
 
 
 
 

SYNTHESIS, MODIFICATION, AND UTILIZATION OF CALIXARENE- 

CAPPED COORDINATION CAGES 

 

 
 
 
 

by 
 

Michael Ray Dworzak 
 
 
 
 
 
 
 
 
 

A dissertation submitted to the Faculty of the University of Delaware in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy in 
Chemistry and Biochemistry 

 
 
 

Fall 2023 
 
 
 

© 2023 Michael Ray Dworzak 
All Rights Reserved 

  



 
 
 
 
 

SYNTHESIS, MODIFICATION, AND UTILIZATION OF CALIXARENE- 

CAPPED COORDINATION CAGES 

 

 

 
by 
 

Michael Ray Dworzak 
 
 

 
 
 
Approved:  ____________________________________________________  
 Joel Rosenthal, Ph.D. 
 Chair of the Department of Chemistry and Biochemistry 
 
 
 
Approved:  ____________________________________________________  
 Debra Hess Norris 
 Interim Dean of the College of Arts and Sciences 
 
 
 
Approved:  ____________________________________________________  
 Louis F. Rossi, Ph.D. 
 Vice Provost for Graduate and Professional Education and 

Dean of the Graduate College 
 
  



 I certify that I have read this dissertation and that in my opinion it 
meets the academic and professional standard required by the 
University as a dissertation for the degree of Doctor of Philosophy. 

 
 
Signed:  ____________________________________________________  
 Eric D. Bloch, Ph.D. 
 Professor in charge of dissertation 
 
 
 
 I certify that I have read this dissertation and that in my opinion it 

meets the academic and professional standard required by the 
University as a dissertation for the degree of Doctor of Philosophy. 

 
 
Signed:  ____________________________________________________  
 Christopher J Kloxin, Ph.D. 
 Member of dissertation committee 
 
 
 
 I certify that I have read this dissertation and that in my opinion it 

meets the academic and professional standard required by the 
University as a dissertation for the degree of Doctor of Philosophy. 

 
 
Signed:  ____________________________________________________  
 Joseph M. Fox, Ph.D. 
 Member of dissertation committee 
 
 
 
 I certify that I have read this dissertation and that in my opinion it 

meets the academic and professional standard required by the 
University as a dissertation for the degree of Doctor of Philosophy. 

 
 
Signed:  ____________________________________________________  
 Emil Hernandez-Pagan, Ph.D. 
 Member of dissertation committee 
 
 



 
 I certify that I have read this dissertation and that in my opinion it 

meets the academic and professional standard required by the 
University as a dissertation for the degree of Doctor of Philosophy. 

 
 
Signed:  ____________________________________________________  
 April M. Kloxin, Ph.D. 
 Member of dissertation committee 



 v 

First and foremost, I want to thank my family for their love and support 

throughout my life and for fully supporting my decision to continue my education 

and pursue my doctorate. My mother, who has always been willing to listen to 

my worries and struggles and make them significantly more approachable 

through something as simple as a hug. My father, who has shaped me into the 

person I am today and who is always able to show me different perspectives to 

situations in my life and problems I may have. You have both taught me 

invaluable lessons that I have carried with me through my academic career and 

that I will continue to carry with me into my professional career. I am continually 

at a loss for words when confronted with your generosity and the love you have 

shown me throughout my life and your willingness to, at the drop of a hat, travel 

to Delaware for something as simple as a lunch on a Saturday. I am only where 

I am today because of you. I thank my many other family members who have 

encouraged me through this process and understood the amount of time I have 

needed to dedicate to achieving this goal.  

I would like to thank my advisor Eric Bloch for his financial, emotional, 

and intellectual support over the years. You have never made me feel like 

anything less than family and it has been more than a privilege to work in your 

lab, pet-sit when you need to travel, and volunteer for whatever project is being 

undertaken next on the Bloch Farm. I am thankful for the members of this lab 

who always made me feel at home after joining the group, and the new lab 

ACKNOWLEDGMENTS 



 vi 

mates who have joined over the years who Iôve had the pleasure to work with. I 

am extremely thankful for my friend and coworker Kyle Korman who has been 

with me since the very beginning of my graduate career. From working together 

in lab to exploring breweries and watching football on the weekends, whether 

he knows it or not, he is someone who always motivated me and kept me going 

with an incredible work ethic and shouts of ñworking hard or hardly working?ò. I 

am thankful for my co-advisor Chris Kloxin and his group, who allowed me to 

use his lab space to finish my degree at UD after Eric relocated to Indiana. 

Glenn Yap, for taking me under his wing in the crystallography lab and for the 

many lunches to get my mind off work. I am thankful for my committee members 

Emil Hernandez-Pagan, Joseph Fox, and April Kloxin. I would like to thank my 

undergraduate advisors Timothy Peelen and Marc Harris, as well as all other 

chemistry faculty at Lebanon Valley College who helped grow my appreciation 

for the field and helped me choose to study at UD. 

Iôd also like to thank my roommate Madison, who has helped keep me 

sane these past few years and been willing to be my much-used emergency 

contact. Stephen for constant friendship during my time at UD. Nick, Noah, and 

Alex for always being down for a Sunday long run on the NCR. Lastly, Iôd like to 

thank my girlfriend Emma, who most likely didnôt know what she was getting into 

when agreeing to date a graduate student but has loved me through thick and 

thin. From the wonderful weekends being able to just relax and enjoy each 

otherôs company, to the not-so-great weekends where I need to practice a 

presentation over and over again or when I need to be driven home from the 

hospital after crashing my bike, I wouldnôt want anyone else by my side. 



 vii 

LIST OF TABLES ........................................................................................... xvi 
LIST OF FIGURES ..........................................................................................xx 
ABSTRACT ................................................................................................. lxxiv 
PREFACE .................................................................................................. lxxvii 
 
Chapter 

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

1.1 Introduction into Metal-Organic Porous Materials .......................... 1 

1.2 Metal-Organic Cages ..................................................................... 5 

1.2.1 Calixarene-Capped Complexes .......................................... 7 

1.3 Pre-Synthetic Modification of Porous Coordination Cages ............ 9 

1.4 Post-Synthetic Modification of Porous Coordination Cages ......... 10 
1.5 Chapter Summaries ..................................................................... 12 

REFERENCES ............................................................................................... 14 

2 SYNTHESIS AND CHARACTERIZATION OF AN ISORETICULAR 
FAMILY OF CALIXARENE-CAPPED POROUS COORDINATION 
CAGES ................................................................................................ 22 

2.1 Introduction .................................................................................. 22 

2.2 Experimental ................................................................................ 28 

2.2.1 General Considerations .................................................... 28 

2.2.1.1 Physical Methods ................................................ 28 

2.2.1.2 Gas Adsorption Measurements ........................... 28 

2.2.1.3 Monolith Formation .............................................. 29 
2.2.1.4 Single-Crystal X-ray Diffraction ............................ 30 

2.2.2 Synthesis of p-tert-Butylthiacalix[4]arene (TC4A). ............ 32 
2.2.3 Synthesis of p-tert-Butylsulfonylcalix[4]arene (SC4A). ...... 32 
2.2.4 Synthesis of [(Ni4OHsc4a)6(Btc)8]6- (Ni-Btc). ..................... 33 

TABLE OF CONTENTS 



 viii 

2.2.5 Synthesis of [(Co4OHsc4a)6(Btc)8]6- (Co-Btc). ................... 33 

2.2.6 Synthesis of [(Ni4OHsc4a)6(Bdc)12]6- (Ni-p-Bdc). .............. 34 
2.2.7 Synthesis of [(Co4OHsc4a)6(Bdc)12]6- (Co-p-Bdc). ............ 34 
2.2.8 Synthesis of [(Ni4OHsc4a)4(Bdc)8]4- (Ni-m-Bdc). ............... 34 
2.2.9 Synthesis of [Co4OHsc4a)4(Bdc)8]4- (Co-m-Bdc). .............. 35 
2.2.10 Synthesis of [(Ni4OHsc4a)4(SO3-Li+-Bdc)8]4- (Ni-(5-

Sulfo)). .............................................................................. 35 
2.2.11 Synthesis of [(Co4OHsc4a)4(SO3-Li+-Bdc)8]4- (Co-(5-

Sulfo)). .............................................................................. 36 
2.2.12 Synthesis of [(Ni4OHsc4a)6(methyl-Bdc)12]6- (Ni-(2-

Methyl)). ............................................................................ 36 

2.2.13 Synthesis of [(Ni4OHsc4a)4(methyl-Bdc)8]4- (Ni-(5-
Methyl)). ............................................................................ 36 

2.2.14 Synthesis of [(Ni4OHsc4a)6(Br-Bdc)12]6- (Ni-(2-Br)). .......... 37 
2.2.15 Synthesis of [(Ni4OHsc4a)4(Br-Bdc)8]4- (Ni-(5-Br)). ........... 37 
2.2.16 Synthesis of [(Ni4OHsc4a)6(Dobdc)12]6- (Ni-(Dobdc)). ....... 37 
2.2.17 Synthesis of [(Ni4OHsc4a)4(OProp-Bdc)8]4- (Ni-(5-

OProp)). ............................................................................ 38 
2.2.18 Synthesis of [(Co4OHsc4a)4(OHept-Bdc)8]4- (Co-(5-

OHept)). ............................................................................ 38 

2.3 Results and Discussions .............................................................. 38 
2.4 Conclusions ................................................................................. 49 

REFERENCES ............................................................................................... 51 

3 CONTROLLING PHASE IN LOW-NUCLEARITYCALIXARENE 
CAPPED POROUS COORDINATION CAGES WITH LIGAND 
FUNCTIONALIZATION ........................................................................ 58 

3.1 Introduction .................................................................................. 58 
3.2 Experimental ................................................................................ 61 

3.2.1 General Considerations .................................................... 61 

3.2.1.1 Single-Crystal X-Ray Diffraction .......................... 61 
3.2.1.2 Gas Adsorption Measurements ........................... 63 

3.2.2 Synthesis of 2,7-dibromo-3,6-diacetyl-9-phenyl-
carbazole. ......................................................................... 63 

3.2.3 Synthesis of 2,7-dibromo-9-phenyl-carbazole 
dicarboxylic acid. ............................................................... 64 

3.2.4 Synthesis of dimethyl 2,7-dibromo-9-phenyl-carbazole-
3,6-dicarboxylate. .............................................................. 64 



 ix 

3.2.5 Synthesis of dimethyl 2,7,9-triphenyl-carbazole-3,6-
dicarboxylate. .................................................................... 65 

3.2.6 Synthesis of 2,7,9-triphenyl-carbazole dicarboxylic acid. .. 65 
3.2.7 Synthesis of [(Mg4OHsc4a)2(2,7,9-triphenyl-cdc)4]2- (Mg-

TriPhen-cdc). .................................................................... 65 
3.2.8 Synthesis of [(Mn4OHsc4a)2(2,7,9-triphenyl-cdc)4]2- (Mn-

TriPhen-cdc). .................................................................... 66 
3.2.9 Synthesis of [(Co4OHsc4a)2(2,7,9-triphentl-cdc)4]2- (Co-

TriPhen-cdc). .................................................................... 66 
3.2.10 Synthesis of [(Ni4OHsc4a)2(2,7,9-triphentl-cdc)4]2- (Ni-

TriPhen-cdc). .................................................................... 66 

3.3 Results and Discussion ............................................................... 67 
3.4 Conclusions ................................................................................. 75 

REFERENCES ............................................................................................... 76 

4 RAPID POST-SYNTHETIC MODIFICATION OF POROUS 
COORDINATION CAGES WITH COPPER-CATALYZED CLICK 
CHEMISTRY ....................................................................................... 80 

4.1 Introduction .................................................................................. 80 
4.2 Experimental Section ................................................................... 82 

4.2.1 Materials and Methods ...................................................... 82 
4.2.2 Ligand Synthesis ............................................................... 83 

4.2.2.1 Synthesis of p-tert-butylthiacalix[4]arene (TC4A). 83 
4.2.2.2 Synthesis of p-tert-butylsulfonylcalix[4]arene 

(SC4A). ................................................................ 84 

4.2.2.3 Synthesis of 5-Propargyl Isophthalic Acid. .......... 84 
4.2.2.4 Synthesis of 5-Azide Isophthalic Acid. ................. 85 

4.2.2.5 Synthesis of p-azide toluene................................ 85 
4.2.2.6 Synthesis of 3-azide 1-propanol. ......................... 86 
4.2.2.7 Synthesis of 6-azide 1-hexanol. ........................... 86 

4.2.2.8 Synthesis of 2,5-dipropargyl terephthalic acid. .... 87 

4.2.3 Porous Coordination Cage Synthesis ............................... 88 

4.2.3.1 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-propargyl 
isophthalic acid)8 [Co-ppgy]. ................................ 88 

4.2.3.2 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-azido 
isophthalic acid)8 [Co-N3]. .................................... 88 



 x 

4.2.3.3 Synthesis of [Zr12(ɛ3-O)4(ɛ-OH)12(Cp)12(5-azido 
isophthalic acid)6]Cl4 [Zr(5-N3)]. ........................... 89 

4.2.3.4 Synthesis of [Zr12(ɛ3-O)4(ɛ-OH)12(Cp)12(5-
propargyl isophthalic acid)6]Cl4 [Zr(5-ppgy)]. ....... 89 

4.2.3.5 Synthesis of [Zr12(ɛ3-O)4(ɛ-OH)12(Cp)12(2,5-
dipropargyl terephthalic acid)6]Cl4 [Zr(2,5- 
dippgy)]. ............................................................... 90 

4.2.4 Representative Cobalt Cage Click Reaction. .................... 90 

4.2.4.1 Synthesis of Co-ppgy-3AP. ................................. 90 
4.2.4.2 Synthesis of Co-ppgy-6AH. ................................. 91 

4.2.4.3 Synthesis of Co-N3-PrOH. .................................. 91 
4.2.4.4 Synthesis of Co-N3-EP. ....................................... 92 

4.2.4.5 Synthesis of Co-N3-PA. ....................................... 92 

4.2.5 Representative Zirconium Cage Click Reaction ................ 93 

4.2.6 Single Crystal X-Ray Diffraction ........................................ 93 

4.3 Results and Discussion ............................................................... 94 
4.4 Conclusion ................................................................................. 103 

REFERENCES ............................................................................................. 104 

5 POST-SYNTHETIC MODIFICATION OF CALIXARENE-BASED 
POROUS COORDINATION CAGES ................................................. 109 

5.1 Introduction ................................................................................ 109 

5.2 Experimental .............................................................................. 112 

5.2.1 General Materials and Methods ...................................... 112 
5.2.2 DOSY NMR Spectroscopy .............................................. 114 

5.2.3 Ligand Syntheses ........................................................... 114 

5.2.3.1 Synthesis of p-tert-butylthiacalix[4]arene 
(TC4A). .............................................................. 114 

5.2.3.2 Synthesis of p-tert-butylsulfonylcalix[4]arene 
(SC4A). .............................................................. 115 

5.2.4 Cage Synthesis ............................................................... 115 

5.2.4.1 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-NH2 
Isophthalic acid)8 [Co-NH2]. ............................... 115 



 xi 

5.2.4.2 Synthesis of (Mg4sc4a)4(ɛ4-OH)4(5-NH2 
Isophthalic acid)8 [Mg-NH2]. ............................... 116 

5.2.4.3 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-Br 
Isophthalic acid)8 [Co-Br]. .................................. 116 

5.2.4.4 Synthesis of (Mg4sc4a)4(ɛ4-OH)4(5-Br 
Isophthalic acid)8 [Mg-Br]................................... 117 

5.2.5 POST-SYNTHETIC MODIFICATION PROCEDURES ... 117 

5.2.5.1 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-Acetylamide 
isophthalic acid)8 [Co-NH2-Ac]. .......................... 117 

5.2.5.2 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-
Hexanoylamide isophthalic acid)8 [Co-NH2-Hx]. 117 

5.2.5.3 Synthesis of (Mg4sc4a)4(ɛ4-OH)4(5-Acetrylamide 
isophthalic acid)8 [Mg-NH2-Ac]. ......................... 118 

5.2.5.4 Synthesis of (Mg4sc4a)4(ɛ4-OH)4(5-
Hexanoylamide isophthalic acid)8 [Mg-NH2-Hx]. 118 

5.2.6 HIGH THROUGHPUT EXPERIMENTATION (HTE) 
DETAILED PROCEDURES ............................................ 119 

5.2.6.1 Procedure for Ni-catalyzed Suzuki-Miyaura 
screen. ............................................................... 119 

5.2.6.2 Procedure for Water Loading Evaluation in Pd-
Catalyzed Suzuki-Miyaura Reaction. ................. 120 

5.2.6.3 Procedure for Catalyst Loading Evaluation. ...... 120 
5.2.6.4 General Procedure: Scaled-Up Suzuki-Miyaura 121 

5.2.7 Single Crystal X-Ray Diffraction ...................................... 122 

5.3 Results and Discussion ............................................................. 123 
5.4 Conclusions ............................................................................... 135 

REFERENCES ............................................................................................. 137 

6 INTERACTIONS AND OVERALL STABILITY OF POROUS 
COORDINATION CAGES ................................................................. 141 

6.1 Introduction ................................................................................ 141 
6.2 Experimental Section ................................................................. 148 

6.2.1 Materials and Methods .................................................... 148 

6.2.1.1 1H NMR Digestion Measurements ..................... 149 



 xii 

6.2.1.2 1H NMR Cage Solubilization via Salt Addition ... 149 

6.2.1.3 Scanning Electron Microscopy-Energy 
Dispersive X-Ray Spectroscopy (SEM-EDS)..... 150 

6.2.1.4 X-Ray Photoelectron Spectroscopy (XPS) 
Analysis ............................................................. 150 

6.2.2 Ligand Syntheses ........................................................... 150 

6.2.2.1 Synthesis of 3,5-dibromoacetylamidobenzene. . 150 
6.2.2.2 Synthesis of aminobenzene-1,3-dibenzoate 

(H2NH2bdb). ....................................................... 151 
6.2.2.3 Synthesis of tert-butylamidobenzene-1,3-

dibenzoate (H2
tbu-NH(CO)-bdb). ....................... 152 

6.2.2.4 Synthesis of diphenylacetylamidobenzene-1,3-
dibenzoate (H2DP-NH(CO)-bdb). ...................... 152 

6.2.2.5 Synthesis of lauroylamidobenzene-1,3-
dibenzoate (H2lauro-NH(CO)-bdb). ................... 153 

6.2.2.6 Synthesis of 5-methyl-1,3-phenyldiboronic acid, 
bis(pinacol ester) ............................................... 153 

6.2.2.7 Synthesis of 5-methoxy-1,3-phenyldiboronic 
acid, bis(pinacol ester) ....................................... 154 

6.2.2.8 Synthesis of 5-hydroxy-1,3-phenyldiboronic acid, 
bis(pinacol ester) ............................................... 154 

6.2.2.9 Synthesis of 6,6ô-(5-methyl-1,3-
phenylene)dipicolinic acid .................................. 155 

6.2.2.10 Synthesis of 6,6ô-(5-methoxy-1,3-
phenylene)dipicolinic acid .................................. 155 

6.2.2.11 Synthesis of 6,6ô-(5-hydroxy-1,3-
phenylene)dipicolinic acid .................................. 156 

6.2.2.12 Synthesis of dimethyl-5-methyl-isophthalate ..... 157 
6.2.2.13 Synthesis of dimethyl-5-bromomethyl-

isophthalate ....................................................... 157 
6.2.2.14 Synthesis of 5-bromomethyl-isophthalic acid .... 158 

6.2.2.15 Synthesis of 5-((1-methyl-1H-imidazol-3-ium-3-
yl)methyl)-isophthalic acid ................................. 158 

6.2.2.16 Synthesis of p-tert-Butylthiacalix[4]arene 
(TC4A). .............................................................. 158 

6.2.2.17 Synthesis of p-tert-Butylsulfonylcalix[4]arene 
(SC4A). .............................................................. 159 

6.2.2.18 Synthesis of 1,3,5-tris[1H 1,2,3-triazol-5-
yl]benzene (H3BTTri). ........................................ 159 

6.2.2.19 Synthesis of 1,3-bis(1H 1,2,3-triazol-5-
yl)benzene (H2BDTri)......................................... 160 



 xiii 

6.2.3 Cage and Salt Synthesis ................................................. 161 

6.2.3.1 Synthesis of Cu4(tbu-NH(CO)-bdb)4. ................. 161 
6.2.3.2 Synthesis of Cu4(DP-NH(CO)-bdb)4. ................. 161 
6.2.3.3 Synthesis of Cu4(Lauro-NH(CO)-bdb)4. ............. 162 
6.2.3.4 Synthesis of Mo4(tbu-NH(CO)-bdb)4. ................. 162 
6.2.3.5 Synthesis of Mo4(DP-NH(CO)-bdb)4. ................. 163 

6.2.3.6 Synthesis of Mo4(Lauro-NH(CO)-bdb)4. ............. 163 
6.2.3.7 Synthesis of Mo4(hdp)4 crystals ......................... 163 
6.2.3.8 Synthesis of bulk Mo4(hdp)4 powder .................. 164 
6.2.3.9 Synthesis of H[Mo4(hdp)4F] crystals .................. 164 
6.2.3.10 Synthesis of [Mo24(MImid-bdc)24]Br24 ................ 164 

6.2.3.11 Synthesis of Mo24(OH-bdc)24 ............................. 165 
6.2.3.12 Single Crystal Synthesis of [Mo24(5-OH-

bdc)24][Mo24(5-MImid-bdc)24]Cl24 ....................... 165 

6.2.3.13 Single Crystal Synthesis of [Mo4(hdp)4]4[Mo24(5-
MImid-bdc)24]F24 ................................................ 165 

6.2.3.14 Synthesis of [(Fe4OHsc4a)6(BTTri)8]6-. .............. 166 

6.2.3.15 Synthesis of [(Co4OHsc4a)6(BTTri)8]6-. .............. 166 
6.2.3.16 Synthesis of [(Co4OHsc4a)4(BDTri)8]4-. ............. 167 

6.2.4 Single Crystal X-Ray Diffraction ...................................... 168 

6.3 Results and Discussion ............................................................. 172 

6.4 Conclusion ................................................................................. 191 

REFERENCES ............................................................................................. 193 

7 CONCLUSIONS AND FUTURE OUTLOOK ...................................... 200 

REFERENCES ............................................................................................. 204 
 
Appendix 

A LIST OF ABBREVIATIONS ............................................................... 207 
 

B SYNTHESIS AND CHARACTERIZATION OF AN ISORETICULAR 
FAMILY OF CALIXARENE-CAPPED POROUS COORDINATION 
CAGES .............................................................................................. 209 

B.1 NMR Spectra ............................................................................. 209 
B.2 Infrared Spectra ......................................................................... 214 
B.3 Ultraviolet Visible Spectroscopy (UV-Vis) Spectra ..................... 224 
B.4 Thermogravimetric Analysis ...................................................... 231 



 xiv 

B.5 Gas Adsorption Measurements ................................................. 235 

B.6 Surface Areas ............................................................................ 253 
B.7 Powder X-Ray Diffraction Patterns ............................................ 254 
B.8 X-Ray Crystallography ............................................................... 261 
B.9 Monolith Formation .................................................................... 275 

REFERENCES ............................................................................................. 276 

C CONTROLLING PHASE IN LOW-NUCLEARITYCALIXARENE 
CAPPED POROUS COORDINATION CAGES WITH LIGAND 
FUNCTIONALIZATION ...................................................................... 277 

C.1 NMR Spectra ............................................................................. 277 
C.2 Infrared Spectra ......................................................................... 282 
C.3 Thermogravimetric Analysis ...................................................... 284 

C.4 Gas Adsorption Measuremens .................................................. 286 
C.5 Surface Areas ............................................................................ 293 

C.6 X-Ray Crystallography ............................................................... 294 

D RAPID POST-SYNTHETIC MODIFICATION OF POROUS 
COORDINATION CAGES WITH COPPER-CATALYZED CLICK 
CHEMISTRY ..................................................................................... 307 

D.1 Ligand NMR Spectra ................................................................. 307 

D.2 Cage NMR Spectra.................................................................... 316 
D.3 Infrared Spectra ......................................................................... 335 

D.4 Kinetic Monitoring via Infrared Spectroscopy ............................. 344 
D.5 UV-Vis Spectra .......................................................................... 347 
D.6 Thermogravimetric Analysis ...................................................... 353 

D.7 Gas Adsorption Measurements ................................................. 357 
D.8 Surface Areas ............................................................................ 369 

D.9 Mass Spectrometry .................................................................... 370 
D.10 Scanning Electron Microscopy Images ...................................... 372 
D.11 X-Ray Crystallography ............................................................... 379 

E POST-SYNTHETIC MODIFICATION OF CALIXARENE-BASED 
POROUS COORDINATION CAGES ................................................. 387 

E.1 Ligand NMR Spectra ................................................................. 387 
E.2 Cage NMR Spectra.................................................................... 389 

E.3 DOSY NMR Spectra .................................................................. 401 
E.4 Infrared Spectra ......................................................................... 410 
E.5 Thermogravimetric Analysis ...................................................... 417 
E.6 UV-Vis Spectra .......................................................................... 421 



 xv 

E.7 Gas Adsorption Measurements ................................................. 426 

E.8 Surface Areas ............................................................................ 448 
E.9 High Throughput Experimentation (HTE) ................................... 449 
E.10 X-Ray Crystallography ............................................................... 463 

F INTERACTIONS AND OVERALL STABILITY OF POROUS 
COORDINATION CAGES ................................................................. 470 

F.1 NMR Spectra of Ligands ............................................................ 470 
F.2 NMR Spectra of Cages and Double Salts .................................. 482 
F.3 Mass Spectroscopy Spectra ...................................................... 503 
F.4 X-Ray Crystallography ............................................................... 504 

F.5 Powder X-Ray Diffraction .......................................................... 529 
F.6 UV-Vis Spectra .......................................................................... 533 

F.7 FT-IR Data ................................................................................. 536 
F.8 Thermogravimetric Analysis ...................................................... 540 

F.9 X-Ray Photoelectron Spectroscopy Data .................................. 544 
F.10 SEM-EDS Images...................................................................... 549 
F.11 Gas Adsorption Measurements ................................................. 554 

F.12 Table of Surface Areas .............................................................. 570 

REFERENCES ............................................................................................. 572 

G PERMISSIONS .................................................................................. 574 

 



 xvi 

Table B.1. N2 and CO2, BET and Langmuir surface areas of calix[4]arene 
capped cages and cages  of similar surface areas reported in 
literature. ............................................................................... 253 

Table B.2. Unit cell information for Co-(5-Sulfo) and Ni-(5-Br). .............. 261 

Table B.3. Crystal Data and Structure Refinement Details for Ni-(2-
Methyl). ................................................................................. 262 

Table B.4. Crystal Data and Structure Refinement Details for Ni-(5-
Methyl). ................................................................................. 263 

Table B.5. Crystal Data and Structure Refinement Details for Ni-(2-Br). 264 

Table B.6. Crystal Data and Structure Refinement Details for Ni-(dobdc).
 .............................................................................................. 265 

Table B.7. Crystal Data and Structure Refinement Details for Ni-(5-
OProp). ................................................................................. 266 

Table B.8. Crystal Data and Structure Refinement Details for Co-(5-
OHept). ................................................................................. 267 

Table C.1. N2 and CO2, BET and Langmuir surface areas of cages. ..... 293 

Table C.2. Crystal Data and Structure Refinement Details for Co-
TriPhen-cdc. ......................................................................... 294 

Table C.3. Crystal Data and Structure Refinement Details for Ni-9-
tButylBenzyl-cdc. .................................................................. 295 

Table C.4. Crystal Data and Structure Refinement Details for Ni-TriPhen-
cdc. ....................................................................................... 296 

Table C.5. Crystal Data and Structure Refinement Details for Fe-
SC4A. ................................................................................... 297 

LIST OF TABLES 



 xvii 

Table C.6. Crystal Data and Structure Refinement Details for Mn-
TriPhen-cdc. ......................................................................... 298 

Table C.7. Crystal Data and Structure Refinement Details for Mn-
TriPhen-cdc. ......................................................................... 299 

Table D.1. N2 and CO2, BET and Langmuir surface areas of cages. ..... 369 

Table D.2. Crystal Data and Structure Refinement Details for Co-ppgy. 379 

Table D.3. Crystal Data and Structure Refinement Details for Co-N3. .... 380 

Table D.4. Crystal Data and Structure Refinement Details for Zr(5-N3) . 381 

Table D.5. Crystal Data and Structure Refinement Details for Zr(5-ppgy).
 .............................................................................................. 382 

Table D.6. Crystal Data and Structure Refinement Details for Zr(2,5-
ppgy). .................................................................................... 383 

Table E.1. N2 and CO2, BET and Langmuir surface areas of cages. ..... 448 

Table E.2. Quantitative results from Ni-catalyzed Suzuki-Miyaura screen.
 .............................................................................................. 450 

Table E.3. Quantitative results from water loading evaluation in Pd-
catalyzed Sizuki-Miyaura screen. ......................................... 452 

Table E.4. Quantitative results from catalyst loading evaluation. ........... 454 

Table E.5. Data from substrate scope evaluation................................... 458 

Table E.6. Crystal Data and Structure Refinement Details for Co-NH2. . 463 

Table E.7. Crystal Data and Structure Refinement Details for Co-NH2-Ac.
 .............................................................................................. 464 

Table E.8. Crystal Data and Structure Refinement Details for Mg-NH2. . 465 

Table E.9. Crystal Data and Structure Refinement Details for Co-Br. .... 466 

Table E.10. Crystal Data and Structure Refinement Details for Mg-Br. .... 467 

Table F.1. Crystal data and structure refinement details for Cu4(tBu-
NH(CO)-bdb)4. ...................................................................... 504 



 xviii 

Table F.2. Crystal data and structure refinement details for Cu4(DP-
NH(CO)-bdb)4. ...................................................................... 505 

Table F.3. Crystal data and structure refinement details for Cu4(DP-
NH(CO)- bdb)4(Py). ............................................................... 506 

Table F.4. Crystal data and structure refinement details for [Cu2(tBu-
NH(CO)-bdb)2(Py)4]n. ............................................................ 507 

Table F.5. Crystal data and structure refinement details for Mo4(hdp)4. 508 

Table F.6. Crystal data and structure refinement details for 
[Mo4(hdp)4F]2[Mo24(5-MImid-bdc)24]. ..................................... 509 

Table F.7. Crystal data and structure refinement details for 
Mo4(hdp)4F. ........................................................................... 510 

Table F.8. Crystal data and structure refinement details for Mo24(5-OH-
bdc)24. ................................................................................... 511 

Table F.9. Crystal data and structure refinement details for [Mo24(5-OH-
bdc)24][Mo24(5-MImid-bdc)24]. ................................................ 512 

Table F.10. Crystal data and structure refinement details for 
[(Fe4OHsc4a)6(BTTri)8]6-. ...................................................... 513 

Table F.11. Crystal data and structure refinement details for 
[(Co4OHsc4a)6(BTTri)8]6-. ...................................................... 514 

Table F.12. Crystal data and structure refinement details for 
[(Co4OHsc4a)4(BDTri)8]4-. ..................................................... 515 

Table F.13. Crystallographic distances and angles from data pictured 
above. (where X= solvent or fluoride) ................................... 527 

Table F.14. Crystallographic distances and angles from M-X-M 
paddlewheels from the crystallographic structural database. 
(where X=halide) ................................................................... 528 

Table F.15. Solubility chart of corresponding cages. ............................... 535 

Table F.16. BET(Langmuir) Surface Areas of Lantern Geometry Cages. 570 

Table F.17. Langmuir (BET) N2 and CO2 Surface Areas of double salts vs. 
their parent cage counterparts. ............................................. 570 



 xix 

Table F.18. Experimental surface areas of coordination cages after 150 
°C activation. ......................................................................... 571 

Table F.19. N2 Langmuir surface areas of [Fe4OHsc4a)6(BTTri)8]6- after 
recrystallization from different solvents and varying activation 
temperatures. ........................................................................ 571 

 



 xx 

Figure 1.1. MOFs with unique pore structures: HKUST-1, UiO-66, and 
PCN-9 (top from left to right). Porous coordination cages with 
analogous pore geometry to the related MOFs (bottom).,,,,, ...... 7 

Figure 1.2. Control of phase in lower-dimensional porous materials by 
altering functional group yielding 0-D cage or different phases 
of 2-D MOFs (left). Isomerization between phases of 0-D cage 
can be observed when synthesizing zirconium-based cages 
using linear diopic ligands (right)., ........................................... 10 

Figure 2.1. Cuboctahedral (left) and octahedral (center) paddlewheel-
based cages represent ligand-terminated structures and are 
amenable to a wide range of surface functionalization. 
Cyclopentadienyl-capped zirconium cages (right) can be 
functionalized on the linearligands that typically comprise 
these structures. ..................................................................... 23 

Figure 2.2. Calixarene-based cages typically adopt octahedral structures 
where bridging ligands lie at either the face (top left) or edge 
(top right) of the octahedron. Isophthalate-based cages are 
related structures and adopt a truncated octahedral geometry.
 ................................................................................................ 25 

Figure 2.3. Structures of octahedral calixarene-capped cages based on 
terephthalate (top) and isophthalate (bottom). In these 
structures, the 2- and 5-position of the ligand groups, 
respectively, are potentially functionalizable. These structures 
have previously bee termed type II or type III MOSCs. ........... 26 

Figure 2.4. Solid-state packing of octahedral (a) and truncated octahedral 
(b, c) cages. In both structures, cageïcage interactions are 
governed by the tert-butyl groups on the cluster rather than 
functional groups on the dicarboxylate ligands in a specific 
cage. ....................................................................................... 41 

LIST OF FIGURES 



 xxi 

Figure 3.1. Multicarboxylate-based ligands and the cages they form when 
used in tandem with SC4A. Cages based on triangular (type 
I) (top left), linear (type II) (top right), bent (type III) (bottom 
left), and extended bent (type IV) (bottom right) linkers have 
been reported. ........................................................................ 59 

Figure 3.2. The reaction of nickel(II) with functionalized carbazole ligand 
affords a partial cage structure featuring trinickel clusters and 
nickel bound DMF molecules. tBu groups on the calixarene 
caps and carbazole functional groups are omitted for clarity. 
The carboxylate groups and aromatic system are coplanar in 
this molecule. Black, red, yellow, gray, and blue spheres 
represent nickel, oxygen, sulfur, carbon, and nitrogen atoms, 
respectively. Hydrogen atoms have been omitted. ................. 69 

Figure 3.3. (Top) 3,6-Functionalization of carbazole enforces rotation of 
the carboxylate groups of the ligand. (Bottom) Structure of 
[NH2Me2]2[(Mg4OHSC4A)2(tpcd)4] as determined by single-
crystal X-ray diffraction tBu groups and hydrogen atoms have 
been omitted for clarity............................................................ 71 

Figure 3.4. Pi-pi interactions observed between ligands of neighboring 
cages in Ni-TriPhenyl-cdc (top) and tBuïtBu interactions 
between Mn-TriPhenyl-cdc cages (bottom). ........................... 74 

Figure 4.1. Single crystal XRD structural depictions of cages utilized in 
click reactions. A cobalt-based calixarene capped cage with 
eight azide (Co-N3) or alkyne-functionalized (Co-ppgy) 
isophthalic acid ligands (top), a box-shaped zirconium-based 
cage with six azide (Zr(5-N3)) or alkyne-functionalized (Zr(5-
ppgy)) isophthalic acid ligands (center), and (bottom) the 
tetrahedral zirconium-based cage with six dialkyne 
terephthalic acid ligands (Zr(2,5-dippgy)). ............................... 96 

Figure 4.2. Generalized scheme of the post-synthetic modification of 
cages using copper-catalyzed alkyne-azide click chemistry 
depicting reactions of alkyne or azide cage ligands with alkyne 
or azide small molecules. ........................................................ 98 



 xxii 

Figure 4.3. Example of kinetics data gathered during the CuAAC reaction 
of Co-N3 cage with ethyl propiolate. The characteristic azide 
IR stretch near 2100 cm-1 was monitored (left) throughout the 
reaction and (right) the transmission was plotted against the 
reaction time, showing rapid conversion of azide/alkyne to 
triazole. ................................................................................. 100 

Figure 5.1. Depiction of a type III calixarene-capped cage with further 
articulation of the calixarene/metal cluster and routes to post-
synthetically modify amine or bromo functionality. ................ 110 

Figure 5.2. (Left) Solutions of Co-NH2 in DMF before and after addition of 
decomposed acyl chloride indicating decomposition of the 
cage. (Right) Crystal structure of Co-NH2-Ac obtained via 
reaction of the title cage with acetic anhydride. .................... 126 

Figure 5.3. Ligands for catalyst generation. *Used with nickel-based 
catalyst systems. ÀUsed with Pd based catalyst systems in 
solvent conditions screening. ÿUsed for substrate scope 
evaluation. ............................................................................ 130 

Figure 5.4. Results from the substrate scope evaluation. Outer circles 
represent the amount of coupled ligand and starting ligand 
with respect to all species analyzed by LC-MS. Inner circles 
represent the amount of coupled ligand and starting ligand 
analyzed by LC-MS with respect to each other. .................... 133 

