Cu 0.50 0.50 0.18 104 Cu 0.83 0.67 0.09 

29 Cu 0.00 1.00 0.35 67 Cu 0.33 0.50 0.27 105 Cu 0.67 0.67 0.18 

30 Cu 0.17 0.17 0.35 68 Cu 0.50 0.33 0.27 106 Cu 0.83 0.83 0.18 

31 Cu 0.00 0.33 0.00 69 Cu 0.33 0.34 0.35 107 Cu 0.67 0.83 0.27 

32 Cu 0.17 0.50 0.00 70 Cu 0.50 0.50 0.35 108 Cu 0.83 0.67 0.27 

33 Cu 0.00 0.50 0.09 71 Cu 0.33 0.67 0.00 109 Cu 0.67 0.67 0.35 

34 Cu 0.17 0.33 0.09 72 Cu 0.50 0.83 0.00 110 Cu 0.83 0.83 0.35 
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Table G.2: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (110) as calculated by PBE-B88. The unit 

cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit cell 

vectors. 

  x y z No Atom a b c No Atom a b c 

  a 10.88 0.00 0.00 17 H 0.80 0.94 0.44 37 Cu 0.50 0.13 0.19 

  b 0.00 10.25 0.00 18 H 0.67 0.91 0.49 38 Cu 0.50 0.37 0.19 

  c 0.00 0.00 20.00 19 H 0.47 0.93 0.37 39 Cu 0.50 0.63 0.19 

No Atom a b c 20 H 0.67 0.05 0.36 40 Cu 0.50 0.88 0.19 

1 C 0.66 0.17 0.45 21 Cu 0.67 0.00 0.25 41 Cu 0.17 0.12 0.19 

2 C 0.46 0.27 0.41 22 Cu 0.67 0.25 0.25 42 Cu 0.17 0.38 0.19 

3 C 0.60 0.29 0.42 23 Cu 0.67 0.50 0.25 43 Cu 0.17 0.63 0.19 

4 C 0.43 0.14 0.38 24 Cu 0.67 0.75 0.25 44 Cu 0.17 0.87 0.19 

5 C 0.49 0.02 0.41 25 Cu 0.33 1.00 0.25 45 Cu 0.67 0.00 0.13 

6 C 0.63 0.04 0.41 26 Cu 0.33 0.26 0.25 46 Cu 0.67 0.25 0.13 

7 C 0.70 0.92 0.44 27 Cu 0.33 0.50 0.25 47 Cu 0.67 0.50 0.13 

8 O 0.35 0.13 0.33 28 Cu 0.33 0.75 0.25 48 Cu 0.67 0.75 0.13 

9 H 0.63 0.30 0.36 29 Cu 0.00 0.00 0.25 49 Cu 0.33 0.00 0.13 

10 H 0.63 0.16 0.50 30 Cu 0.00 0.25 0.25 50 Cu 0.33 0.25 0.13 

11 H 0.46 0.00 0.46 31 Cu 0.00 0.50 0.25 51 Cu 0.33 0.50 0.13 

12 H 0.62 0.38 0.44 32 Cu 0.00 0.75 0.25 52 Cu 0.33 0.75 0.13 

13 H 0.76 0.18 0.45 33 Cu 0.83 0.13 0.19 53 Cu 0.00 0.00 0.13 

14 H 0.42 0.27 0.46 34 Cu 0.83 0.38 0.19 54 Cu 0.00 0.25 0.13 

15 H 0.41 0.34 0.38 35 Cu 0.83 0.63 0.19 55 Cu 0.00 0.50 0.13 

16 H 0.68 0.84 0.41 36 Cu 0.83 0.87 0.19 56 Cu 0.00 0.75 0.13 
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Table G.3: Unit cell vectors and fractional coordinates for the optimized adsorption 

geometry of R-3MCHO on unreconstructed Cu (111) as calculated by PBE-B88. The unit 

cell vectors are given in Angstrom. Atomic positions are given in fraction of the unit cell 

vectors. 

  x y z No Atom a b c No Atom a b c 

  a 10.25 0.00 0.00 21 Cu 0.67 0.17 0.33 45 Cu 0.25 0.75 0.25 

  b 5.13 8.88 0.00 22 Cu 0.41 0.17 0.33 46 Cu 1.00 0.75 0.25 

  c 0.00 0.00 25.00 23 Cu 0.92 0.17 0.33 47 Cu 0.50 0.75 0.25 

No Atom a b c 24 Cu 0.17 0.92 0.33 48 Cu 1.00 0.50 0.25 

1 C 0.36 0.32 0.48 25 Cu 0.17 0.17 0.33 49 Cu 0.75 0.50 0.25 

2 C 0.26 0.49 0.48 26 Cu 0.92 0.92 0.33 50 Cu 0.75 0.75 0.25 

3 C 0.51 0.27 0.45 27 Cu 0.92 0.42 0.33 51 Cu 0.25 0.50 0.25 

4 C 0.34 0.57 0.50 28 Cu 0.42 0.92 0.33 52 Cu 0.50 0.50 0.25 

5 C 0.59 0.34 0.47 29 Cu 0.92 0.67 0.33 53 Cu 0.09 0.33 0.16 

6 C 0.49 0.52 0.47 30 Cu 0.67 0.67 0.33 54 Cu 0.09 0.83 0.16 

7 C 0.58 0.60 0.49 31 Cu 0.17 0.67 0.33 55 Cu 0.33 0.09 0.16 

8 O 0.55 0.18 0.41 32 Cu 0.17 0.42 0.33 56 Cu 0.33 0.33 0.16 

9 H 0.22 0.53 0.44 33 Cu 0.42 0.67 0.33 57 Cu 0.33 0.59 0.16 

10 H 0.37 0.54 0.54 34 Cu 0.67 0.91 0.33 58 Cu 0.33 0.83 0.16 

11 H 0.63 0.31 0.51 35 Cu 0.67 0.42 0.33 59 Cu 0.59 0.33 0.16 

12 H 0.16 0.53 0.50 36 Cu 0.41 0.42 0.33 60 Cu 0.59 0.83 0.16 

13 H 0.27 0.69 0.49 37 Cu 0.75 0.00 0.25 61 Cu 0.83 0.09 0.16 

14 H 0.38 0.28 0.52 38 Cu 0.50 0.25 0.25 62 Cu 0.83 0.33 0.16 

15 H 0.30 0.26 0.46 39 Cu 0.75 0.25 0.25 63 Cu 0.83 0.59 0.16 

16 H 0.68 0.56 0.46 40 Cu 0.50 0.00 0.25 64 Cu 0.83 0.83 0.16 

17 H 0.51 0.72 0.48 41 Cu 0.25 0.25 0.25 65 Cu 0.08 0.08 0.16 

18 H 0.61 0.57 0.53 42 Cu 1.00 0.00 0.25 66 Cu 0.08 0.58 0.16 

19 H 0.69 0.31 0.45 43 Cu 0.25 0.00 0.25 67 Cu 0.58 0.08 0.16 

20 H 0.46 0.55 0.42 44 Cu 1.00 0.25 0.25 68 Cu 0.58 0.58 0.16 
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APPENDIX H 

STRUCTURAL INFORMATION FOR THE OPTIMIZED ADSORPTION 

GEOMETRY AND NEB IMAGES OF THE HYDROGENATION OF 

FORMALDEHYDE AND METHOXIDE ON COPPER SURFACES 

Table H.1: Unit cell vectors and fractional coordinates for the optimized Cu(111) 

surface. The unit cell vectors are given in Angstrom. Atomic positions are given in 

fraction of the unit cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 7.71 0.00 0.00 8 Cu 0.78 0.11 0.07 18 Cu 0.67 0.33 0.13 

  b 3.86 6.68 0.00 9 Cu 0.67 0.00 0.13 19 Cu 0.22 0.89 0.00 

  c 0.00 0.00 31.48 10 Cu 0.22 0.56 0.00 20 Cu 0.11 0.78 0.07 

No Atom a b c 11 Cu 0.11 0.44 0.07 21 Cu 0.00 0.67 0.13 

1 Cu 0.22 0.22 0.00 12 Cu 0.00 0.33 0.13 22 Cu 0.56 0.89 0.00 

2 Cu 0.11 0.11 0.07 13 Cu 0.56 0.56 0.00 23 Cu 0.44 0.78 0.07 

3 Cu 0.00 0.00 0.13 14 Cu 0.44 0.44 0.07 24 Cu 0.33 0.67 0.13 

4 Cu 0.56 0.22 0.00 15 Cu 0.33 0.33 0.13 25 Cu 0.89 0.89 0.00 

5 Cu 0.44 0.11 0.07 16 Cu 0.89 0.56 0.00 26 Cu 0.78 0.78 0.07 

6 Cu 0.33 0.00 0.13 17 Cu 0.78 0.44 0.07 27 Cu 0.67 0.67 0.13 

7 Cu 0.89 0.22 0.00           

 

Table H.2: Fractional coordinates for the optimized adsorption of formaldehyde on 

Cu(111). Atomic positions are given in fraction of the Cu(111) unit cell vector. 

No Atom a b c 

1 C 0.22 1.00 0.24 

2 H 0.23 0.14 0.23 

3 H 0.36 0.85 0.23 

4 O 0.06 0.01 0.24 

 

Table H.3: Fractional coordinates for the TS of the hydrogenation of formaldehyde on 

Cu(111). Atomic positions are given in fraction of the Cu(111) unit cell vector. 

No Atom a b c 

1 C 0.16 0.09 0.22 

2 H 0.21 0.15 0.19 

3 H 0.08 0.21 0.24 

4 H 0.30 -0.03 0.23 

5 O 0.03 0.02 0.20 
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Table H.4: Fractional coordinates for the optimized adsorption of methoxide on Cu(111). 

Atomic positions are given in fraction of the Cu(111) unit cell vector. 

No Atom a b c 

1 C 0.23 0.23 0.22 

2 H 0.15 0.16 0.23 

3 H 0.16 0.38 0.23 

4 H 0.39 0.15 0.23 

5 O 0.22 0.22 0.17 

 

Table H.5: Fractional coordinates for the TS of the hydrogenation of methoxide on 

Cu(111). Atomic positions are given in fraction of the Cu(111) unit cell vector. 

No Atom a b c 

1 C 0.15 0.29 0.25 

2 H 0.88 0.32 0.24 

3 H 0.28 0.22 0.23 

4 H 0.09 0.45 0.25 

5 H 0.18 0.22 0.28 

6 O 0.01 0.25 0.22 

 

Table H.6: Fractional coordinates for the optimized adsorption of methanol on Cu(111). 

Atomic positions are given in fraction of the Cu(111) unit cell vector. 