Figure 6.1. M4L4 lantern-type porous cage where M = Cu2+ or Mo2+. Black, 
gray, red, and blue spheres represent metal, carbon, oxygen, 
and nitrogen atoms, respectively. The dicarboxylate-based 
ligands in these structures are easily tunable with amide-
functionalization strategies to install organic groups on their 
surface (orange spheres). ..................................................... 142 

Figure 6.2. Generalized scheme for the solubilization of cages using salts 
(red polyhedron) and their subsequent recovery via methanol 
precipitation (gray polyhedron) or combination with a cationic 
PCC of different architecture (green, blue, and orange 
polyhedra) to form porous salts. ........................................... 145 



 xxiii 

Figure 6.3. Capping and bridging ligands used for the synthesis of 
calixarene-capped cages. Cages based on the 
sulfonylcalix[4]arene cap (sc4a) have been isolated for 
isophthalic acid (H2BDC) and trimesic acid (H3BTC) bridging 
ligands. This work presents the use of triazole-based ligands 
for the synthesis of highly stable cages ................................ 146 

Figure 6.4. (Top) Cu4(DP-NH(CO)-bdb)4, (middle) Cu(DP-NH(CO)-
bdb)4(Py), and (bottom) [Cu(DP-NH(CO)-bdb)(Py)3]n 
exhibiting phase control upon addition of pyridine. ............... 174 

Figure 6.5. (From left to right) Crystal packing of Cu4(tBu-NH(CO)-bdb)4, 
Cu4(DP-NH(CO)-bdb)4, and Cu4(Lauro-NH(CO)-bdb)4 with 
functional groups included (top) and excluded (bottom) to 
highlight the occupation of void spaces by the functional 
groups of the cage. ............................................................... 176 

Figure 6.6. PXRD patterns of Cu4(tBu-NH(CO)-bdb)4 collected over a 
range of temperatures (50-350 °C). Given the interconnected 
nature of the cages in the structure, the sample retains 
crystallinity at high temperatures. ......................................... 178 

Figure 6.7. Single crystal structure of [Mo24(5-OH-bdc)24][Mo24(5-MImid-
bdc)24]Cl24 where hydroxyl-paddlewheel interactions govern 
salt formation. Orange, red, blue, and gray spheres represent 
molybdenum, oxygen, nitrogen, and carbon atoms, 
respectively. Hydrogen atoms and solvent molecules have 
been omitted. ........................................................................ 181 

Figure 6.8. SEM image (top left) and corresponding EDS mapping 
distribution of a [Mo4(hdp)4]4[Mo24(5-MImid-bdc)24]F24 particle. 
In the EDS maps, orange and green represent Mo (bottom 
left) and F (bottom right); respectively, showing the 
homogeneity of fluoride in the bulk material. (Top right) N2 
adsorption in [Mo4(hdp)4]4[Mo24(5-MImid-bdc)24]F24 (black) vs. 
parent cages Mo4(hdp)4 (red) and Mo24(5-MImid-bdc)24Br24 
(blue) at 77 K. The porous salt displays a BET (Langmuir) 
surface area of 212 (271) m2/g. ............................................ 183 

Figure 6.9. (Top) Octahedral and truncated octahedral cages based on 
H3BTTri and H2BDTri. (Bottom) Comparison between the 
metal building units in the triazole cages reported here and 
more typical carboxylate-based building units featured in 
many calixarene-capped cages. ........................................... 185 



 xxiv 

Figure 6.10. Infrared spectra collected for [(Fe4OHsc4a)6(BTTri)8]6- as a 
function of activation temperature. Consistent with TGA data, 
the cage displays minimal structural degradation up to an 
activation temperature of at least 400 ºC. ............................. 190 

 

Figure B.1. 1H-NMR (400 MHz, CDCl3) spectrum of p-tert-
butylthiacalix[4]arene. ........................................................... 209 

Figure B.2. 1H-NMR (400 MHz, CDCl3) spectrum of p-tert-
butylsulfonylcalix[4]arene. ..................................................... 210 

Figure B.3. 1H-NMR (400 MHz, DMSO-d6) spectrum of 2-methyl-1,4-
benzenedicarboxylic acid. ..................................................... 211 

Figure B.4. 1H-NMR (400 MHz, DMSO-d6) spectrum of 5-propyloxy-1,3-
benzenedicarboxylic acid. ..................................................... 212 

Figure B.5. 1H-NMR (400 MHz, DMSO-d6) spectrum of 5-heptyloxy-1,3-
benzenedicarboxylic acid. ..................................................... 213 

Figure B.6. Infrared spectrum of p-tert-butylthiacalix[4]arene. ................. 214 

Figure B.7. Infrared spectrum of p-tert-butylsulfonylcalix[4]arene. .......... 214 

Figure B.8. Infrared spectrum of 2-methyl-1,4-benzenedicarboxylic 
acid. ...................................................................................... 215 

Figure B.9. Infrared spectrum of 5-propyloxy-1,3-benzenedicarboxylic 
acid. ...................................................................................... 215 

Figure B.10. Infrared spectrum of 5-heptyloxy-1,3-benzenedicarboxylic 
acid ....................................................................................... 216 

Figure B.11. Infrared spectra of Ni-(btc) as synthesized (black) and solvent 
exchanged with EtOH (red). .................................................. 216 

Figure B.12. Infrared spectra of Co-(btc) as synthesized (black) and 
solvent exchanged with EtOH (red). ..................................... 217 

Figure B.13. Infrared spectra of Ni-(p-bdc) as synthesized (black) and 
solvent exchanged with EtOH (red). ..................................... 217 



 xxv 

Figure B.14. Infrared spectra of Co-(p-bdc) as synthesized (black) and 
solvent exchanged with EtOH (red). ..................................... 218 

Figure B.15. Infrared spectra of Ni-(m-bdc) as synthesized (black) and 
solvent exchanged with EtOH (red). ..................................... 218 

Figure B.16. Infrared spectra of Co-(m-bdc) as synthesized (black) and 
solvent exchanged with EtOH (red). ..................................... 219 

Figure B.17. Infrared spectra of Co-(5-Sulfo) as synthesized (black), 
solvent exchanged with EtOH (red), and activated (blue). .... 219 

Figure B.18. Infrared spectra of Ni-(2-CH3) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). ................ 220 

Figure B.19. Infrared spectra of Ni-(5-CH3) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). ................ 220 

Figure B.20. Infrared spectra of Ni-(2-Br) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). ................ 221 

Figure B.21. Infrared spectra of Ni-(5-Br) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). ................ 221 

Figure B.22. Infrared spectra of Ni-(dobdc) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). ................ 222 

Figure B.23. Infrared spectra of Ni-(5-OProp) as synthesized (black), 
solvent exchanged with EtOH (red), and activated (blue). .... 222 

Figure B.24. Infrared spectra of Co-(5-OHept) as synthesized (black), 
solvent exchanged with EtOH (red), and activated (blue). .... 223 

Figure B.25. UV-Vis spectrum of Ni-(p-bdc) solvated in DMF (left), CHCl3 
(middle), and DCM (right) at a concentration of 0.01 mM. .... 224 

Figure B.26. UV-Vis spectrum of Ni-(m-bdc) solvated in DMF (top left), 
CHCl3 mM (top middle), acetone (top right), DCM (bottom 
left), THF (bottom middle), and benzene (bottom right) at a 
concentration of 0.01 mM. .................................................... 224 

Figure B.27. UV-Vis spectrum of Co-(5-Sulfo) solvated in DMF (left), and 
acetone at a concentration of 0.01 mM (right). ..................... 225 



 xxvi 

Figure B.28. UV-Vis spectrum of Ni-(2-Methyl) solvated in DMF (top left), 
CHCl3 (top middle), DCM (top right), and benzene (bottom) at 
a concentration of 0.01 mM. ................................................. 225 

Figure B.29. UV-Vis spectrum of Ni-(5-Methyl) solvated in DMF (top left), 
CHCl3 (top middle), acetone (top right), DCM (middle left), 
EtOAc (middle middle), toluene (middle right), THF (bottom 
left), and benzene (bottom right) at a concentration of 0.01 
mM. ....................................................................................... 226 

Figure B.30. UV-Vis spectrum of Ni-(2-Br) solvated in DMF (top left), CHCl3 
(top middle), acetone (top right), and DCM (bottom) at a 
concentration of 0.01 mM. .................................................... 227 

Figure B.31. UV-Vis spectrum of Ni-(5-Br) solvated in DMF (left), and 
CHCl3 (right) at a concentration of 0.01 mM. ........................ 227 

Figure B.32. UV-Vis spectrum of Ni-(dobdc) solvated in DMF (top left), 
CHCl3 (top middle), toluene (top right), THF (bottom left), and 
benzene (bottom right) at a concentration of 0.01 mM.......... 228 

Figure B.33. UV-Vis spectrum of Ni-(5-OProp) solvated in DMF (top left), 
CHCl3 (top middle), acetone (top right), DCM (middle left), 
toluene (middle middle), THF (middle right), and benzene 
(bottom) at a concentration of 0.01 mM. ............................... 229 

Figure B.34. UV-Vis spectrum of Co-(5-OHept) solvated in DMF (top left), 
CHCl3 (top middle), DCM (top right), toluene (bottom left), 
THF (bottom middle), and benzene (bottom right) at a 
concentration of 0.01 mM. .................................................... 230 

Figure B.35. Thermogravimetric analysis of Co-(5-Sulfo) 30-600 °C as 
synthesized (black) and solvent exchanged with EtOH 
(red). ..................................................................................... 231 

Figure B.36. Thermogravimetric analysis of Ni-(2-Methyl) 30-600 °C as 
synthesized (black) and solvent exchanged with EtOH 
(red). ..................................................................................... 231 

Figure B.37. Thermogravimetric analysis of Ni-(5-Methyl) 30-600 °C as 
synthesized (black) and solvent exchanged with EtOH 
(red). ..................................................................................... 232 



 xxvii 

Figure B.38. Thermogravimetric analysis of Ni-(2-Br) 30-600 °C as 
synthesized (black) and solvent exchanged with EtOH 
(red). ..................................................................................... 232 

Figure B.39. Thermogravimetric analysis of Ni-(5-Br) 30-600 °C as 
synthesized (black) and solvent exchanged with EtOH 
(red). ..................................................................................... 233 

Figure B.40. Thermogravimetric analysis of Ni-(dobdc) 30-600 °C as 
synthesized (black) and solvent exchanged with EtOH 
(red). ..................................................................................... 233 

Figure B.41. Thermogravimetric analysis of Ni-(5-OProp) 30-600 °C as 
synthesized (black) and solvent exchanged with EtOH 
(red). ..................................................................................... 234 

Figure B.42. Thermogravimetric analysis of Co-(5-OHept) 30-600 °C as 
synthesized (black) and solvent exchanged with EtOH 
(red). ..................................................................................... 234 

Figure B.43. Adsorption of N2 at 77 K by Ni-(btc) (black) and Co-(btc) (red).
 .............................................................................................. 235 

Figure B.44. Adsorption of CO2 at 195 K by Ni-(btc) (black) and Co-(btc) 
(red). ..................................................................................... 235 

Figure B.45. Adsorption of N2 (77 K, 800 mbar) following activation at 
varied temperatures for Ni-(p-bdc) (black) and Co-(p-bdc) 
(red). ..................................................................................... 236 

Figure B.46. Adsorption of N2 (77 K, 800 mbar) following activation at 
varied temperatures for Ni-(m-bdc). ...................................... 236 

Figure B.47. Adsorption of CO2 (195 K, 900 mbar) following activation at 
varied temperatures for Co-(m-bdc). ..................................... 237 

Figure B.48. Adsorption of N2 (77 K, 800 mbar) following activation at 
varied temperatures for Ni-(5-Sulfo). .................................... 237 

Figure B.49. Adsorption of N2 (77 K, 800 mbar) following activation at 
varied temperatures for Co-(5-Sulfo). ................................... 238 

Figure B.50. Adsorption of N2 (77 K, 800 mbar) following activation at 
varied temperatures for Ni-(5-Methyl). .................................. 238 



 xxviii 

Figure B.51. Adsorption of CO2 (195 K, 900 mbar) following activation at 
varied temperatures for Ni-(2-Br). ......................................... 239 

Figure B.52. Adsorption of N2 (77 K, 800 mbar) following activation at 
varied temperatures for Ni-(dobdc). ...................................... 239 

Figure B.53. Adsorption of N2 (77 K, 800 mbar) following activation at 
varied temperatures for Ni-(5-OProp). .................................. 240 

Figure B.54. Adsorption of CO2 (195 K, 900 mbar) following activation at 
varied temperatures for Ni-(5-OProp). .................................. 240 

Figure B.55. Adsorption of CO2 (195 K, 900 mbar) following activation at 
varied temperatures for Co-(5-OHept) .................................. 241 

Figure B.56. Full BET N2 (black) and CO2 (red) isotherms (top) of Co-(5-
Sulfo) activated at 225 °C under flowing N2. Plot of n(1-P/P0) 
vs. P/P0 (middle left) to determine the maximum P/P0 used in 
the BET linear fit according to the first BET consistency 
criterion for N2 adsorption at 77 K. The slope of the best fit line 
(middle right) for P/P0 < 0.0809 is 0.4091 and the y-intercept 
is 0.0003, which satisfies the second BET consistency 
criterion. This results in a measured surface area of 238 m2/g 
to N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to determine the 
maximum P/P0 used in the BET linear fit according to the first 
BET consistency criterion for CO2 adsorption at 195 K. The 
slope of the best fit line (bottom left) for P/P0 < 0.141 is 0.3913 
and the y-intercept is 0.0019, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 262 m2/g to CO2. ............................................................... 242 



 xxix 

Figure B.57. Full BET N2 (black) and CO2 (red) isotherms (top) of Ni-(2-
Methyl) activated at 225 °C under flowing N2. Plot of n(1-P/P0) 
vs. P/P0 (middle left) to determine the maximum P/P0 used in 
the BET linear fit according to the first BET consistency 
criterion for N2 adsorption at 77 K. The slope of the best fit line 
(middle right) for P/P0 < 0.0810 is 0.2232 and the y-intercept 
is 0.00001, which satisfies the second BET consistency 
criterion. This results in a measured surface area of 437 m2/g 
to N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to determine the 
maximum P/P0 used in the BET linear fit according to the first 
BET consistency criterion for CO2 adsorption at 195 K. The 
slope of the best fit line (bottom left) for P/P0 < 0.189 is 0.3521 
and the y-intercept is 0.0023, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 291 m2/g to CO2. ............................................................... 243 

Figure B.58. Full BET N2 (black) and CO2 (red) isotherms (top) of Ni-(5-
Methyl) activated at 225 °C under flowing N2. Plot of n(1-P/P0) 
vs. P/P0 (middle left) to determine the maximum P/P0 used in 
the BET linear fit according to the first BET consistency 
criterion for N2 adsorption at 77 K. The slope of the best fit line 
(middle right) for P/P0 < 0.0856 is 0.2208 and the y-intercept 
is 0.0001, which satisfies the second BET consistency 
criterion. This results in a measured surface area of 442 m2/g 
to N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to determine the 
maximum P/P0 used in the BET linear fit according to the first 
BET consistency criterion for CO2 adsorption at 195 K. The 
slope of the best fit line (bottom left) for P/P0 < 0.189 is 0.3517 
and the y-intercept is 0.0023, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 292 m2/g to CO2. ............................................................... 244 



 xxx 

Figure B.59. Full BET N2 (black) and CO2 (red) isotherms (top) of Ni-(2-Br) 
activated at 150 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 
(middle left) to determine the maximum P/P0 used in the BET 
linear fit according to the first BET consistency criterion for N2 
adsorption at 77 K. The slope of the best fit line (middle right) 
for P/P0 < 0.0812 is 0.2377 and the y-intercept is 0.0001, 
which satisfies the second BET consistency criterion. This 
results in a measured surface area of 410 m2/g to N2. Plot of 
n(1-P/P0) vs. P/P0 (bottom left) to determine the maximum 
P/P0 used in the BET linear fit according to the first BET 
consistency criterion for CO2 adsorption at 195 K. The slope 
of the best fit line (bottom left) for P/P0 < 0.191 is 0.3584 and 
the y-intercept is 0.0025, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 286 m2/g to CO2. ............................................................... 245 

Figure B.60. Full BET N2 (black) and CO2 (red) isotherms (top) of Ni-(5-Br) 
activated at 225 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 
(middle left) to determine the maximum P/P0 used in the BET 
linear fit according to the first BET consistency criterion for N2 
adsorption at 77 K. The slope of the best fit line (middle right) 
for P/P0 < 0.0620 is 0.1636 and the y-intercept is 0.00005, 
which satisfies the second BET consistency criterion. This 
results in a measured surface area of 596 m2/g to N2. Plot of 
n(1-P/P0) vs. P/P0 (bottom left) to determine the maximum 
P/P0 used in the BET linear fit according to the first BET 
consistency criterion for CO2 adsorption at 195 K. The slope 
of the best fit line (bottom left) for P/P0 < 0.145 is 0.2621 and 
the y-intercept is 0.0017, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 391 m2/g to CO2. ............................................................... 246 



 xxxi 

Figure B.61. Full BET N2 (black) and CO2 (red) isotherms (top) of Ni-
(dobdc) activated at 250 °C under flowing N2. Plot of n(1-P/P0) 
vs. P/P0 (middle left) to determine the maximum P/P0 used in 
the BET linear fit according to the first BET consistency 
criterion for N2 adsorption at 77 K. The slope of the best fit line 
(middle right) for P/P0 < 0.0809 is 0.1647 and the y-intercept 
is 0.00007, which satisfies the second BET consistency 
criterion. This results in a measured surface area of 592 m2/g 
to N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to determine the 
maximum P/P0 used in the BET linear fit according to the first 
BET consistency criterion for CO2 adsorption at 195 K. The 
slope of the best fit line (bottom left) for P/P0 < 0.189 is 0.2702 
and the y-intercept is 0.0019, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 379 m2/g to CO2. ............................................................... 247 

Figure B.62. Full BET N2 (black) and CO2 (red) isotherms (top) of Ni-(5-
OProp) activated at 250 °C under flowing N2. Plot of n(1-P/P0) 
vs. P/P0 (middle left) to determine the maximum P/P0 used in 
the BET linear fit according to the first BET consistency 
criterion for N2 adsorption at 77 K. The slope of the best fit line 
(middle right) for P/P0 < 0.0667 is 0.2415 and the y-intercept 
is 0.0001, which satisfies the second BET consistency 
criterion. This results in a measured surface area of 404 m2/g 
to N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to determine the 
maximum P/P0 used in the BET linear fit according to the first 
BET consistency criterion for CO2 adsorption at 195 K. The 
slope of the best fit line (bottom left) for P/P0 < 0.190 is 0.3260 
and the y-intercept is 0.0017, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 314 m2/g to CO2. ............................................................... 248 



 xxxii 

Figure B.63. Full BET N2 (black) and CO2 (red) isotherms (top) of Co-(5-
OHept) activated at 225 °C under flowing N2. Plot of n(1-P/P0) 
vs. P/P0 (middle left) to determine the maximum P/P0 used in 
the BET linear fit according to the first BET consistency 
criterion for N2 adsorption at 77 K. The slope of the best fit line 
(middle right) for P/P0 < 0.0478 is 4.4864 and the y-intercept 
is 0.0024, which satisfies the second BET consistency 
criterion. This results in a measured surface area of 22 m2/g 
to N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to determine the 
maximum P/P0 used in the BET linear fit according to the first 
BET consistency criterion for CO2 adsorption at 195 K. The 
slope of the best fit line (bottom left) for P/P0 < 0.236 is 0.4065 
and the y-intercept is 0.0045, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 252 m2/g to CO2. ............................................................... 249 

Figure B.64. Full BET N2 (black) and CO2 (red) isotherms (top) of Ni-(2-
Methyl)BzFD activated at 275 °C under flowing N2. Plot of n(1-
P/P0) vs. P/P0 (middle left) to determine the maximum P/P0 
used in the BET linear fit according to the first BET 
consistency criterion for N2 adsorption at 77 K. The slope of 
the best fit line (middle right) for P/P0 < 0.0739 is 0.1909 and 
the y-intercept is 0.00009, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 418 m2/g to N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K. The slope of the best fit line (bottom left) 
for P/P0 < 0.228 is 0.350 and the y-intercept is 0.0045, which 
satisfies the second BET consistency criterion. This results in 
a measured surface area of 293 m2/g to CO2. ...................... 250 



 xxxiii 

Figure B.65. Full BET N2 (black) and CO2 (red) isotherms (top) of Ni-(5-
Methyl)BzFD activated at 225 °C under flowing N2. Plot of n(1-
P/P0) vs. P/P0 (middle left) to determine the maximum P/P0 
used in the BET linear fit according to the first BET 
consistency criterion for N2 adsorption at 77 K. The slope of 
the best fit line (middle right) for P/P0 < 0.0740 is 0.2296 and 
the y-intercept is 0.0024, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 425 m2/g to N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K. The slope of the best fit line (bottom left) 
for P/P0 < 0.229 is 0.3405 and the y-intercept is 0.0049, which 
satisfies the second BET consistency criterion. This results in 
a measured surface area of 301 m2/g to CO2. ...................... 251 

Figure B.66. Full BET N2 (black) and CO2 (red) isotherms (top) of Ni-(5-
OProp)BzFD activated at 275 °C under flowing N2. Plot of n(1-
P/P0) vs. P/P0 (middle left) to determine the maximum P/P0 
used in the BET linear fit according to the first BET 
consistency criterion for N2 adsorption at 77 K. The slope of 
the best fit line (middle right) for P/P0 < 0.0740 is 0.2296 and 
the y-intercept is 0.0024, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 421 m2/g to N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K. The slope of the best fit line (bottom left) 
for P/P0 < 0.183 is 0.3284 and the y-intercept is 0.0049, which 
satisfies the second BET consistency criterion. This results in 
a measured surface area of 312 m2/g to CO2. ...................... 252 

Figure B.67. PXRD pattern of as synthesized Ni-(btc) (black) as compared 
to the simulated pattern from the previously reported single 
crystal XRD (purple).............................................................. 254 

Figure B.68. PXRD pattern of as-synthesized Co-(btc) (black) as compared 
to the simulated pattern from the previously reported single 
crystal XRD (purple).............................................................. 254 

Figure B.69. PXRD pattern of as synthesized Ni-(p-bdc) (black) as 
compared to the simulated pattern from the previously 
reported single crystal XRD (purple). .................................... 255 



 xxxiv 

Figure B.70. PXRD pattern of as synthesized Co-(p-bdc) (black) as 
compared to the simulated pattern from the previously 
reported single crystal XRD (purple). .................................... 255 

Figure B.71. PXRD pattern of as synthesized Ni-(m-bdc) (black) as 
compared to the simulated pattern from the previously 
reported single crystal XRD (purple). .................................... 256 

Figure B.72. PXRD pattern of as synthesized Co-(m-bdc) (black) as 
compared to the simulated pattern from the previously 
reported single crystal XRD (purple). .................................... 256 

Figure B.73. PXRD pattern of as synthesized (black), solvent exchanged 
with EtOH (red), and activated (blue) Co-(5-Sulfo) as 
compared to the simulated pattern from the previously 
reported single crystal XRD of Ni-(5-Sulfo) (purple). ............. 257 

Figure B.74. PXRD pattern of as synthesized (black), solvent exchanged 
with EtOH (red), and activated (blue) Ni-(2-Methyl) as 
compared to the simulated pattern from the single crystal XRD 
(purple). ................................................................................ 257 

Figure B.75. PXRD pattern of as synthesized (black), solvent exchanged 
with EtOH (red), and activated (blue) Ni-(5-Methyl) as 
compared to the simulated pattern from the single crystal XRD 
(purple). ................................................................................ 258 

Figure B.76. PXRD pattern of as synthesized (black), solvent exchanged 
with EtOH (red), and activated (blue) Ni-(2-Br) as compared 
to the simulated pattern from the single crystal XRD 
(purple). ................................................................................ 258 

Figure B.77. PXRD pattern of as synthesized (black), solvent exchanged 
with EtOH (red), and activated (blue) Ni-(5-Br). .................... 259 

Figure B.78. PXRD pattern of as synthesized (black), solvent exchanged 
with EtOH (red), and activated (blue) Ni-(dobdc) as compared 
to the simulated pattern from the single crystal XRD 
(purple). ................................................................................ 259 

Figure B.79. PXRD pattern of as synthesized (black), solvent exchanged 
with EtOH (red), and activated (blue) Ni-(5-OProp) as 
compared to the simulated pattern from the single crystal XRD 
(purple). ................................................................................ 260 



 xxxv 

Figure B.80. PXRD pattern of as synthesized (black), solvent exchanged 
with EtOH (red), and activated (blue) Co-(5-OHept) as 
compared to the simulated pattern from the single crystal XRD 
(purple). ................................................................................ 260 

Figure B.81. Single crystal structural depiction of the previously reported 
Ni-(btc). ................................................................................. 268 

Figure B.82. Single crystal structural depiction of the previously reported 
Co-(btc). ................................................................................ 268 

Figure B.83. Single crystal structural depiction of the previously reported 
Ni-(p-bdc). ............................................................................. 269 

Figure B.84. Single crystal structural depiction of the previously reported 
Co-(p-bdc). ............................................................................ 269 

Figure B.85. Single crystal structural depiction of the previously reported 
Ni-(m-bdc). ............................................................................ 270 

Figure B.86. Single crystal structural depiction of the previously reported 
Co-(m-bdc). ........................................................................... 270 

Figure B.87. Single crystal structural depiction of the previously reported 
Ni-(5-Sulfo). .......................................................................... 271 

Figure B.88. Single crystal structural depiction of the Ni-(2-Methyl). Poor 
structural data let to incomplete refinement of the position of 
the appended methyl groups, which are likely disordered over 
four possible positions. ......................................................... 271 

Figure B.89. Single crystal structural depiction of the Ni-(5-Methyl). ......... 272 

Figure B.90. Single crystal structural depiction of the Ni-(2-Br). Disordered 
bromo residues are omitted for clarity. .................................. 272 

Figure B.91. Single crystal structural depiction of the Ni-(dobdc). Disorder 
of the hydroxyl residues over two possible positions is omitted 
for clarity. .............................................................................. 273 

Figure B.92. Single crystal structural depiction of the Ni-(5-OProp). ......... 273 

Figure B.93. Single crystal structural depiction of the Co-(5-Heptoxy). ..... 274 



 xxxvi 

Figure B.94. Crystal packing diagram of Ni-(m-bdc) (left) and Ni-(5-Methyl) 
(right). ................................................................................... 274 

Figure B.95. Benzene freeze-dried samples (Left to right: Ni-(5-OProp), Ni-
(2-Methyl), Ni-(5-Methyl) in gas adsorption analysis tubes 
after activation. ..................................................................... 275 

Figure B.96. Vacuum evaporated, freeze-dried samples of Ni-(2-Methyl) 
(Left to right: 50 mg, 25 mg, and 15 mg, in 2 mL of 
benzene). .............................................................................. 275 

Figure C.1. 1H-NMR (400 MHz, DMSO-d6) spectrum of 2,7-dibromo-3,6-
diacetyl-9-phenyl-carbazole. ................................................. 277 

Figure C.2. 1H-NMR (400 MHz, DMSO-d6) spectrum of 2,7-dibromo-9-
phenyl-carbazole-dicarboxylic acid. ...................................... 278 

Figure C.3. 1H-NMR (400 MHz, DMSO-d6) spectrum of dimethyl-2,7-
dibromo-9-phenyl-carbazole-dicarboxylate. .......................... 279 

Figure C.4. 1H-NMR (400 MHz, DMSO-d6) spectrum of dimethyl-2,7,9-
triphenyl-carbazole dicarboxylate. ........................................ 280 

Figure C.5. 1H-NMR (400 MHz, DMSO-d6) spectrum of 2,7,9-triphenyl-
carbazole dicarboxylic acid. .................................................. 281 

Figure C.6. Infrared spectra of Mg-TriPhen-cdc as synthesized (black), 
solvent exchanged with MeOH (red), and activated (blue). .. 282 

Figure C.7. IR spectra of Mn-TriPhen-cdc as synthesized (black), solvent 
exchanged with MeOH (red), and activated (blue). ............... 282 

Figure C.8. Infrared spectra of Co-TriPhen-cdc as synthesized (black), 
solvent exchanged with MeOH (red), and activated (blue). .. 283 

Figure C.9. Infrared spectra of Ni-TriPhen-cdc as synthesized (black), 
solvent exchanged with MeOH (red), and activated (blue). .. 283 

Figure C.10. Thermogravimetric analysis of Mg-TriPhen-cdc from 30-600 
°C as synthesized (black) and solvent exchanged with MeOH 
(red). ..................................................................................... 284 

Figure C.11. Thermogravimetric analysis of Mn-TriPhen-cdc from 30-600 
°C as synthesized (black) and solvent exchanged with MeOH 
(red). ..................................................................................... 284 



 xxxvii 

Figure C.12. Thermogravimetric analysis of Mn-TriPhen-cdc from 30-600 
°C as synthesized (black) and solvent exchanged with MeOH 
(red). ..................................................................................... 285 

Figure C.13. Thermogravimetric analysis of Mn-TriPhen-cdc from 30-600 
°C as synthesized (black) and solvent exchanged with MeOH 
(red). ..................................................................................... 285 

Figure C.14. Full BET isotherm (top) of Mg-TriPhen-cdc cage (N2) activated 
at 50 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Mg-TriPhen-cdc. The slope of the 
best fit line (bottom right) for P/P0 < 0.126 is 0.2146 and the 
y-intercept is 0.0089, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 455 m2/g to N2. .................................................................. 286 

Figure C.15. Full BET isotherm (top) of Mg-TriPhen-cdc cage (CO2) 
activated at 50 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 
(bottom left) to determine the maximum P/P0 used in the BET 
linear fit according to the first BET consistency criterion for 
CO2 adsorption at 77 K for the Mg-TriPhen-cdc. The slope of 
the best fit line (bottom right) for P/P0 < 0.231 is 0.2643 and 
the y-intercept is 0.0043, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 387 m2/g to CO2. ............................................................... 287 

Figure C.16. Langmuir isotherm of Mn-TriPhen-cdc cage (N2, 77 K) 
activated at 50 °C. ................................................................ 288 

Figure C.17. Full BET isotherm (top) of Mn-TriPhen-cdc cage (CO2) 
activated at 50 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 
(bottom left) to determine the maximum P/P0 used in the BET 
linear fit according to the first BET consistency criterion for 
CO2 adsorption at 77 K for the Mn-TriPhen-cdc. The slope of 
the best fit line (bottom right) for P/P0 < 0.120 is 0.2577 and 
the y-intercept is 0.0011, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 397 m2/g to CO2. ............................................................... 289 



 xxxviii 

Figure C.18. Full BET isotherm (top) of Co-TriPhen-cdc cage (N2) activated 
at 50 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-TriPhen-cdc. The slope of the 
best fit line (bottom right) for P/P0 < 0.0965 is 0.1941 and the 
y-intercept is 0.0005, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 503 m2/g to N2. .................................................................. 290 

Figure C.19. Full BET isotherm (top) of Co-TriPhen-cdc cage (CO2) 
activated at 50 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 
(bottom left) to determine the maximum P/P0 used in the BET 
linear fit according to the first BET consistency criterion for 
CO2 adsorption at 77 K for the Co-TriPhen-cdc. The slope of 
the best fit line (bottom right) for P/P0 < 0.142 is 0.2524 and 
the y-intercept is 0.0010, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 406 m2/g to CO2. ............................................................... 291 

Figure C.20. Full BET isotherm (top) of Ni-TriPhen-cdc cage (N2) activated 
at 50 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Ni-TriPhen-cdc. The slope of the 
best fit line (bottom right) for P/P0 < 0.0838 is 0.2103 and the 
y-intercept is 0.0004, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 464 m2/g to N2. .................................................................. 292 

Figure C.21. Single crystal structural depiction of the Mg-TriPhenyl-cdc 
cage. ..................................................................................... 300 

Figure C.22. Single crystal structural depiction of the Mn-TriPhenyl-cdc 
cage. ..................................................................................... 300 

Figure C.23. Single crystal structural depiction of the Co-TriPhenyl-cdc 
cage. ..................................................................................... 301 

Figure C.24. Single crystal structural depiction of the Co-TriPhenyl-cdc 
cage. ..................................................................................... 301 

Figure C.25. Single crystal structural depiction of the 
iron/sulfonylcalix[4]arene metal cluster. ................................ 302 



 xxxix 

Figure C.26. Single crystal structural depiction of the nickel 9H-cdc 
complex. ............................................................................... 302 

Figure C.27. Edge-to-face (T-shaped) pi-pi stacking between Mg-
TriPhenyl-cdc cages with distances of 4.9868(2), 4.2409(2), 
and 4.9439(3) Å (from left to right). ....................................... 303 

Figure C.28. tBu- tBu interactions between the calixarene units of different 
Mg-TriPhenyl-cdc cages with distances of 5.5867(3), 
5.4049(3), 6.0520(3), 6.0520(3), 5.4049(3) and 5.5867(3) Å 
from top to bottom. ................................................................ 303 

Figure C.29. Pseudo edge-to-face (T-shaped) pi-pi stacking between Mn-
TriPhenyl-cdc cages with distances of 4.6782 and 4.3545 Å 
(from left to right). ................................................................. 304 

Figure C.30. tBu- tBu interactions between the calixarene units of different 
Mn-TriPhenyl-cdc cages with distances of 4.7487 and 4.7487 
Å from top to bottom. ............................................................ 304 

Figure C.31. Edge-to-face (T-shaped) pi-pi stacking between Co-
TriPhenyl-cdc cages with distances of 4.6245(5), 4.6784(5), 
5.4462(5), 5.4462(5), and 4.6784(5) Å (from left to right). .... 305 

Figure C.32. tBu- tBu interactions between the calixarene units of different 
Co-TriPhenyl-cdc cages with distances of 4.7732(6) and 
4.6286(6) Å from top to bottom. ............................................ 305 

Figure C.33. Pseudo edge-to-face (T-shaped) pi-pi stacking between Ni-
TriPhenyl-cdc cages with distances of 4.7075(3), 4.6627(3), 
5.0057(3), 5.0057(3), 4.6627(3), and 4.7075(3) Å (from left to 
right)...................................................................................... 306 

Figure C.34. tBu- tBu interactions between the calixarene units of different 
Ni-TriPhenyl-cdc cages with distances of 5.7182(5), 
4.8892(4), and 4.8892(4) Å from top to bottom. .................... 306 

Figure D.1. 1H-NMR (400 MHz, DMSO-d6) spectrum of p-tert-
butylthiacalix[4]arene. ........................................................... 307 

Figure D.2. 1H-NMR (400 MHz, DMSO-d6) spectrum of p-tert-
butylsulfonylcalix[4]arene. ..................................................... 308 



 xl 

Figure D.3. 1H-NMR (400 MHz, DMSO-d6) spectrum of 3-azide 1-
propanol. ............................................................................... 309 

Figure D.4. 1H-NMR (400 MHz, DMSO-d6) spectrum of 6-azide 1-hexanol.
 .............................................................................................. 310 

Figure D.5. 1H-NMR (400 MHz, CDCl3) spectrum of p-azide toluene. ..... 311 

Figure D.6. 1H-NMR (400 MHz, DMSO-d6) dimethyl 5-propargyl 
isophthalate. ......................................................................... 312 

Figure D.7. 1H-NMR (600 MHz, DMSO-d6) spectrum of 5-propargyl bdc. 313 

Figure D.8. 1H-NMR (600 MHz, DMSO-d6) spectrum of 2,5-dipropargyl 
bdc. ....................................................................................... 314 

Figure D.9. 1H-NMR (400 MHz, DMSO-d6) spectrum of 5-N3 bdc. .......... 315 

Figure D.10. 1H-NMR (400MHz, DMSO-d6) spectrum of digested Co-ppgy.
 .............................................................................................. 316 

Figure D.11. 1H-NMR (400MHz, DMSO-d6) spectrum of digested Co-N3. . 317 

Figure D.12. Digested 1H-NMR (400 MHz, DMSO-d6/D2O) spectrum of 
Zr(5-N3) cage after click reaction with propargyl alcohol. ...... 318 

Figure D.13. Digested 1H-NMR (400 MHz, DMSO-d6/D2O) spectrum of 
Zr(5-N3) cage after click reaction with 5-hexyn-1-ol. ............. 319 

Figure D.14. Digested 1H-NMR (400 MHz, DMSO-d6/D2O) spectrum of 
Zr(5-N3) cage after click reaction with ethynyl toluene. ......... 320 

Figure D.15. Digested 1H-NMR (400 MHz, DMSO-d6/D2O) spectrum of 
Zr(5-ppgy) cage after click reaction with 3-azide 1-propanol. 321 

Figure D.16. Digested 1H-NMR (400 MHz, DMSO-d6/D2O) spectrum of 
Zr(5-ppgy) cage after click reaction with 6-azide 1-hexanol. . 322 

Figure D.17. Digested 1H-NMR (400 MHz, DMSO-d6/D2O) spectrum of 
Zr(5-ppgy) cage after click reaction with p-azide toluene. ..... 323 

Figure D.18. Digested 1H-NMR (400 MHz, DMSO-d6/D2O) spectrum of 
Zr(2,5-dippgy) cage after incomplete click reaction with 3-
azide 1-propanol. .................................................................. 324 



 xli 

Figure D.19. Digested 1H-NMR (400 MHz, DMSO-d6/D2O) spectrum of 
Zr(2,5-dippgy) cage after click reaction with 6-azide 1-
hexanol. ................................................................................ 325 