No Atom a b c 

1 C 0.23 0.21 0.22 

2 H 0.87 0.22 0.16 

3 H 0.39 0.14 0.23 

4 H 0.15 0.37 0.23 

5 H 0.16 0.13 0.23 

6 O 0.23 0.22 0.17 

 

Table H.7: Unit cell vectors and fractional coordinates for the optimized Cu(211) 

surface. The unit cell vectors are given in Angstrom. Atomic positions are given in 

fraction of the unit cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 6.25 0.00 0.00 8 Cu 0.65 0.34 0.15 18 Cu 0.67 0.83 0.07 

  b 0.00 7.64 0.00 9 Cu 0.65 0.67 0.15 19 Cu 0.00 0.00 0.05 

  c 0.00 0.00 29.43 10 Cu -0.01 0.17 0.13 20 Cu 0.00 0.33 0.05 

No Atom a b c 11 Cu 0.99 0.50 0.13 21 Cu 0.00 0.67 0.05 

1 Cu -0.01 0.99 0.20 12 Cu 0.98 0.84 0.13 22 Cu 0.33 0.17 0.02 

2 Cu -0.01 0.34 0.20 13 Cu 0.33 0.00 0.10 23 Cu 0.33 0.50 0.02 

3 Cu -0.01 0.67 0.20 14 Cu 0.33 0.33 0.10 24 Cu 0.33 0.83 0.02 

4 Cu 0.32 0.17 0.18 15 Cu 0.33 0.67 0.10 25 Cu 0.67 0.00 0.00 

5 Cu 0.32 0.50 0.18 16 Cu 0.67 0.17 0.07 26 Cu 0.67 0.33 0.00 

6 Cu 0.32 0.83 0.18 17 Cu 0.67 0.50 0.07 27 Cu 0.67 0.67 0.00 

7 Cu 0.65 1.00 0.15           
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Table H.8: Fractional coordinates for the optimized adsorption of formaldehyde on 

Cu(211). Atomic positions are given in fraction of the Cu(211) unit cell vector. 

No Atom a b c 

1 C 0.63 0.17 0.25 

2 H 0.55 0.29 0.26 

3 H 0.54 0.04 0.26 

4 O 0.83 0.17 0.25 

 

Table H.9: Fractional coordinates for the TS of the hydrogenation of formaldehyde on 

Cu(111). Atomic positions are given in fraction of the Cu(211) unit cell vector. 

No Atom a b c 

1 C 0.50 0.13 0.29 

2 H 0.44 0.18 0.32 

3 H 0.58 0.20 0.30 

4 H 0.52 0.99 0.30 

5 O 0.47 0.16 0.25 

 

Table H.10: Fractional coordinates for the optimized adsorption of methoxide on 

Cu(211). Atomic positions are given in fraction of the Cu(211) unit cell vector. 

No Atom a b c 

1 C 0.21 0.17 0.29 

2 H 0.17 0.28 0.30 

3 H 0.16 0.05 0.30 

4 H 0.39 0.16 0.28 

5 O 0.12 0.17 0.24 

 

Table H.11: Fractional coordinates for the TS of the hydrogenation of methoxide on 

Cu(211). Atomic positions are given in fraction of the Cu(211) unit cell vector. 

No Atom a b c 

1 C 1.17 0.22 0.29 

2 H 1.10 0.21 0.32 

3 H 1.29 0.33 0.29 

4 H 1.25 0.10 0.28 

5 H 1.19 0.49 0.22 

6 O 1.00 0.26 0.26 
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Table H.12: Fractional coordinates for the optimized adsorption of methanol on Cu(211). 

Atomic positions are given in fraction of the Cu(211) unit cell vector. 

No Atom a b c 

1 C 0.60 0.15 0.29 

2 H 0.53 0.14 0.31 

3 H 0.64 0.27 0.29 

4 H 0.65 0.04 0.29 

5 H 0.57 0.52 0.22 

6 O 0.57 0.15 0.24 

 

Table H.13: Unit cell vectors and fractional coordinates for the optimized Cu(221) 

surface. The unit cell vectors are given in Angstrom. Atomic positions are given in 

fraction of the unit cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 15.42 0.00 0.00 31 Cu 0.31 0.17 0.40 64 Cu 0.61 0.00 0.29 

  b 0.00 10.28 0.00 32 Cu 0.31 0.50 0.40 65 Cu 0.61 0.33 0.29 

  c 0.00 0.00 21.81 33 Cu 0.31 0.83 0.40 66 Cu 0.61 0.67 0.29 

No Atom a b c 34 Cu 0.81 0.17 0.40 67 Cu 0.47 0.17 0.27 

1 Cu 0.45 0.00 0.42 35 Cu 0.81 0.50 0.40 68 Cu 0.47 0.50 0.27 

2 Cu 0.00 0.00 0.50 36 Cu 0.81 0.83 0.40 69 Cu 0.47 0.83 0.27 

3 Cu 0.00 0.33 0.50 37 Cu 0.17 0.00 0.38 70 Cu 0.97 0.17 0.27 

4 Cu 0.00 0.67 0.50 38 Cu 0.17 0.33 0.38 71 Cu 0.97 0.50 0.27 

5 Cu 0.50 0.00 0.50 39 Cu 0.17 0.67 0.38 72 Cu 0.97 0.83 0.27 

6 Cu 0.50 0.34 0.50 40 Cu 0.67 1.00 0.37 73 Cu 0.33 0.00 0.25 

7 Cu 0.50 0.66 0.50 41 Cu 0.67 0.33 0.38 74 Cu 0.33 0.33 0.25 

8 Cu 0.36 0.17 0.48 42 Cu 0.67 0.67 0.38 75 Cu 0.33 0.67 0.25 

9 Cu 0.36 0.50 0.48 43 Cu 0.03 0.17 0.35 76 Cu 0.83 0.00 0.25 

10 Cu 0.36 0.83 0.48 44 Cu 0.03 0.50 0.35 77 Cu 0.83 0.33 0.25 

11 Cu 0.86 0.17 0.48 45 Cu 0.03 0.83 0.35 78 Cu 0.83 0.67 0.25 

12 Cu 0.86 0.50 0.48 46 Cu 0.53 0.17 0.35 79 Cu 0.19 0.17 0.23 

13 Cu 0.86 0.83 0.48 47 Cu 0.53 0.50 0.35 80 Cu 0.19 0.50 0.23 

14 Cu 0.23 0.00 0.46 48 Cu 0.53 0.83 0.35 81 Cu 0.19 0.83 0.23 

15 Cu 0.23 0.33 0.46 49 Cu 0.39 0.00 0.33 82 Cu 0.69 0.17 0.23 

16 Cu 0.23 0.67 0.46 50 Cu 0.39 0.33 0.33 83 Cu 0.69 0.50 0.23 

17 Cu 0.73 0.00 0.46 51 Cu 0.39 0.67 0.33 84 Cu 0.69 0.83 0.23 

18 Cu 0.73 0.34 0.46 52 Cu 0.89 0.00 0.33 85 Cu 0.06 0.00 0.21 

19 Cu 0.73 0.66 0.46 53 Cu 0.89 0.33 0.33 86 Cu 0.06 0.33 0.21 

20 Cu 0.09 0.17 0.44 54 Cu 0.89 0.67 0.33 87 Cu 0.06 0.67 0.21 

21 Cu 0.09 0.50 0.44 55 Cu 0.25 0.17 0.31 88 Cu 0.56 0.00 0.21 

22 Cu 0.09 0.83 0.44 56 Cu 0.25 0.50 0.31 89 Cu 0.56 0.33 0.21 

23 Cu 0.59 0.17 0.44 57 Cu 0.25 0.83 0.31 90 Cu 0.56 0.67 0.21 

24 Cu 0.59 0.50 0.44 58 Cu 0.75 0.17 0.31 91 Cu 0.42 0.17 0.19 

25 Cu 0.59 0.83 0.44 59 Cu 0.75 0.50 0.31 92 Cu 0.42 0.50 0.19 

26 Cu 0.45 0.33 0.42 60 Cu 0.75 0.83 0.31 93 Cu 0.42 0.83 0.19 

27 Cu 0.45 0.67 0.42 61 Cu 0.11 0.00 0.29 94 Cu 0.92 0.17 0.19 

28 Cu 0.95 0.00 0.42 62 Cu 0.11 0.33 0.29 95 Cu 0.92 0.50 0.19 

29 Cu 0.95 0.33 0.42 63 Cu 0.11 0.67 0.29 96 Cu 0.92 0.83 0.19 

30 Cu 0.95 0.67 0.42                     
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Table H.14: Fractional coordinates for the optimized adsorption of formaldehyde on 

Cu(221). Atomic positions are given in fraction of the Cu(221) unit cell vector. 

No Atom a b c 

1 C 0.11 0.17 0.44 

2 H 0.13 0.18 0.49 

3 H 0.15 0.11 0.41 

4 O 0.05 0.24 0.42 

 

Table H.15: Fractional coordinates for the TS of the hydrogenation of formaldehyde on 

Cu(221). Atomic positions are given in fraction of the Cu(221) unit cell vector. 

No Atom a b c 

1 C 0.05 0.03 0.47 

2 H 0.57 0.08 0.51 

3 H 0.09 -0.04 0.47 

4 H 0.16 -0.07 0.49 

5 O 0.04 0.06 0.44 

 

Table H.16: Fractional coordinates for the optimized adsorption of methoxide on 

Cu(221). Atomic positions are given in fraction of the Cu(221) unit cell vector. 

No Atom a b c 

1 C 0.99 0.88 0.46 

2 H 0.00 0.98 0.48 

3 H 0.02 0.81 0.49 

4 H 0.92 0.86 0.46 

5 O 0.02 0.88 0.40 

 

Table H.17: Fractional coordinates for the TS of the hydrogenation of methoxide on 

Cu(221). Atomic positions are given in fraction of the Cu(221) unit cell vector. 

No Atom a b c 

1 C 0.05 0.02 0.49 

2 H 0.57 0.09 0.50 

3 H 0.08 0.01 0.51 

4 H 0.97 0.99 0.50 

5 H 0.27 0.06 0.45 

6 O 0.05 0.00 0.42 
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Table H.18: Fractional coordinates for the optimized adsorption of methanol on Cu(221). 

Atomic positions are given in fraction of the Cu(221) unit cell vector. 

No Atom a b c 

1 C 0.10 0.11 0.47 

2 H 0.13 0.20 0.48 

3 H 0.14 0.02 0.48 

4 H 0.03 0.10 0.49 

5 H 0.14 0.12 0.38 

6 O 0.08 0.12 0.40 
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APPENDIX I 

STRUCTURAL INFORMATION FOR THE OPTIMIZED ADSORPTION 

GEOMETRY AND NEB IMAGES OF THE HYDROGENATION OF 

FORMALDEHYDE AND METHOXIDE ON ZINC MODIFIED COPPER 

SURFACES 

Table I.1: Unit cell vectors and fractional coordinates for the optimized Zn modified 

Cu(211) surface. The unit cell vectors are given in Angstrom. Atomic positions are given 

in fraction of the unit cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 12.49 0.00 0.00 17 Cu 0.33 0.17 0.07 36 Cu 0.83 0.67 0.15 