Figure D.20. Digested 1H-NMR (400 MHz, DMSO-d6/D2O) spectrum of 
Zr(2,5-dippgy) cage after click reaction with p-azide toluene. 326 

Figure D.21. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Co-ppgy 
after being allowed to react with 3-azido propanol for 1 hour 
at 60 °C. showing 91.7 % conversion based on the ratio 
between the aromatic protons in the product and starting 
material (black). .................................................................... 327 

Figure D.22. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Co-ppgy 
after being allowed to react with 6-azido hexanol for 1 hour at 
60 °C. showing 86.4 % conversion based on the ratio between 
the aromatic protons in the product and starting material 
(black). .................................................................................. 328 

Figure D.23. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Co-N3 
after being allowed to react with propargyl alcohol for 1 hour 
at 60 °C. showing full conversion based on the ratio between 
the newly formed triazole peak and lack of the previously 
present isophthalate peak. .................................................... 329 

Figure D.24. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Co-N3 
after being allowed to react with ethyl propiolate for 1 hour at 
60 °C. showing full conversion based on the ratio between the 
newly formed triazole peak and the lack of previously present 
isophthalate peak. ................................................................. 330 

Figure D.25. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Co-N3 
after being allowed to react with phenyl acetylene for 1 hour 
at 60 °C showing virtually full conversion based on the ratio 
between the newly formed triazole peak and the previously 
present isophthalate peak. .................................................... 331 

Figure D.26. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Co-N3 
after being allowed to react with propargyl alcohol for 180 
minutes at 35 °C. showing a percent conversion of 59.3 % 
based on the ratio between the aromatic protons in the 
product and starting material (black). .................................... 332 



 xlii 

Figure D.27. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Co-N3 
after being allowed to react with ethyl propiolate for 180 
minutes at 35 °C showing a percent conversion of 90.8 % 
based on the ratio between the aromatic protons in the 
product and starting material (black). .................................... 333 

Figure D.28. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Co-N3 
after being allowed to react with phenyl acetylene for 180 
minutes at 35 °C showing a percent conversion of 87.6 % 
based on the ratio between the aromatic protons in the 
product and starting material (black). .................................... 334 

Figure D.29. Infrared spectrum of 5-propargyl bdc. ................................... 335 

Figure D.30. Infrared spectrum of 5-azide bdc .......................................... 335 

Figure D.31. Infrared spectra of PTBSC4A (black), 5-propargyl isophthalic 
acid (red), and Co-ppgy activated at 100 °C (blue) (left). 
Infrared spectra of Co-ppgy as synthesized (black), solvent 
exchanged with MeOH (red), and activated at 100 °C (blue) 
(right). ................................................................................... 336 

Figure D.32. Infrared spectra of PTBSC4A (black), 5-N3 isophthalic acid 
(red), and Co-N3 activated at 100 °C (blue) (left). Infrared 
spectra of Co-N3 as synthesized (black), solvent exchanged 
with MeOH (red), and activated at 100 °C (blue) (right). ....... 336 

Figure D.33. Infrared spectra of Co-ppgy activated at 100 °C (black) and 
Co-ppgy-3AP activated at 100°C (blue) (left). Infrared spectra 
of Co-ppgy-3AP solvent exchanged with MeOH (red) and 
activated at 100 °C (blue) (right). .......................................... 337 

Figure D.34. Infrared spectra of Co-ppgy activated at 100°C (black) and 
Co-ppgy-6AH activated at 100 °C (blue) (left). Infrared spectra 
of Co-ppgy-6AH solvent exchanged with MeOH (red) and 
activated at 100 °C (blue) (right). .......................................... 337 

Figure D.35. Infrared spectra of Co-N3 activated at 100°C (black) and Co-
N3-PrOH activated at 100 °C (blue) (left). Infrared spectra of 
Co-N3-PrOH solvent exchanged with MeOH (red) and 
activated at 100 °C (blue) (right). .......................................... 338 



 xliii 

Figure D.36. Infrared spectra of Co-N3 activated at 100 °C (black) and Co-
N3-EP activated at 100 °C (blue) (left). Infrared spectra of Co-
N3-EP solvent exchanged with MeOH (red) and activated at 
100°C (blue) (right). .............................................................. 338 

Figure D.37. Infrared spectra of Co-N3 activated at 100 °C (black) and Co-
N3-PA activated at 100 °C (blue) (left). Infrared spectra of Co-
N3-PA solvent exchanged with MeOH (red) and activated at 
100°C (blue) (right). .............................................................. 339 

Figure D.38. Infrared spectra of Zr(5-N3) cage before (blue) and after 
(black) click reaction with ethynyl toluene (red). ................... 339 

Figure D.39. Infrared spectra of Zr(5-N3) cage before (blue) and after 
(black) click reaction with propargyl alcohol (red). ................ 340 

Figure D.40. Infrared spectra of Zr(5-ppgy) cage before (blue) and after 
(black) click reaction with p-azide toluene (red). ................... 340 

Figure D.41. Infrared spectra of Zr(5-ppgy) cage before (blue) and after 
(black) click reaction with 3-azide 1-propanol (red). .............. 341 

Figure D.42. Infrared spectra of Zr(5-ppgy) cage before (blue) and after 
(black) click reaction with 6-azide 1-hexanol (red). ............... 341 

Figure D.43. Infrared spectra of Zr(2,5-dippgy) cage before (blue) and after 
(black) click reaction with p-azide toluene (red). ................... 342 

Figure D.44. Infrared spectra of Zr(2,5-dippgy) cage before (blue) and after 
(black) click reaction with 3-azide 1-propanol (red). .............. 342 

Figure D.45. Infrared spectra of ZrCl4 (black) & [Cp2]ZrCl2 (blue). ............ 343 

Figure D.46. Azide infared stretch from 2200 to 2000 cm-1 of Co-N3 as it 
reacts with propargyl alcohol yielding Co-N3-PrOH, monitored 
from 0 minutes (dark red) to 180 minutes (yellow) (left). 
Percent transmission of the azide stretch observed in the 
infrared specta versus time (right). ....................................... 344 

Figure D.47. Left: Azide IR stretch from 2200 to 2000 cm-1 of Co-N3 as it 
reacts with ethyl propiolate yielding Co-N3-EP, monitored from 
0 minutes (dark red) to 180 minutes (yellow). Right: Percent 
transmission of the azide stretch observed in the IR specta 
versus time. .......................................................................... 344 



 xliv 

Figure D.48. Azide infrared stretch from 2200 to 2000 cm-1 of Co-N3 as it 
reacts with phenyl acetylene yielding Co-N3-PA, monitored 
from 0 minutes (dark red) to 180 minutes (yellow) (left). 
Percent transmission of the azide stretch observed in the IR 
specta versus time (right). ..................................................... 345 

Figure D.49. Azide infrared stretch from 2200 to 2000 cm-1 of Zr(5-N3) as it 
reacts with 5-hexyn-1-ol monitored from 0 minutes (dark red) 
to 1200 minutes (yellow) (left). Percent transmission of the 
azide stretch observed in the IR specta versus time (right). . 345 

Figure D.50. Azide infrared stretch from 2200 to 2000 cm-1 of Zr(5-N3) as it 
reacts with ethynyl toluene monitored from 0 minutes (dark 
red) to 1200 minutes (yellow) (left). Percent transmission of 
the azide stretch observed in the infrared specta versus time 
(right). ................................................................................... 346 

Figure D.51. Azide infrared stretch from 2200 to 2000 cm-1 of Zr(5-N3) as it 
reacts with propargyl alcohol monitored from 0 minutes (dark 
red) to 1200 minutes (yellow) (left). Percent transmission of 
the azide stretch observed in the infrared specta versus time 
(right). ................................................................................... 346 

Figure D.52. UV-Vis spectrum of p-tert-butylsulfonylcalix[4]arene solvated 
in DMF at a concentration of 1 mM. ...................................... 347 

Figure D.53. UV-Vis spectrum of Co(NO3)2 solvated in DMF at a 
concentration of 5.46 mM. .................................................... 347 

Figure D.54. UV-Vis spectrum of 5-Propargyl bdc solvated in DMF at a 
concentration of 4.54 mM. .................................................... 348 

Figure D.55. UV-Vis spectrum of 5-N3 bdc solvated in DMF at a 
concentration of 4.83 mM. .................................................... 348 

Figure D.56. UV-Vis spectrum of Co-ppgy solvated in DMF at a 
concentration of 0.01 mM. .................................................... 349 

Figure D.57. UV-Vis spectrum of Co-N3 solvated in DMF at a concentration 
of 0.01 mM. ........................................................................... 349 

Figure D.58. UV-Vis spectrum of Co-ppgy-3AP solvated in DMF at a 
concentration of 0.01 mM. .................................................... 350 



 xlv 

Figure D.59. UV-Vis spectrum of Co-ppgy-6AP solvated in DMF at a 
concentration of 0.01 mM. .................................................... 350 

Figure D.60. UV-Vis spectrum of Co-N3-PrOH solvated in DMF at a 
concentration of 0.01 mM. .................................................... 351 

Figure D.61. UV-Vis spectrum of Co-N3-EP solvated in DMF at a 
concentration of 0.01 mM. .................................................... 351 

Figure D.62. UV-Vis spectrum of Co-N3-PA solvated in DMF at a 
concentration of 0.01 mM. .................................................... 352 

Figure D.63. Thermogravimetric analysis of Co-ppgy from 30-600 °C as 
synthesized (black) and solvent exchanged with MeOH (red).
 .............................................................................................. 353 

Figure D.64. Thermogravimetric analysis of Co-N3 from 30-600 °C as 
synthesized (black) and solvent exchanged with MeOH (red).
 .............................................................................................. 353 

Figure D.65. Thermogravimetric analysis of Co-ppgy-3AP from 30-600 °C 
after being solvent exchanged with MeOH. .......................... 354 

Figure D.66. Thermogravimetric analysis of Co-ppgy-6AH from 30-600 °C 
after being solvent exchanged with MeOH. .......................... 354 

Figure D.67. Thermogravimetric analysis of Co-N3-PrOH from 30-600 °C 
after being solvent exchanged with MeOH. .......................... 355 

Figure D.68. Thermogravimetric analysis of Co-N3-EP from 30-600 °C after 
being solvent exchanged with MeOH.................................... 355 

Figure D.69. Thermogravimetric analysis of Co-N3-PA from 30-600 °C after 
being solvent exchanged with MeOH.................................... 356 

Figure D.70. Full BET isotherm (top) of Co-ppgy cage (CO2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-ppgy. The slope of the best fit 
line (bottom right) for P/P0 < 0.279 is 0.3328 and the y-
intercept is 0.0055, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 308 m2/g to CO2. ............................................................... 357 



 xlvi 

Figure D.71. Full BET isotherm (top) of Co-N3 cage (CO2) activated at 100 
°C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-N3. The slope of the best fit line 
(bottom right) for P/P0 < 0.187 is 0.4262 and the y-intercept is 
0.0039, which satisfies the second BET consistency criterion. 
This results in a measured surface area of 240 m2/g to CO2. 358 

Figure D.72. Full BET isotherm (top) of Co-ppgy-3AP cage (N2) activated 
at 100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-ppgy-3AP. The slope of the best 
fit line (bottom right) for P/P0 < 0.123 is 0.471 and the y-
intercept is 0.0010, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 207 m2/g to N2. .................................................................. 359 

Figure D.73. Full BET isotherm (top) of Co-ppgy-3AP cage (CO2) activated 
at 100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-ppgy-3AP. The slope of the 
best fit line (bottom right) for P/P0 < 0.188 is 0.6701 and the 
y-intercept is 0.0084, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 153 m2/g to CO2. ............................................................... 360 

Figure D.74. Full BET isotherm (top) of Co-ppgy-6AH cage (N2) activated 
at 100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-ppgy-6AH. The slope of the best 
fit line (bottom right) for P/P0 < 0.202 is 0.4978 and the y-
intercept is 0.0026, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 196 m2/g to N2. .................................................................. 361 



 xlvii 

Figure D.75. Full BET isotherm (top) of Co-ppgy-6AH cage (CO2) activated 
at 100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-ppgy-6AH. The slope of the 
best fit line (bottom right) for P/P0 < 0.234 is 0.8136 and the 
y-intercept is 0.0126, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 126 m2/g to CO2. ............................................................... 362 

Figure D.76. Full BET isotherm (top) of Co-N3-PrOH cage (N2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-N3-PrOH. The slope of the best 
fit line (bottom right) for P/P0 < 0.110 is 2.6409 and the y-
intercept is 0.0121, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 37 m2/g to N2. .................................................................... 363 

Figure D.77. Full BET isotherm (top) of Co-N3-PrOH cage (CO2) activated 
at 100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-N3-PrOH. The slope of the best 
fit line (bottom right) for P/P0 < 0.143 is 0.808 and the y-
intercept is 0.0163, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 127 m2/g to CO2. ............................................................... 364 

Figure D.78. Full BET isotherm (top) of Co-N3-EP cage (N2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-N3-EP. The slope of the best fit 
line (bottom right) for P/P0 < 0.110 is 0.5452 and the y-
intercept is 0.0021, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 179 m2/g to N2. .................................................................. 365 



 xlviii 

Figure D.79. Full BET isotherm (top) of Co-N3-EP cage (CO2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-N3-EP. The slope of the best 
fit line (bottom right) for P/P0 < 0.188 is 0.8722 and the y-
intercept is 0.0112, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 117 m2/g to CO2. ............................................................... 366 

Figure D.80. Full BET isotherm (top) of Co-N3-PA cage (N2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-N3-PA. The slope of the best fit 
line (bottom right) for P/P0 < 0.0960 is 0.4416 and the y-
intercept is 0.0010, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 221 m2/g to N2. .................................................................. 367 

Figure D.81. Full BET isotherm (top) of Co-N3-PA cage (CO2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-N3-PA. The slope of the best 
fit line (bottom right) for P/P0 < 0.188 is 0.8177 and the y-
intercept is 0.0113, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 125 m2/g to CO2. ............................................................... 368 

Figure D.82. UPLC chromatogram (left) and mass spectrum (right) of Zr(5-
ppgy) cage. ........................................................................... 370 

Figure D.83. UPLC chromatogram (left) and mass spectrum (right) of 
Zr(2,5-dippgy) cage............................................................... 370 

Figure D.84. UPLC chromatogram (left) and mass spectrum (right) of Zr(5-
N3) cage. ............................................................................... 371 

Figure D.85. Mass spectrum of Zr(5-N3) cage exposed to click reaction 
conditions with triethylamine and CuI in acetonitrile. ............ 371 



 xlix 

Figure D.86. Scanning electron microscopy images of Co-ppgy at 1 um (top 
left), 200 nm (top right), 1 um (bottom left), and 200 nm 
(bottom right). ....................................................................... 372 

Figure D.87. Scanning electron microscopy images of Co-N3 at 1 um (top 
left), 1 um (top right), 200 nm (bottom left), and 200 nm 
(bottom right). ....................................................................... 373 

Figure D.88. Scanning electron microscopy images of Co-ppgy-3AP at 1 
um (top left), 200 nm (top right), 200 nm (bottom left), and 200 
nm (bottom right). ................................................................. 374 

Figure D.89. Scanning electron microscopy images of Co-ppgy-6AH at 1 
um(top left), 200 nm (top right), 200 nm (bottom left), and 200 
nm (bottom right). ................................................................. 375 

Figure D.90. Scanning electron microscopy images of Co-N3-PrOH at 10 
um (top left), 1 um (top right), 1 um (bottom left), and 200 nm 
(bottom right). ....................................................................... 376 

Figure D.91. Scanning electron microscopy images of Co-N3-EP at 1 um 
(top left), 200 nm (top right), 200 nm (bottom left), and 100 nm 
(bottom right). ....................................................................... 377 

Figure D.92. Scanning electron microscopy images of Co-N3-PA at 1 um 
(top right), 200 nm (top right), 200 nm (bottom left), and 200 
nm (bottom right). ................................................................. 378 

Figure D.93. Single crystal structural depictions of Co-ppgy. .................... 384 

Figure D.94. Single crystal structural depictions of Co-N3. ........................ 384 

Figure D.95. Single crystal structural depictions of Zr(5-N3). ..................... 385 

Figure D.96. Single crystal structural depiction of Zr(5-ppgy). ................... 385 

Figure D.97. Single crystal structural depiction of Zr(2,5-dippgy). ............. 386 

Figure E.1. 1H-NMR (400 MHz, CDCl3) spectrum of p-tert-
butylthiacalix[4]arene. ........................................................... 387 

Figure E.2. 1H-NMR (400 MHz, DMSO-d6) spectrum of p-tert-
butylsulfonylcalix[4]arene ...................................................... 388 



 l 

Figure E.3. Digested 1H-NMR (600 MHz, DMSO-d6) spectrum of Co-NH2.
 .............................................................................................. 389 

Figure E.4. Digested 1H-NMR (600 MHz, DMSO-d6) spectrum of Co-NH2-
Ac.......................................................................................... 390 

Figure E.5. Digested 1H-NMR (600 MHz, DMSO-d6) spectrum of Co-NH2-
Hx. ........................................................................................ 391 

Figure E.6. Digested 1H-NMR (600 MHz, DMSO-d6) spectrum of Mg-NH2.
 .............................................................................................. 392 

Figure E.7. Digested 1H-NMR (600 MHz, DMSO-d6) spectrum of Mg-NH2-
Ac.......................................................................................... 393 

Figure E.8. Digested 1H-NMR (600 MHz, DMSO-d6) spectrum of Mg-NH2-
Hx. ........................................................................................ 394 

Figure E.9. Digested 1H-NMR (600 MHz, DMSO-d6) spectrum of Co-Br. 395 

Figure E.10. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Co-Br-
Naph. .................................................................................... 396 

Figure E.11. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Co-Br-
MP. ....................................................................................... 397 

Figure E.12. Digested 1H-NMR (600 MHz, DMSO-d6) spectrum of Mg-Br. 398 

Figure E.13. Digested 1H-NMR (600 MHz, DMSO-d6) spectrum of Mg-Br-
Naph. .................................................................................... 399 

Figure E.14. Digested 1H-NMR (400 MHz, DMSO-d6) spectrum of Mg-Br-
MP. ....................................................................................... 400 

Figure E.15. DOSY NMR spectroscopy data of Mg-NH2 cage in DMF-d7. 
Plot of peak areas as a function of x ‎‏ὋςὈЎ Ⱦσ‏   
with exponential fits corresponding to Eqn S1 (Top Left). 
Diffusion plot of the experiment illustrating diffusion 
coefficients and corresponding chemical shifts of the signals 
(Top Right). Stacked raw 1H NMR spectroscopy data and 
integration windows used for fits (Bottom). ........................... 402 



 li 

Figure E.16. DOSY NMR spectroscopy data of Mg-NH2-Hx cage in DMF-
d7. Plot of peak areas as a function of x ‎‏ὋςὈЎ Ⱦσ‏   
with exponential fits corresponding to Eqn S1 (Top Left). 
Diffusion plot of the experiment illustrating diffusion 
coefficients and corresponding chemical shifts of the signals 
(Top Right). Stacked raw 1H NMR spectroscopy data and 
integration windows used for fits (Bottom). ........................... 403 

Figure E.17. DOSY NMR spectroscopy data of Co-Br cage in DMF-d7. Plot 
of peak areas as a function of x ‎‏ὋςὈЎ Ⱦσ‏   with 
exponential fits corresponding to Eqn S1 (Top Left). Diffusion 
plot of the experiment illustrating diffusion coefficients and 
corresponding chemical shifts of the signals (Top Right). 
Stacked raw 1H NMR spectroscopy data and integration 
windows used for fits (Bottom). ............................................. 404 

Figure E.18. DOSY NMR spectroscopy data of Co-Br-Naph cage in DMF-
d7. Plot of peak areas as a function of x ‎‏ὋςὈЎ Ⱦσ‏   
with exponential fits corresponding to Eqn S1 (Top Left). 
Diffusion plot of the experiment illustrating diffusion 
coefficients and corresponding chemical shifts of the signals 
(Top Right). Stacked raw 1H NMR spectroscopy data and 
integration windows used for fits (Bottom). ........................... 405 

Figure E.19. DOSY NMR spectroscopy data of Co-Br-MP cage in DMF-d7. 
Plot of peak areas as a function of x ‎‏ὋςὈЎ Ⱦσ‏   
with exponential fits corresponding to Eqn S1 (Top Left). 
Diffusion plot of the experiment illustrating diffusion 
coefficients and corresponding chemical shifts of the signals 
(Top Right). Stacked raw 1H NMR spectroscopy data and 
integration windows used for fits (Bottom). ........................... 406 

Figure E.20. DOSY NMR spectroscopy data of Mg-Br cage in DMF-d7. Plot 
of peak areas as a function of x ‎‏ὋςὈЎ Ⱦσ‏   with 
exponential fits corresponding to Eqn S1 (Top Left). Diffusion 
plot of the experiment illustrating diffusion coefficients and 
corresponding chemical shifts of the signals (Top Right). 
Stacked raw 1H NMR spectroscopy data and integration 
windows used for fits (Bottom). ............................................. 407 



 lii 

Figure E.21. DOSY NMR spectroscopy data of Mg-Br-Naph cage in DMF-
d7. Plot of peak areas as a function of x ‎‏ὋςὈЎ Ⱦσ‏   
with exponential fits corresponding to Eqn S1 (Top Left). 
Diffusion plot of the experiment illustrating diffusion 
coefficients and corresponding chemical shifts of the signals 
(Top Right). Stacked raw 1H NMR spectroscopy data and 
integration windows used for fits (Bottom). ........................... 408 

Figure E.22. DOSY NMR spectroscopy data of Mg-Br-MP cage in DMF-d7. 
Plot of peak areas as a function of x ‎‏ὋςὈЎ Ⱦσ‏   
with exponential fits corresponding to Eqn S1 (Top Left). 
Diffusion plot of the experiment illustrating diffusion 
coefficients and corresponding chemical shifts of the signals 
(Top Right). Stacked raw 1H NMR spectroscopy data and 
integration windows used for fits (Bottom). ........................... 409 

Figure E.23. Infrared spectrum of 5-propargyl bdc. ................................... 410 

Figure E.24. Infrared spectra of PTBSC4A (black), 5-aminoisophthalic acid 
(red), and Co-NH2 activated at 100 °C (blue). ....................... 410 

Figure E.25. Infrared IR spectra of Co-NH2 activated at 100 °C (black) and 
Co-NH2-Ac activated at 100 °C (blue). .................................. 411 

Figure E.26. Infrared spectra of Co-NH2 activated at 100 °C (black) and Co-
NH2-Hx activated at 100 °C (blue). ....................................... 411 

Figure E.27. Infrared spectra of PTBSC4A (black), 5-aminoisophthalic acid 
(red), and Mg-NH2 activated at 100 °C (blue). ...................... 412 

Figure E.28. Infrared spectra of Mg-NH2 activated at 100 °C (black) and 
Mg-NH2-Ac activated at 100 °C (blue). ................................. 412 

Figure E.29. Infrared spectra of Mg-NH2 activated at 100 °C (black) and 
Mg-NH2-Hx activated at 100 °C (blue). ................................. 413 

Figure E.30. Infrared spectra of PTBSC4A (black), 5-bromoisophthalic acid 
(red), and Co-Br activated at 100 °C (blue)........................... 413 

Figure E.31. Infrared spectra of Co-Br activated at 100 °C (black) and Co-
Br-Naph activated at 100 °C (blue). ...................................... 414 

Figure E.32. Infrared spectra of Co-Br activated at 100 °C (black) and Co-
Br-MP activated at 100 °C (blue). ......................................... 414 



 liii 

Figure E.33. Infrared spectra of PTBSC4A (black), 5-bromoisophthalic acid 
(red), and Mg-Br activated at 100 °C (blue). ......................... 415 

Figure E.34. Infrared spectra of Mg-Br activated at 100 °C (black) and Mg-
Br-Naph activated at 100 °C (blue). ...................................... 415 

Figure E.35. Infrared spectra of Mg-Br activated at 100 °C (black) and Mg-
Br-MP activated at 100 °C (blue). ......................................... 416 

Figure E.36. Thermogravimetric analysis of Co-NH2 from 30-600 °C after 
being activated at 100 °C. ..................................................... 417 

Figure E.37. Thermogravimetric analysis of Co-NH2-Ac from 30-600 °C 
after being activated at 100 °C. ............................................. 417 

Figure E.38. Thermogravimetric analysis of Co-NH2-Hx from 30-600 °C 
after being activated at 100 °C. ............................................. 418 

Figure E.39. Thermogravimetric analysis of Mg-NH2 from 30-600 °C after 
being activated at 100 °C. ..................................................... 418 

Figure E.40. Thermogravimetric analysis of Mg-NH2-Ac from 30-600 °C 
after being activated at 100 °C. ............................................. 419 

Figure E.41. Thermogravimetric analysis of Mg-NH2-Hx from 30-600 °C 
after being activated at 100 °C. ............................................. 419 

Figure E.42. Thermogravimetric analysis of Co-Br from 30-600 °C after 
being activated at 100 °C. ..................................................... 420 

Figure E.43. Thermogravimetric analysis of Mg-Br from 30-600 °C after 
being activated at 100 °C. ..................................................... 420 

Figure E.44. UV-Vis spectrum of Co-NH2 solvated in DMF at a 
concentration of 0.1 mM. ...................................................... 421 

Figure E.45. UV-Vis spectrum of Co-NH2-Ac solvated in DMF at a 
concentration of 0.1 mM. ...................................................... 421 

Figure E.46. UV-Vis spectrum of Co-NH2-Hx solvated in DMF at a 
concentration of 0.1 mM. ...................................................... 422 

Figure E.47. UV-Vis spectrum of Mg-NH2 solvated in DMF at a 
concentration of 0.1 mM. ...................................................... 422 



 liv 

Figure E.48. UV-Vis spectrum of Mg-NH2-Ac solvated in DMF at a 
concentration of 0.1 mM. ...................................................... 423 

Figure E.49. UV-Vis spectrum of Mg-NH2-Hx solvated in DMF at a 
concentration of 0.1 mM. ...................................................... 423 

Figure E.50. UV-Vis spectrum of Co-Br solvated in DMF at a concentration 
of 0.1 mM. ............................................................................. 424 

Figure E.51. UV-Vis spectrum of Co-Br-Naph solvated in DMF at a 
concentration of 0.1 mM (Left) and solid state (right). ........... 424 

Figure E.52. UV-Vis spectrum of Co-Br-MP solvated in DMF at a 
concentration of 0.1 mM (Left) and solid state (right). ........... 425 

Figure E.53. UV-Vis spectrum of Mg-Br solvated in DMF at a concentration 
of 0.032 mM. ......................................................................... 425 

Figure E.54. Full BET isotherm (top) of Co-NH2 cage (N2) activated at 100 
°C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-NH2. The slope of the best fit 
line (bottom right) for P/P0 < 0.120 is 0.2799 and the y-
intercept is 0.0008, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 349 m2/g to N2. .................................................................. 426 

Figure E.55. Full BET isotherm (top) of Co-NH2 cage (CO2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-NH2. The slope of the best fit 
line (bottom right) for P/P0 < 0.235 is 0.3984 and the y-
intercept is 0.0042, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 257 m2/g to CO2. ............................................................... 427 



 lv 

Figure E.56. Full BET isotherm (top) of Co-NH2-Ac cage (N2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-NH2-Ac. The slope of the best 
fit line (bottom right) for P/P0 < 0.0944 is 0.6077 and the y-
intercept is 0.0034, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 161 m2/g to N2. .................................................................. 428 

Figure E.57. Full BET isotherm (top) of Co-NH2-Ac cage (CO2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-NH2-Ac. The slope of the best 
fit line (bottom right) for P/P0 < 0.234 is 0.4732 and the y-
intercept is 0.0049, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 216 m2/g to CO2. ............................................................... 429 

Figure E.58. Full BET isotherm (top) of Co-NH2-Hx cage (N2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-NH2-Hx. The slope of the best 
fit line (bottom right) for P/P0 < 0.121 and > 0.0560 is 0.483 
and the y-intercept is 0.0103, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 202 m2/g to N2. .................................................................. 430 

Figure E.59. Full BET isotherm (top) of Co-NH2-Hx cage (CO2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-NH2-Hx. The slope of the best 
fit line (bottom right) for P/P0 < 0.235 is 0.4671 and the y-
intercept is 0.0046, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 219 m2/g to CO2. ............................................................... 431 



 lvi 

Figure E.60. Full BET isotherm (top) of Mg-NH2 cage (N2) activated at 100 
°C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Mg-NH2. The slope of the best fit 
line (bottom right) for P/P0 < 0.120 is 0.3816 and the y-
intercept is 0.0045, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 256 m2/g to N2. .................................................................. 432 

Figure E.61. Full BET isotherm (top) of Mg-NH2 cage (CO2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Mg-NH2. The slope of the best fit 
line (bottom right) for P/P0 < 0.236 is 0.3835 and the y-
intercept is 0.0039, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 267 m2/g to CO2. ............................................................... 433 

Figure E.62. Full BET isotherm (top) of Mg-NH2-Ac cage (CO2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Mg-NH2-Ac. The slope of the best 
fit line (bottom right) for P/P0 < 0.158 is 0.0099 and the y-
intercept is 0.0225, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 98 m2/g to CO2. ................................................................. 434 

Figure E.63. Full BET isotherm (top) of Mg-NH2-Hx cage (N2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Mg-NH2-Hx. The slope of the best 
fit line (bottom right) for P/P0 < 0.189 is 1.5608 and the y-
intercept is 0.0491, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 63 m2/g to N2. .................................................................... 435 



 lvii 

Figure E.64. Full BET isotherm (top) of Mg-NH2-Hx cage (CO2) activated 
at 100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Mg-NH2-Hx. The slope of the best 
fit line (bottom right) for P/P0 < 0.279 is 0.8045 and the y-
intercept is 0.0116, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 127 m2/g to CO2. ............................................................... 436 

Figure E.65. Full BET isotherm (top) of Co-Br cage (N2) activated at 100 
°C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-Br. The slope of the best fit line 
(bottom right) for P/P0 < 0.0945 is 0.3176 and the y-intercept 
is 0.0012, which satisfies the second BET consistency 
criterion. This results in a measured surface area of 307 m2/g 
to N2. ..................................................................................... 437 

Figure E.66. Full BET isotherm (top) of Co-Br cage (CO2) activated at 100 
°C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-Br. The slope of the best fit line 
(bottom right) for P/P0 < 0.235 is 0.3776 and the y-intercept is 
0.0034, which satisfies the second BET consistency criterion. 
This results in a measured surface area of 271 m2/g to CO2. 438 

Figure E.67. Full BET isotherm (top) of Co-Br-Naph cage (N2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-Br-Naph. The slope of the best 
fit line (bottom right) for P/P0 < 0.102 is 0.2655 and the y-
intercept is 0.0005, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 367 m2/g to N2. .................................................................. 439 



 lviii 

Figure E.68. Full BET isotherm (top) of Co-Br cage (CO2) activated at 100 
°C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-Br. The slope of the best fit line 
(bottom right) for P/P0 < 0.235 is 0.4095 and the y-intercept is 
0.0040, which satisfies the second BET consistency criterion. 
This results in a measured surface area of 250 m2/g to CO2. 440 

Figure E.69. Full BET isotherm (top) of Co-Br-MP cage (N2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Co-Br-MP. The slope of the best fit 
line (bottom right) for P/P0 < 0.090 is 0.3235 and the y-
intercept is 0.0006, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 301 m2/g to N2. .................................................................. 441 

Figure E.70. Full BET isotherm (top) of Co-Br cage (CO2) activated at 100 
°C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Co-Br. The slope of the best fit line 
(bottom right) for P/P0 < 0.280 is 0.5396 and the y-intercept is 
0.0062, which satisfies the second BET consistency criterion. 
This results in a measured surface area of 190 m2/g to CO2. 442 

Figure E.71. Full BET isotherm (top) of Mg-Br cage (N2) activated at 100 
°C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Mg-Br. The slope of the best fit line 
(bottom right) for P/P0 < 0.0967 is 0.7244 and the y-intercept 
is 0.0067, which satisfies the second BET consistency 
criterion. This results in a measured surface area of 135 m2/g 
to N2. ..................................................................................... 443 



 lix 

Figure E.72. Full BET isotherm (top) of Mg-Br cage (CO2) activated at 100 
°C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Mg-Br. The slope of the best fit line 
(bottom right) for P/P0 < 0.189 is 0.4884 and the y-intercept is 
0.0040, which satisfies the second BET consistency criterion. 
This results in a measured surface area of 210 m2/g to CO2. 444 

Figure E.73. Full BET isotherm (top) of Mg-Br-Naph cage (N2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for the Mg-Br-Naph. The slope of the best 
fit line (bottom right) for P/P0 < 0.169 is 5.0372 and the y-
intercept is 0.1257, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 19 m2/g to N2. .................................................................... 445 

Figure E.74. Full BET isotherm (top) of Mg-Br-Naph cage (CO2) activated 
at 100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Mg-Br-Naph. The slope of the best 
fit line (bottom right) for P/P0 < 0.413 and > 0.0274 is 4.2655 
and the y-intercept is 0.0040, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 24 m2/g to CO2. ................................................................. 446 

Figure E.75. Full BET isotherm (top) of Mg-Br-MP cage (CO2) activated at 
100 °C under flowing N2. Plot of n(1-P/P0) vs. P/P0 (bottom 
left) to determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Mg-Br-MP. The slope of the best 
fit line (bottom right) for P/P0 < 0.413 is 6.2991 and the y-
intercept is 0.2393, which satisfies the second BET 
consistency criterion. This results in a measured surface area 
of 16 m2/g to CO2. ................................................................. 447 

Figure E.76. Pictorial depictions of the ligand structures used in HTE 
procedures with labels. ......................................................... 449 

Figure E.77. Visualization of Ni-Catalyzed Suzuki-Miyaura screen. .......... 451 



 lx 

Figure E.78. Visualization of water loading effects in Pd-catalyzed reaction.
 .............................................................................................. 453 

Figure E.79. Visualization of catalyst loading evaluation. .......................... 457 

Figure E.80. Single crystal structural depiction of Co-NH2. ....................... 468 

Figure E.81. Single crystal structural depiction of Co-NH2-Ac. .................. 468 

Figure E.82. Single crystal structural depiction of Mg-NH2 with 
dimethylammonium counterions. .......................................... 468 

Figure E.83. Single crystal structural depiction of Co-Br. .......................... 469 

Figure E.84. Single crystal structural depiction of Mg-Br with 
dimethylammonium counterions. .......................................... 469 

Figure F.1. 1H NMR spectrum of dibromoacetylamidobenzene in DMSO-
d6. ......................................................................................... 470 

Figure F.2. 1H NMR spectrum of H2NH2bdb in DMSO-d6. ....................... 471 

Figure F.3. 1H NMR spectrum of H2
tbu-NH(CO)-bdb in DMSO-d6. ......... 472 

Figure F.4. 1H NMR spectrum of H2DP-NH(CO)-bdb in DMSO-d6. ......... 473 

Figure F.5. 1H NMR spectrum of H2Lauro-NH(CO)-bdb in DMSO-d6. ..... 474 

Figure F.6. NMR of 5-hydroxy-1,3-phenyldiboronic acid, bis(pinacol 
ester) in CDCl3. ..................................................................... 475 

Figure F.7. NMR of 6,6ô-(5-hydroxy-1,3-phenylene)dipicolinic acid in 
DMSO-d6. ............................................................................. 476 

Figure F.8. 1H NMR analysis of dimethyl-5-methyl-isophthalate. ............ 477 

Figure F.9. 1H NMR analysis of dimethyl-5-bromomethyl-isophthalate. .. 478 

Figure F.10. 1H NMR analysis of 5-bromomethyl-isophthalic acid. ........... 479 

Figure F.11. 1H NMR analysis of 5-((1-methyl-1H-imidazol-3-ium-3-
yl)methyl)-isophthalic acid. .................................................... 480 

Figure F.12. 1H-NMR of H3BTTri (400 MHz, DMSO-d6): 8.466 (s, 3H), 8.33 
(s, 3H), 5.712 (s, 3H). ........................................................... 481 



 lxi 

Figure F.13. 1H-NMR spectrum of 1 eq. of Mo4(hdp)4 made soluble in 

DMSO-d6 upon addition of 0.5 eq. of 1M TBAF in THF. ........ 482 

Figure F.14. 19F-NMR spectrum of 1 eq. of Mo4(hdp)4 made soluble in 

DMSO-d6 upon addition of 0.5 eq. of 1M TBAF in THF (red) 
vs. 1M TBAF in DMSO-d6 (blue). .......................................... 483 

Figure F.15. 1H-NMR spectrum of as-synthesized H[Mo4(hdp)4F] crystals 
which were digested with 2 drops of DCl in DMSO-d6 in order 
to determine removal of TBA peaks. The as-synthesized 
material has half of a TBA molecule per cage which is not 
seen in the crystal structure due to the presence of MeOH. . 484 

Figure F.16. 19F-NMR spectrum of as-synthesized H[Mo4(hdp)4F] crystals 
which were digested with 2 drops of DCl in DMSO-d6 in order 
to determine residual fluorine. ............................................... 485 