  b 0.00 7.64 0.00 18 Cu 0.33 0.50 0.07 37 Cu 1.00 0.17 0.13 

  c 0.00 0.00 29.43 19 Cu 0.33 0.83 0.07 38 Cu 0.50 0.50 0.13 

No Atom a b c 20 Cu 0.00 0.00 0.05 39 Cu 1.00 0.83 0.13 

1 Zn 0.00 0.00 0.20 21 Cu 0.00 0.33 0.05 40 Cu 0.66 0.00 0.10 

2 Zn 0.50 0.00 0.20 22 Cu 0.00 0.67 0.05 41 Cu 0.67 0.33 0.10 

3 Cu 1.00 0.33 0.20 23 Cu 0.17 0.17 0.02 42 Cu 0.67 0.67 0.10 

4 Cu 1.00 0.67 0.20 24 Cu 0.17 0.50 0.02 43 Cu 0.83 0.17 0.07 

5 Cu 0.17 0.17 0.18 25 Cu 0.17 0.83 0.02 44 Cu 0.83 0.50 0.07 

6 Cu 0.17 0.50 0.18 26 Cu 0.33 0.00 0.00 45 Cu 0.83 0.83 0.07 

7 Cu 0.17 0.84 0.18 27 Cu 0.33 0.33 0.00 46 Cu 0.50 0.00 0.05 

8 Cu 0.33 0.00 0.15 28 Cu 0.33 0.67 0.00 47 Cu 0.50 0.33 0.05 

9 Cu 0.33 0.34 0.15 29 Cu 0.50 0.33 0.20 48 Cu 0.50 0.67 0.05 

10 Cu 0.33 0.67 0.15 30 Cu 0.50 0.67 0.20 49 Cu 0.67 0.17 0.02 

11 Cu 0.50 0.17 0.13 31 Cu 0.66 0.17 0.18 50 Cu 0.67 0.50 0.02 

12 Cu 0.99 0.50 0.12 32 Cu 0.66 0.50 0.18 51 Cu 0.67 0.83 0.02 

13 Cu 0.50 0.83 0.12 33 Cu 0.67 0.83 0.18 52 Cu 0.83 0.00 0.00 

14 Cu 0.17 0.00 0.10 34 Cu 0.83 0.00 0.15 53 Cu 0.83 0.33 0.00 

15 Cu 0.16 0.33 0.10 35 Cu 0.83 0.33 0.15 54 Cu 0.83 0.67 0.00 

16 Cu 0.16 0.67 0.10                     

 

Table I.2: Fractional coordinates for the optimized adsorption of formaldehyde on Zn 

modified Cu(211). Atomic positions are given in fraction of the Zn modified Cu(211) 

unit cell vector. 

No Atom a b c 

1 C 0.51 0.34 0.30 

2 H 0.50 0.42 0.34 

3 H 0.56 0.22 0.30 

4 O 0.47 0.40 0.27 
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Table I.3: Fractional coordinates for the TS for the hydrogenation of formaldehyde on 

Zn modified Cu(211). Atomic positions are given in fraction of the Zn modified Cu(211) 

unit cell vector. 

No Atom a b c 

1 C 0.51 0.09 0.32 

2 H 0.49 0.19 0.34 

3 H 0.51 -0.03 0.33 

4 H 0.33 0.16 0.28 

5 O 0.47 0.11 0.28 

 

Table I.4: Fractional coordinates for the optimized adsorption of methoxide on Zn 

modified Cu(211). Atomic positions are given in fraction of the Zn modified Cu(211) 

unit cell vector. 

No Atom a b c 

1 C 0.50 0.83 0.30 

2 H 0.48 0.95 0.31 

3 H 0.47 0.71 0.31 

4 H 0.59 0.82 0.30 

5 O 0.47 0.83 0.25 

 

Table I.5: Fractional coordinates for the TS for the hydrogenation of methoxide on Zn 

modified Cu(211). Atomic positions are given in fraction of the Zn modified Cu(211) 

unit cell vector. 

No Atom a b c 

1 C 0.55 0.00 0.31 

2 H 0.51 0.06 0.33 

3 H 0.56 0.00 0.32 

4 H 0.62 0.93 2.99 

5 H 0.37 0.58 0.25 

6 O 0.51 0.00 0.26 

 

Table I.6: Fractional coordinates for the optimized adsorption of methanol on Zn 

modified Cu(211). Atomic positions are given in fraction of the Zn modified Cu(211) 

unit cell vector. 

No Atom a b c 

1 C 0.61 0.17 0.28 

2 H 0.54 0.17 0.31 

3 H 0.66 0.28 0.29 

4 H 0.66 0.05 0.29 

5 H 0.66 0.67 0.24 

6 O 0.56 0.17 0.24 
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Table I.7: Unit cell vectors and fractional coordinates for the optimized Zn modified 

Cu(221) surface. The unit cell vectors are given in Angstrom. Atomic positions are given 

in fraction of the unit cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 15.42 0 0 31 Cu 0.59 0.62 0.25 64 Cu 0.53 0.88 0.14 