Figure F.17. 1H-NMR spectrum of MeOH washed H[Mo4(hdp)4F] crystals 
which were digested with 2 drops of DCl in DMSO-d6 in order 
to determine removal of TBA peaks. ..................................... 486 

Figure F.18. 19F-NMR spectrum of MeOH washed H[Mo4(hdp)4F] crystals 
which were digested with 2 drops of DCl in DMSO-d6 in order 
to determine residual fluorine. ............................................... 487 

Figure F.19. 1H-NMR spectrum of TBAF recovered Mo4(hdp)4 with MeOH 
which was digested with 2 drops of DCl in DMSO-d6 in order 
to determine removal of TBAF peaks. The original Mo4(adp)4 

was recovered from the solution of 2 eq. of 1M TBAF in DMSO 
via addition of MeOH to precipitate out starting cage, followed 
by a 3x MeOH wash.............................................................. 488 

Figure F.20. 1H-NMR spectrum of TBAF recovered Mo4(hdp)4 with Et2O 

which was digested with 2 drops of DCl in DMSO-d6 in order 
to determine presence of TBA after recovery with a 
noncoordinating solvent. The original Mo4(hdp)4 was 
recovered from the solution of 2 eq. of TBAF in DMSO via 
addition of Et2O to precipitate out cage, followed by a 3x Et2O 
wash. .................................................................................... 489 



 lxii 

Figure F.21. 19F-NMR spectrum of TBAF recovered Mo4(hdp)4 with Et2O 

which was digested with 2 drops of DCl in DMSO-d6 after 
recovery with a noncoordinating solvent. The original 
Mo4(hdp)4 was recovered from the solution of 2 eq. of TBAF 
in DMSO via addition of Et2O to precipitate out cage, followed 
by a 3x Et2O wash. ............................................................... 490 

Figure F.22. Stacked 19F-NMR spectra of TBAF recovered Mo4(hdp)4 

(blue), Mo4(adp)4 (green) and Mo4(tdp)4 (red) digested with 2 
drops of DCl in DMSO-d6. Due to the production of acidic 
water during the digestion, an HF peak can be seen around -
167 ppm in addition to bifluoride around -140 ppm. .............. 491 

Figure F.23. 1H-NMR spectrum of 1 eq. of Mo24(5-OH-bdc)24 made soluble 
in DMF-d7 upon addition of 2 eq. of TBACl. .......................... 492 

Figure F.24. 1H-NMR spectrum of Mo24(5-OH-bdc)24 TBACl recovered 
from MeOH which was digested with 2 drops of DCl in DMSO-
d6 in order to determine removal of TBA peaks. The original 
Mo24(5-OH-bdc)24 was recovered from the solution of 2 eq. of 
TBACl in DMF via addition of MeOH to precipitate out starting 
cage, followed by a 3x MeOH wash. ..................................... 493 

Figure F.25. 1H-NMR spectrum of 100 °C activated Mo24(5-OH-bdc)24 

TBACl recovered from Et2O which was digested with 2 drops 
of DCl in DMSO-d6 in order to determine presence of TBA 
after recovery with a noncoordinating solvent. The original 
Mo24(5-OH-bdc)24 was recovered from the solution of 2 eq. of 
TBACl in DMF via addition of Et2O to precipitate out cage, 
followed by a 3x Et2O wash. This shows that there are 13 
TBA+ molecules per cage. .................................................... 494 

Figure F.26. 1H-NMR spectrum of Mo24(5-OH-bdc)24 TBACl recovered 
from THF which was digested with 2 drops of DCl in DMSO-
d6 in order to determine presence of TBA after recovery with 
a noncoordinating solvent. The original Mo24(5-OH-bdc)24 was 
recovered from the solution of 2 eq. of TBACl in DMF via 
addition of THF to precipitate out cage, followed by a 3x THF 
wash. .................................................................................... 495 



 lxiii 

Figure F.27. 1H-NMR spectrum of Mo24(5-OH-bdc)24 TBACl recovered 
from benzene which was digested with 2 drops of DCl in 
DMSO-d6 in order to determine presence of TBA after 
recovery with a noncoordinating solvent. The original Mo24(5-
OH-bdc)24 was recovered from the solution of 2 eq. of TBACl 
in DMF via addition of benzene to precipitate out cage, 
followed by a 3x benzene wash. ........................................... 496 

Figure F.28. 1H NMR analysis of [Mo24(5-OH-bdc)24][Mo24(5-MImid-
bdc)24]Cl24 activated at 25 °C which was digested with 2 drops 
of DCl in DMSO-d6 in order to determine the 1:1 ratio of the 
two cages. ............................................................................. 497 

Figure F.29. Stacked 1H-NMR spectrum of Mo24(5-MImid-bdc)24 activated 
at 25 °C (red), [Mo24(5-OH-bdc)24][Mo24(5-MImid-bdc)24]Cl24 
activated at 25 °C (green) and Mo24(5-OH-bdc)24 activated at 
100 °C (blue) which was digested with 2 drops of DCl in 
DMSO-d6. The star indicates residual benzene. ................... 498 

Figure F.30. 1H NMR analysis of [Mo4(hdp)4]3.25[Mo24(5-MImid-bdc)24]F24 

activated at 25 °C which was digested with 2 drops of DCl in 
DMSO-d6 in order to determine the ratio of the two cages. 
NMR determines a 3.25:1 ratio of Mo4(hdp)4:Mo24(5-MImid-
bdc)24. ................................................................................... 499 

Figure F.31. 19F NMR analysis of [Mo4(hdp)4]3.25[Mo24(5-MImid-bdc)24]F24 

which was digested with 2 drops of DCl in DMSO-d6 in order 
to determine the bound fluorine. ........................................... 500 

Figure F.32. Stacked 1H-NMR spectrum of activated Mo24(5-MIm-bdc)24 
(red), [Mo4(hdp)4]3.25[Mo24(5-MImid-bdc)24]F24 (green) and 
Mo4(hdp)4 (blue) which were digested with 2 drops of DCl in 
DMSO-d6. ............................................................................. 501 

Figure F.33. 1H NMR (400 MHz, CDCl3) of [Fe4OHsc4a)6(BTTri)8]6- (red), 
[(Fe4OHsc4a)6(BTTri)8]6- activated at 300 °C (green), 
[(Fe4OHsc4a)6(BTTri)8]6- in DMF activated at 300 °C (light 
blue), [(Fe4OHsc4a)6(BTTri)8]6- in chloroform activated at 300 
°C (purple). ........................................................................... 502 

Figure F.34. MALDI-TOF of the [(Fe4OHsc4a)6(BTTri)8]6- in DCM. ........... 503 



 lxiv 

Figure F.35. A) Crystal structure of 1-D coordination polymer [Cu2(tBu-
NH(CO)-bdb)2(Py)4]n (648); B) unit cell of [Cu2(tBu-NH(CO)-
bdb)2(Py)4]n coordination polymer viewed from the A-axis. The 
cell contains 2 copper atoms, 4 tBu-NH(CO)-bdb ligands, and 
4 coordinated pyridine molecules; C) side view of crystal 
packing structure for the color coded [Cu2(tBu-NH(CO)-
bdb)2(Py)4]n chains. Arenes of the tBu-NH(CO)-bdb ligands 
are close enough (<3.9 Å) to indicate pi interactions as the 
dominating intermolecular force in the structure; D) axis view 
of the crystal packing structure for the color coded [Cu2(tBu-
NH(CO)-bdb)2(Py)4]n chains. Coordinated pyridine molecules 
do not appear to participate in any supramolecular 
interactions. .......................................................................... 516 

Figure F.36. Crystal structure of 1-D framework of Cu4(DP-NH(CO)-bdb)4 
and monomeric unit (individual cage) of Cu4(DP-NH(CO)-
bdb)4 viewed down the A-axis (Top). The cell contains 2 
copper atoms, and 4 DP-NH(CO)-bdb ligands; C) side view of 
crystal packing structure for the color coded Cu4(DP-NH(CO)-
bdb)4 chains; D) an alternate view of the crystal packing 
structure for the color coded Cu4(DP-NH(CO)-bdb)4 chains 
viewed down the axis of the chains. ..................................... 517 

Figure F.37. A) Crystal structure of Cu4(DP-NH(CO)-bdb)4(Py) cages 
recrystallized from DMF and pyridine; B) Packing structure of 
Cu4(DP-NH(CO)-bdb)4(Py) cages viewed down the B-axis; C) 
Packing structure of Cu4(DP-NH(CO)-bdb)4 cages viewed 
down the A-axis; D) Packing structure of Cu4(DP-NH(CO)-
bdb)4(Py) cages viewed down the C-axis. ............................ 518 

Figure F.38. A) Crystal structure of Mo4(DP-NH(CO)-bdb)4 cages; B) 
Packing structure of Mo4(DP-NH(CO)-bdb)4 cages illustrating 
how each layer of cages sit orthogonal to each other; C) 
Packing structure of Mo4(DP-NH(CO)-bdb)4 cages viewed 
down the A-axis; D) Packing structure of Mo4(DP-NH(CO)-
bdb)4 cages viewed down the C-axis, also illustrating how 
layers of cages sit orthogonal to each other. ........................ 519 



 lxv 

Figure F.39. A) Crystal structure of the [Cu(DP-NH(CO)-bdb)(Py)3]n 
monomeric unit; B) Crystal structure of the [Cu(DP-NH(CO)-
bdb)(Py)3]n coordination polymer; C) Side view of the packing 
structure of the color-coded [Cu(DP-NH(CO)-bdb)(Py)3]n 
coordination polymer; D) Color-coded packing structure of the 
[Cu(DP-NH(CO)-bdb)(Py)3]n coordination polymer viewed 
down the axis of the chains. .................................................. 520 

Figure F.40. A) Crystal structure of the monomeric Cu4(Lauro-NH(CO)-
bdb)4 cage; B) Crystal structure of the Cu4(Lauro-NH(CO)-
bdb)4 1-D framework viewed down the B-axis; C) Packing 
structure of Cu4(DP-NH(CO)-bdb)4 1-D framework viewed 
down the B-axis; D) Packing structure of Cu4(Lauro-NH(CO)-
bdb)4  cages viewed down the axis of the chains. ................ 521 

Figure F.41. (Left) X-ray crystal structure of Mo4(hdp)4 depicted with 
methanol coordinated to the outside of the orange 
molybdenum(II) paddlewheels and a dimethylammonium 
cation present counterbalanced by a deprotonated hydroxyl 
group. (Right) X-ray crystal structure of H[Mo4(hdp)4F]. 
Fluorine is coordinated in between the orange 
molybdenum(II) paddlewheels. Methanol washed away any 
tetrabutylammonium cation present; therefore, the cage is 
charge balanced by a proton. ............................................... 522 

Figure F.42. X-ray crystal structure of Mo24(5-OH-bdc)24 recrystallized from 
a layering of MeOH on a solution of 1 eq. of dissolved Mo24(5-
OH-bdc)24 in DMF using 2 eq. PPNCl (Left). Packing of the 
cages viewed down the C-axis (Right). ................................. 523 

Figure F.43. X-ray crystal structure of [Mo24(5-OH-bdc)24][Mo24(5-MImid-
bdc)24]Cl24 viewed down the B-axis (Top). Packing of the 
cages viewed down the B-axis where blue spheres represent 
the positively charged Mo24(5-MImid-bdc)24 and red spheres 
represent the negatively charged Mo24(5-OH-bdc)24 (Bottom). 
Hydroxyl-metal interactions of the 5-hydroxy-isophthalic acid 
of the Mo24(5-OH-bdc)24 cage to the M-M paddlewheel of the 
Mo24(5-MImid-bdc)24 cage characterize this polymeric 
structure. ............................................................................... 524 



 lxvi 

Figure F.44. X-ray crystal structure of [Mo4(hdp)4]3.25[Mo24(5-MImid-
bdc)24]F24 viewed down the B-axis (Top). Packing of the cages 
viewed down the A-axis where blue spheres represent the 
positively charged Mo24(5-MImid-bdc)24 (Bottom). Poor 
diffraction of this single crystal doesnôt allow for resolution of 
the 5-MImid-bdc ligands and the H2hdp ligands. .................. 525 

Figure F.45. (a) Solid-state structure of octahedral cage 
[(Fe4OHsc4a)6(BTTri)8]6- in space filling model. (b) Cage-cage 
interactions are governed by the tert-butyl groups on the 
cluster. .................................................................................. 526 

Figure F.46. (a) Solid-state structure of octahedral cage 
[(Co4OHsc4a)6(BTTri)8]6-) (isostructural with 
[(Fe4OHsc4a)6(BTTri)8]6-) (b) Structure of octahedral cage of 
[(Co4OHsc4a)6(BTTri)8]6- in space filling model. (c) Cage-cage 
interactions are governed by the tert-butyl groups on the 
cluster. .................................................................................. 526 

Figure F.47. (a) Solid-state structure of truncated octahedral cage of 
[(Co4OHsc4a)4(BDTri)8]4- in space filling model. (b) Cage-
cage interactions are governed by the tert-butyl groups on the 
cluster. .................................................................................. 527 

Figure F.48. PXRD of simulated Mo4(tdp)4 (blue), Mo4(tdp)4 MeOH washed 
(black), Mo4(tdp)4 MeOH recovered from TBAF in DMF 
(green) and Mo4(tdp)4 MeOH recovered from TBAF in DMSO 
(red) via crashing out with MeOH and washing three times. . 529 

Figure F.49. PXRD of simulated Mo4(adp)4 (blue), Mo4(adp)4 MeOH 
washed (black) and Mo4(adp)4 MeOH recovered from TBAF 
in DMF via crashing out with MeOH and washing three times 
(green). ................................................................................. 529 

Figure F.50. PXRD of simulated Mo4(hdp)4 (blue), Mo4(hdp)4 MeOH 
washed (black) and Mo4(hdp)4 MeOH recovered from TBAF 
in DMSO via crashing out with MeOH and washing three times 
(red). ..................................................................................... 530 

Figure F.51. PXRD of simulated [(Fe4OHsc4a)6(BTTri)8]6- (black), as 
synthesized in DMF (blue), and washed with MeOH (red). ... 530 



 lxvii 

Figure F.52. PXRD of simulated [Fe4OHsc4a)6(BTTri)8]6- (black), solvent 
exchanged with MeOH (red) and activated at 150 °C (blue) 
and 300 °C (green). .............................................................. 531 

Figure F.53. PXRD of [Co4OHsc4a)6(BTTri)8]6- (black), as synthesized 
from DMF (red), solvent exchanged with MeOH (blue) and 
activated at 200 °C (green). .................................................. 531 

Figure F.54. PXRD of [Co4OHsc4a)4(BDTri)8]4- (black), as synthesized 
from DMF (red), solvent exchanged with MeOH (blue) and 
activated at 200 °C (green). .................................................. 532 

Figure F.55. PXRD of simulated [(Fe4OHsc4a)6(BTTri)8]6- (black), solvent 
exchanged with MeOH (red) and chloroform (blue), activated 
at 300 °C (green), and recrystallized in chloroform after 
activation at 300 °C (pink). .................................................... 532 

Figure F.56. UV-Vis spectra for 1 eq. of M4L4 cage to 2 eq. 1M TBAF in 
THF dissolved in their respective solvents. ........................... 533 

Figure F.57. UV-Vis spectra for 1 eq. of M24L24 cage to 2 eq. chloride or 
fluoride salt dissolved in their respective solvents. ............... 534 

Figure F.58. Solubility and UV-vis spectrum of [(Fe4OHsc4a)6(BTTri)8]6- (1 
mg in 10 mL solvent)............................................................. 535 

Figure F.59. Infrared transmission spectra of activated Cu4(tBu-NH(CO)-
bdb)4 and Mo4(tBu-NH(CO)-bdb)4 (top left), Cu4(DP-NH(CO)-
bdb)4 and Mo4(DP-NH(CO)-bdb)4 (top right), as well as 
Cu4(Lauro-NH(CO)-bdb)4 and Mo4(Lauro-NH(CO)-bdb)4 
(bottom). Air sensitive materials were mixed with inert oil and 
the spectra of the oil itself was subtracted out. ..................... 536 

Figure F.60. Infrared spectra of Mo4(hdp)4 MeOH washed (blue), 
Mo4(hdp)4 post 25 °C vacuum activation (black) and 
Mo4(hdp)4 MeOH recovered from TBAF in DMSO (red) after 
washing with MeOH and post 25 °C vacuum activation. ....... 537 

Figure F.61. Infrared spectra of Mo24(5-OH-bdc)24 MeOH washed (blue), 
Mo24(5-OH-bdc)24 post 100 °C vacuum activation (black) and 
Mo24(5-OH-bdc)24 MeOH recovered from TBACl in DMF 
(orange) after washing with MeOH and post 100 °C vacuum 
activation. .............................................................................. 537 



 lxviii 

Figure F.62. Infrared spectra of Mo24(5-OH-bdc)24 MeOH washed (red), 
[Mo24(5-OH-bdc)24][Mo24(5-MImid-bdc)24]Cl24 MeOH washed 
(green) and Mo24(5-MImid-bdc)24 Et2O washed (blue) (Left). 
Zoomed in IR spectra with dotted lined indicating which peaks 
are characteristic of each cage (Right). ................................ 538 

Figure F.63. Infrared spectra of Mo4(hdp)4 MeOH washed (red), 
[Mo4(hdp)4]3.25[Mo24(5-MImid-bdc)24]F24 MeOH washed 
(green) and Mo24(5-MImid-bdc)24 Et2O washed (blue). 
Zoomed in IR spectra with dotted lined indicating which peaks 
are characteristic of each cage (Right). ................................ 538 

Figure F.64. IR spectrum of [(Fe4OHsc4a)6(BTTri)8]6-. .............................. 539 

Figure F.65. IR of [(Fe4OHsc4a)6(BTTri)8]6- (red) in methanol (green) in 
chloroform (blue) activated at 300 °C (baby blue) 
recrystallized in chloroform and activated at 300°C. ............. 539 

Figure F.66. Thermogravimetric analysis of methanol washed Mo4(hdp)4 
(black) vs. activated Mo4(hdp)4 recovered from TBAF (red).. 540 

Figure F.67. Thermogravimetric analysis of MeOH washed Mo24(5-OH-
bdc)24 (black) vs. MeOH washed Mo24(5-OH-bdc)24 MeOH 
recovered from TBACl (red). ................................................. 540 

Figure F.68. Thermogravimetric analysis of MeOH washed Mo24(5-OH-
bdc)24 (red) vs. [Mo24(5-OH-bdc)24][Mo24(5-MImid-bdc)24]Cl24 

MeOH washed (green) and Mo24(5-MImid-bdc)24 Et2O 
washed (blue). ...................................................................... 541 

Figure F.69. Thermogravimetric analysis of MeOH washed Mo4(hdp)4 (red) 
vs. [Mo4(hdp)4]3.25[Mo24(5-MImid-bdc)24]F24 MeOH washed 
(green) and Mo24(5-MImid-bdc)24 Et2O washed (blue). ......... 541 

Figure F.70. Thermogravimetric analysis of [(Fe4OHsc4a)6(BTTri)8]6-. ..... 542 

Figure F.71. Thermogravimetric analysis of [(Co4OHsc4a)6(BTTri)8]6-. ..... 542 

Figure F.72. Thermogravimetric analysis of [(Co4OHsc4a)4(BDTri)8]4-. ..... 543 

Figure F.73. Thermogravimetric analysis of [(Fe4OHsc4a)6(BTTri)8]6- at 
different activation temperatures. .......................................... 543 



 lxix 

Figure F.74. XPS survey spectra (left) and high-resolution fluorine XPS 
spectra (right) of MeOH washed Mo4(hdp)4 (black), Mo4(hdp)4 
Et2O recovered from TBAF (orange), as-synthesized crystals 
of H[Mo4(hdp)4F] (blue) and MeOH washed crystals of 
H[Mo4(hdp)4F] (red). Silicon impurities are present at 102 and 
153 eV. ................................................................................. 544 

Figure F.75. XPS survey spectra (left) and high-resolution chlorine XPS 
spectra (right) of washed Mo24(5-OH-bdc)24 (black), Mo24(5-
OH-bdc)24 MeOH recovered from TBACl (red), Mo24(5-OH-
bdc)24 benzene recovered from TBACl (blue), Mo24(5-OH-
bdc)24 Et2O recovered from TBACl (orange) and Mo24(OH-
bdc)24 THF recovered from TBACl (green). .......................... 545 

Figure F.76. XPS survey spectra (top left), high-resolution chlorine spectra 
(top right) and high-resolution bromine spectra (bottom) of 
THF washed Mo24(5-OH-bdc)24 (red) vs. [Mo24(5-OH-
bdc)24][Mo24(5-MImid-bdc)24]Cl24 as-synthesized (green) vs. 
Mo24(5-MImid-bdc)24 Et2O washed (blue). Bromine related 
peak is present at 181 eV in the survey spectra. Metal-bound 
chloride peak is present at 197.88 eV. .................................. 546 

Figure F.77. XPS survey spectra (top left), high-resolution fluorine spectra 
(top right) and high-resolution bromine spectra (bottom) of 
MeOH washed Mo4(hdp)4 (red) vs. [Mo4(hdp)4]3.25[Mo24(5-
MImid-bdc)24]F24 as-synthesized (green) and Mo24(5-MImid-
bdc)24 Et2O washed (blue). Bromine related peak is present 
at 181 eV in the survey spectra. Silicon impurities are present 
at 102 and 153 eV. Metal-bound fluoride peak is present at 
684.58 eV. ............................................................................ 547 

Figure F.78. XPS survey spectrum (top right) and high-resolution XPS 
spectra of Fe (top middle), N (top left), S (bottom left), O 
(bottom middle), C (bottom left) of [(Fe4OHsc4a)6(BTTri)8]6-. 548 

Figure F.79. SEM image (top) and corresponding EDX mapping (top and 
middle) of [Mo24(5-OH-bdc)24][Mo24(5-MImid-bdc)24]Cl24. In 
the EDX map, orange, green and yellow represent Mo, Cl, and 
Br, respectively. .................................................................... 549 

Figure F.80. SEM image corresponding to THF washed Mo24(5-OH-bdc)24 

(top left), as-synthesized [Mo24(5-OH-bdc)24][Mo24(5-MImid-
bdc)24]Cl24 (top right) and Et2O washed Mo24(5-MImid-bdc)24 
(bottom) demonstrating the different morphologies. ............. 550 



 lxx 

Figure F.81. SEM image (top) and corresponding EDX mapping (middle 
and bottom) of [Mo4(hdp)4]3.25[Mo24(5-MImid-bdc)24]F24. In the 
EDX map, orange and green represent Mo and F, 
respectively. The spectrum signifies the weight percent of the 
elements in the section of material analysed. ....................... 551 

Figure F.82. SEM image corresponding to MeOH washed Mo4(hdp)4 (top 
left), as-synthesized [Mo4(hdp)4]3.25[Mo24(5-MImid-bdc)24]F24 

(top right) and Et2O washed Mo24(5-MImid-bdc)24 (bottom) 
demonstrating the different morphologies. ............................ 552 

Figure F.83. SEM images of the (A) [(Fe4OHsc4a)6(BTTri)8]6- (B) activated 
at 300 °C (C) recrystallized in methanol and activated at 300 
°C (D) recrystallized in chloroform (E) recrystallized in 
chloroform and activated at 300 °C. ...................................... 553 

Figure F.84. Full N2 BET isotherm (top) of [Cu4(tBu-NH(CO)-bdb)4]n cage 
(Top). Plot of n(1-P/P0) vs. P/P0 (bottom left) to determine the 
maximum P/P0 used in the BET linear fit according to the first 
BET consistency criterion for N2 adsorption at 77 K for 
[Cu4(tBu-NH(CO)-bdb)4]n. The slope of the best fit line (bottom 
right) for P/P0 < 0.0741 is 0.1007 and the y-intercept is 0.0004, 
which satisfies the second BET consistency criterion. This 
results in a measured surface area of 969 m2/g to N2. .......... 554 

Figure F.85. CO2 adsorption (solid stars) and desorption (hollow stars) at 
195 K for Cu4(tBu-NH(CO)-bdb)4. ......................................... 555 

Figure F.86. N2 adsorption (solid stars) and desorption (hollow stars) at 77 
K for Mo4(tBu-NH(CO)-bdb)4. ................................................ 555 

Figure F.87. Full CO2 BET isotherm (top) of Cu4(DP-NH(CO)-bdb)4 cage 
(Top). Plot of n(1-P/P0) vs. P/P0 (bottom left) to determine the 
maximum P/P0 used in the BET linear fit according to the first 
BET consistency criterion for CO2 adsorption at 195 K for the 
Cu4(DP-NH(CO)-bdb)4. The slope of the best fit line (bottom 
right) for P/P0 < 0.233 is 0.7070 and the y-intercept is 0.0097, 
which satisfies the second BET consistency criterion. This 
results in a measured surface area of 145 m2/g to CO2. ....... 556 



 lxxi 

Figure F.88. Full CO2 BET isotherm (top) of Mo4(DP-NH(CO)-bdb)4 cage 
(Top). Plot of n(1-P/P0) vs. P/P0 (bottom left) to determine the 
maximum P/P0 used in the BET linear fit according to the first 
BET consistency criterion for CO2 adsorption at 195 K for the 
Mo4(DP-NH(CO)-bdb)4. The slope of the best fit line (bottom 
right) for P/P0 < 0.184 is 0.3853 and the y-intercept is 0.0014, 
which satisfies the second BET consistency criterion. This 
results in a measured surface area of 266 m2/g to CO2. ....... 557 

Figure F.89. Full CO2 BET isotherm (top) of Cu4(Lauro-NH(CO)-bdb)4 cage 
(Top). Plot of n(1-P/P0) vs. P/P0 (bottom left) to determine the 
maximum P/P0 used in the BET linear fit according to the first 
BET consistency criterion for CO2 adsorption at 195 K for the 
Cu4(Lauro-NH(CO)-bdb)4. The slope of the best fit line 
(bottom right) for P/P0 < 0.367 is 1.3893 and the y-intercept is 
0.0566, which satisfies the second BET consistency criterion. 
This results in a measured surface area of 74 m2/g to CO2. . 558 

Figure F.90. Full CO2 BET isotherm (top) of Mo4(Lauro-NH(CO)-bdb)4 
cage (Top). Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for CO2 
adsorption at 195 K for the Mo4(Lauro-NH(CO)-bdb)4. The 
slope of the best fit line (bottom right) for P/P0 < 0.208 is 
1.8963 and the y-intercept is 0.0173, which satisfies the 
second BET consistency criterion. This results in a measured 
surface area of 54 m2/g to CO2. ............................................ 559 

Figure F.91. N2 adsorption (solid stars) and desorption (hollow stars) at 77 
K for Cu4(tBu-NH(CO)-bdb)4(Py). .......................................... 560 

Figure F.92. Full N2 BET isotherm (top) of Cu4(Lauro-NH(CO)-bdb)4(Py) 
cage (Top). Plot of n(1-P/P0) vs. P/P0 (bottom left) to 
determine the maximum P/P0 used in the BET linear fit 
according to the first BET consistency criterion for N2 
adsorption at 77 K for Cu4(Lauro-NH(CO)-bdb)4(Py). The 
slope of the best fit line (bottom right) for P/P0 < 0.164 is 
4.4407 and the y-intercept is 0.0385, which satisfies the 
second BET consistency criterion. This results in a measured 
surface area of 22 m2/g to N2. ............................................... 561 

Figure F.93. CO2 adsorption (solid stars) and desorption (hollow stars) at 
195 K for Cu4(Lauro-NH(CO)-bdb)4(Py). ............................... 562 



 lxxii 

Figure F.94. Full CO2 BET isotherms of Mo4(hdp)4 (black) and Mo4(hdp)4 
MeOH recovered from TBAF (red) activated at 25 °C (bottom).
 .............................................................................................. 562 

Figure F.95. Full N2 BET isotherms (right) of Mo24(5-OH-bdc)24 THF 
washed (black), Mo24(5-OH-bdc)24 MeOH washed (blue) and 
Mo24(5-OH-bdc)24 MeOH recovered from TBACl (orange) 
activated at 100 °C under vacuum. ....................................... 563 

Figure F.96. Full N2 BET isotherms (left) of Mo24(5-OH-bdc)24 THF washed 
100 °C activated (red), [Mo24(5-OH-bdc)24][Mo24(5-MImid-
bdc)24]Cl24 75 °C activated (green), Mo24(5-OH-bdc)24 Et2O 
recovered from TBACl and 100 °C activated (orange) and 
Mo24(5-MImid-bdc)24 25 °C activated (blue). Degas survey of 
[Mo24(5-OH-bdc)24][Mo24(5-MImid-bdc)24]Cl24 acquired by 
increasing the temperature in increments of 25 °C. .............. 563 

Figure F.97. Full N2 (left) and CO2 (right) BET isotherms of Mo4(hdp)4 25 
°C activated (red), [Mo4(hdp)4]3.25[Mo24(5-MImid-bdc)24]F24 25 
°C activated (green) and Mo24(5-MImid-bdc)24 25 °C activated 
(blue). .................................................................................... 564 

Figure F.98. N2 adsorption isotherm at 77 K for [(Fe4OHsc4a)6(BTTri)8]6- 

activated at 150 °C. .............................................................. 564 

Figure F.99. N2 adsorption isotherm at 77 K for [(Fe4OHsc4a)6(BTTri)8]6- 

activated at 300 °C. .............................................................. 565 

Figure F.100. N2 adsorption isotherm at 77 K for [(Fe4OHsc4a)6(BTTri)8]6- in 
methanol activated at 300 °C. ............................................... 565 

Figure F.101. N2 adsorption isotherm at 77 K for [(Fe4OHsc4a)6(BTTri)8]6- in 
chloroform. ............................................................................ 566 

Figure F.102. N2 adsorption isotherm at 77 K for [(Fe4OHsc4a)6(BTTri)8]6- in 
chloroform activated at 300 °C. ............................................. 566 

Figure F.103. Regeneration of [(Fe4OHsc4a)6(BTTri)8]6- from nonporous 
state to parent porous phase again. ..................................... 567 

Figure F.104. N2 adsorption isotherm at 77 K for [(Co4OHsc4a)6(BTTri)8]6- 
activated at 200°C. ............................................................... 567 



 lxxiii 

Figure F.105. N2 adsorption isotherm at 77 K for [(Co4OHsc4a)6(BTTri)8]6- 

activated at 300 °C. .............................................................. 568 

Figure F.106. N2 adsorption isotherm at 77 K for [(Co4OHsc4a)4(BDTri)8]4-- 

activated at 200 °C. .............................................................. 568 

Figure F.107. N2 adsorption isotherm at 77 K for [(Co4OHsc4a)4(BDTri)8]4-- 

activated at 300 °C. .............................................................. 569 

 



 lxxiv 

Chapter 1 acts as an introductory chapter, discussing porous materials. 

More specifically, it explains the relationships between metal-organic 

frameworks and metal-organic cages while also discussing methods of 

modification in these materials both pre- and post-synthetically. Chapter 2 

presents the modular synthesis of an isoreticular family of Ni(II)- and Co(II)- 

based calixarene-capped coordination cages. The octahedral and rectangular 

prismatic geometry cages obtained included various functional groups on their 

bridging ligand and were able to be synthesized in a modular fashion due to the 

use of calixarene molecules as a capping agent. The use of these molecules in 

cage synthesis also led to increased relative stability and reliable crystal packing 

directly resulting in ease of characterization and processability.  

Chapter 3 reports the targeting of low nuclearity calixarene-capped 

cages through the process of ligand tuning. Through tuning the orientation of 

the carboxylic acid on the bridging ligand through steric obstruction, 

Cluster2Ligand4 topology cages can be obtained. These utilize carboxylate 

based bridging ligands that bind with metal clusters at a smaller angle than 

previously reported, intrinsically porous, calixarene cages of this geometry. 

Furthermore, the presence of sterically hindering phenyl rings employed to alter 

carboxylate orientation lend to overall stability and porosity of the cage systems 

through various forms of pi-pi stacking.  

ABSTRACT 
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Chapter 4 describes the use of CuAAC ñclickò chemistry as a means to 

ñpost-synthetically modifyò calixarene-capped cages of rectangular prism 

geometry. While functional groups can be used to optimize solubility, porosity, 

crystal packing, they can often interfere with the synthesis of a discrete cage 

resulting in undesirable phases of material. To avoid this occurring, modifying 

an already synthesized cage with a reactive small molecule containing a desired 

functionality can be a viable alternative. We show that CuAAC is a reliable 

method when conducting these modifications on calixarene-capped cages of 

this type functionalized with either azide or alkyne groups. Additionally, kinetic 

monitoring was able to be easily conducted on azide functionalized calixarene-

capped cages using IR spectroscopy confirming the rapid nature of these 

modifications.  

In Chapter 5, we report further expansion into methods of post-synthetic 

modification for calixarene-capped cages of rectangular prism geometry. 

Through a myriad of characterization techniques, the viability of acylation as a 

method of PSM for this class of cage was demonstrated as well as presenting 

the first instance of palladium-catalyzed cross coupling as a means of PSM for 

a coordination cage. This was accomplished through collaboration with the High 

Throughput Experimentation (HTE) center at the University of Delaware where 

reaction conditions including solvent, catalyst system, and base were all 

optimized. It is significant to not that this is also the first instance of using HTE 

for this type of application.  

Finally, Chapter 6 discusses methods to increase stabilization between 

cages of varying types in the solid state as well as the ability to increase stability 
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of the cages themselves through ligand tuning.  Through inclusion of specific 

functional groups on the bridging ligands of coordination cages as well as the 

secondary building units (SBUs) used to construct them, interactions between 

cages can be achieved that stabilize these systems resulting in increased 

crystallinity and changes in porosity. By examination of these cage systems 

through single crystal x-ray diffraction (SCXRD), these interactions are easily 

observable through coordinative interactions between the functionalized ligand 

used to synthesize a given cage and a metal node of an adjacent cage. These 

interactions have significant influence over how these systems crystallize 

compared to non-functionalized analogues. Through tuning these interactions, 

new types of porous materials can be achieved such as porous salts, porous 

catalyst systems, pseudo-MOF systems. Furthermore, by changing the group 

that directly binds to the metal from carboxylate to triazole functionality, overall 

increases in thermal and chemical stability in metal organic polyhedra can be 

observed. This collection of work can directly lead to the reversible formation of 

MOF-like structures that have increased stability due to the increased stability 

of the cages of which they are comprised. 
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INTRODUCTION 

1.1 Introduction into Metal-Organic Porous Materials 

With the detrimental effects of climate change increasingly apparent, 

diverse approaches to the mitigation of the environmental impacts of 

anthropogenic activities have received intense scientific scrutiny. More recently, 

technologies to reduce or eliminate carbon emissions associated with the 

burning of liquid fossil fuels in the transportation sector have received 

considerable interest.1 Certain gaseous fuels, such as hydrogen and natural 

gas, are attractive transportation fuel alternatives that, if implemented 

effectively, could lead to a substantial reduction in global carbon emissions. The 

burning of abundant natural gas resources in place of gasoline would lead to 

substantial reductions in CO, NOx, and CO2 emissions on a per energy unit 

basis.2 The use of hydrogen as a fuel is even more attractive, with water the 

only by-product of its combustion.3 Practical systems for their storage and 

transportation remain one of the central challenges associated with the use of 

these fuels. Typical methods for their storage require costly engineering controls 

and present safety hazards that are potentially problematic for wide-scale 

implementation. These methods typically involve storage at exceptionally high 

pressures or liquefaction by cooling to cryogenic temperatures.4,5 

An attractive alternative to costly and potentially hazardous liquefaction 

or compression approaches is the storage of gaseous fuels by using adsorbent 

Chapter 1 



 2 

materials.6 For a suitable material, favorable adsorbate/adsorbent interactions 

enhance the uptake of gaseous fuel relative to an empty storage vessel at a 

given pressure.7 The US Department of Energy has outlined methane and 

hydrogen storage targets required for materials to be viable for 

commercialization. The volumetric methane storage target was set at 350 

cm3 (STP) cmī3 at 65 bar, which allows for a 25 % loss in density upon material 

packing to give a real uptake of 263 cm3 (STP) cmī3 at 65 bar.8 At this value, an 

adsorbed natural gas system has a capacity identical to methane compressed 

to a pressure of 250 bar at 298 K. Similarly, ambitious H2 storage targets have 

been set at 6.5 wt % and 50 g Lī1, values that cannot be achieved by 

compression alone.9 Despite extensive research efforts, even the best existing 

materials fall short of these guidelines. 

The application of diverse porous materials for gas storage has been of 

interest for several decades, with studies exploring zeolites,10,11 porous 

carbons,12,13 and clathrate hydrates,14,15 among others.7 More recently, 

advanced materials that form highly porous two- and three-dimensional 

networks have been explored for gas storage applications. These include 

porous aromatic frameworks (PAFs),16 covalent organic frameworks 

(COFs),17,18,19 and metalïorganic frameworks (MOFs).20,21,22 Of these, MOFs, 

in particular, have received considerable attention for gas storage applications 

as a result of their record surface areas and tunable pore surface chemistry. 

Both hydrogen23,24,25,26 and methane27,28,29 storage in MOFs have been 

reviewed extensively. 
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A relatively small subset of permanently porous solids are molecular in 

nature. Despite the fact that gas adsorption isotherms are commonly used to 

characterize porous molecular materials and a large number of recent 

publications have reported their gas uptake properties at low pressures, they 

are often overlooked for potential gas storage applications at higher pressures. 