  b 0 10.3 0 32 Cu 0.59 0.88 0.25 65 Cu 0.39 0.00 0.11 

  c 0 0 21.81 33 Cu 0.45 0.00 0.22 66 Cu 0.39 0.25 0.11 

No Atom a b c 34 Cu 0.45 0.25 0.22 67 Cu 0.39 0.50 0.11 

1 Zn 0.01 0.99 0.34 35 Cu 0.45 0.50 0.22 68 Cu 0.39 0.75 0.11 

2 Zn 0.00 0.26 0.33 36 Cu 0.45 0.75 0.22 69 Cu 0.89 0.00 0.11 

3 Cu 1.00 0.50 0.33 37 Cu 0.95 0.00 0.22 70 Cu 0.89 0.25 0.11 

4 Cu 1.00 0.75 0.33 38 Cu 0.95 0.25 0.22 71 Cu 0.89 0.50 0.11 

5 Cu 0.50 0.00 0.33 39 Cu 0.95 0.50 0.22 72 Cu 0.89 0.75 0.11 

6 Cu 0.50 0.25 0.33 40 Cu 0.95 0.75 0.22 73 Cu 0.25 0.12 0.08 

7 Cu 0.50 0.50 0.33 41 Cu 0.31 0.13 0.19 74 Cu 0.25 0.37 0.08 

8 Cu 0.50 0.75 0.33 42 Cu 0.31 0.38 0.19 75 Cu 0.25 0.62 0.08 

9 Cu 0.36 0.13 0.30 43 Cu 0.31 0.63 0.19 76 Cu 0.25 0.87 0.08 

10 Cu 0.36 0.38 0.30 44 Cu 0.31 0.88 0.19 77 Cu 0.75 0.12 0.08 

11 Cu 0.36 0.63 0.30 45 Cu 0.81 0.12 0.20 78 Cu 0.75 0.37 0.08 

12 Cu 0.36 0.88 0.30 46 Cu 0.81 0.37 0.19 79 Cu 0.75 0.62 0.08 

13 Cu 0.86 0.12 0.31 47 Cu 0.81 0.62 0.19 80 Cu 0.75 0.87 0.08 

14 Cu 0.86 0.38 0.30 48 Cu 0.81 0.88 0.19 81 Cu 0.11 0.00 0.06 

15 Cu 0.86 0.62 0.30 49 Cu 0.17 1.00 0.17 82 Cu 0.11 0.25 0.06 

16 Cu 0.86 0.87 0.30 50 Cu 0.17 0.25 0.17 83 Cu 0.11 0.50 0.06 

17 Cu 0.22 0.00 0.28 51 Cu 0.17 0.50 0.17 84 Cu 0.11 0.75 0.06 

18 Cu 0.22 0.25 0.28 52 Cu 0.17 0.75 0.17 85 Cu 0.61 0.00 0.06 

19 Cu 0.23 0.50 0.28 53 Cu 0.67 0.00 0.17 86 Cu 0.61 0.25 0.06 

20 Cu 0.23 0.75 0.28 54 Cu 0.67 0.25 0.17 87 Cu 0.61 0.50 0.06 

21 Cu 0.73 1.00 0.28 55 Cu 0.67 0.50 0.17 88 Cu 0.61 0.75 0.06 

22 Cu 0.72 0.25 0.28 56 Cu 0.67 0.75 0.17 89 Cu 0.47 0.12 0.03 

23 Cu 0.72 0.50 0.28 57 Cu 0.03 0.13 0.14 90 Cu 0.47 0.37 0.03 

24 Cu 0.72 0.75 0.28 58 Cu 0.03 0.38 0.14 91 Cu 0.47 0.62 0.03 

25 Cu 0.09 0.13 0.25 59 Cu 0.03 0.62 0.14 92 Cu 0.47 0.87 0.03 

26 Cu 0.09 0.38 0.25 60 Cu 0.03 0.88 0.14 93 Cu 0.97 0.12 0.03 

27 Cu 0.09 0.62 0.25 61 Cu 0.53 0.12 0.14 94 Cu 0.97 0.37 0.03 

28 Cu 0.09 0.88 0.25 62 Cu 0.53 0.37 0.14 95 Cu 0.97 0.62 0.03 

29 Cu 0.59 0.12 0.25 63 Cu 0.53 0.63 0.14 96 Cu 0.97 0.87 0.03 

30 Cu 0.59 0.37 0.25                     

 

Table I.8: Fractional coordinates for the optimized adsorption of formaldehyde on Zn 

modified Cu(221). Atomic positions are given in fraction of the Zn modified Cu(221) 

unit cell vector. 

No Atom a b c 

1 C 0.10 0.96 0.47 

2 H 0.16 0.98 0.50 

3 H 0.06 0.88 0.48 

4 O 0.09 1.03 0.42 
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Table I.9: Fractional coordinates for the TS for the hydrogenation of formaldehyde on 

Zn modified Cu(221). Atomic positions are given in fraction of the Zn modified Cu(221) 

unit cell vector. 

No Atom a b c 

1 C -0.06 0.97 0.46 

2 H -0.04 1.04 0.49 

3 H -0.05 0.92 0.48 

4 H -0.10 0.93 0.47 

5 O 0.01 0.99 0.41 

 

Table I.10: Fractional coordinates for the optimized adsorption of methoxide on Zn 

modified Cu(221). Atomic positions are given in fraction of the Zn modified Cu(221) 

unit cell vector. 

No Atom a b c 

1 C -0.22 1.00 0.42 

2 H -0.24 1.09 0.44 

3 H -0.16 0.97 0.45 

4 H -0.27 0.92 0.43 

5 O -0.20 1.00 0.36 

 

Table I.11: Fractional coordinates for the TS for the hydrogenation of methoxide on Zn 

modified Cu(221). Atomic positions are given in fraction of the Zn modified Cu(221) 

unit cell vector. 

No Atom a b c 

1 C -0.02 0.99 0.44 

2 H -0.04 1.10 0.45 

3 H 0.04 0.97 0.44 

4 H -0.06 0.93 0.47 

5 H 0.11 0.92 0.42 

6 O -0.04 0.97 0.38 

 

Table I.12: Fractional coordinates for the optimized adsorption of methanol on Zn 

modified Cu(221). Atomic positions are given in fraction of the Zn modified Cu(221) 

unit cell vector. 

No Atom a b c 

1 C 0.17 0.99 0.46 

2 H 0.17 1.10 0.46 

3 H 0.24 0.97 0.44 

4 H 0.16 0.94 0.50 

5 H 0.15 0.91 0.38 

6 O 0.11 0.95 0.41 
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APPENDIX J 

STRUCTURAL INFORMATION FOR THE OPTIMIZED ADSORPTION 

GEOMETRY AND NEB IMAGES OF THE HYDROGENATION OF 

FORMALDEHYDE AND METHOXIDE ON ZIRCONIUM MODIFIED COPPER 

SURFACES 

Table J.1: Unit cell vectors and fractional coordinates for the optimized Zr modified 

Cu(211) surface. The unit cell vectors are given in Angstrom. Atomic positions are given 

in fraction of the unit cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 12.49 0.00 0.00 17 Cu 0.33 0.17 0.07 36 Cu 0.83 0.67 0.15 

  b 0.00 7.64 0.00 18 Cu 0.33 0.50 0.07 37 Cu 1.00 0.17 0.13 

  c 0.00 0.00 29.43 19 Cu 0.33 0.83 0.07 38 Cu 0.50 0.50 0.13 

No Atom a b c 20 Cu 0.00 0.00 0.05 39 Cu 1.00 0.83 0.13 

1 Zr 0.00 0.00 0.20 21 Cu 0.00 0.33 0.05 40 Cu 0.66 0.00 0.10 

2 Zr 0.50 0.00 0.20 22 Cu 0.00 0.67 0.05 41 Cu 0.67 0.33 0.10 

3 Cu 1.00 0.33 0.20 23 Cu 0.17 0.17 0.02 42 Cu 0.67 0.67 0.10 

4 Cu 1.00 0.67 0.20 24 Cu 0.17 0.50 0.02 43 Cu 0.83 0.17 0.07 

5 Cu 0.17 0.17 0.18 25 Cu 0.17 0.83 0.02 44 Cu 0.83 0.50 0.07 

6 Cu 0.17 0.50 0.18 26 Cu 0.33 0.00 0.00 45 Cu 0.83 0.83 0.07 

7 Cu 0.17 0.84 0.18 27 Cu 0.33 0.33 0.00 46 Cu 0.50 0.00 0.05 

8 Cu 0.33 0.00 0.15 28 Cu 0.33 0.67 0.00 47 Cu 0.50 0.33 0.05 

9 Cu 0.33 0.34 0.15 29 Cu 0.50 0.33 0.20 48 Cu 0.50 0.67 0.05 

10 Cu 0.33 0.67 0.15 30 Cu 0.50 0.67 0.20 49 Cu 0.67 0.17 0.02 

11 Cu 0.50 0.17 0.13 31 Cu 0.66 0.17 0.18 50 Cu 0.67 0.50 0.02 

12 Cu 0.99 0.50 0.12 32 Cu 0.66 0.50 0.18 51 Cu 0.67 0.83 0.02 

13 Cu 0.50 0.83 0.12 33 Cu 0.67 0.83 0.18 52 Cu 0.83 0.00 0.00 

14 Cu 0.17 0.00 0.10 34 Cu 0.83 0.00 0.15 53 Cu 0.83 0.33 0.00 

15 Cu 0.16 0.33 0.10 35 Cu 0.83 0.33 0.15 54 Cu 0.83 0.67 0.00 

16 Cu 0.16 0.67 0.10                     

 

Table J.2: Fractional coordinates for the optimized adsorption of formaldehyde on Zr 

modified Cu(211). Atomic positions are given in fraction of the Zr modified Cu(211) unit 

cell vector. 

No Atom a b c 

1 C 0.48 0.33 0.31 

2 H 0.51 0.43 0.33 

3 H 0.60 0.21 0.30 

4 O 0.50 0.38 0.26 
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Table J.3: Fractional coordinates for the TS for the hydrogenation of formaldehyde on Zr 

modified Cu(211). Atomic positions are given in fraction of the Zr modified Cu(211) unit 

cell vector. 

No Atom a b c 

1 C 0.53 0.09 0.30 

2 H 0.44 0.18 0.32 

3 H 0.53 0.01 0.31 

4 H 0.51 0.09 0.31 

5 O 0.47 0.12 0.27 

 

Table J.4: Fractional coordinates for the optimized adsorption of methoxide on Zr 

modified Cu(211). Atomic positions are given in fraction of the Zr modified Cu(211) unit 

cell vector. 

No Atom a b c 

1 C 0.49 -0.13 0.29 

2 H 0.51 -0.03 0.31 

3 H 0.49 -0.24 0.31 

4 H 0.64 -0.22 0.30 

5 O 0.45 -0.17 0.24 

 

Table J.5: Fractional coordinates for the TS for the hydrogenation of methoxide on Zr 

modified Cu(211). Atomic positions are given in fraction of the Zr modified Cu(211) unit 

cell vector. 

No Atom a b c 

1 C 0.58 -0.02 0.30 

2 H 0.50 0.07 0.32 

3 H 0.58 -0.04 0.29 

4 H 0.58 -0.11 0.30 

5 H 0.62 0.54 0.27 

6 O 0.55 -0.04 0.24 

 

Table J.6: Fractional coordinates for the optimized adsorption of methanol on Zr 

modified Cu(211). Atomic positions are given in fraction of the Zr modified Cu(211) unit 

cell vector. 

No Atom a b c 

1 C 0.57 0.12 0.27 

2 H 0.52 0.14 0.32 

3 H 0.69 0.30 0.28 

4 H 0.63 0.05 0.30 

5 H 0.67 0.65 0.25 

6 O 0.57 0.16 0.23 
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Table J.7: Unit cell vectors and fractional coordinates for the optimized Zr modified 

Cu(221) surface. The unit cell vectors are given in Angstrom. Atomic positions are given 

in fraction of the unit cell vectors. 