The earliest reported permanently porous molecular adsorbents featured 

extrinsically porous structures. For these materials, porosity is controlled by 

their solid-state packing, with void space accessible between nonporous 

molecules. This was first established in 1976 for Dianin's compound, which is 

stable to solvent evacuation and adsorbs guests in the solid-state following 

activation. Related materials have been thoroughly developed over the past 

several decades. Organic molecules of intrinsic microporosity (OMIMs) serve 

as an excellent example of this. These materials are porous solids that are 

based on rigid organic molecules with shapes that are designed to pack poorly, 

and thus afford porosity, in the solid state. Some of these materials, which have 

been significantly elaborated on by McKeown and Mastalerz, have shown 

surface areas approaching 1000 m2 gī1, high stability and chemical tunability, 

and have shown utility in practical applications. A large number of extrinsically 

porous materials with diverse structures have been prepared, with the highest 

BrunauerïEmmettïTeller (BET) surface area for structures of this type reported 

for triptycenetrisbenzimidazolone (TTBI) at 2796 m2 gī1. The last 15 years have 

seen increased interest in the development of intrinsically porous molecular 

cages, including both organic and metalïorganic systems. Permanent porosity 

in organic cage molecules was established in 2009 by Atwood and 
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subsequently by Cooper for their noria and imine-linked octahedral cages, 

respectively. Shortly thereafter, Mastalerz and co-workers reported a 

salicylbisimine cage with a significantly increased BET surface area of 1377 

m2 gī1. Subsequent work by Mastalerz has shown that POCs can exhibit 

remarkable solid-state porosity, with the highest BET surface area reported for 

a mesoporous cuboctahedral cage at 3758 m2 gī1. It was also shown that a 

subset of these cages display interesting selective gas adsorption behavior. 

Permanent porosity in porous coordination cages (PCCs) or metalïorganic 

polyhedra (MOPs) was first established in 2005, although structurally related 

cages were initially reported as early as 2001. Relative to all-organic systems, 

the maximum surface areas reported for PCCs are modest, with the highest 

BET surface area reported for the cuboctahedral paddlewheel-based cage 

Mo24(tBu-bdc)24 at 1321 m2 gī1. 

Though they have not been used extensively for gas storage, POC and 

PCC structures have been explored for alternative applications that typically 

leverage their solubility, such as in hostïguest chemistry and catalysis.30,31,32 A 

conceptual bridge between solution-phase hostïguest chemistry and solid-state 

gas storage in these materials are systems where the uptake of small non-

gaseous guest molecules is observed in the solid-state. This has been 

demonstrated for diverse cage structures and guests, including both organic 

and metalïorganic cages, as well as guest molecules ranging from alcohols and 

ethers to iodine, among others.33,34,35,36,37 Though these materials have been 

explored for similar applications that take advantage of their molecular nature 

and solubility, key features distinguish POC and PCC systems. Like MOFs, 
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PCCs are able to access remarkable structural diversity through a combination 

of their multinuclear metal nodes and bridging ligands. Systematic variation of 

these structures is commonly facile, where isoreticular cage structures are 

accessible with substitution of the metal centers or the incorporation of ligand 

derivatives. The same metal-based structural diversity and systematic variation 

of all-organic systems is not possible. However, cage assembly, geometry, and 

solid-state packing can be tuned with careful functional group incorporation. 

Relative to two and three-dimensional framework materials, molecular cage 

systems share significant advantages for material synthesis and processing. 

While the synthesis of frameworks relies on the direct, clean generation of the 

product phase, the solubility of molecular cages allows for the application of 

recrystallization methods to tune purity, crystal size, or cage packing. As 

compared to three-dimensional solids, some molecular adsorbents have 

displayed lower thermal, chemical, and hydrolytic stabilities. However, 

significant recent work has shown that post-synthetic stabilization strategies can 

successfully be employed for POCs38,39 where, for example, imine cages are 

transformed into highly stable amide or carbamate cages. Similarly, the 

development of paddlewheel-based permanently porous coordination cages, 

which are hydrolytically unstable when built from copper clusters,40 have shown 

excellent water stability when alternative metal cations are targeted.41 

1.2 Metal-Organic Cages  

While MOFs have been at the center of study for gas storage materials 

during the past few decades, metal-organic cages have recently gained 

significant interest for gas storage, catalysis, and host-guest chemistry as their 
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molecular nature affords solubility that is not observed in MOFs. Although 

molecular coordination cage systems that retain permanent porosity in the solid 

state have seen increased interest in recent years, reports where these 

materials have been explored for gas storage remain limited. In methods 

comparable to MOFs, syntheses of porous coordination cages (PCCs) are 

generated from metal nodes being bridged by organic ligands which form 

discrete, 0-D systems that do not expand into 3-D like MOFs. Due to these 

similarities, it is not uncommon for PCCs to share the geometry of pores 

observed in some MOFs. An example of this is the use of ditopic isophthalic 

acid rather than tritopic, trimesic acid to obtain a cuboctahedron, paddlewheel-

based PCC that is structurally analogous to the cuboctahedron pore observed 

in the MOF, HKUST-1 rather than the MOF itself. Isolation of molecular versions 

of the pores observed in other MOFs have also been achieved through the use 

of alternative metal sources to control cage termination. This is method, or the 

use of these ñcapping-agentsò once again prevent the proliferation of these 

structures into 3-D and result in 0-D cage species. This case can be seen 

through the reaction of zirconocene dichloride, rather than zirconium(IV) 

chloride, with a variety of linear ditopic carboxylate based molecules to yield 

cages of tetrahedral geometry rather than the well-known MOF, UiO-66. 

Capping agents can be separate molecules rather than metal complexes used 

as starting materials and can be derived from a variety of different molecules. 

Some of these include bipyridyl species that can be used to cap paddlewheel 

based PCCs and calixarene that can facilitate the formation of tetranuclear 
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metal cluster that can then be bridged using a myriad of different ditopic and 

tritopic ligands to achieve multiple different geometries. 

 

 

Figure 1.1.  MOFs with unique pore structures: HKUST-1, UiO-66, and PCN-
9 (top from left to right). Porous coordination cages with 
analogous pore geometry to the related MOFs 
(bottom).42,43,44,45,46,47 

1.2.1 Calixarene-Capped Complexes 

A number of porous cage structures have been described that 

incorporate tetranuclear metal cluster nodes, most commonly with nickel or 

cobalt, capped by thia- (tc4a) or sulfonylcalix[4]arene (sc4a) ligands.48,49 Our 

group recently reported a series of Fe-based calixarene-capped cages and 

explored their utility for hydrocarbon adsorption.47 These include octahedral 
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structures linked along the cage faces by tritopic trimesate (btc3-) or an 

expanded triazine trisbenzoate (tatb3-) ligand, as well as structures linked along 

the edges of an octahedron by terephthalate bridges. The adsorption of both 

saturated and unsaturated C1-3 hydrocarbons was explored for a subset of the 

reported cages, specifically (sc4a)Fe(btc), (tc4a)Fe(btc), and (sc4a)Fe(tatb), to 

explore their potential utility for gas storage. Among the gases explored, these 

cages exhibited room temperature propylene capacities ranging from 1.15 to 

3.45 mmol g-1. Lower uptakes of C2 hydrocarbons were observed, with ethylene 

capacities ranging from 0.88, to 1.7 mmol g-1 reported for these materials. The 

cages were also explored for high-pressure methane storage, with modest 

reported capacities, with the highest uptake for the tatb-linked cage at 2.75 

mmol g-1 at 65 bar and 298 K.50 The Wang group synthesized a structurally 

distinct calixarene cage that incorporates eight isophthalic acid bridging 

molecules and four sulfonylcalix[4]arene-capped metal clusters to produce a 

barrel shaped cage.51 In this study, cage derivatives were synthesized for both 

nickel and cobalt, incorporating isophthalic acid and 5-sulfoisophthalic acid. The 

nickel variants were examined for the adsorption of a number of gases and 

vapors, including H2. It was shown that incorporation of the charged sulfonate 

residue led to a decrease in low-pressure H2 uptake, with the unfunctionalized 

cage's reported uptake of 4.91 mmol g-1 being roughly halved to 2.68 mmol, at 

1.06 bar and 77 K. Additional reports similarly describe the use of calix[4]arene 

and calix[4]resorcinarene supported cages for the adsorption of H2 and 

hydrocarbons.52,53,54,55 
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1.3 Pre-Synthetic Modification of Porous Coordination Cages 

While the inclusion of specific functional groups in porous materials can 

have advantageous impacts of the solubility, porosity, and catalytic capabilities 

of a material, the combination of a given metal and ligand does not guarantee 

the formation of a discrete cage. Often, other competing phases of porous 

materials can be obtained rather than the desired product. This can be 

addressed in part, by modifying the bridging ligand used when targeting a 

desired coordination cage. Our group has shown that when targeting copper(II) 

paddlewheel based cages synthesized with isophthalic acid, the inclusion of 

varying length alkyl chains can have significant influence over whether the 

product material is a 0-D cage or a 2-D MOF.56  Furthermore, the size and 

shape of the bridging ligand chosen when targeting a specific cage type can 

result in alternate cage types being obtained. In some cases, these cages can 

present with appreciably less porosity than the initially targeted cage. This is 

extremely apparent when examining zirconium-based coordination cages which 

are known to isomerize between two distinct cage types, one highly porous 

tetrahedral phase and a less porous ñcigarò phase.46 In the case of these cages 

the ratio of length to width of the dicarboxylate bridging ligand yield only one of 

these phases or a mixture of the two causing the gas adsorption capabilities of 

the material to fall short of theoretical values. 
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Figure 1.2.  Control of phase in lower-dimensional porous materials by 
altering functional group yielding 0-D cage or different phases of 
2-D MOFs (left). Isomerization between phases of 0-D cage can 
be observed when synthesizing zirconium-based cages using 
linear ditopic ligands (right).56,46 

1.4 Post-Synthetic Modification of Porous Coordination Cages 

In instances where the addition of functionality into a porous material 

prevents the formation of said porous material, whether that be due to 

competing phases or incompatibility with synthetic procedures,57,58 the use of 

post-synthetic modification (PSM) can be utilized to introduce the desired 

functionality after the porous material has been synthesized. When attempting 

to modify MOFs post synthetically, these reactions must be conducted in a 

heterogeneous manner due to the insoluble nature of the material. Often times 

this leads to the non-quantitative conversion with only reactive sites on the 
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periphery of the MOF particle being modified. Comparatively, PCCs can 

undergo modifications in a homogeneous manner due to their soluble nature. 

Additionally, the location of reactive sites in PCCs are often oriented away from 

the cage allowing for minimal steric hinderance when performing modification 

reactions. These attributes both lead to increased conversion of reactive sites 

when compared to MOFs. Furthermore, solubility of this class of material also 

lends to solution state characterization techniques to monitor such modifications 

including techniques such as NMR and UV-Vis.  

The type of modification that can be performed on PCCs is strictly 

dependent upon the type of PCC in question, for instance, paddlewheel-based 

cages that have open metal sites can accept n-donor ligands that can have 

significant influence over solubility.59 When performing these modifications 

using di-substituted n-donor ligands the formation of a porous polymers or a 

more MOF-like structures can be observed depending on the flexibility of the 

ditopic linker.60,61,62 In instances where open metal sites are not accessible, 

modification relies on the presence of reactive groups on the bridging ligands of 

the cage. Similar instances of alteration of solubility and linking of cages can be 

observed through the use of acid chlorides being reacted with amine containing 

cages however this is not the only type of chemistry that can be conducted on 

this class of materials.63,64 Similar modifications can be conducted using 

anhydrides and via imine formation.65,66,67,68 While modifications to cages can 

afford them altered solubility and stability, they also offer alterations to porosity 

with significant increases in adsorptive capability being observed when 

crosslinked to form MOF-like structures. 
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1.5 Chapter Summaries 

This introduction was designed to outline the groundwork for which I have 

based my dissertation work. The first project I discuss in chapter 2 is the 

solvothermal synthesis and characterization of several novel, calixarene-

capped PCCs, or MOSC, that have functional groups incorporated on their 

organic bridging ligands. I show the influence these functional groups have over 

porosity as well as solubility and leverage that solubility for monolith formation. 

The chapter following expands upon the use of sulfonylcalix[4]arenes as a 

mediator in the formation of PCCs with emphasis on the bridging ligand used to 

construct cages that include sulfonylcalix[4]arenes. By tailoring the directionality 

of the carboxylic acid groups on a bridging ligand of a 90° binding angle it is 

possible to yield calixarene-based cages of low nuclearity and surprising 

porosity. Next, due to the fully saturated metal centers and unique orientation of 

functional groups in isophthalic acid-bridged, calixarene-based PCCs, chapter 

4 focuses on post-synthetic modifications. Due to the aforementioned attributes, 

these PCCs are prime candidates for PSM because of their relatively high 

chemical stability and likelihood of quantitative conversion being reached. The 

copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) reaction was utilized 

as the method to PSM these cages due to its rapid nature and broad range of 

applicable synthetic conditions. Zirconium-based PCCs of tetrahedron and 

ñwindowò geometries were also studied in this work as a means of comparison 

and to exhibit that modification via this synthetic route is applicable to other cage 

types.  Chapter 5 further elaborates on the PSM of calixarene-based PCCs and 

explores the use of palladium-catalyzed cross coupling to accomplish these 

modifications. In collaboration with the High-Throughput Experimentation (HTE) 
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Center at the University of Delaware, ideal reaction condition were determined 

and conducted on larger scales, affirming the validity of this method. Lastly, 

chapter 6 discusses methods for stabilization between cages through the use 

of bridging ligand functionalization. This approach can be used to introduce 

coordinatively active functional groups that allow for interactions to occur 

between adjacent cages at open metal sites. Charge can also be imparted onto 

otherwise insoluble and neutral porous coordination cages through ligand 

functionalization that increases the overall stability of these systems through 

ionic interactions. Additionally, through further ligand tuning and utilizing triazole 

groups rather than carboxylate groups to synthesize calixarene-based cages, 

the ability to increase the stability of each cage without disrupting the already 

reliable crystal packing of these systems can be achieved.  
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SYNTHESIS AND CHARACTERIZATION OF AN ISORETICULAR FAMILY 
OF CALIXARENE-CAPPED POROUS COORDINATION CAGES 

2.1 Introduction 

Permanently porous coordination cages have received renewed interest 

over the past few years as a result of their status as high surface area molecular 

materials. In this regard, they have been studied for gas separation,1,2 gas 

storage,3,4 catalysis,5,6 hostïguest chemistry,7 and a number of additional 

applications. As a result of their molecular nature, they offer significant benefits 

as compared to typical three-dimensional porous solids, including metalï

organic frameworks, with their potential solubility making them well suited for 

solution-phase assembly routes.8,9 In addition to this, their modularity allows for 

the straightforward incorporation of functional groups10,11,12,13,14,15 and 

provides a level of compatibility toward post-synthetic modification strategies 

that is not possible for extended structures.16,17,18 Functionalization of 

permanently porous coordination cages has been used as a means to tune 

solubility,19 gas adsorption properties,20 and bulk density21 and has been 

targeted at bridging ligands,22 capping ligands,23 and coordinatively 

unsaturated transition metal cation sites.24 

For some porous coordination cages, however, ligand functionalization 

can interfere with materials synthesis and result in the formation of extended 

solids or nonporous molecular materials. This is particularly the case for 

Chapter 2 
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paddlewheel-based cuboctahedral or octahedral structures with isophthalic acid 

or carbazoledicarboxylic acid, respectively. Both 5-position functionalization of 

isophthalic acid and 9-position functionalization of carbazoledicarboxylate have 

been widely reported, and the nature of the functional group can determine 

whether molecular materials, two-dimensional MOFs, or three-dimensional 

MOFs are isolated.22,25 In addition to this, functional groups have a pronounced 

effect on thermal stability, solubility, crystal packing, and porosity.26 We have 

found that for most paddlewheel-based cages solubility and porosity are 

inexorably linked where the highest surface area cages are insoluble and the 

most soluble cages display limited porosity.21 

 

Figure 2.1.  Cuboctahedral (left) and octahedral (center) paddlewheel-based 
cages represent ligand-terminated structures and are amenable 
to a wide range of surface functionalization. Cyclopentadienyl-
capped zirconium cages (right) can be functionalized on the 
linear ligands that typically comprise these structures. 
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In addition to ligand-terminated paddlewheel-based cages (Figure 2.1), 

functional groups can similarly be tuned in cluster-terminated cages, either on 

the bridging ligand or on the cluster caps. Ligand functionalization, for example, 

has been used to control the nuclearity and solid-state packing in zirconocene-

based cages where the ratio between length and width of the terephthalate-

based bridging ligand has great influence over the shape of the product 

cage(s).27 A subset of cluster-capped permanently porous coordination cages 

are also amenable to functionalization routes where either the bridging or 

capping ligand can be modified to tune material properties.28,29 The CIAC 

(Changchun Institute of Applied Chemistry) and MOSC (metalïorganic 

supercontainer) families of porous cages are relevant examples in this regard 

and use calixarenes, a tunable class of cyclic oligomers, to form capped metal 

clusters as nodes in cage formation.23,30,31,32,33,34 Calixarene-type molecules 

have been isolated with up to 90 phenol units in their structures35 and are 

commonly encountered as 4-unit oligomers as caps in porous cages. These 

four phenol units can then be bridged by either CH2, S, or SO2 units, resulting 

in calix[4]arenes (C4A),36 thiacalix[4]arenes (TC4A),37 or sulfonylcalix[4]arenes 

(SC4A),38,39 respectively. These most often contain tert-butyl groups on their 

upper rim with the phenol hydroxyl groups on the lower rim. Among these three 

types of calixarenes, SC4As (Figure 2.2) offer milder synthesis conditions due 

to the oxygen atoms of the -SO2 groups. The use of oxygen as a coordination 

site allows for the formation of a more ideal octahedral geometry between the 

metal cation and coordination atoms as opposed to a more strained geometry 

seen when using TC4A.40 As such, they are compatible with tetranuclear 
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clusters that have been isolated for Mg, Fe, Co, Ni, and Zn with a variety of di- 

and tricarboxylate ligands.41 The tetranuclear clusters in these cages contain a 

ɛ4 atom at their center which has been reported in the past as a variety of 

species including O, OH-,42 H2O,43 or Cl-.44  The ɛ4 species can also impart 

charge on what would otherwise be a neutral cage, which can have important 

implications for their stability, surface area, and solubility.40  

 

Figure 2.2.  Calixarene-based cages typically adopt octahedral structures 
where bridging ligands lie at either the face (top left) or edge (top 
right) of the octahedron. Isophthalate-based cages are related 
structures and adopt a truncated octahedral geometry. 
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Figure 2.3.  Structures of octahedral calixarene-capped cages based on 
terephthalate (top) and isophthalate (bottom). In these 
structures, the 2- and 5-position of the ligand groups, 
respectively, are potentially functionalizable. These structures 
have previously been termed type II or type III MOSCs. 

When TC4A and SC4A are used as SBUs, the rigidity of the capping 

node allows for reliable structural regularity based on the binding site angle of 

the bridging ligand. Specifically, when a tritopic bridging ligand is used (i.e., 

trimesic acid), octahedral molecular cages form with six SC4A metal cluster 
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caps and eight bridging ligands sitting in the faces of the octahedral structure. 

When ditopic ligands (i.e., terephthalic acid, isophthalic acid, etc.) are used, the 

resulting cage shape can vary. For example, linear ligands still allow for 

octahedral geometry but with 12 linear bridging ligands on the edges of the 

structure, but when ligands of other angles become introduced, the resulting 

geometry becomes more complex in an effort to orient cap/cluster and ligand in 

the least strained orientation (Figure 2.3). 

Four subclasses of sulfonylcalix[4]arene-capped cages have been 

previously reported that were based on tritopic, linear ditopic, 120° bent ditopic, 

and 109.5° bent ditopic ligands with a variety of transition metals.29,45,46 

Functionalization of these cages includes altering the metal in the tetranuclear 

cluster, adding or removing alkyl groups from the upper rim of the SC4A cap, 

and adding functional groups to the bridging ligand at a given position.29,45 The 

synthesis of these functionalized isoreticular cages has been limited to a nickel 

cage made with 5-sulfoisophthalic acid monolithium salt (Ni(5-SO3)) and two 

terephthalate-based nickel structures containing 2-aminoterephthalic acid (Ni-

(2-NH2)) and the other with 2-bromoterephthalic acid (Ni-(2-Br)).44,45 

It is important to note that, in contrast to paddlewheel- or zirconium-

based cages, the solid-state packing of these types of cages has been largely 

governed by the nature of the functional groups on the calixarene caps rather 

than ligands on the carboxylate ligands that comprise the structures. This offers 

a unique opportunity to potentially tune the solubility and thus processability of 

these cages without altering the structures of the materials in the solid state. 

Here, we present the design, synthesis, and characterization of eight novel 
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calixarene-capped porous cages, six of which have been characterized by 

single-crystal X-ray diffraction. 

2.2 Experimental 

2.2.1 General Considerations 

All handling of materials and syntheses were performed in air unless 

otherwise specified. All solvents, metal salts, and organic ligands were obtained 

from commercial sources and used without further purification. Me-H2-bdc,47 

OProp-H2bdc,22 and OHept-H2bdc48 were prepared via previously reported 

synthetic protocols. 

2.2.1.1 Physical Methods 

Thermogravimetric analyses (TGA) were performed with a TA Q5000 SA 

under an N2 flow. Samples were loaded onto a tared aluminum pan and heated 

from room temperature to 600 °C at a rate of 2 °C/min. Powder X-ray diffraction 

patterns were collected by using a Bruker D8 X-ray diffractometer with a 

LynxEye position-sensitive detector operating with a Cu KŬ1 X-ray generator (ɚ 

= 1.54 Å). 1H and 13C NMR spectra were measured by using a Bruker 400 MHz 

spectrometer, with data processed by using MestReNova NMR software. 

Infrared (IR) spectra were collected by using a Bruker ALPHA II ATR-IR 

spectrometer with OPUS data processing software. 

2.2.1.2 Gas Adsorption Measurements 

Synthesized materials were solvent exchanged with EtOH over the 

course of 3 days, replacing the solvent once per day. Materials were obtained 
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as free-flowing powders by decanting the solvent and then evacuating the 

samples for 30 min under dynamic vacuum at room temperature. Samples for 

gas adsorption were activated under a positive nitrogen flow, with the optimal 

activation temperature for each material determined by increasing the activation 

temperature by 25 °C and recording single-point N2/CO2 uptakes. Low-pressure 

gas adsorption measurements up to 1.1 bar were recorded on a Micromeritics 

3Flex gas adsorption analyzer. N2 and CO2 surface areas were measured at 77 

and 195 K, respectively. Prior to measurements, samples were considered 

activated when their outgas rate under static vacuum was Ò2 ɛbar/min. All 

measurements were performed with ultrahigh-purity gases. High-pressure 

isotherms were collected on a Sievert apparatus (PCT-Pro-2000 from Hy-

Energy Scientific Instruments) using ultrahigh-purity gases. The total adsorption 

was calculated by using NIST thermochemical properties of CH4 and the pore 

volume of each material, as determined via 77 K N2 adsorption experiments. 

2.2.1.3 Monolith Formation 

To three glass cells with internal diameters of 5 mm and an internal height 

of 66 mm, 6, 12.5, and 25 mg of Ni-(2-Me) were dosed. Each sample was 

solvated in 1 mL of benzene and frozen in liquid nitrogen. Quartz wool was then 

introduced at the top of each glass cell on top of each frozen sample before 

being transferred to gas adsorption measurement tubes, submerged in liquid 

nitrogen. The samples were subjected to reduced pressure, and once the 

vacuum pressure reached below 0.01 mbar, the liquid nitrogen bath was 

removed and replaced with an ice bath which remained for 18 h or until the 

vacuum pressure returned to <0.01 mbar. 
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2.2.1.4 Single-Crystal X-ray Diffraction 

X-ray structural analysis was performed for Ni-(2-Methyl), Ni-(5-Methyl), 

Ni-(dobdc), Ni-(2-Br), Ni-(5-OProp), and Co-(5-OHept). Crystal data and 

refinement details are shown in Tables B.2-B.8. Crystals were mounted by 

using viscous oil onto a plastic mesh and cooled to the data collection 

temperature. Data were collected on a Bruker-AXS APEX II DUO CCD 

diffractometer with Cu KŬ radiation (ɚ = 1.54178 ¡) focused with Goebel mirrors. 

Unit cell parameters were obtained from 48 data frames, 0.5Á ɤ, from different 

sections of the Ewald sphere. The unit-cell dimensions, equivalent reflections, 

and systematic absences in the diffraction data are uniquely consistent with R-

3 and R3 for Ni-(2-Methyl), Ni-(dobdc), and Ni-(2-Br) and with C2/c and Cc for 

Ni-(5-OProp). No symmetry higher than triclinic was observed for Ni-(5-Methyl) 

and Co-(5-OHept). Refinement in the centrosymmetric space group options, R-

3, C2/c, and P-1, yielded chemically reasonable and computationally stable 

results of refinement. The data were treated with multiscan absorption 

corrections.49 Structures were solved by using intrinsic phasing methods50 and 

refined with full-matrix, least-squares procedures on F2. 

Residual electron density, solvent molecules, and atoms that cannot be 

assigned a reasonable model were treated as diffused electron density by using 

the Olex251 implementation of Squeeze. In Co-(5-OHept), the ligand alkyl chain 

was confirmed by digestion followed by NMR spectroscopy, and thus the 

electron density that was deducted from the diffused alkyl chain ends could be 

assigned. A dimethylammonium ion was located H-bonded to two DMF solvent 

molecules in Co-(5-OHept); thus, accessible voids that were too small to fit DMF 

were assigned to contain dimethylammonium. Although the assignments of void 
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contents were based on the best spatial and electron count fit of the 

predominant reaction solvents, we cannot discount the possibility of alternative 

void contents that might consist of a combination of water, minor solvents, 

thermal decomposition products of amide solvents, or solvated metal ions. In 

initial solutions of Ni-(dobdc) there appeared to be a heavy atom containing 

group that was severely disordered and subsequently removed from the model; 

hence, its formula weight could be underestimated. The structures are located 

on special positions: on 3-fold axes for Ni-(2-Methyl) and Ni-(2-Br); on 6-fold 

improper axis for Ni-(dobdc); on a 2-fold for Ni-(5-OProp); and on inversion for 

Ni-(5-Methyl) and Co-(5-OHept). 

The symmetry unique 2,5-dihydroxyl phthalate ligands in Ni-(dobdc) 

were found disordered in two positions with independently refined site 

occupancy ratios of 52/48 and 52/48. The bromophthalate ligands in Ni-(2-Br) 

were found to be each disordered, in multiple positions, were treated as rigid 

groups based on an ordered bromophthalate ligand in a previously reported 

structure,52 and were each restrained to have unitary occupancy per ligand. 

These compounds consistently deposit as multiple, high mosaicity, 

weakly diffracting crystals, and the results herein represent the best of several 

trials. To compensate for the low-resolution data, various constraints and 

restraints were applied. To further conserve a reasonable data/parameter ratio, 

all atoms in Co-(5-OHept) and the solvated cation complexes in Ni-(2-Methyl) 

and Ni-(5-OProp) were refined with isotropic displacement parameters. All 

other non-hydrogen atoms were refined with anisotropic displacement 

parameters. H atoms in cocrystallized methanol and water molecules and those 
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on the hydroxyl groups in Ni-(dobdc) could be neither located nor calculated 

and were ignored. All other H atoms were treated as idealized contributions with 

geometrically calculated positions and with Uiso equal to (1.2ï1.5)Ueq of the 

attached carbon atom. Atomic scattering factors are contained in the SHELXTL 

program library. The structures have been deposited at the Cambridge 

Structural Database under the following CCDC deposition numbers: 2016862-

2016867. 

2.2.2 Synthesis of p-tert-Butylthiacalix[4]arene (TC4A). 

To a 1 L round-bottom flask, p-tert-butylphenol (64.5 g, 0.43 mol), 

elemental sulfur (27.5 g, 0.86 mol), NaOH (8.86 g, 0.215 mol), and tetraethylene 

gylcol dimethyl ether (19 mL) were added and stirred under a flow of nitrogen. 

The mixture was heated to 230 °C over 4 h and held at this temperature 

overnight. The mixture was allowed to cool to room temperature, yielding a dark-

brown solid to which toluene (35 mL) and 4 M H2SO4 (78 mL) were added. The 

flask was then sonicated for 30 min, and the solubilized material was transferred 

to a separatory funnel. The organic phase was collected, and MeOH (400 mL) 

was added, precipitating the product as a light-brown powder that could be 

isolated by vacuum filtration. This process was repeated until all of the initially 

generated solid was dissolved. The collected product was dried at 120 °C for 

24 h prior to use. 

2.2.3 Synthesis of p-tert-Butylsulfonylcalix[4]arene (SC4A). 

In a 1 L round-bottom flask, TC4A (7 g, 46.7 mmol) and sodium perborate 

tetrahydrate (14 g, 91.0 mmol) were added to a mixture of chloroform (210 mL) 
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and acetic acid (350 mL). The resultant solution was heated with stirring at 50 

°C for 18 h. After the solution cooled to room temperature, H2O (300 mL) was 

added, and the solution was transferred to a separatory funnel. The organic 

layer was collected, and the solvent was removed via rotary evaporation before 

an excess of Et2O was added; the precipitated white solid was collected via 

vacuum filtration. The product was dried at 120 °C for 24 h prior to use. 

2.2.4 Synthesis of [(Ni4OHsc4a)6(Btc)8]6- (Ni-Btc).29 

To a 20 mL scintillation vial, Ni(NO3)2·6H2O (145 mg, 0.5 mmol), 1,3,5-

benzenetricarboxylic acid (69.3 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) 

were added and solvated in DMF (10 mL). The vial was heated to 100 °C in a 

dry bath for 24 h before cooling slowly to room temperature. Partial precipitation 

of the product as a green crystalline solid was observed upon cooling, with 

additional crystal growth observed after standing for an additional 24 h at room 

temperature. The material was activated for gas adsorption measurements at 

110 °C. 

2.2.5 Synthesis of [(Co4OHsc4a)6(Btc)8]6- (Co-Btc).29 

To a 20 mL scintillation vial, CoCl2·6H2O (119 mg, 0.5 mmol), 1,3,5-

benzenetricarboxylic acid (69.3 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) 

were added and solvated in DMF (10 mL). The vial was heated to 100 °C in a 

dry bath for 24 h before cooling slowly to room temperature. Partial precipitation 

of the product as a green crystalline solid was observed upon cooling, with 

additional crystal growth observed after standing for an additional 24 h at room 
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temperature. The material was activated for gas adsorption measurements at 

110 °C. 

2.2.6 Synthesis of [(Ni4OHsc4a)6(Bdc)12]6- (Ni-p-Bdc).45 

To six 20 mL scintillation vials, Ni(NO3)2·6H2O (145 mg, 0.5 mmol), 1,4-

benzenedicarboxylic acid (54.8 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) 

were added and solvated in DMF (10 mL). The vials were heated to 100 °C in a 

dry bath for 24 h before cooling slowly to room temperature. Vapor diffusion of 

Et2O into the resultant mixtures yielded the product as a green polycrystalline 

solid. X-ray quality single crystals were obtained upon vapor diffusion with 

EtOAc rather than Et2O. The material was activated for gas adsorption 

measurements at 300 °C. 

2.2.7 Synthesis of [(Co4OHsc4a)6(Bdc)12]6- (Co-p-Bdc).45 

To six 20 mL scintillation vials, Co(NO3)2·6H2O (145 mg, 0.5 mmol), 1,4-

benzenedicarboxylic acid (54.8 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) 

were added and solvated in DMF (10 mL). The vials were heated to 100 °C in a 

dry bath for 24 h before cooling slowly to room temperature. Vapor diffusion of 

Et2O into the resultant mixtures yielded the product as a red polycrystalline solid. 

X-ray quality single crystals were obtained upon vapor diffusion with EtOAc 

rather than Et2O. The material was activated for gas adsorption measurements 

at 275 °C. 

2.2.8 Synthesis of [(Ni4OHsc4a)4(Bdc)8]4- (Ni-m-Bdc).46 

To six 20 mL scintillation vials, Ni(NO3)2·6H2O (145 mg, 0.5 mmol), 1,3-

benzenedicarboxylic acid (54.8 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) 
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were added and solvated in DMF (10 mL). The vials were heated to 100 °C in a 

dry bath for 24 h before cooling slowly to room temperature. Vapor diffusion of 

Et2O into the resultant mixtures yielded the product as a green polycrystalline 

solid. X-ray quality single crystals were obtained upon vapor diffusion with 

EtOAc rather than Et2O.The material was activated for gas adsorption 

measurements at 250 °C. 

2.2.9 Synthesis of [Co4OHsc4a)4(Bdc)8]4- (Co-m-Bdc).46 

To six 20 mL scintillation vials, Co(NO3)2·6H2O (145 mg, 0.5 mmol), 1,3-

benzenedicarboxylic acid (54.8 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) 

were added and solvated in DMF (10 mL). The vials were heated to 100 °C in a 

dry bath for 24 h before cooling slowly to room temperature. Vapor diffusion of 

EtOAc into the resultant mixtures yielded the product as a red crystalline solid. 

The material was activated for gas adsorption measurements at 150 °C. 

2.2.10 Synthesis of [(Ni4OHsc4a)4(SO3-Li+-Bdc)8]4- (Ni-(5-Sulfo)).46 

To a 20 mL scintillation vial, Ni(NO3)2·6H2O (145 mg, 0.5 mmol), 5-sulfo-

1,3-benzenedicarboxylic acid monolithium salt (55.5 mg, 0.22 mmol), and SC4A 

(85 mg, 0.1 mmol) were added and solvated in DMF (10 mL). The vials were 

heated to 100 °C in a dry bath for 24 h before cooling slowly to room 

temperature. Partial precipitation of the product as a green crystalline solid was 

observed upon cooling, with additional crystal growth observed after standing 

for an additional 24 h at room temperature. The material was activated for gas 

adsorption measurements at 325 °C. 
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2.2.11 Synthesis of [(Co4OHsc4a)4(SO3-Li+-Bdc)8]4- (Co-(5-Sulfo)).  

To a 20 mL scintillation vial, Co(NO3)2·6H2O (145 mg, 0.5 mmol), 5-sulfo-

1,3-benzenedicarboxylic acid monolithium salt (55.5 mg, 0.22 mmol), and SC4A 

(85 mg, 0.1 mmol) were added and solvated in DMF (10 mL). The vials were 

heated to 100 °C in a dry bath for 24 h before cooling slowly to room 

temperature. Partial precipitation of the product as a pink crystalline solid was 

observed upon cooling, with additional crystal growth observed after standing 

for an additional 24 h at room temperature. The material was activated for gas 

adsorption measurements at 325 °C. 

2.2.12 Synthesis of [(Ni4OHsc4a)6(methyl-Bdc)12]6- (Ni-(2-Methyl)).  

To six 20 mL scintillation vials, Ni(NO3)2·6H2O (145 mg, 0.5 mmol), 2-

methyl-1,4-benzenedicarboxylic acid (59.5 mg, 0.33 mmol), and SC4A (85 mg, 

0.1 mmol) were added and solvated in DMF (10 mL). The vials were heated to 

100 °C in a dry bath for 24 h before cooling slowly to room temperature. Vapor 

diffusion of EtOAc into the resultant mixtures yielded the product as a green 

crystalline solid. The material was activated for gas adsorption measurements 

at 250 °C. 

2.2.13 Synthesis of [(Ni4OHsc4a)4(methyl-Bdc)8]4- (Ni-(5-Methyl)).  

To six 20 mL scintillation vials, Ni(NO3)2·6H2O (145 mg, 0.5 mmol), 5-

methyl-1,3-benzenedicarboxylic acid (59.5 mg, 0.33 mmol), and SC4A (85 mg, 

0.1 mmol) were added and solvated in DMF (10 mL). The vials were heated to 

100 °C in a dry bath for 24 h before cooling slowly to room temperature. Vapor 

diffusion of Et2O into the resultant mixtures yielded the product as a green 

polycrystalline solid. X-ray quality single crystals were obtained upon vapor 
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diffusion with EtOAc rather than Et2O. The material was activated for gas 

adsorption measurements at 225 °C. 

2.2.14 Synthesis of [(Ni4OHsc4a)6(Br-Bdc)12]6- (Ni-(2-Br)).  

To six 20 mL scintillation vials, Ni(NO3)2·6H2O (119 mg, 0.5 mmol), 2-

bromo-1,4-benzenedicarboxylic acid (80.9 mg, 0.33 mmol), and SC4A (85 mg, 

0.1 mmol) were added and solvated in DMF (10 mL). The vials were heated to 

100 °C in a dry bath for 24 h before cooling slowly to room temperature. Vapor 

diffusion of Et2O into the resultant mixtures yielded the product as a green 

polycrystalline solid. X-ray quality single crystals were obtained upon vapor 

diffusion with EtOAc rather than Et2O. The material was activated for gas 

adsorption measurements at 150 °C. 