  x y z No Atom a b c No Atom a b c 

  a 15.42 0 0 31 Cu 0.59 0.62 0.25 64 Cu 0.53 0.88 0.14 

  b 0 10.3 0 32 Cu 0.59 0.88 0.25 65 Cu 0.39 0.00 0.11 

  c 0 0 21.81 33 Cu 0.45 0.00 0.22 66 Cu 0.39 0.25 0.11 

No Atom a b c 34 Cu 0.45 0.25 0.22 67 Cu 0.39 0.50 0.11 

1 Zr 0.01 0.00 0.34 35 Cu 0.45 0.50 0.22 68 Cu 0.39 0.75 0.11 

2 Zr 0.00 0.24 0.34 36 Cu 0.45 0.75 0.22 69 Cu 0.89 0.00 0.11 

3 Cu 1.00 0.50 0.33 37 Cu 0.95 0.00 0.22 70 Cu 0.89 0.25 0.11 

4 Cu 1.00 0.75 0.33 38 Cu 0.95 0.25 0.22 71 Cu 0.89 0.50 0.11 

5 Cu 0.50 0.00 0.33 39 Cu 0.95 0.50 0.22 72 Cu 0.89 0.75 0.11 

6 Cu 0.50 0.25 0.33 40 Cu 0.95 0.75 0.22 73 Cu 0.25 0.12 0.08 

7 Cu 0.50 0.50 0.33 41 Cu 0.31 0.13 0.19 74 Cu 0.25 0.37 0.08 

8 Cu 0.50 0.75 0.33 42 Cu 0.31 0.38 0.19 75 Cu 0.25 0.62 0.08 

9 Cu 0.36 0.13 0.30 43 Cu 0.31 0.63 0.19 76 Cu 0.25 0.87 0.08 

10 Cu 0.36 0.38 0.30 44 Cu 0.31 0.88 0.19 77 Cu 0.75 0.12 0.08 

11 Cu 0.36 0.63 0.30 45 Cu 0.81 0.12 0.20 78 Cu 0.75 0.37 0.08 

12 Cu 0.36 0.88 0.30 46 Cu 0.81 0.37 0.19 79 Cu 0.75 0.62 0.08 

13 Cu 0.86 0.12 0.31 47 Cu 0.81 0.62 0.19 80 Cu 0.75 0.87 0.08 

14 Cu 0.86 0.38 0.30 48 Cu 0.81 0.88 0.19 81 Cu 0.11 0.00 0.06 

15 Cu 0.86 0.62 0.30 49 Cu 0.17 1.00 0.17 82 Cu 0.11 0.25 0.06 

16 Cu 0.86 0.87 0.30 50 Cu 0.17 0.25 0.17 83 Cu 0.11 0.50 0.06 

17 Cu 0.22 0.00 0.28 51 Cu 0.17 0.50 0.17 84 Cu 0.11 0.75 0.06 

18 Cu 0.22 0.25 0.28 52 Cu 0.17 0.75 0.17 85 Cu 0.61 0.00 0.06 

19 Cu 0.23 0.50 0.28 53 Cu 0.67 0.00 0.17 86 Cu 0.61 0.25 0.06 

20 Cu 0.23 0.75 0.28 54 Cu 0.67 0.25 0.17 87 Cu 0.61 0.50 0.06 

21 Cu 0.73 1.00 0.28 55 Cu 0.67 0.50 0.17 88 Cu 0.61 0.75 0.06 

22 Cu 0.72 0.25 0.28 56 Cu 0.67 0.75 0.17 89 Cu 0.47 0.12 0.03 

23 Cu 0.72 0.50 0.28 57 Cu 0.03 0.13 0.14 90 Cu 0.47 0.37 0.03 

24 Cu 0.72 0.75 0.28 58 Cu 0.03 0.38 0.14 91 Cu 0.47 0.62 0.03 

25 Cu 0.09 0.13 0.25 59 Cu 0.03 0.62 0.14 92 Cu 0.47 0.87 0.03 

26 Cu 0.09 0.38 0.25 60 Cu 0.03 0.88 0.14 93 Cu 0.97 0.12 0.03 

27 Cu 0.09 0.62 0.25 61 Cu 0.53 0.12 0.14 94 Cu 0.97 0.37 0.03 

28 Cu 0.09 0.88 0.25 62 Cu 0.53 0.37 0.14 95 Cu 0.97 0.62 0.03 

29 Cu 0.59 0.12 0.25 63 Cu 0.53 0.63 0.14 96 Cu 0.97 0.87 0.03 

30 Cu 0.59 0.37 0.25                     

 

Table J.8: Fractional coordinates for the optimized adsorption of formaldehyde on Zr 

modified Cu(221). Atomic positions are given in fraction of the Zr modified Cu(221) unit 

cell vector. 

No Atom a b c 

1 C 0.08 0.94 0.46 

2 H 0.18 0.97 0.49 

3 H 0.01 0.86 0.48 

4 O 0.06 1.05 0.42 
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Table J.9: Fractional coordinates for the TS for the hydrogenation of formaldehyde on Zr 

modified Cu(221). Atomic positions are given in fraction of the Zr modified Cu(221) unit 

cell vector. 

No Atom a b c 

1 C -0.06 0.93 0.45 

2 H 0.00 1.06 0.49 

3 H -0.01 0.94 0.48 

4 H -0.10 0.96 0.47 

5 O 0.00 1.00 0.40 

 

Table J.10: Fractional coordinates for the optimized adsorption of methoxide on Zr 

modified Cu(221). Atomic positions are given in fraction of the Zr modified Cu(221) unit 

cell vector. 

No Atom a b c 

1 C -0.20 0.98 0.42 

2 H -0.21 1.12 0.44 

3 H -0.15 0.93 0.45 

4 H -0.28 0.94 0.43 

5 O -0.24 1.04 0.35 

 

Table J.11: Fractional coordinates for the TS for the hydrogenation of methoxide on Zr 

modified Cu(221). Atomic positions are given in fraction of the Zr modified Cu(221) unit 

cell vector. 

No Atom a b c 

1 C -0.07 1.04 0.44 

2 H -0.06 1.10 0.45 

3 H 0.00 0.93 0.45 

4 H -0.04 0.96 0.48 

5 H 0.11 0.88 0.42 

6 O -0.04 0.95 0.39 

 

Table J.12: Fractional coordinates for the optimized adsorption of methanol on Zr 

modified Cu(221). Atomic positions are given in fraction of the Zr modified Cu(221) unit 

cell vector. 

No Atom a b c 

1 C 0.21 0.98 0.46 

2 H 0.20 1.12 0.46 

3 H 0.26 0.98 0.44 

4 H 0.12 0.94 0.49 

5 H 0.13 0.93 0.38 

6 O 0.15 0.96 0.42 

 