2.2.15 Synthesis of [(Ni4OHsc4a)4(Br-Bdc)8]4- (Ni-(5-Br)).  

To six 20 mL scintillation vials, Ni(NO3)2·6H2O (119 mg, 0.5 mmol), 5-

bromo-1,3-benzenedicarboxylic acid (80.9 mg, 0.33 mmol), and SC4A (85 mg, 

0.1 mmol) were added and solvated in DMF (10 mL). The vials were heated to 

100 °C in a dry bath for 24 h before cooling slowly to room temperature. Vapor 

diffusion of EtOAc into the resultant mixtures yielded the product as a green 

crystalline solid. The material was activated for gas adsorption measurements 

at 225 °C. 

2.2.16 Synthesis of [(Ni4OHsc4a)6(Dobdc)12]6- (Ni-(Dobdc)).  

To six 20 mL scintillation vials, NiCl2·6H2O (119 mg, 0.5 mmol), 2,5-

dihydroxy-1,4-benzenedicarboxylic acid (65.4 mg, 0.33 mmol), and SC4A (85 

mg, 0.1 mmol) were added and solvated in DMF (10 mL). The vials were heated 
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to 100 °C in a dry bath for 24 h before cooling slowly to room temperature. Vapor 

diffusion of CHCl3 into the resultant mixtures yielded the product as a green 

crystalline solid. The material was activated for gas adsorption measurements 

at 250 °C. 

2.2.17 Synthesis of [(Ni4OHsc4a)4(OProp-Bdc)8]4- (Ni-(5-OProp)).  

To six 20 mL scintillation vials Ni(NO3)2·6H2O (145 mg, 0.5 mmol), 5-

propoxy-1,3-benzenedicarboxylic acid (74.0 mg, 0.33 mmol), and SC4A (85 mg, 

0.1 mmol) were added and solvated in DMF (10 mL). The vials were heated to 

100 °C in a dry bath for 24 h before cooling slowly to room temperature. Vapor 

diffusion of MeOH into the resultant mixtures yielded the product as a green 

crystalline solid. The material was activated for gas adsorption measurements 

at 275 °C. 

2.2.18 Synthesis of [(Co4OHsc4a)4(OHept-Bdc)8]4- (Co-(5-OHept)).  

To six 20 mL scintillation vials Co(NO3)2·6H2O (145 mg, 0.5 mmol), 5-

heptoxyoxyisophthalic acid (92.4 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) 

were added and solvated in DMF (10 mL). The vials were heated to 100 °C in a 

dry bath for 24 h before cooling slowly to room temperature. Vapor diffusion of 

MeOH into the resultant mixtures yielded the product as a pink crystalline solid. 

The material was activated for gas adsorption measurements at 225 °C. 

2.3 Results and Discussions 

The syntheses of calixarene-based coordination cages typically rely on 

the use of high-temperature solvothermal or hydrothermal conditions where a 

one-pot reaction of metal salt, bridging ligand, and calixarene cap affords the 
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targeted cage. It has generally been shown that relatively more forcing 

conditions are required to afford thiacalixarene-based cages, likely a result of 

the strained geometry at the metal cation sites that comprise the materials. By 

comparison, sulfonylcalix[4]arene capped cages are isolable under more facile 

conditions. In this work, synthesis of three novel octahedral and five novel 

truncated octahedral structures was achieved via the reaction of 5-

sulfoisophthalic acid monolithium salt (5-Sulfo bdc), 2-methylterephthalic acid 

(2-Methyl bdc), 5-methylisophthalic acid (5-Methyl bdc), 2-bromoterephthalic 

acid (2-Bromo bdc), 5-bromoisophthalic acid (5-Bromo bdc), 2,5-

dihydroxyterephthalic acid (dobdc), 5-propylisophthalic acid (5-Propoxy bdc), 

and 5-heptoxylisophthalic acid (5-Heptoxy bdc) with the appropriate metal salts 

under solvothermal conditions affording Co-(5-Sulfo), Ni-(2-Methyl), Ni-(5-

Methyl), Ni-(2-Br), Ni-(5-Br), Ni-(dobdc), Ni-(5-Propoxy), and Co-(5-Heptoxy), 

respectively. All of the materials based on functionalized isophthalic acid ligands 

afford truncated octahedral structures while the terephthalate-based cages 

adopt octahedral structures. 

For the preparation of functionalized cages, we screened the reaction of 

the aforementioned ligands with hydrated cobalt(II) and nickel(II) nitrate and 

chloride salts in the presence of capping ligand. Ultimately, the cages we report 

here are readily obtained by reacting the appropriate metal salts and their 

corresponding ligand in the presence of SC4A at 100 °C in DMF for 24 h. 

Although moderate color changes were observed over the course of reactions, 

and in contrast to the synthesis of most MOFs and many coordination cages, 

no solid product phase was observed throughout the solvothermal reactions. 
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However, M-(5-sulfo) (M = Co, Ni) crystals formed upon cooling of the reaction 

mixtures. To obtain crystalline material for the balance of the ligands 

investigated here, vapor diffusion of an antisolvent into the reaction mixture was 

required. Large green and red crystals of nickel- and cobalt-based MOSCs, 

respectively, form upon diffusion of Et2O into solutions in 20 mL scintillation vials 

over the course of 3-5 days. These reactions typically produced large amounts 

of highly crystalline solids with overall yields ranging from 20% to 70% based 

on the calixarene cap. Diffraction-quality single crystals were obtained via 

diffusion of EtOAc into DMF solutions in 4 mL scintillation vials over the course 

of Ḑ1 week. Notably, for the truncated octahedral (isophthalic acid-based) 

cages, increasingly polar antisolvents were required as the bulk and/or chain 

length of appended functional groups were increased. 
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Figure 2.4.  Solid-state packing of octahedral (a) and truncated octahedral 
(b, c) cages. In both structures, cageïcage interactions are 
governed by the tert-butyl groups on the cluster rather than 
functional groups on the dicarboxylate ligands in a specific cage. 
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X-ray diffraction data collected for these materials confirmed their 

isostructural nature and further showed that solid-state packing of these 

structures was generally not perturbed by ligand functionalization. For both 

terephthalate- and isophthalate-based cages, each molecule generally 

crystallized in the same space group as the unfunctionalized parent structures, 

with control over solid-state packing dominated by the interactions between the 

calixarene caps rather than interactions between the incorporated bridging 

ligand functionality (Figure 2.4). The previously reported nickel-terephthalic 

acid cage and all novel 1,4-bdc derivatives reported here crystallize in the 

rhombohedral space group R-3. For these octahedral cages, the incorporated 

functional groups sit in the pore windows of the cage with no apparent intercage 

interactions between the ligand-appended groups, and all structures show 

minimal deviations in their unit cell parameters (all axes ±1.5 Å). A similar trend 

is observed for the isophthalate-based cages, most of which crystallize in the 

triclinic space group P-1. For these materials, the structures packed with 

calixarene ligands oriented toward one another in the same plane and 

incorporated functional groups protruding toward the space between sheets of 

cages. This perturbs the separation between sheets of cages and slightly alters 

the way cages pack in each sheet. This results in some expansion of the unit 

cell parameters for the truncated octahedra upon incorporation of functional 

groups. For one of the synthesized materials, Ni-(5-Methyl), the incorporation of 

a functional group resulted in the crystallization of this material in the monoclinic 

space group C2/c. This was not generally observed upon incorporation of larger 
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functional groups, as the packing for the Co-(5-Heptoxy) structure was 

analogous to other isophthalate-based calixarene cages. In this case, two-

dimensional layers of cages are more widely spaced as a result of the ligand 

functional groups. Work further exploring the generality of these trends are 

ongoing in our group. 

The ability to maintain consistent solid-state packing across an 

isoreticular series of porous coordination cages is somewhat unusual as control 

over cage packing is often dominated by interactions between incorporated 

functional groups. This has been demonstrated for a number of extensively 

studied coordination cages including isophthalate and carbazole dicarboxylate-

linked paddlewheel systems as well as Cp-capped Zr cages.26 Significant 

changes to solid-state packing upon functional group variation can influence the 

solubility for these systems and limit rational approaches to enhancing their 

solubility. Thus, calixarene-capped cages offer a somewhat unique opportunity 

to vary material solubility simply through functional group incorporation while 

maintaining the same solid-state packing and having a minimal effect on surface 

area. 

As compared to carbazole dicarboxylate- or isophthalic acid-based 

cages, calixarene-capped cages do display a moderate level of solubility in 

polar solvents, likely a result of their charged nature. The parent cage structures, 

M-(btc), M-(p-bdc), and M-(m-bdc) (M = Co2+, Ni2+), are moderately soluble in 

DMF, chloroform, and methylene chloride. The truncated structures are 

additionally soluble in acetone and THF. With eight newly synthesized materials 

in hand, we sought to survey the solubility of these cages as a function of 
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structure type and functional group. It is notable that the solubility of as-

synthesized cages was generally low and was somewhat irreproducible from 

batch to batch. Solvent exchange and activation of cages prior to solubility 

screening gave straightforward results, and cages typically displayed higher 

solubilities after such treatment. The results of these tests are listed in Table 

2.1. The solubility of octahedral cages increases with the addition of functional 

groups on the bridging ligands of the cage. For instance, while the parent nickel 

cage is soluble in DMF, chloroform, methylene chloride, and acetone, the same 

octahedral cage bridged by dobdc4- ligands exhibits solubility in at least three 

additional solvents including tetrahydrofuran, benzene, and toluene. 

Comparatively, truncated octahedral cages exhibit slightly different solubility 

characteristics than octahedral cages when functionalized. This is due to the 

location of the functional group residing closer to the outermost periphery of the 

cage, lending more influence toward solubility in comparison to terephthalate-

based cages. The parent cobalt and nickel m-bdc cages have less solubility 

when compared to the hydrocarbon and alkoxy-functionalized analogues 

reported here. The addition of a simple methyl group on the isophthalate ligand 

leads to a highly soluble cage that can also be dissolved in benzene, toluene, 

and ethyl acetate. As seen in Table 2.1, increasing the size of the appended 

functional group generally increases the solubility of the cage. Conversely, Ni-

(5-Sulfo) and Co-(5-Sulfo) are insoluble in all nonpolar and most polar solvents 

we employed with the exception of DMF, in which the cages remained highly 

soluble. This is likely a result of the higher charge of this cage (12-) as compared 

to cages based on ligands with neutral functional groups (4-). 
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Table 2.1.  Cage solubility. 

Cage a b c d e f g H 

Ni-(btc) s s s i i i i i 

Co-(btc) s s s i i i i i 

Ni-(p-bdc) s s s p i i i i 

Co-(p-bdc) s s s i s i i i 

Ni-(m-bdc) s s s s s s i i 

Co-(m-bdc) s s s s s i i i 

Ni-(5-Sulfo) s i i i i i i i 

Co-(5-Sulfo) s i i i i i i i 

Ni-(2-Methyl) s s s p i s p i 

Ni-(5-Methyl) s s s s s s s s 

Ni-(2-Br) s s s s s i i i 

Ni-(5-Br) s s i i p i i i 

Ni-(dobdc) s s p p s s s i 

Ni-(5-OProp) s s s s s s i i 

Co-(5-OHept) s s s s s s s p 
aDMF, bChloroform, cMethylene chloride, dAcetone, eTHF, fBenzene, gToluene, 
hEthyl acetate. 

The solubility of coordination cages is not only important for practical 

applications, where it can be leveraged for material synthesis, purification, 

characterization, and utilization, it is an important consideration in achieving 

high surface areas. In most extended network solids, samples are thoroughly 

washed with a high boiling synthesis solvent, typically an amide such as DMF 

or DMA. After this process, they are exchanged with a more volatile solvent to 

facilitate activation at more modest temperatures. This procedure is particularly 

important for MOFs with metal-bound solvent molecules as these are much 

more difficult to remove than pore-bound solvent. Because of the saturated 

coordination of the metal centers in each tetranuclear cluster of these 

compounds, there are no exposed metal sites for the coordination of solvent 

molecules. Given their solubility in a range of solvents, particularly DMF, we 

were able to forego exchanges with highly polar solvents. We were somewhat 
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limited, however, in which volatile solvents could be used. Ultimately, room 

temperature washes with EtOH were sufficient for removing DMF and unreacted 

metal, ligand, or calixarene cap from the materials reported here. Fully 

exchanged samples, as determined by the absence of a C-O carbonyl stretch 

in the IR spectra of exchanged samples (Figures B.6-B.24), were dried under 

dynamic vacuum at room temperature before being transferred to gas 

adsorption tubes for screening of optimal activation temperatures. For these, we 

utilized flowing N2 rather than dynamic vacuum as it more similarly represents 

the experimental parameters used in TGA experiments (Figures B.35-B.42). 

As is often the case for MOFs, when comparing the optimal activation 

temperatures of these materials with their respective TGA measurements, there 

is no clear correlation between the two. The TGA measurements are similar 

across all materials tested where there is a slight decrease in weight percent 

due to loss of solvent below 100 °C followed by a long plateau in weight percent 

and apparent decomposition at Ḑ400 °C. Regardless, the plateau between 

solvent loss and decomposition shows no notable loss of weight that would give 

insight into activation temperature. As a result, sample activation screens were 

necessary to determine the optimum activation temperature of each material. 

Temperature screens were performed by activating samples at 25 °C intervals 

under dynamic nitrogen flow from room temperature until gas uptake decreased 

drastically (loss of Ḑ0.5-1.0 mmol/g). We generally found that optimal activation, 

as judged by N2 or CO2 adsorption at 77 or 195 K, respectively, was achieved 

upon heating samples to approximately 200-250 °C (Figures B.45-B.55). 

Based on the evidence from the TGA measurements, all solvent was evacuated 
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from the system by 200 °C, which suggests any change in uptake of N2 or 

CO2 from 200 to 400 °C is due to an alteration in the crystal packing of the 

system and/or thermal decomposition. 

A clear advantage of calixarene-capped cages is their solid-state packing 

is largely governed by the nature of the capping ligand rather than the bridging 

di- or tricarboxylate ligands that connect their tetranuclear clusters. As a result, 

while it is expected that dramatic ligand functionalization will have a negative 

effect on material surface area (Table B.1), dramatic tuning of solubility can be 

achieved. Surface areas of previously reported cages generally support this 

hypothesis as the gas adsorption characteristics of Ni-(p-bdc), Ni-(btc), and Ni-

(5-Sulfo) have been measured by Wang and co-workers and show N2 uptakes 

(at 77 K and 1.0 bar) of 8.01, 8.96, and 5.13 mmol/g, respectively, and CO2 (at 

195 K and 1.0 bar) uptakes of 7.27, 7.70, and 5.69 mmol/g, respectively. Upon 

comparison of these materials to the functionalized analogues reported here, 

there is a slight decrease in uptake upon functional group incorporation. The 

greatest decrease in gas adsorption in a terephthalic acid cage is seen with Ni-

(2-Br), which decreases to 5.75 and 5.18 mmol/g for N2 and CO2, respectively, 

as compared to 8.01 and 7.27 mmol/g. The decrease in gravimetric uptake and 

surface area is expected given the significantly increased molar mass of the 2-

Br-bdc2- as compared to p-bdc2-. The truncated cage with the greatest decrease 

as compared to its unfunctionalized analogue is Co-(5-Heptoxy), which displays 

saturation uptakes of just of 0.33 and 5.10 mmol/g for N2 and CO2, respectively. 

The trends in gas uptake and surface area correlate with the positioning of the 

functional group for each cage type. With the addition of a functional group to 
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an octahedral cage, the organic moiety sits at the edge of the pore window. This 

reduces the availability for gas to access the interior surface of the cage while 

the extra-cage surface area is unchanged. On the other hand, upon examination 

of truncated cages, the functional group must be oriented away from the internal 

void of the cage; it does not take up any space in the internal pore, although it 

can restrict access to the pore which can inhibit uptake of gas. With the addition 

of increasing sterically hindering groups this reduction in pore window diameter 

only becomes more drastic, which can explain the reduction in N2 adsorption in 

Ni-(5-Prop) and Co-(5-Hept). Co-(5-OHept), for example, is minimally porous to 

N2 while it has a CO2 accessible surface area on par with the other cages. 

The tunable solubility of these cages can be leveraged for mechanical 

shaping and/or monolith formation. We have previously focused on the 

densification of cage materials via solvent processing. However, because of the 

increased recent interest in mechanical shaping of MOFs, application of these 

methods into cage systems is worth exploring. While methods for manual 

shaping of MOFs, including pressing,53 spray drying,54 and granulation,55 have 

been reported, methods applied to porous cages have been limited. We initiated 

a proof-of-concept study to show how functionalized calixarene-capped cages 

can be used to create mechanically shaped porous materials while still retaining 

the gravimetric uptake and surface area of unaltered counterparts. 

Ni-(2-Methyl), Ni-(5-Methyl), and Ni-(5-OProp), are highly soluble in 

benzene which allows them to be isolated as activated materials upon 

sublimation of solvent from frozen samples. In this approach, the three cages 

largely retained their shape immediately following this benzene freeze-drying 
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(Bz FD) procedure (Figure B.96). Nitrogen adsorption isotherms collected at 77 

K confirmed that the cages retained gravimetric surface area as compared to 

their counterparts activated under more typical conditions with Ni-(2-Methyl)Bz 

FD, Ni-(5-Methyl)Bz FD, and Ni-(5-OProp)Bz FD exhibiting BET surface areas 

of 418, 425, and 421 m2/g, respectively (Figures B.64-B.66) This supports the 

idea that manipulation of these cages in the solid state has minimal influence 

over their ability to adsorb gas making these materials good candidates for 

mechanical shaping in the future. To further investigate volume tuning of these 

materials, we focused on Ni-(2-Methyl) as it maintains a robust structure upon 

freeze-drying, and it can potentially be used to afford product phases with 

tunable densities. Here, simply tuning the concentration of starting solutions can 

be leveraged to adjust the density of shaped product phases. Three solutions 

of constant volume and varying cage concentrations were prepared, frozen, and 

the solvent was sublimed to afford porous product where the density and 

mechanical stability are highly tunable (Figures B.95 and B.96).  

2.4 Conclusions 

We have described a series of calixarene-capped porous coordination 

cages that can be synthesized in a modular fashion using a broad range of 

functionalized terephthalic and isophthalic bridging ligands. The terephthalic 

acid-based cages presented in this work generally crystallize in the R-3 space 

group regardless of the functional group present on the bridging ligand as cageï

cage interactions are instead governed by the nature of the calixarene cap. 

Similarly, the packing of isophthalic acid-based cages in the solid state is largely 

based on capïcap interactions rather than the functional groups on the 5-
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position of the isophthalic acid ligands they are based on. The solubility of both 

types of cages increases significantly with the addition of functional groups to 

their bridging ligands, exhibiting subtle decreases in their surface areas. It is 

expected that utilization of extended linear and bent linkers with appropriate 

functional groups will lead to a large class of highly porous cages that 

importantly still exhibit the hallmark solubility of porous coordination cages. In 

addition, the improved solubility of these materials compared to other cage 

complexes offers potential benefits for a variety of applications, most notably 

mechanical shaping for future applications in gas adsorption that have virtually 

been exclusive to MOFs. These observations motivate our ongoing interest in 

expanding the chemistry of molecular metalïorganic materials to complement 

studies of MOFs. 
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CONTROLLING PHASE IN LOW-NUCLEARITYCALIXARENE CAPPED 
POROUS COORDINATION CAGES WITH LIGAND FUNCTIONALIZATION 

3.1 Introduction 

As reports of permanent porosity in coordination cages have increased 

over the past decade,1 so too have investigations into tuning the properties of 

these materials.2,3,4 The packing of cages in the solid state and their amenability 

to solution-based characterization and modification strategies can be controlled 

through choice of the metal cations that comprise these cages or 

functionalization of their organic ligands.5,6 The former approach is particularly 

important for porous coordination cages containing metal cations with 

coordinatively-unsaturated sites.7,8 For many cages, particularly cluster-capped 

structures, ligand functionalization is the primary route to tune these highly 

promising materials where judiciously placed organic groups can be installed to 

give a measure of control over surface area,9 adsorption selectivity,10 

solubility,11 and even phase.12 

Chapter 3 
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Figure 3.1.  Multicarboxylate-based ligands and the cages they form when 
used in tandem with SC4A. Cages based on triangular (type I) 
(top left), linear (type II) (top right), bent (type III) (bottom left), 
and extended bent (type IV) (bottom right) linkers have been 
reported. 

A particular challenge for the modification of specific permanently porous 

coordination cages, however, is that ligand placement is often not necessarily 
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compatible with the installation of functional groups. Calixarene-capped 

coordination cages are a particularly compelling example of this. These 

polyhedral structures, which are often referred to as metalïorganic super 

container (MOSC) or Changchun Institute of Applied Chemistry (CIAC) families 

of materials, feature sulfonylcalix[4]arene (SC4A) or thiacalix[4]arene (TC4A) 

capping units at their vertices and di- or tri-carboxylate ligands at their edges or 

faces, respectively. MOSCs, which utilize SC4A as its capping unit, have been 

categorized by ñtypeò depending on the carboxylic acid based bridging ligand 

used in the synthesis (Figure 3.1).13,14,15,16 While the calixarene capping units 

of these cages are functionalizable, only cages that use terephthalic acid or 

isophthalic acid ligands have been shown to incorporate 

functionality via functionalized bridging ligands.16,17 Although additional 

structure types have been reported using thiophene or benzoate derivatives 

(Figure 3.1).18,19 We targeted carbazole-based ligands in this work for the 

purpose of synthesizing low-nuclearity calixarene-capped cages that resemble 

the geometry observed in type IV calixarene cages while employing bridging 

ligands with a significantly lesser binding angle than those previously reported. 

The use of carbazole based ligands also allows for an easier route for functional 

group incorporation that is not as straight forward when using dibenzoate 

derivatives.  
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3.2 Experimental 

3.2.1 General Considerations 

All reagents were obtained from commercial vendors and used without 

purification, excluding solvents used for air sensitive procedures. Air sensitive 

products required solvent obtained from a solvent purification system. These 

were dispensed and then stored in a glove box over 3 Å or 4 Å sieves. Low-

pressure adsorption measurements were obtained on a Micromeritics Tristar 

3000. Powder X-ray Diffraction Patterns were taken using a Bruker D8 XRD with 

a Cu KŬ radiation (1.54 nm) housed in the Advanced Materials Characterization 

Lab at the University of Delaware. Infrared (IR) spectra were carried out with a 

Bruker ALPHA II instrument. UV-Vis experiments were carried out with an 

AvaSpec-ULS2048CL. Scanning Electron Microscope images were taken using 

an SEM/FIB Auriga 60 housed in the Advanced Materials Characterization Lab 

at the University of Delaware. Elemental Analyses were performed on a Thermo 

Fisher K-Alpha XPS at the University of Delawareôs Surface Analysis Facility. 

3.2.1.1 Single-Crystal X-Ray Diffraction 

X-ray structural analysis for Co-TriPhenyl-cdc, Ni-9-tButylBenzyl-cdc, 

Ni-TriPhenyl-cdc, Fe-SC4A, Mg-TriPhenyl-cdc, and Mn-TriPhenyl-cdc: 

Crystals were mounted using viscous oil, perfluoroalkane or mother liquor onto 

a plastic mesh and cooled to the data collection temperature. Data were 

collected on a D8 Venture Photon III diffractometer with Cu-KŬ radiation (ɚ = 

1.54178 Å) focused with Goebel mirrors. Unit cell parameters were obtained 

from fast scan data frames, 1Ü/s ɤ, of an Ewald hemisphere. The unit-cell 

dimensions, equivalent reflections and systematic absences in the diffraction 
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data are consistent with Cc and C2/c for Ni-9- tButylBenzyl-cdc, and, uniquely, 

P21/c for Co-TriPhenyl-cdc, Ni-TriPhenyl-cdc, Fe-SC4A, and Mn-TriPhenyl-

cdc. No symmetry higher than triclinic was observed in Mg-TriPhenyl-cdc. 

Refinement in the centrosymmetric space group option, C2/c, for the non-

unique case, Ni-9-tButylBenzyl-cdc, yielded chemically reasonable and 

computationally stable results of refinement. The data were treated with multi-

scan absorption corrections.20 Structures were solved using intrinsic phasing 

methods21 and refined with full-matrix, least-squares procedures on F2.22 These 

compounds apparently consistently deposited as weakly diffracting crystals and 

the data represent the best of several trials. 

For Co-TriPhenyl-cdc, Ni-TriPhenyl-cdc, Mg-TriPhenyl-cdc, and Mn-

TriPhenyl-cdc, the structure is located at an inversion center. In each structure, 

presumably disordered solvent molecules were treated as diffused contributions 

with identities assigned based on the electron counts from the Squeeze 

results.23 

Non-hydrogen atoms were refined with anisotropic displacement 

parameters except in Ni-TriPhenyl-cdc where the atoms of the phenyl rings, t-

butyl groups and the located DMF solvent molecule were refined with isotropic 

parameters to conserve a reasonable data/parameter ratio. All hydrogen atoms 

were treated as idealized contributions with geometrically calculated positions 

and with Uiso equal to 1.2 Ueq (1.5 Ueq for methyl) of the attached atom. 

Atomic scattering factors are contained in the SHELXTL program 

library.21 The structures have been deposited at the Cambridge Structural 
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Database under the following CCDC depositary numbers: CCDC 2181532-

2181537.    

3.2.1.2 Gas Adsorption Measurements 

Carbon dioxide was used for all adsorption measurements. Adsorption 

isotherms were measured via a Micromeritics Tristar 3000 gas adsorption 

analyzer. Samples were loaded into preweighed analysis tubes under a N2 

atmosphere and capped with a Transeal. The samples were then activated via 

N2 flow on a VacPrep flow system. The degassed tube containing the sample 

was then weighed to determine the mass of the activated material. CO2 

adsorption isotherm measurements of the synthesized materials were surveyed 

from 25 °C to 75 °C in increments of 25 °C. The optimal temperature for 

obtaining the highest surface area, 25 °C, was then used for subsequent 

measurements to activate samples. Surface areas and pore volumes were 

measured via CO2 isotherm in a 195 K dry ice/isopropyl alcohol bath and 

calculated using the BET consistency criterion. 

3.2.2 Synthesis of 2,7-dibromo-3,6-diacetyl-9-phenyl-carbazole. 

2,7-dibromo-9-phenyl-carbazole (10 g, 24.9 mmol) was dissolved in 100 

mL DCM. In a separate RBF AlCl3 (9.96 g, 74.7 mmol) and Acetyl Chloride (8.85 

mL, 124.5 mmol) were suspended in 100 mL DCM. To this suspension the 2,7-

dibromo-9-phenyl-carbazole solution was added dropwise. The reaction mixture 

was set to stir at RT for 12 h. The reaction mixture was then poured into 300 mL 

of DI H2O and precipitated solids were collected via vacuum filtration. 1H NMR 

(400 MHz, DMSO-d6) ŭ = 8.91 (s, 2H), 7.69 (m, 5H), 7.53 (s, 2H), 2.72 (s, 6H). 
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3.2.3 Synthesis of 2,7-dibromo-9-phenyl-carbazole dicarboxylic acid. 

2,7-dibromo-3,6-diacetyl-9-phenyl-carbazole (10.5 g, 21.7 mmol) was 

dissolved in 250 mL 1,4-Dioxane. In a separate RBF NaOH (56.4 g, 1.41 mol) 

was dissolved in 250 mL DI H2O. The NaOH (aq) solution was cooled to 0 °C in 

an ice bath and set to stir at 0 °C for 0.5 h. To the cooled NaOH (aq) solution 

25 mL Br2 was added dropwise. The prepared NaOBr (aq) solution continued 

to stir at 0 °C for an additional 0.5 h. The NaOBr (aq) solution was added 

dropwise to the 2,7-dibromo-3,6-diacetyl-9-phenyl-carbazole solution. After 

complete addition the reaction mixture was set to heat at 100 °C for 12 h. After 

cooling to RT the reaction mixture was poured into 600 mL of saturated Na2SO3 

(aq) solution. The reaction mixture was then acidified to pH = 1 and precipitated 

solids were collected via vacuum filtration. 1H NMR (400 MHz, DMSO-d6) ŭ = 

8.92 (s, 2H), 7.70 (m, 5H), 7.51 (s, 2H). 

3.2.4 Synthesis of dimethyl 2,7-dibromo-9-phenyl-carbazole-3,6-
dicarboxylate. 

2,7-dibromo-9-phenyl-cdc (12.4 g, 24.9 mmol) and K2CO3 (17.2 g, 124.5 

mmol) were suspended in 250 mL DMF. The reaction mixture was set to stir at 

RT for 0.5 h. To the stirring suspension Iodomethane (4.7 mL, 74.7 mmol) were 

added and the reaction mixture set to heat at 100 °C for 12 h. After cooling to 

RT the reaction mixture was poured into 500 mL of DI H2O and precipitated 

solids were collected via vacuum filtration. 1H NMR (400 MHz, DMSO-d6) ŭ = 

8.92 (s, 2H), 7.71 (m, 5H), 7.55 (s, 2H), 3.91 (s, 6H) 
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3.2.5 Synthesis of dimethyl 2,7,9-triphenyl-carbazole-3,6-dicarboxylate. 

Dimethyl 2,7-dibromo-9- phenyl-carbazole-3,6-dicarboxylate (10.2 g, 

19.8 mmol), phenylboronic acid (12.07 g, 99 mmol) and K2CO3 (21.9 g, 158.4 

mmol) were suspended in 300 mL of 1,4-Dioxane. The reaction mixture was 

sparged with N2 for 0.5 h. Pd(PPh3)4 (500 mg, 2 mol%) was added and the 

reaction mixture was set to heat under N2 at 100 °C for 48 h. After cooling to RT 

the reaction mixture was poured into 1 L DI H2O and precipitated solids were 

collected via vacuum filtration. 1H NMR (400 MHz, DMSO-d6) ŭ = 8.93 (s, 2H), 

7.74 ï 7.56 (d,t,t, 5H), 7.45 ï 7.30 (m, 10H), 7.24 (s, 2H) 3.65 (s, 6H). 

3.2.6 Synthesis of 2,7,9-triphenyl-carbazole dicarboxylic acid. 

Dimethyl 2,7,9-triphenyl-carbazole-3,6- dicarboxylate (9.6 g, 18.8 mmol) 

was suspended in a solvent mixture containing 100 mL MeOH, 100 mL THF 

and 150 mL 2 M KOH (aq) solution. The reaction mixture was set to reflux for 

12 h. After cooling to RT, the reaction mixture was filtered, the filtrate was 

acidified to pH = 1 and precipitated solids were collected via vacuum filtration. 

1H NMR (400 MHz, DMSO-d6) ŭ = 12.64 (s, 2H), 8.88 (s, 2H), 7.77 ï 7.5 (m, 

5H), 7.53 (s, 2H), 7.43 ï 7.30 (m, 10H), 7.20 (s, 2H). 

3.2.7 Synthesis of [(Mg4OHsc4a)2(2,7,9-triphenyl-cdc)4]2- (Mg-TriPhen-
cdc). 

MgCl2 ƹ 6H2O (101.7 mg, 0.5 mmol) and PTBSC4A (84.9 mg, 0.1 mmol) 

were dissolved in 12 mL of a 3:1 DMF/MeOH mixture (9 mL DMF, 3 mL MeOH) 

in a 20 mL scintillation vial and set to heat at 85 °C for 12 h in an Al block. After 

cooling to RT 2,7,9-triphenyl-cdc (159.6 mg, 0.33 mmol) was added and the 

reaction mixture returned to heat at 85 °C for an additional 12 h in an Al block. 
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The reaction vial was removed from heat in the Al block to cool slowly. After 

cooling to RT diffraction quality crystals were harvested. 

3.2.8 Synthesis of [(Mn4OHsc4a)2(2,7,9-triphenyl-cdc)4]2- (Mn-TriPhen-
cdc). 

MnCl2 ƹ 4H2O (99.0 mg, 0.5 mmol) and PTBSC4A (84.9 mg, 0.1 mmol) 

were dissolved in 12 mL of a 2:1 DMF/MeOH mixture (8 mL DMF, 4 mL MeOH) 

in a 20 mL scintillation vial and set to heat at 85 °C for 12 h in an Al block. After 

cooling to RT 2,7,9-triphenylcdc (159.6 mg, 0.33 mmol) was added and the 

reaction mixture returned to heat at 85 °C for an additional 12 h in an Al block. 

The reaction vial was removed from heat in the Al block to cool slowly. After 

cooling to RT diffraction quality crystals were harvested. 

3.2.9 Synthesis of [(Co4OHsc4a)2(2,7,9-triphentl-cdc)4]2- (Co-TriPhen-
cdc). 

Co(NO3)2 ƹ 6H2O (145.5 mg, 0.5 mmol) and PTBSC4A (84.9 mg, 0.1 

mmol) were dissolved in 10 mL DMF in a 20 mL scintillation vial and set to heat 

at 85 °C for 12 h in an Al block. After cooling to RT 2,7,9-triphenyl-cdc (159.6 

mg, 0.33 mmol) was added and the reaction mixture returned to heat at 85 °C 

for an additional 12 h in an Al block. After cooling to RT, the reaction mixture 

was diffused with MeOH to obtain diffraction quality crystals. 

3.2.10 Synthesis of [(Ni4OHsc4a)2(2,7,9-triphentl-cdc)4]2- (Ni-TriPhen-cdc). 

Ni(NO3)2 ƹ 6H2O (145.4 mg, 0.5 mmol) and PTBSC4A (84.9 mg, 0.1 

mmol) were dissolved in 10 mL DMF in a 20 mL scintillation vial and set to heat 

at 85 °C for 12 h in an Al block. After cooling to RT 2,7,9-triphenyl-cdc (159.6 

mg, 0.33 mmol) was added and the reaction mixture returned to heat at 85 °C 
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for an additional 12 h in an Al block. After cooling to RT, the reaction mixture 

was diffused with EtOH to obtain diffraction quality crystals. 

3.3 Results and Discussion 

The 9-position of carbazoledicarboxylate has been shown to be of 

significant importance when incorporating this ligand into porous materials. 

Linking two of these molecules via Sonogashira coupling yields a 

tetracarboxylic acid molecule that is observed in the MOF PCN-81.24 

Additionally, our group has previously shown that the same 9-position of 

carbazoledicarboxylate is of importance for modification in order to install a 

variety of functional groups into coordination cages.25,26 This ligand, which 

features a 90° angle between carboxylate groups on its 3,6 positions has been 

shown to be easily incorporated into discrete coordination cages, reliably 

forming M12L12 type cages when reacted with a variety of divalent transition 

metal cations that are prone to adopting paddlewheel configurations, including 

Cr2+, Co2+, Ni2+, Cu2+, Mo2+, and Ru2+/3+.7,16,27 When 9-position functionalized, 

the organic groups installed onto the bridging ligand exhibit on the exterior 

surface of these octahedral structures and have shown to have a tremendous 

impact on a variety of cage properties, including solid-state packing, surface 

area, solubility, and thermal stability. The amenability of this ligand toward 

straightforward modification routes makes it a promising target for the synthesis 

of novel porous coordination cages, however, to the best of our knowledge 

investigations into incorporating this ligand into alternative cage geometries 

have not been documented. 
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Although calixarene-capped cages have been prepared from a wide 

range of dicarboxylate ligands,28,29 the use of a ligand with 90° between 

carboxylate groups to bridge metal/calixarene tetranuclear clusters has yet to 

be reported. Our initial attempts to isolate cages upon reactions of various metal 

salts with 9-functionalized carbazoledicarboxylic acid ligands proved 

unsuccessful regardless of reaction conditions or the nature of the installed 

functional group, which included alkyl, aryl, and benzyl groups. The reaction of 

9-tBu-benzyl-carbazoledicarboxylic acid with nickel did, however, afford a 

crystalline cage-like material that illustrates the issue with this approach. The 

carboxylate groups in this structure are coplanar with the carbazole unit, 

therefore causing the orientation of the carbazole ligand to inhibit the formation 

of an enclosed cage. Rather the observed product appears as a portion of a 

cage containing the expected calixarene capping ligands but with just two 

dicarboxylate ligands and trinickel rather than tetranickel clusters (Figure 3.2). 

Metal-bound DMF completes the coordination sphere for two of the three 

nickel(II) cations in the structure. 

To address this, we turned to functionalization of adjacent carbazole 

positions as a means to force the desired torsion of carboxylate groups that 

would allow for complete cage formation, therefore tuning the nuclearity and 

phase of resulting structures. By performing an acylation addition at the 3- and 

6-positions of 9-phenyl-2,7-dibromocarbazole, followed by oxidation of the acyl 

groups to carboxylic acid and subsequent esterification affords methyl-ester 

functionalized ligand in high yield. After straightforward coupling reactions to 

install 2,7-positioned phenyl rings and base catalyzed hydrolysis of the ester 
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groups affords the targeted tri-phenyl functionalized ligand in high yield. 

Although this approach is widely compatible with the presence of a variety of 

functional groups on the 9-position of the ligand, we found that the 9-phenyl 

congener offered optimized scalability and produced a highly soluble ligand, 

which generally aids in synthetic efforts toward isolation of functionalized cages.  

 

 

Figure 3.2.  The reaction of nickel(II) with functionalized carbazole ligand 
affords a partial cage structure featuring trinickel clusters and 
nickel bound DMF molecules. tBu groups on the calixarene caps 
and carbazole functional groups are omitted for clarity. The 
carboxylate groups and aromatic system are coplanar in this 
molecule. Black, red, yellow, gray, and blue spheres represent 
nickel, oxygen, sulfur, carbon, and nitrogen atoms, respectively. 
Hydrogen atoms have been omitted. 

Calixarene-capped coordination cages have previously been reported for 

a wide variety of metal ions, including, Mg, Fe, Co, Ni, and Zn.2,13,15,18,30 With 

this in mind, we targeted the synthesis of a large family of isostructural species 

based on these metal cations. Despite our best efforts, and our prior success in 

isolating iron(II)-based cages with these capping ligands,2 we were unable to 

isolate an Fe2+ cage and typically produced partially metalated cap with no 

carboxylic acid ligand. However, reaction of 2,7,9-triphenylcarbazole-3,6-
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dicarboxylic acid (H2tpcd) with MgCl2·6H2O, MnCl2·4H2O, Co(NO3)2·6H2O, or 

Ni(NO3)·6H2O and p-tert-butylsulfonylcalix[4]arene in amide/alcohol mixtures 

affords the targeted [(M4X(SC4A))2(tpcd)4]2- (M = Mg2+, Mn2+, Co2+, and Ni2+; X 

= OH- or OMe-; hereafter referred to as M-TriPhenyl-cdc) cages in high yield. 

While the ɛ4 species present in the metal cation clusters that comprise these 

cages can vary2,27,31 the cages isolated here feature either methoxide or 

hydroxide ions in these positions. As a result, the cages present as 2- anions. 

As is typically the case for these types of cages, and related ionic cages 

featuring significant extra-cage pore space in their solid-state structures, we 

were unable to crystallographically resolve the cationic species in the structures 

with the exception of the magnesium congener. In this case, the cage was 

isolated as a dimethylammonium salt, [H2NMe2]2[(Mg4OH(SC4A))2(tpcd)4] as is 

common for anionic cages isolated from solvent mixtures containing 

dimethylformamide, which readily decomposes to afford dimethylamine over the 

course of cage syntheses.  
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Figure 3.3.  (Top) 3,6-Functionalization of carbazole enforces rotation of the 
carboxylate groups of the ligand. (Bottom) Structure of 
[NH2Me2]2[(Mg4OHSC4A)2(tpcd)4] as determined by single-
crystal X-ray diffraction tBu groups and hydrogen atoms have 
been omitted for clarity 

The capping ligand in these cages, p-tert-butylsulfonylcalix[4]arene, 

offers a large degree of structural flexibility and is compatible with a range of 

transition metal cations. As a result, we are able to report isoreticular cages 
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containing four unique metals in slightly different coordination geometries. The 

internal lengths of each cage, measured between the oxygen in each 

ɛ4 species change only slightly as a function of metal cation with distances of 

10.160(6), 10.09(1), 9.80(1), and 9.93(2) Å for magnesium, manganese, cobalt 

and nickel cages, respectively. This is expected as the cap-to-cap distance in 

the cage is largely governed by the carbazole-based bridging ligand. Notable 

deviations from a perfect octahedral geometry, however, are observed to 

different extents for each metal cation. For example, the angle between the 

metal ion, sulfonyl oxygen, and the ɛ4 species or ñstrained angleò, varies 

significantly depending on what metal is present while the two angles in 

equatorial plane of the octahedron remain relatively close to 180°. The extremes 

of this case lie in the Co2+ and Mn2+ cages with angles of 169.3° and 162.0°. 

Although these surface areas are modest as compared to those reported 

for high surface area network solids, they are notable given the low nuclearity 

of these cages1 and are significantly greater than the previously reported 

uptakes in other ligand-modified type IV calixarene containing cage materials. 

As previously reported for analogous cages with calixarene molecules as 

capping units, the bowl-like voidspace formed by the p-tert-butyl phenol units 

cap proves significant void space for gas adsorption (Figure 3.3).32,33  In 

addition to this, the tBuïtBu interactions between cages typically endows these 

types of cages with moderate thermal stability and form regular extra-cage 

space that is accessible to adsorbate molecules.25 The closest tBuïtBu 

interactions that is observed between cages is in the case of Co-TriPhenyl-cdc 

where caps present in a staggered orientation. The top two tBu groups of one 
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cage will interact with the bottom two tBu groups of another cage at distances 

of 4.7732(6) and 4.6286(6) Å respectively (Fig. C.34). Similarly, the same type 

of capïcap orientation is observed in the case of Mn and Ni systems where the 

distances between tBu groups in each case is 4.7487 and 4.7487 Å for the 

former and 4.8892(4) and 4.8892(4) Å for the latter (Fig. C.32 and C.34). In the 

case of Mg-TriPhenyl-cdc, the orientation of the caps interacting between cages 

presents in a less staggered orientation than the other three systems. In this 

case, each tBu group of one cage is interacting with its corresponding tBu group 

in the other cage, meaning to say that there are now four points of interaction 

between each calixarene cap rather than two. In the Mg-TriPhenyl-cdc system 

we observe 5.5867(3), 5.4049(3), 5.5867(3), and 5.4049(3) Å between the 

four tBu interactions present (Fig. C.30). 
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Figure 3.4.  Pi-pi interactions observed between ligands of neighboring 
cages in Ni-TriPhenyl-cdc (top) and tBuïtBu interactions 
between Mn-TriPhenyl-cdc cages (bottom). 

Although it has previously been shown that these tBuïtBu interactions 

dominate cageïcage contacts,14 the carbazole functional groups used in this 

work play a vital role in cage packing. Several examples of face-to-edge piïpi 

stacking is present across all four cage materials in the solid state. Single crystal 

X-ray diffraction (scxrd) shows that in the case of Mg-TriPhenyl-cdc, two 

examples of this piïpi stacking confirmation can clearly be seen between the 

ligands of two cages at distances of 4.9868(2), 4.2409(2), and 4.9439(3) Å. 

Similarly, in the case of Co-TriPhenyl-cdc and Ni-TriPhenyl-cdc, one can see 

similar T-shaped piïpi confirmation between two ligands of any given cages. 
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The distances at which these interactions occur when examining Co-TriPhenyl-

cdc are 4.6245(5), 4.6784(5), and 5.4462(5) Å, and when examining Ni-

TriPhenyl-cdc these distances are 4.7075(3), 4.6627(3) and 5.0057(3) Å. While 

the piïpi interaction in the Mg, Co, and Ni analogs of these cages are clearly 

identifiable as T-shaped piïpi stacking as the acute angle between the planes 

of each ring (ɔ) is close to 90°. Mn-TriPhenyl-cdc displays a smaller angle 

between the two rings interacting between cages (Figure 3.4). The distances 

here (4.6782(2) and 4.3545(3) Å) are consistent with those observed in the other 

three materials. 

3.4 Conclusions 

These results show that construction of calixarene capped, 

functionalized carbazole containing cages of type IV structure types are isolable 

given judicious ligand functionalization. The incorporation of phenyl rings at the 

2-, and 7-positions not only allow for the torsion of the carboxylic acid groups 

that facilitates cage growth, but also plays a key role in increasing inter-cage 

interactions that allow for increased porosity in this class of materials. The 

isoreticular materials presented here show tunability for incorporation of a 

variety of transition metal cations. As a result of the highly functionalizable 

nature of the carbazole bridging ligand, we expect that further modification of 

the carbazole group, particularly at the 9-position, can be leveraged to further 

tune surface area, solubility, and gas adsorption properties. Future work in our 

group will expand on this and elucidate the structure/function relationships upon 

functional group incorporation. 
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RAPID POST-SYNTHETIC MODIFICATION OF POROUS COORDINATION 
CAGES WITH COPPER-CATALYZED CLICK CHEMISTRY 

4.1 Introduction 

Porous hybrid materials, including metalïorganic frameworks (MOFs) 

and porous coordination cages (cages), have been modified at either their 

organic bridging ligands or structural metal cations as a method to finely tune 

their properties.1,2 These modifications can be used to incorporate targeted 

functionality to tune the porous hybrid material's phase, porosity, or in the case 

of cages, solubility.3 Depending on the nature of the targeted functional group, 

it can be incorporated on the bridging ligand either prior to or after synthesis of 

the porous product. In cases where the functional group does not interfere with 

the MOF or cage synthesis, it is straightforward to modify the bridging ligand, 

where minor modifications to established synthesis protocols afford the desired 

phase. However, in many cases, post-synthetic modification of porous materials 

is necessary as some functional groups can interfere with product formation 

resulting in side products or alternative phases. In some cases, the organic 

functional group is not compatible with the conditions to afford the targeted MOF 

or cage. 

Although there are some challenges and limitations in the post-synthetic 

modification of MOFs, such as difficulties in assessing the extent or 

homogeneity of modification, it has been widely reported for numerous families 

Chapter 4 
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of MOFs where a variety of functional groups have been installed to tune 

material properties.4 These methods have also been explored and successfully 

leveraged to tune porous coordination cages where both metal- and ligand-

based chemistry has been targeted.5 Given the molecular nature of these 

adsorbents, there are unique challenges and opportunities for their 

functionalization as homogeneous modifications can be used to alter their 

structures. Strategies for the post-synthetic modification of cages6,7 have 

included both covalent coordination chemistry and non-covalent post-synthetic 

modifications.8,9,10 Previous work conducted by our lab has shown that post-

synthetic modification can allow for tuning solubility, crystallinity, or porosity.11,12 

Click chemistry is a particularly appealing tool for post-synthetic 

modification of cages due to the rapid and selective nature of this class of 

covalent reactions. There are several types of click reactions that are widely 

employed in synthetic chemistry, including copper-catalyzed alkyneïazide 

cycloadditions,13 Diels-Alder cycloadditions,14 TCO-tetrazine ligation,15 thiol-

ene,16 thiol-Michael,17,18 and others. As such, click reactions have been 

employed for the modification of alkyne- or azide-functionalized 

MOFs,19,20,21,22,23,24 due to limited work investigating the utility of this class of 

reactions with cages.25,26,27,28 

In this work, we focused on the copper(I)-catalyzed 1,3-cycloaddition 

between a terminal alkyne and azide to yield a 1,2,3-triazole.29 This reaction is 

commonly carried out using a Cu(II) source, such as copper sulfate, which is 

reduced to Cu(I) using a reducing agent. There are alternative methods to 

introduce Cu(I) into the reaction mixture, such as directly using Cu(I),30 
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photoreduction of Cu(II) to Cu(I) via ligand-to-metal charge transfer,31 or using 

a radical photoinitiator and light to form Cu(I) from Cu(II).32 

4.2 Experimental Section 

4.2.1 Materials and Methods 

All reagents were obtained from commercial vendors and used without 

purification. For anhydrous procedures, solvents were obtained from a solvent 

system and stored over 4 Å sieves or in a nitrogen glovebox. All reactions and 

handling of materials were performed in air unless otherwise specified. 

Thermogravimetric Analysis (TGA) were carried out from 30 °C to 600 °C at a 2 

°C min-1 heating rate with a TA Q5000 SA under a nitrogen flow. 1H NMR 

spectra were obtained using a Bruker AV 400 MHz spectrometer and data 

obtained was manipulated in MestReNova NMR processor software. Cobalt 

cage acid digestions were performed by adding one drop of 35 wt. % DCl in 

D2O and 0.5 mL of DMSO-d6 to a 4 mL vial containing 10 mg of cage. Zirconium 

cage digestions were performed by adding a solution of 10 mg CsF in 0.4 mL of 

D2O to a solution of 5 mg cage in 0.6 mL DMSO-d6 and sonicating for 5 minutes. 

Infrared spectra were obtained using a Bruker ALPHA II ATR-IR instrument with 

OPUS data processing software. UV-Vis spectra were obtained using a Jasco 

V-770 spectral photometer and prepared with Jasco processing software. All 

mass spectra were obtained using an Acquity UPLC H-class/SQD2 single 

quadrupole instrument with a 2.5-minute LC-MS analysis program and analyzed 

with MassLynx software. Gas adsorption measurements were performed on 

either Micromeritics 3Flex or Tristar gas adsorption analyzers using 4.0 purity 
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gases. Prior to measurements, samples were activated by heating under flowing 

nitrogen at 100 °C for 2 days. Low-pressure N2 & CO2 adsorption 

measurements were obtained on a Micromeritics Tristar II PLUS or 

Micromeritics Tristar 3000. BET surface areas were determined and have 

satisfied the first and second BET consistency criterion.33  

X-Ray quality crystals were obtained via vapor diffusions unless 

otherwise noted. Vapor diffusion was performed by transferring 2 mL of mother 

liquor to a 4 mL scintillation vial after the reaction has cooled. That vial was then 

placed inside a sealed 20 mL scintillation vial containing 4 mL of ethyl acetate 

(EtOAc) unless otherwise noted. The sealed apparatus was then allowed to 

remain undisturbed until x-ray quality crystals were grown. 

4.2.2 Ligand Synthesis 

4.2.2.1 Synthesis of p-tert-butylthiacalix[4]arene (TC4A).34 

To a 1 L round-bottom flask, p-tertbutylphenol (64.5 g, 0.43 mol), 

elemental sulfur (27.5 g, 0.86 mol), NaOH (8.86 g, 0.215 mol), and tetraethylene 

gylcol dimethyl ether (19 mL) were added and stirred under a flow of nitrogen. 

The mixture was heated to 230 °C over 4 h and held at this temperature 

overnight. The mixture was allowed to cool to room temperature, yielding a dark-

brown solid to which toluene (35 mL) and 4 M H2SO4 (78 mL) were added. The 

flask was then sonicated for 30 min, and the solubilized material was transferred 

to a separatory funnel. The organic phase was collected, and MeOH (400 mL) 

was added, precipitating the product as a light-brown powder that could be 

isolated by vacuum filtration. This process was repeated until all of the initially 
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generated solid was dissolved. The collected product was dried at 120 °C for 

24 h prior to use. (Yield: 16.6 g, 21.5 %) 1H NMR (400 MHz, DMSO-d6) ŭ = 9.60 

(s, 4H), 7.64 (s, 8H), 1.22 (s, 36H). 

4.2.2.2 Synthesis of p-tert-butylsulfonylcalix[4]arene (SC4A).35 

In a 1 L round-bottom flask, TC4A (7 g, 46.7 mmol) and sodium perborate 

tetrahydrate (14 g, 91.0 mmol) were added to a mixture of chloroform (210 mL) 

and acetic acid (350 mL). The resultant solution was heated with stirring at 50 

°C for 18 h. After the solution cooled to room temperature, H2O (300 mL) was 

added, and the solution was transferred to a separatory funnel. The organic 

layer was collected, and the solvent was removed via rotary evaporation before 

an excess of Et2O was added; the precipitated white solid was collected via 

vacuum filtration. The product was dried at 120 °C for 24 h prior to use. (Yield: 

4.55 g, 55.2 %) 1H NMR (400 MHz, DMSO-d6) ŭ = 7.98 (s, 8H), 1.27 (m, 36H). 

4.2.2.3 Synthesis of 5-Propargyl Isophthalic Acid.36 

To a 250 mL round bottom flask, dimethyl 5-hydroxy isophthalate (5 g, 

23.8 mmol) and potassium carbonate (5 g, 36.2 mmol) were added and solvated 

in DMF (100 mL). The solution was cooled to 0 °C before the dropwise addition 

of propargyl bromide (7.7 mL, 71.5 mmol). Upon complete addition, the solution 

was allowed to warm to room temperature and allowed to stir for 4 hours. The 

solution was then poured into 500 mL H2O and the precipitate collected via 

vacuum filtration and dried in an oven at 60 °C for 24 hours to yield dimethyl 5- 

propargyl isophthalate. 1H NMR (400 MHz, CDCl3) ŭ = 8.33 (t, 1H), 7.83 (d, 2H), 

4.78 (s, 2H), 3.94 (s, 6H), 2.55 (s, 1H). Dimethyl 5-propargyl isophthalate (5.1 
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g, 20.5 mmol) and sodium methoxide were then solvated in a 1:1 THF/MeOH 

solution (160 mL) and H2O (160 mL). The mixture was allowed to stir overnight 

at 85 °C. The organic solvent was then removed via rotary evaporation and HCl 

was added slowly until a pH of 2 was reached. The precipitate was then 

collected via vacuum filtration, washed with water 3x and dried in an oven at 

120 °C for 24 hours. 1H NMR (600 MHz, DMSO-d6) ŭ = 8.11 (t, 1H), 7.71 (d, 

2H), 4.94 (s, 2H), 3.62 (s, 1H). 

4.2.2.4 Synthesis of 5-Azide Isophthalic Acid.37 

To a HCl solution (6 N, 250 mL) 5-amino isophthalic acid was added (5 

g, 27.6 mmol) and cooled to 0 °C. The suspension was stirred for 30 minutes at 

0 °C before a 0 °C solution of NaNO2 in H2O (1.75 g, 25.4 mmol in 25 mL) was 

slowly added to the reaction mixture. The mixture was stirred for an additional 

30 minutes at 0 °C before a 0 °C solution of NaN3 in H2O (1.58 g, 24.3 mmol in 

25 mL) was added dropwise upon which the solution bubbled vigorously. The 

solution was then allowed to warm to room temperature before stirring 

overnight. The white precipitate was then collected via vacuum filtration and 

washed with H2O 3x before being dried in an oven at 60 °C for 24 hours. 1H 

NMR (400 MHz, DMSO-d6) ŭ = 13.56 (s, 2H), 8.23 (t, 1H), 7.73 (d, 2H). 

4.2.2.5 Synthesis of p-azide toluene. 

To a 500 mL round bottom flask p-toluidine (3.6 g, 33.6 mmol) was added 

and dissolved in H2O (100 mL). The flask was immersed in a NaCl/ice water 

bath and allowed to stir for 20 minutes. To this, concentrated HCl (8 mL) and a 

solution of 1.52 g (22.0 mmol) sodium nitrite in H2O was added and allowed to 
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stir for an additional 30 minutes. After this time a solution of sodium azide in 

H2O (1.58 g, 24.3 mmol in 10 mL) was added dropwise. Upon the addition of 

azide, the solution bubbled vigorously. The reaction was then removed from the 

ice bath and allowed to stir at room temperature for 14 hours. The product was 

then extracted 3x with chloroform and concentrated under vacuum to yield a 

dark amber oil. The product was used without further purification. 1H NMR (400 

MHz, CDCl3) ŭ = 7.18 (d, 2H), 7.01 (d, d2), 2.41 (s, 3H). 

4.2.2.6 Synthesis of 3-azide 1-propanol. 

3-bromo 1-propanol (3.4 g, 24.3 mmol) was added to a mixture of 3:10 

H2O:acetone. To this, sodium azide (3.65 g 56 mmol) in H2O was added 

dropwise and allowed to stir for 14 hours at 50 °C. Excess acetone was removed 

under reduced pressure. The remaining slurry was extracted twice with 

dichloromethane, the organic fractions were combined and washed 3x with 

H2O, dried with magnesium sulfate, and finally concentrated under reduced 

pressure to yield a pale yellow liquid. The product was used without further 

purification. 1H NMR (400 MHz, DMSO-d6) ŭ = 4.55 (t, 1H), 3.47 (m, 5H), 1.60 

(m, 2H). 

4.2.2.7 Synthesis of 6-azide 1-hexanol. 

6-bromo 1-hexanol (2.4 g, 13.3 mmol) was added to a mixture of 3:10 

H2O:acetone. To this, sodium azide (1.82 g 28 mmol) in H2O was added 

dropwise and allowed to stir for 14 hours at 50 °C. Excess acetone was removed 

under reduced pressure. The remaining slurry was extracted twice with 

dichloromethane, the organic fractions were combined and washed 3x with 
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H2O, dried with magnesium sulfate, and finally concentrated under reduced 

pressure to yield a clear, colorless liquid. The product was used without further 

purification. 1H NMR (400 MHz, DMSO-d6) ŭ = 4.41 (t, 1H), 3.39 (m, 5H), 1.40 

(m, 8H). 

4.2.2.8 Synthesis of 2,5-dipropargyl terephthalic acid. 

To a 250mL round bottom flask, dimethyl-2,5- dihydroxy terephthalate (4 

g, 17.7mmol) and potassium carbonate (4 g, 28.9mmol) were added and 

solvated with DMF (100 mL). The flask was then placed in an ice bath and 

allowed to stir for 20 minutes. Once cold, propargyl bromide (80% in toluene) 

(20 mL, 214.5 mmol) was added dropwise, maintaining the temperature below 

4 °C. The solution was then removed from the ice bath and allowed to stir at 

room temperature for an additional 18 hours. The reaction mixture was then 

poured into H2O (500 mL), poured over a frit, and washed with additional H2O. 

The product was used for the next step without purification. Dimethyl 2,5-

dipropargyl terephthalate (3.5 g, 11.6 mmol) and sodium methoxide (2 g, 37 

mmol) was added to a 250 mL round bottom flask and solvated in a 1:1:2 

mixture of EtOH:THF:H2O (100 mL). The solution was heated at reflux (85 °C) 

for 12 hours. The reaction was cooled then concentrated under vacuum, poured 

into H2O (50 mL) and acidified with 6M HCl until a pH of <1 was reached. The 

product was then poured over a frit, washed with additional H2O, and dried in 

an oven at 80 °C for 24 hours. 1H NMR (400 MHz, DMSO-d6) ŭ = 7.44 (s, 2H), 

4.81 (s, 4H), 3.67 (s, 2H). 
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4.2.3 Porous Coordination Cage Synthesis 

4.2.3.1 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-propargyl isophthalic acid)8 
[Co-ppgy]. 

To a 20 mL scintillation vial, Co(NO3)2·6H2O (145 mg, 0.5 mmol), 5-

propargyl isophthalic acid (72.7 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) 

were added and solvated in DMF (10 mL). The vial was then heated to 100 °C 

in a dry bath for 24 hours before cooling slowly to room temperature. Diethyl 

ether was then added to the reaction mixture to precipitate a pink-red 

amorphous solid. The material was then solvent exchanged and washed five 

times with MeOH at 12-hour intervals before being dried under vacuum. The 

material was activated for gas adsorption measurements at 100 °C under flow 

of N2. 

4.2.3.2 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-azido isophthalic acid)8 [Co-
N3]. 

To a 20 mL scintillation vial, Co(NO3)2·6H2O (145 mg, 0.5 mmol), 5-azide 

isophthalic acid (68.3 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) were added 

and solvated in DMF (10 mL). The vial was then heated to 100 °C in a dry bath 

for 24 hours before cooling slowly to room temperature. Diethyl ether was then 

added to the reaction mixture to precipitate a red-brown amorphous solid. The 

material was then solvent exchanged and washed five times with MeOH at 12-

hour intervals before being dried under vacuum. The material was activated for 

gas adsorption measurements at 100 °C under flow of N2. 
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4.2.3.3 Synthesis of [Zr12(ɛ3-O)4(ɛ-OH)12(Cp)12(5-azido isophthalic 
acid)6]Cl4 [Zr(5-N3)]. 

To a 20 mL scintillation vial, zirconocene dichloride (150 mg, 0.51 mmol) 

and 5-azido isophthalic acid (50 mg, 0.24 mmol) were added and solvated with 

10 mL of dry DMF. To this, H2O (1 mL) was added, and the solution sonicated 

until the solution was homogeneous. The vial was heated to 45 °C in a dry bath 

and kept at temperature for 10 hours, after which was allowed to cool slowly to 

room temperature. X-ray quality crystals formed as the reaction progressed. 

Crystalline material was solvent exchanged 3 times with fresh DMF and three 

times with chloroform, waiting at least 8 hours between each solvent exchange 

before being dried under vacuum. 

4.2.3.4 Synthesis of [Zr12(ɛ3-O)4(ɛ-OH)12(Cp)12(5-propargyl isophthalic 
acid)6]Cl4 [Zr(5-ppgy)]. 

To a 20 mL scintillation vial, 150 mg zirconocene dichloride (150 mg, 0.51 

mmol) and 5-propargyl isophthalic acid (50 mg, 0.23 mmol) were added and 

solvated in dry DMF (10 mL). To this, H2O (1 mL) was added, and the solution 

sonicated until the solution was homogenous. The vial was heated to 45 °C in 

a dry bath and kept at temperature for 10 hours, after which was allowed to cool 

slowly to room temperature. X-ray quality crystals formed as the reaction 

progressed. Crystalline material was solvent exchanged 3 times with fresh DMF 

and then with chloroform, whereby the material dissolves. Product is obtained 

by precipitation with excess EtOAc, and then washed several times with EtOAc 

before being dried under vacuum. 
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4.2.3.5 Synthesis of [Zr12(ɛ3-O)4(ɛ-OH)12(Cp)12(2,5-dipropargyl 
terephthalic acid)6]Cl4 [Zr(2,5- dippgy)]. 

To a 20 mL scintillation vial, zirconocene dichloride (150 mg, 0.51 mmol) 

and 2,5-dipropargyl terephthalic acid (50 mg, 0.18 mmol) were added and 

solvated in dry DMF (10 mL). To this, H2O (1 mL) was added, and the solution 

sonicated until the solution was homogenous. The vial was heated to 65 °C in 

a dry bath and kept at temperature for 8 hours, after which was allowed to cool 

slowly to room temperature. X-ray quality crystals formed as the reaction 

progressed. Crystalline material was solvent exchanged 3 times with fresh DMF 

and three times with chloroform, waiting at least 8 hours between each solvent 

exchange before being dried under vacuum. 

4.2.4 Representative Cobalt Cage Click Reaction. 

To a 20 mL scintillation vial, cage material (200 mg) was added along 

with CuSO4·2.5H2O (7 mg) and sodium ascorbate (63 mg) followed by solvation 

in DMF (20 mL). After sonication, an alkyne or azide functionalized molecule 

was added (16 equiv.). The reaction was allowed to heat at 65 °C for 48 hours. 

Upon cooling to room temperature, the mother liquor was decanted away from 

any precipitate in the reaction vessel and product material was precipitated out 

of solution with excess diethyl ether. The product was then isolated via 

centrifuge and washed 3 times with additional diethyl ether before drying under 

vacuum. 

4.2.4.1 Synthesis of Co-ppgy-3AP. 

To a 20 mL scintillation vial, Co-ppgy (200 mg, 0.036 mmol) was added 

and solvated in DMF (20 mL). To the mixture, sodium ascorbate (63 mg, 0.32 
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mmol), CuSO4·6H2O (7 mg, 0.028 mmol), and 3-azido propanol (53.6 ɛL, 0.58 

mmol) were added and sonicated for 5 minutes. The reaction mixture was then 

allowed to stand at 60 °C for 2 days. The mother liquor was then decanted away 

from remaining sodium ascorbate and Cu(0) and the clicked product was 

precipitated with an excess of diethyl ether. The product was collected via 

centrifuge and washed three times with diethyl ether before being dried under 

vacuum on a Schlenk line. 

4.2.4.2 Synthesis of Co-ppgy-6AH. 

To a 20 mL scintillation vial, Co-ppgy (200 mg, 0.036 mmol) was added 

and solvated in DMF (20 mL). To the mixture, sodium ascorbate (63 mg, 0.32 

mmol), CuSO4·6H2O (7 mg, 0.028 mmol), and 6-azido hexanol (83.1 mg, 0.58 

mmol) were added and sonicated for 5 minutes. The reaction mixture was then 

allowed to stand at 60 °C for 2 days. The mother liquor was then decanted away 

from remaining sodium ascorbate and Cu(0) and the clicked product was 

precipitated with an excess of diethyl ether. The product was collected via 

centrifuge and washed three times with diethyl ether before being dried under 

vacuum on a Schlenk line. 

4.2.4.3 Synthesis of Co-N3-PrOH. 

To a 20 mL scintillation vial, Co-N3 (200 mg, 0.033 mmol) was added and 

solvated in DMF (20 mL). To the mixture, sodium ascorbate (63 mg, 0.32 mmol), 

CuSO4·6H2O (7 mg, 0.028 mmol), and propargyl alcohol (30.6 ɛL, 0.53 mmol) 

were added and sonicated for 5 minutes. The reaction mixture was then allowed 

to stand at 60 °C for 2 days. The mother liquor was then decanted away from 
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remaining sodium ascorbate and Cu(0) and the clicked product was precipitated 

with an excess of diethyl ether. The product was collected via centrifuge and 

washed three times with diethyl ether before being dried under vacuum on a 

Schlenk line. 

4.2.4.4 Synthesis of Co-N3-EP. 

To a 20 mL scintillation vial, Co-N3 (200 mg, 0.033 mmol) was added and 

solvated in DMF (20 mL). To the mixture, sodium ascorbate (63 mg, 0.32 mmol), 

CuSO4·6H2O (7 mg, 0.028 mmol), and ethyl propiolate (53.8 ɛL, 0.53 mmol) 

were added and sonicated for 5 minutes. The reaction mixture was then allowed 

to stand at 60 °C for 2 days. The mother liquor was then decanted away from 

remaining sodium ascorbate and Cu(0) and the clicked product was precipitated 

with an excess of diethyl ether. The product was collected via centrifuge and 

washed three times with diethyl ether before being dried under vacuum on a 

schlenk line. 

4.2.4.5 Synthesis of Co-N3-PA. 

To a 20 mL scintillation vial, Co-N3 (200 mg, 0.033 mmol) was added and 

solvated in DMF (20 mL). To the mixture, sodium ascorbate (63 mg, 0.32 mmol), 

CuSO4·6H2O (7 mg, 0.028 mmol), and phenyl acetylene (58.3 ɛL, 0.53 mmol) 

were added and sonicated for 5 minutes. The reaction mixture was then allowed 

to stand at 60 °C for 2 days. The mother liquor was then decanted away from 

remaining sodium ascorbate and Cu(0) and the clicked product was precipitated 

with an excess of diethyl ether. The product was collected via centrifuge and 
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washed three times with diethyl ether before being dried under reduced 

pressure. 

4.2.5 Representative Zirconium Cage Click Reaction 

Cage material (50 mg) was dissolved in dry DMF (20 mL), to which 

trimethylamine (70 ɛL) and an alkyne or azide functionalized molecule (100 ɛL) 

were added. The solution was capped and sparged with nitrogen for 10 minutes. 

To the solution, a mixture of CuI in dry acetonitrile (2 mg in 2 mL) was injected 

maintaining an air-free solution. The reaction was allowed to proceed at room 

temperature for 14 hours. The product was then isolated by precipitation with 

excess diethyl ether, centrifuged, then washed 3 times with additional diethyl 

ether before drying under vacuum. 

4.2.6 Single Crystal X-Ray Diffraction 

X-ray structural analysis for Co-ppgy, Co-N3, Zr(5-N3), Zr(5-ppgy), and 

Zr(2,5-dippgy): Crystals were mounted using viscous oil, perfluoroalkane or 

mother liquor onto a plastic mesh and cooled to the data collection temperature. 

Data were collected on a D8 Venture Photon III diffractometer with Cu-KŬ 

radiation (ɚ = 1.54178 ¡) focused with Goebel mirrors. Unit cell parameters were 

obtained from fast scan data frames, 1Ü/s ɤ, of an Ewald hemisphere. The 

unitcell dimensions, equivalent reflections and systematic absences in the 

diffraction data are consistent with Cc and C2/c for Zr(5-N3) and Zr(5-ppgy), 

and, uniquely, I41/a for Zr(2,5-dippgy). No symmetry higher than triclinic was 

observed in Co-ppgy and Co-N3. Refinement in the centrosymmetric space 

group options for the non-unique cases yielded chemically reasonable and 
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computationally stable results of refinement. The data were treated with multi-

scan absorption corrections.38 Structures were solved using intrinsic phasing 

methods39 and refined with full-matrix, least-squares procedures on F2.40 These 

compounds apparently consistently deposited as weakly diffracting crystals and 

the data herein represent the best of several trials.  

In each case the compound molecule is located at special positions: for 

Zr(5-N3) and Zr(5-ppgy), a two-fold rotation axis; for Co-ppgy, and Co-N3, an 

inversion center; and for Zr(2,5-dippgy), a four-fold rotoinversion axis. In each 

structure, presumably disordered solvent molecules and anions which could not 

be satisfactorily modeled were treated as diffused contributions with identities 

assigned based on the electron counts from the Squeeze results.41  

Non-hydrogen atoms were refined with anisotropic displacement 

parameters. All hydrogen atoms were treated as idealized contributions with 

geometrically calculated positions and with Uiso equal to 1.2 Ueq (1.5 Ueq for 

methyl) of the attached atom.  

Atomic scattering factors are contained in the SHELXTL program 

library.39 The structures have been deposited at the Cambridge Structural 

Database under the following CCDC depositary numbers: CCDC 2191126-

2191130. 

4.3 Results and Discussion 

In targeting cages for post-synthetic modification with click-type reactions 

we sought materials with previously demonstrated stability under a relatively 

wide range of conditions. Both cyclopentadienyl-capped zirconium cages and 

calixarene-capped cobalt cages are promising candidates for post-synthetic 
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modification as they are stable in the temperature and solvent conditions of 

interest, and present in various geometries depending on the angle between 

carboxylate groups in their ditopic linkers.42,43,44 In the case of zirconium cages, 

we prepared three novel structures containing six bridging ligands and four 

vertices. Two of these based on isophthalic acid analogues, 5-azido isophthalic 

acid (5-N3-bdc) and 5-propargyl isophthalic acid (5-propargyl-bdc) adopt what 

has previously been described as ñwindowò geometries (Figure 4.1).32 The 

remaining cage uses 2,5-dipropargyl terephthalic acid as a bridging ligand, 

creating a tetrahedral cage (Figure 4.1).31,45 The synthesis of these cages is 

straightforward and involves the solvothermal reaction of 

bis(cyclopentadienyl)zirconium(IV) dichloride and respective 

isophthalic/terephthalic derivatives in N,N-dimethylformamide (DMF). 

Crystalline material formed during heating and was isolated and washed with 

DMF then CHCl3. These cages are typically characterized with UPLC-mass 

spectrometry ï as multiple peaks are discernible for each cage, corresponding 

to the 4+, 3+, and 2+ M/Z fragments. IR spectroscopy was then used to verify 

the presence of the indicated functional group, azide or alkyne, and proton NMR 

is used to verify the composition of cage, as these zirconium-based materials 

are diamagnetic. These two geometries are similar in that they both contain four 

zirconocene-based caps bridged by six carboxylate-based ligands; however, 

the isophthalic acid-based ligands afford a single click-accessible functional 

group per ligand, where the chosen dialkyne-functionalized terephahalic acid-

based ligand affords two click-accessible functional groups per ligand. 
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Figure 4.1.  Single crystal XRD structural depictions of cages utilized in click 
reactions. A cobalt-based calixarene capped cage with eight 
azide (Co-N3) or alkyne-functionalized (Co-ppgy) isophthalic 
acid ligands (top), a box-shaped zirconium-based cage with six 
azide (Zr(5-N3)) or alkyne-functionalized (Zr(5-ppgy)) isophthalic 
acid ligands (center), and (bottom) the tetrahedral zirconium-
based cage with six dialkyne terephthalic acid ligands (Zr(2,5-
dippgy)). 
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In an analogous manner, the synthesis of calixarene-capped cobalt 

cages involves the solvothermal reaction of p-tert-butylsulfonylcalix[4]arene 

(sc4a), Co(NO3)2·6H2O, and respective isophthalic acid derivatives in DMF. 

Although a variety of cage geometries can be isolated depending on the nature 

of bridging ligands used, we targeted what are called Type-III structures based 

on isophthalic acid given our previous experience in the synthesis and 

characterization of these cages. Additionally, the 5-positions of the eight 

isophthalic acid ligands in these structures are relatively accessible and should 

be amenable to post-synthetic modification.42 The two ligands 5-propargyl-bdc 

(ppgy) and 5-N3-bdc (N3) afford two novel structures, Coïppgy and CoïN3, 

respectively. These calixarene-capped cages are structurally similar, as 

confirmed by single crystal X-ray diffraction. Four of the functional groups on 

the cages point up from the plane of the sc4a units while the other 4 groups 

point down (Figure 4.1). While mass spectrometry can be used reliably when 

characterizing zirconium-based cages, it has proven to be a challenging 

technique to use for this class of cage. 1H NMR can be used to confirm the 

composition of each cage, however, due to the paramagnetism of these Co(II) 

cages, digestion of the materials using deuterated acid was necessary to obtain 

interpretable, quantitative spectra. Additionally, IR and UV-Vis spectroscopies 

were further employed to confirm the retention of cage structure before and after 

click reactions, as well as before and after activation for gas adsorption studies.  
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Figure 4.2.  Generalized scheme of the post-synthetic modification of cages 
using copper-catalyzed alkyne-azide click chemistry depicting 
reactions of alkyne or azide cage ligands with alkyne or azide 
small molecules. 

With two families of azide- and alkyne-functionalized cages in hand, we 

turned to copperïcatalyzed click modification with an array of functional groups, 

including aryl, ester, and alkyl alcohol groups. Specifically, we utilized propargyl 

alcohol, ethynyl toluene, 5-hexyn-1-ol, ethyl propiolate, and phenylacetylene in 

combination with azide-functionalized cages and p-azide toluene, 3-azido 1-
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propanol, and 6-azidohexanol for the alkyne-functionalized cages (Figure 4.2). 

We employed well-known CuAAC conditions where a precatalyst (hydrated 

copper(II) sulfate) is reduced to the active copper(I) catalyst by sodium 

ascorbate under solvothermal conditions. Each reaction was conducted at 65 

°C without stirring in sealed, 20 mL scintillation vials. After 12 hours, significant 

copper(0) had precipitated from the otherwise homogeneous reaction mixture. 

Reactions were filtered and diethyl ether added to precipitate product material. 

After collection of cage products via centrifuge, each was dried under reduced 

pressure before characterization by 1H NMR, IR, and UV-Vis spectroscopies; 

TGA, and N2 gas adsorption analysis. These methods confirm the persistence 

of the calixarene-capped cage in these reaction conditions, but mass 

spectrometry suggests the zirconium-based cages decompose in the presence 

of copper(II) and ascorbic acid. 

As the carboxylate-based reductant used under typical click conditions 

likely contributes to the decomposition of zirconium-based cages over the 

course of a reaction, we targeted copper(I) salt as the active catalyst. For this, 

we prepared fresh solutions of CuI in anhydrous acetonitrile under air-free 

conditions prior to each reaction. Transfer of the solution from an air free vessel 

to the reaction flask was conducted by injection into a sparged solution of cage, 

the click-relevant molecule, and triethylamine. When zirconium cages were 

subjected to these reaction conditions without the addition of a small molecule 

reactant, the resulting mass spectrum (Figure D.89) indicates the three 

characteristic M/Z peaks, signifying that the cage can withstand these reaction 

conditions. IR spectroscopy was used to monitor the click reaction kinetics in 
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the cobalt and zirconium azide functionalized cage reactions (Figure 4.3). 

Reaction monitoring was accomplished by removing a small aliquot from an 

ongoing reaction and precipitating the cage material with diethyl ether. The solid 

was then analysed with IR spectroscopy and the intensity of the azide stretch 

was compared to that of the unreacted starting cage. As expected, these 

experiments confirmed that modification of cages is extremely rapid under these 

conditions and, although the reactions were not quantitative in all cases, likely 

a result of the close proximity of functional groups on the periphery of these 

cages, the reaction progress was complete after less than one hour at 65 °C or 

three hours at 35 °C. 

 

Figure 4.3.  Example of kinetics data gathered during the CuAAC reaction of 
Co-N3 cage with ethyl propiolate. The characteristic azide IR 
stretch near 2100 cm-1 was monitored (left) throughout the 
reaction and (right) the transmission was plotted against the 
reaction time, showing rapid conversion of azide/alkyne to 
triazole. 
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Table 4.1.  Table including reagents and their abbreviations used in click 
reactions with corresponding cages as well as associated 
conversions after being allowed to react for 1 hour at 60 °C for 
cobalt-based cages (CuACC), and 3 hours at room temperature 
for zirconium-based cages (Cu(I) catalyzed) as determined 
by 1H NMR. 

Reagent Abbrev. Cage % Conv. 

 
N3Tol 

Zr(5-ppgy) 67 

Zr(2,5-dippgy) 100 

 3AP 

Co-ppgy 92 

Zr(5-ppgy) 83 

Zr(2,5-dippgy) 100 

 6AH 

Co-ppgy 86 

Zr(5-ppgy) <33 

Zr(2,5-dippgy) <50 

 
EtTol Zr(5-N3) 83 

 
PA Co-N3 100 

 6OH Zr(5-N3) 83 

 PrOH 
Co-N3 100 

Zr(5-N3) 100 

 
EP Co-N3 100 

 

The resulting NMR spectra from the 14 cage click reactions of both 

cobalt- and zirconium-based cages show peaks in the aromatic region 

corresponding to protons present on either isophthalic acid or terephthalic acid 

as was observed in 1H NMR spectra of the parent cages. In addition, the 

presence of a peak corresponding to the proton of the newly formed triazole ring 

was observed at a further downfield shift than the isophthalic/terephthalic acid 

proton peaks at a near quantitative integration. Depending on the cage and 

azide or alkyne reagent used, we observed varying levels of conversion from 
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<33% in the case of the monofunctionalized zirconium alkyne cage to 

quantitative conversion for many of the cobalt cage reactions (Table 4.1). 

Further probing of how click reactions change the properties of the cage, 

gas adsorption measurements were conducted. Porosity of the clicked cage 

materials to N2 was probed and showed that while the starting cobalt cages, Co-

ppgy and Co-N3 exhibited no porosity to N2, product cages displayed significant 

porosity. In the case of the clicked PCCs derived from Co-ppgy, both Co-ppgy-

3AP and Co-ppgy-6AH exhibited porosity to N2 with saturation uptakes of 8.1 

mmol g-1 and 9.2 mmol g-1 respectively near P/P0 = 0.90 (Figures D.76 and 

D.80). It is important to note that the N2 isotherm for this material adopts a Type 

II shape which explains the relatively low Langmuir (BET) surface area values 

of 426 (221) m2g-1 and 613 (196) m2g-1 for each cage. 

The cobalt-based cages derived from Co-N3 also display Type II 

isotherms, again indicating that installation of functional groups into these 

systems significantly alters cage packing in the solid state. Co-N3-PrOH does 

exhibits a significantly lower N2 uptake than Co-N3-EP and Co-N3-PA, with 

uptakes of 1.25 mmol g-1 compared to 7.5 mmol g-1 and 5.4 mmol g-1, 

respectively (Figures D.84, D.88, and D.92). Similar to the previous set of 

cages derived from Coïppgy, relatively low BET surface areas are observed for 

these materials when considering their peak uptake due to the Type II isotherm 

shape observed. Co-N3-PrOH, CoïN3ïEP, and CoïN3ïPA exhibit N2 BET 

surface areas of 37 m2 gī1, 179 m2g-1, and 221 m2g-1, respectively. 

While parent cages Co-ppgy and Co-N3 showed no porosity to N2, they 

are however porous to CO2, exhibiting uptakes of 7.13 mmol g-1 and 4.37 mmol 



 103 

g-1 and Langmuir (BET) surface areas of 902 (308) m2g-1 and 491 (240) m2g-1, 

respectively. While these materials were porous to N2 after undergoing click 

reactions with various substrates, CO2 accessible surface areas decreased 

upon modification. Co-ppgy-3AP had a CO2 uptake of 2.73 mmol g-1 and a 

surface area of 310 (153) m2g-1. Co-ppgy-6AH showed a similar decrease in 

porosity with an uptake of 2.46 mmol g-1 and a surface area of 287 (126) m2g-1. 

Meanwhile, Co-N3-PrOH, Co-N3-EP, and Co-N3-PA also seemed to suffer a 

decrease in porosity albeit to a significantly lesser degree compared to the 

parent material. Each material had an uptake of 1.78 mmol g-1, 2.11 g mol-1, 

and 2.30 mmol g-1, respectively while maintaining surface areas of 196 (127) 

m2g-1, 240 (117) m2g-1, and 263 (125) m2g-1. 

4.4 Conclusion 

This work described the covalent modification of porous coordination 

cages with CuAAC reactions. Although this strategy proved to be a viable 

method for the rapid modification of the porous molecules discussed here, care 

must be taken to ensure the parent cage materials are compatible with the 

reaction conditions used for this transformation. Although calixarene-capped 

cages display the requisite stability for modification under more classical 

conditions, zirconium cages are unstable in the presence of sodium ascorbate 

which is a common reductant employed in conjunction with the copper(II) salt 

used in CuAAC reactions, and reaction conditions must be modified by directly 

using Cu(I) to achieve conversion of products. 
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POST-SYNTHETIC MODIFICATION OF CALIXARENE-BASED POROUS 
COORDINATION CAGES 

5.1 Introduction 

Permanently porous coordination cages have demonstrated their 

promise as a novel class of adsorptive materials given their analogous nature 

to metal-organic frameworks (MOFs) and their modularity and solubility.1,2,3 

MOFs have proven to be ultimately tunable where metal cations, ligand 

functional groups, appended ligands, and post-synthesis cluster deposition, to 

name a few, can be modified to tune their structures. In cases where these 

groups are not compatible with MOF assembly, they may be installed after 

material synthesis in what has been called post-synthetic modification (PSM). 

The established PSM literature for MOFs is vast and several seminal and recent 

reviews are available on the topic.4,5,6 Similarly, but to a lesser extent, the PSM 

of coordination cages has been investigated.7 Challenges in PSM exist for both 

classes of materials where solvent compatibility, steric constraints, and surface 

area reductions make the chemistry difficult.8 

PSM of MOFs adds the advantage that the parent MOF structure or 

phase is typically unchanged, although incredible structural transformations 

have been demonstrated.9 Beyond this, PSM is often targeted as the synthetic 

conditions used to afford a porous phase of a known composition, porosity, or 

defectiveness can change dramatically upon introduction of a functional group 

Chapter 5 
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and it is more straightforward to add the group after material isolation.10 While 

these types of geometric constraints do present a challenge for the synthesis of 

cages with functionalized ligands, the placement and/or presentation of these 

groups is important. For example, cuboctahedral paddlewheel-based cages 

have externally directed functional groups on their bridging ligands and 

functionalized ligands easily afford functionalized, isostructural cages.11,12,13 

The phase of zirconocene-based ligands, however, can be influenced by 

functional group placement.14 

 

Figure 5.1.  Depiction of a type III calixarene-capped cage with further 
articulation of the calixarene/metal cluster and routes to post-
synthetically modify amine or bromo functionality.  
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Beyond this, functional groups can impact the solid-state phase of cages. 

Cage-cage interactions can be altered, and various structures can be isolated 

where the solubility, surface area, and stability of the materials toward 

desolvation can change.15,16 Both MOFs and cages can display surface area 

changes as a result of modifications as pore size, shape, and accessibility can 

all be altered for both classes of materials.17,18 For cages, however the 

aforementioned structure tuning can impact surface areas as intra- and inter-

cage space can be altered.19 

When heterogeneous reactions are used to target surface-only 

modification of porous solids, the approach is easily transferrable to cages as 

solvent conditions can be used to restrict the solubility of cages and modification 

can take place in a heterogeneous manner. The inherent solubility of cages may 

offer advantages in terms of PSM as homogeneous reactions can proceed more 

rapidly than their heterogeneous counterparts and the extent of cage 

modifications can be monitored in real time using solution-based 

characterization methods.20 

Several modification strategies have been reported for various cages. 

Alkylation and acylation have been common here where the reactions of alkyl 

halides or acid chlorides with -OH or -NH2 groups produce ester, alkylamine, 

amide, or ester functional groups.21,22,23 Modification of the accessible metal 

sites of some coordination cages has been explored where the most common 

approach involves coordination of N-donor ligands or anions to tune solubility 

or surface area or prepare network, MOF-like structures.24,25 Though these 

approaches are versatile, they are limited to stable cages and/or cages 
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displaying coordinatively unsaturated metal cations. In this work we adapt 

modification strategies for a series of calixarene-capped cages as these vertex-

capped structures are highly tunable and display requisite stability for many 

PSM approaches. We also, for the first time, disclose cross-coupling strategies 

where high-throughput modification has been employed to facilitate reaction 

condition discovery. 

5.2 Experimental 

5.2.1 General Materials and Methods 

All reagents were obtained from commercial vendors and used without 

purification in air unless otherwise specified. 

Thermogravimetric Analysis (TGA) were carried out from room 

temperature to 600 °C at a 2 °C min-1 heating rate with a TA Q5000 SA under a 

nitrogen flow. 1H-NMR spectra were obtained using a Bruker AV 400 MHz or 

AV III 600 MHz spectrometer and data obtained was manipulated in 

MestReNova NMR processor software. Cage acid digestions were performed 

by adding one drop of 35 wt. % DCl in D2O and 0.5 mL of DMSO-d6 to a 4 mL 

vial containing 10 mg of cage and sonicating until homogeneous. Infrared 

spectra were obtained using a Bruker ALPHA II ATR-IR instrument with OPUS 

data processing software. UV-Vis spectra were obtained using a NanoDrop 

2000c spectrophotometer and a Jasco V-770 spectral photometer and prepared 

with Jasco processing software. Solid-state diffuse reflectance was obtained 

using an integrating sphere. Gas adsorption measurements were performed on 

a Micromeritics Tristar gas adsorption analyzers using 4.0 purity gases. Prior to 
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measurements, samples were activated by heating under flowing nitrogen at 

100 °C for 2 days. Low-pressure N2 & CO2 adsorption measurements were 

obtained on a Micromeritics Tristar II PLUS or Micromeritics Tristar 3000. BET 

surface areas were determined and have satisfied the first and second BET 

consistency criterion.26 

All HTE experiments were conducted in a nitrogen-filled glovebox. Solids 

were dispensed using a BioDot DisPo solid pipettor and calibrated immediately 

prior to use. LC-MS experiments were run on a Waters Acquity Arc system 

equipped with Waters XBridge 4.6 x 100 mm, 3.5 µm C18 column, a PDA 

detector and low-resolution QDA detector. The starting and functionalized 

linkers were identified by comparison with the retention of authentic materials 

and/or based on MS(ESIï). LC conversion and area percent were determined 

from integration of PDA data collected from 210-400 nm and processed in 

Peaksel (https://elsci.io/peaksel). Visualizations were generated using ggplot2 

in RStudio; the notebook is available via https://sites.udel.edu/htecenter/hte-

resources 

X-Ray quality crystals were obtained via vapor diffusions unless 

otherwise noted. Vapor diffusion was performed by transferring 2 mL of mother 

liquor to a 4 mL scintillation vial after the reaction has cooled. That vial was then 

placed inside a sealed 20 mL scintillation vial containing 4 mL of ethyl acetate 

(EtOAc) unless otherwise noted. The sealed apparatus was then allowed to 

remain undisturbed until x-ray quality crystals were grown. 

https://sites.udel.edu/htecenter/hte-resources
https://sites.udel.edu/htecenter/hte-resources
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5.2.2 DOSY NMR Spectroscopy 

Diffusion Ordered Spectroscopy (DOSY) experiments were conducted 

on cages in various deuterated solvents. Peak intensity plots of each relevant 

free induction decay (FID) signal were fit with an exponential decay according 

to Equation 1. Cage, the averaged diffusion coefficient of relevant peaks for the 

corresponding solution, and standard deviations are tabulated in Table D.1. 

Diffusion time (ȹ) and gradient pulse duration (ŭ) needed to be optimized for 

each solution due to differences in relative peak intensities and the 

paramagnetic nature of cobalt cage samples. 

 
 

Ὅ ὍὩ Ў ᴼώ ὃ ὄὩ     Equation 1. 

 

5.2.3 Ligand Syntheses  

5.2.3.1 Synthesis of p-tert-butylthiacalix[4]arene (TC4A).27 

To a 1 L round-bottom flask, p-tert-butylphenol (64.5 g, 0.43 mol), 

elemental sulfur (27.5 g, 0.86 mol), NaOH (8.86 g, 0.215 mol), and tetraethylene 

gylcol dimethyl ether (19 mL) were added and stirred under a flow of nitrogen. 

The mixture was heated to 230 °C over 4 h and held at this temperature 

overnight. The mixture was allowed to cool to room temperature, yielding a dark-

brown solid to which toluene (35 mL) and 4 M H2SO4 (78 mL) were added. The 

flask was then sonicated for 30 min, and the solubilized material was transferred 

to a separatory funnel. The organic phase was collected, and MeOH (400 mL) 

was added, precipitating the product as a light-brown powder that could be 
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isolated by vacuum filtration. This process was repeated until all of the initially 

generated solid was dissolved. The collected product was dried at 120 °C for 

24 h prior to use. (Yield: 16.6 g, 21.5 %) 1H NMR (400 MHz, DMSO-d6) ŭ = 9.60 

(s, 4H), 7.64 (s, 8H), 1.22 (s, 36H). 

5.2.3.2 Synthesis of p-tert-butylsulfonylcalix[4]arene (SC4A).28 

In a 1 L round-bottom flask, TC4A (7 g, 46.7 mmol) and sodium perborate 

tetrahydrate (14 g, 91.0 mmol) were added to a mixture of chloroform (210 mL) 

and acetic acid (350 mL). The resultant solution was heated with stirring at 50 

°C for 18 h. After the solution cooled to room temperature, H2O (300 mL) was 

added, and the solution was transferred to a separatory funnel. The organic 

layer was collected, and the solvent was removed via rotary evaporation before 

an excess of Et2O was added; the precipitated white solid was collected via 

vacuum filtration. The product was dried at 120 °C for 24 h prior to use. (Yield: 

4.55 g, 55.2 %) 1H NMR (400 MHz, DMSO-d6) ŭ = 7.98 (s, 2H), 1.27 (m, 9H). 

5.2.4 Cage Synthesis 

5.2.4.1 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-NH2 Isophthalic acid)8 [Co-
NH2]. 

To a 20 mL scintillation vial, Co(NO3)2·6H2O (145 mg, 0.5 mmol), 5-NH2 

isophthalic acid (59.8 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) were added 

and solvated in DMF (10 mL). The vial was then heated to 100 °C in a dry bath 

for 24 hours before cooling slowly to room temperature. SCXRD quality crystals 

were obtained via vapor diffusions and bulk, pink-red amorphous material was 

obtained with the addition of an excess of diethyl ether that was collected via 
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centrifuge. The material was then solvent exchanged and washed five times 

with MeOH at 12-hour intervals before being dried under vacuum. The material 

was activated for gas adsorption measurements at 100 °C under flow of N2. 

5.2.4.2 Synthesis of (Mg4sc4a)4(ɛ4-OH)4(5-NH2 Isophthalic acid)8 [Mg-
NH2]. 

To a 20 mL scintillation vial, MgCl2·6H2O (145 mg, 0.5 mmol), 5-NH2 

isophthalic acid (59.8 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) were added 

and solvated in a 2:1 DMF/MeOH mixture (12 mL). The vial was then heated to 

85 °C in a dry bath for 24 hours before cooling slowly to room temperature. The 

resulting brownish-white crystalline material of SCXRD quality was collected via 

centrifuge and washed five times with MeOH at 12-hour intervals before being 

dried under vacuum. The material was activated for gas adsorption 

measurements at 100 °C under flow of N2. 

5.2.4.3 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-Br Isophthalic acid)8 [Co-Br]. 

To a 20 mL scintillation vial, Co(NO3)2·6H2O (145 mg, 0.5 mmol), 5-Br 

isophthalic acid (80.9 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) were added 

and solvated in DMF (10 mL). The vial was then heated to 100 °C in a dry bath 

for 24 hours before cooling slowly to room temperature. SCXRD quality crystals 

were obtained via vapor diffusions and bulk, pink-red amorphous material was 

obtained with the addition of an excess of diethyl ether that was collected via 

centrifuge. The material was then solvent exchanged and washed five times 

with MeOH at 12-hour intervals before being dried under vacuum. The material 

was activated for gas adsorption measurements at 100 °C under flow of N2. 
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5.2.4.4 Synthesis of (Mg4sc4a)4(ɛ4-OH)4(5-Br Isophthalic acid)8 [Mg-Br] 

To a 20 mL scintillation vial, MgCl2·6H2O (145 mg, 0.5 mmol), 5-Br 

isophthalic acid (80.9 mg, 0.33 mmol), and SC4A (85 mg, 0.1 mmol) were added 

and solvated in a 2:1 DMF/MeOH mixture (12 mL). The vial was then heated to 

85 °C in a dry bath for 24 hours before cooling slowly to room temperature. The 

resulting brownish-white crystalline material of SCXRD quality was collected via 

centrifuge and washed five times with MeOH at 12-hour intervals before being 

dried under vacuum. The material was activated for gas adsorption 

measurements at 100 °C under flow of N2. 

5.2.5 POST-SYNTHETIC MODIFICATION PROCEDURES 

5.2.5.1 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-Acetylamide isophthalic acid)8 
[Co-NH2-Ac].29 

To a 20 mL scintillation vial, Co-NH2 (100 mg, 0.02 mmol) was added 

and solvated in DMF (10 mL). To the solution, acetic anhydride (0.0256 mL, 

0.28 mmol) was added before being allowed to stand at room temperature for 

12 hours. SCXRD quality crystals were grown by then conducting vapor 

diffusions on the mother liquor using diethyl ether. Amorphous cage material 

was obtained via precipitation using excess diethyl ether, washed five times, 

before being dried under vacuum. The material was activated for gas adsorption 

measurements at 100 °C under flow of N2. 

5.2.5.2 Synthesis of (Co4sc4a)4(ɛ4-OH)4(5-Hexanoylamide isophthalic 
acid)8 [Co-NH2-Hx]. 

To a 20 mL scintillation vial, Co-NH2 (100 mg, 0.02 mmol) was added 

and solvated in DMF (10 mL). To the solution, hexanoic anhydride (0.0634 mL, 
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0.28 mmol) was added before being allowed to stand at room temperature for 

12 hours. SCXRD quality crystals were grown by then conducting vapor 

diffusions on the mother liquor using diethyl ether. Amorphous cage material 

was obtained via precipitation using excess diethyl ether, washed five times, 

before being dried under vacuum. The material was activated for gas adsorption 

measurements at 100 °C under flow of N2. 

5.2.5.3 Synthesis of (Mg4sc4a)4(ɛ4-OH)4(5-Acetrylamide isophthalic 
acid)8 [Mg-NH2-Ac].29 

To a 20 mL scintillation vial, Mg-NH2 (100 mg, 0.02 mmol) was added 

and solvated in DMF (10 mL). To the solution, acetic anhydride (0.029 mL, 0.31 

mmol) was added before being allowed to stand at room temperature for 12 

hours. SCXRD quality crystals were grown by then conducting vapor diffusions 

on the mother liquor using diethyl ether. Amorphous cage material was obtained 

via precipitation using excess diethyl ether, washed five times, before being 

dried under vacuum. The material was activated for gas adsorption 

measurements at 100 °C under flow of N2. 

5.2.5.4 Synthesis of (Mg4sc4a)4(ɛ4-OH)4(5-Hexanoylamide isophthalic 
acid)8 [Mg-NH2-Hx]. 

To a 20 mL scintillation vial, Mg-NH2 (100 mg, 0.02 mmol) was added 

and solvated in DMF (10 mL). To the solution, hexanoic anhydride (0.071 mL, 

0.31 mmol) was added before being allowed to stand at room temperature for 

12 hours. SCXRD quality crystals were grown by then conducting vapor 

diffusions on the mother liquor using diethyl ether. Amorphous cage material 

was obtained via precipitation using excess diethyl ether, washed five times, 
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before being dried under vacuum. The material was activated for gas adsorption 

measurements at 100 °C under flow of N2. 

5.2.6 HIGH THROUGHPUT EXPERIMENTATION (HTE) DETAILED 
PROCEDURES 

5.2.6.1 Procedure for Ni-catalyzed Suzuki-Miyaura screen. 

To pre-evaporated ligands (1 µmol) in 8 x 30 mm glass vials secured in 

a 24-well aluminum block equipped with PTFE-covered magnetic stir bars was 

added NiCl2Å(H2O)6 and para-tolyl boronic acid (30 µL of DMA stock solution, 

0.91 µmol Ni, 8 µmol boronic acid). An additional 1 µmol of every monodentate 

ligand was then added in DMA, after which the vials were allowed to sit for 30 

min at room temperature. A stirred suspension of cage (50 µL, 0.018 M in DMA, 

0.91 µmol) was then added followed by 10 µL anhydrous MeOH and 3.3 µL 

DBU. The reactor was sealed and heated to 80 ºC with magnetic stirring for 18 

h. Upon cooling to room temperature 100 µL of a 10% v/v HCl in MeOH solution 

was added, followed by addition of 100 µL acetonitrile and an additional 10 µL 

concentrated HCl. This was allowed to stir overnight, after which 50 µL aliquots 

were transferred into a polypropylene analysis plate and diluted with 550 µL 

acetonitrile and analyzed by LC-MS. The 6-min, 1 mL/min LC method used was 

0 min, 30% B, 10% D; 1 min, 30 % B, 10% D; 4 min, 80% B, 10% D; 5 min, 80% 

B, 10% D; 5.5 min, 30% B, 10% D, where A is water, B is acetonitrile, and D is 

1% formic acid in water. 
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5.2.6.2 Procedure for Water Loading Evaluation in Pd-Catalyzed Suzuki-
Miyaura Reaction. 

To pre-evaporated ligand (1µmol) in 8 x 30 mm glass vials secured in a 

24-well aluminum block equipped with PTFE-covered magnetic stir bars was 

added Cs2CO3 (9.8 mg, 30 µmol) then Pd(OAc)2 (20 µL, 0.05 M in DMF, 1 µmol), 

then the reaction allowed to stir 20 min at room temperature. Para-tolyl boronic 

acid (20 µL, 0.5 M, 10 µmol) was then added followed by Mg-Br (60 µL, 0.017 

M, 1 µmol; note that the stock solution of Mg-Br was rapidly stirred throughout 

dosing). Degassed water was added (if used), then the reactor sealed and 

heated to 80 ºC for 16 h. Upon cooling to room temperature 15 µL of 

concentrated HCl was added, then the reactor allowed to stir at room 

temperature for an hour. 200 µL acetonitrile was then added, the reactions 

stirred an additional 10 min, then 25 µL aliquots transferred into a polypropylene 

analysis plate, diluted with 575 µL acetonitrile, and analyzed by LC-MS. The 8-

min, 1 mL/min LC method used was 0 min, 60% C, 10% D; 1.5 min, 60 % C, 

10% D; 4 min, 90% C, 10% D; 6.4 min, 90% C, 10% D; 6.5 min, 60% C, 10% 

D, where A is water, C is methanol, and D is 1% formic acid in water. 

5.2.6.3 Procedure for Catalyst Loading Evaluation. 

In a nitrogen-filled glovebox to oven-dried 8 x 30 mm glass vials secured 

in a 96-well aluminum block equipped with PTFE-covered magnetic stir bars 

was added Cs2CO3 (10 mg, 30 µmol). Para-tolyl boronic acid (30 µL, 0.33 M, 

10 µL) was added followed by a stirred stock suspension of Mg-Br (50 µL, 0.02 

M in DMF, 1 µmol). Pd precatalyst solutions were prepared by combining ligand 

(7.6 µmol) with a stock solution of the corresponding Pd precursor (0.15 mL, 7.5 

µmol Pd, 0.05 M Pd solution in DMF) and stirring for 10 min at room 
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temperature, after which they were transferred to the corresponding wells. DMF 

was added to bring the total volume to 100 µL. Water (10 µL, sparged 1 h prior 

to use) was added then the reactor sealed and heated to 50 ºC for 16 h with 

1000 RPM stirring. Upon cooling to room temperature, the reactor was removed 

from the glovebox and 15 µL concentrated HCl added to quench unreacted base 

and cage. The resulting mixture was stirred 4 h at room temperature, then 

diluted with 175 µL DMSO and stirred an additional 10 min. 50 µL aliquots were 

then transferred into a polypropylene analysis plate, diluted with 550 µL DMSO, 

and analyzed by LC-MS. The 8-min, 1 mL/min LC method used was 0 min, 50% 

C; 1.5 min, 50 % C; 4 min, 90% C; 6.4 min, 90% C; 6.5 min, 60% C, where A is 

0.1 % formic acid in water and C is 0.1% formic acid in methanol. 

5.2.6.4 General Procedure: Scaled-Up Suzuki-Miyaura 

An oven-dried 4 mL vial was charged with Cs2CO3 (93 mg, 0.29 mmol, 

16 equiv.), 4-tolylphenylboronic acid (26.7 mg, 0.196 mmol, 10.9 equiv.), and 

Mg-Br (102.5 mg, 0.0179 mmol, 1 equiv.), a PTFE-covered magnetic stirbar, 

and anhydrous DMF (1.25 mL). A separate 4 mL vial was charged with 

Pd(OAc)2 (16.0 mg, 0.0713 mmol), 1,1ô-bis(di-tert- 

butylphosphino)ferrocene(DTBPF, 33.4 mg, 0.0704 mmol), and DMF (1.25 mL) 

and stirred 10 min at room temperature, then 0.25 mL of this stock solution was 

transferred to the mixture of boronic acid and cage. Water (75 µL; sparged 1 h 

with nitrogen) was added, then the vial sealed and placed in a preheated 

aluminum heating block at 50 ºC for 16 h with 500 RPM stirring. 
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5.2.7 Single Crystal X-Ray Diffraction 

X-ray structural analysis for Co-NH2, Co-NH2-Ac, Mg-NH2, Co-Br, and 

Mg-Br: Crystals were mounted using viscous oil, perfluoroalkane oil, or mother 

liquor onto a plastic mesh and cooled to the data collection temperature. Data 

were collected on a D8 Venture Photon III diffractometer with Cu-KŬ radiation 

(ɚ = 1.54178 ¡) focused with Goebel mirrors. Unit cell parameters were obtained 

from fast scan data frames, 1Ü/s ɤ, of an Ewald hemisphere. The unit-cell 

dimensions, equivalent reflections and systematic absences in the diffraction 

data are consistent with I4, I-4, and I4/m for 650; and, uniquely, P21/c for Mg-

NH2. No symmetry higher than triclinic was observed in Co-Br, Co-NH2-Ac, and 

Mg-Br. Refinement in the centrosymmetric space group option for the non-

unique cases yielded chemically reasonable and computationally stable results 

of refinement. The data were treated with multi-scan absorption corrections.30 

Structures were solved using intrinsic phasing methods31 and refined with full-

matrix, least-squares procedures on F2.32 

Each polyhedral structure is located at an inversion center. The 

compound molecule in Co-NH2 is located at the intersection of a mirror plane 

perpendicular to a four-fold axis. The disordered cell contents of highly porous 

metal-organic polyhedral (MOP) complexes result in diffraction data that are 

limited in coverage and resolution.  As a result, it is common to have multiple 

restraints and constraints, incompletely assigned moieties, and high residuals 

in the structural model. 

One dimethylformamide solvent molecule was found in Mg-NH2 

disordered in two positions with a refined site occupancy ratio of 55/45 while 

another was found disordered near an inversion center with half-occupancy. 
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Two symmetry unique bromide atoms in Co-Br were each found disordered in 

two positions with refined site occupancies of 57/43 and 51/49, respectively. 

Three symmetry unique phenylbromide moieties in Mg-Br were found each 

disordered in two positions with refined site occupancies of 80/20, 86/14, and 

83/17. The dicarboxylate moiety and two t-butylphenyl rings in Co-NH2 were 

located disordered in two positions with a refined site occupancy ratios of 52/48, 

53/47 and 62/38, respectively. 

Presumably disordered solvent molecules and non-locatable parts of 

moieties were treated as diffused contributions with identities assigned to be 

chemically reasonable based on the synthesis, ionic charge balances, and 

electron counts from the Squeeze results.33 

Non-hydrogen atoms were refined with anisotropic displacement 

parameters. All hydrogen atoms were treated as idealized contributions with 

geometrically calculated positions and with Uiso equal to 1.2 Ueq (1.5 Ueq for 

methyl) of the attached atom. Atomic scattering factors are contained in the 

SHELXTL program library.31 The structures have been deposited at the 

Cambridge Structural Database under the following CCDC depositary numbers: 

CCDC 2271735 - 221739. 

5.3 Results and Discussion 

Calixarene-capped coordination cages, a subset of which have been 

referred to as metal-organic supercontainers (MOSCs),34,35 offer unique 

tunability as a set of materials with particular compatibility with post-synthetic 

modification strategies. These types of cages, which can be capped with thia- 

or sulfonyl-calixarene caps present in a number of nuclearities and geometries 
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and are potentially modifiable at their cap, metal cation, m4 atom, and/or bridging 

ligand. In terms of bridging ligand functionalization, the so-called Type III 

structures, which are comprised of 120  ̄ligand bridging angles and present as 

truncated octahedra with four ligands pointing up and four pointing down, are 

potentially modifiable given the accessibility of their functional groups. Indeed, 

we have recently shown that alkyne or azide functionalized isophthalic acid 

cobalt cages could be rapidly modified to triazole groups using CuAAC click 

chemistry.20 

In terms of modifiable cages, calixarene cages with -OH, -N3, OCH2CCH, 

and -Br groups have been reported (Figure 5.1). While the -OH functionalized 

cages are suitable for alkylation or esterification, we sought to further expand 

the scope of cages that could be post-synthetically modified. For this we also 

looked to install -NH2 and -Br groups on Type III cages as these could be 

alkylated/acylated or engage in cross-coupling reactions, respectively. For the 

synthesis of novel calixarene-capped cages reported here, functionalized 

ligands are typically reacted with metal salt in amide solvents or amide/alcohol 

mixtures at elevated temperatures. Solid product is then obtained by cooling the 

reaction mixture, by vapor diffusion, or rapid precipitation yielding, in this case, 

[(Co4OHsc4a)4(5-NH2-bdc)8]4-, [C2H8N6]2[(Mg4OHsc4a)4(5-NH2-bdc)8],  

[(Co4OHsc4a)4(5-Br-bdc)8]4-, and [C2H8N6]2[(Mg4OHsc4a)4(5-Br-bdc)8] reported 

here as Co-NH2, Mg-NH2, Co-Br, and Mg-Br respectively. 

Single crystal X-ray diffraction confirms the four cages adopt the 

expected Type III Cap4L8 truncated octahedral structures. In most instances, 

crystallization in the triclinic space group P-1 with some instances of 
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crystallization in monoclinic space groups being observed for cages most likely 

due to alterations in crystal packing caused by the presence of an alternative 

counterion. In these systems, the counterions most often observed are 

M(DMF)x(H2O)y complex that afford 2+ charges to balance the 4- charge of the 

cage. Salt metathesis or alternate synthetic conditions can cause this 

counterion to be changed to a system that can be leveraged for property tuning, 

however this process seems to also lead to crystallization in alternate space 

groups.36 

In order to confirm the composition of the bulk samples, we utilized a 

suite of characterization methods. In terms of MOFs, PXRD is often used to 

confirm that the diffraction pattern displayed by the bulk samples matches that 

predicted based on single crystal analysis. This method has the inherent 

limitation that it cannot be used to rule out the presence of amorphous product 

phases. The matter of crystallography is further complicated for cages as they 

feature no 3-D covalent connectivity in the solid state and their crystal packing 

can be heavily influenced by the level and type of solvent used for isolation or 

washing. Instead, we use a combination of TGA, IR, NMR and surface area 

analysis to interrogate the bulk phase of cage samples. These types of cages 

typically display broad NMR signals given their size and/or constituent transition 

metal cations. Digested NMR are instead collected where metal oxide, 

hydroxide, or chloride are produced from base or acid decomposition and 

removed from organic components to confirm the ratio of cap:ligand for the 

cages. For all four samples, they show the 1:2 ratio that is expected for these 

truncated octahedra structures. This, however, only shows the bulk powder has 
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the same organic composition as the structure determined by SCXRD. To 

address this, we also use higher-dimension NMR where DOSY can be used to 

show approximate cage structure, even for paramagnetic species.37 Exact 

sizing can be complicated, but the cages reported here can easily be 

distinguished from ligands or smaller structures from measured diffusion 

coefficients. The combination of TGA, IR and gas adsorption analyses are used 

to confirm the porous nature of the cages and their persistence upon activation. 

For the four cages reported here, surface areas range from 25-350 m2/g. 

 

Figure 5.2.   (Left) Solutions of Co-NH2 in DMF before and after addition of 
decomposed acyl chloride indicating decomposition of the cage. 
(Right) Crystal structure of Co-NH2-Ac obtained via reaction of 
the title cage with acetic anhydride.  

 

Alkylation reactions for the modification of -OH and -NH2 functionalized 

paddlewheel-based cages have been demonstrated and the use of this method 

would greatly expand the types of modifications able to be conducted on 

analogous porous coordination cages.12 In general, alkoxide and alkyl amine 

cages have shown increased solubility, and thus solution processability as 
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compared to unfunctionalized cages. Common alkylating agent, such as alkyl 

halides, dimethyl sulfate, and methyl triflate proved to be too reactive for all 

cages reported here regardless of their metal cation or functional group and 

degradation was observed under all reaction conditions (Figure 5.2). Instead, 

acylation offers a potential avenue for functionalizing this subset of cages and 

has been shown to be effective for previously reported materials.21 This 

modification method for calixarene-capped cages involved the reaction of Mg or 

Co -OH or -NH2 with acetyl chloride or hexanoyl chloride in THF or dioxane in 

the presence of base. The reaction typically proceeded slowly given the low 

solubility of the cages in these solvents. The reactions proceeded more rapidly 

as the reaction progressed and the reaction mixture became homogeneous. 

However, we found that these reactions proceeded to varying extents and often 

resulted in cage decomposition, likely a result of the non-negligible amount of 

HCl present in acyl chloride reagents manipulated under ambient conditions. To 

mediate this, the cages were instead reacted with anhydrides, which are more 

air stable than acid chlorides and afford acetic acid rather than HCl upon 

decomposition and/or reaction with cage. Ultimately, the reaction of 16 

equivalents (2 per ligand functional group) of anhydride with Co- or Mg-NH2 

afforded M-NH-Ac and M-NH-Hex (M = Mg, Co) after 12 hours at room 

temperature. Digestion of the cages followed by NMR analysis confirmed 

complete conversion of the staring ligand to give amide functional groups. 

Single crystal X-ray diffraction for the acetyl functionalized Co-NH2 cage 

confirms the cage structure is maintained. DOSY NMR also confirmed the 

persistence of the cages as, although the NMR peaks were broad, the 
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measured diffusion coefficients were significantly lower than those of ligands, 

calixarene, or smaller cage fragments. Gas adsorption isotherms indicate 

modest levels of porosity with CO2 accessible surface areas from ~60-200 m2/g. 

While this form of modification helps expand the scope of reactions that 

can be conducted on porous coordination cages, alkyl halide and acyl chloride 

availability and compatibility necessarily limit the scope of PSM reactions based 

on these reactive groups. Cross coupling reactions by comparison are a 

hallmark of organic chemistry methodologies and are featured prominently in 

the synthesis of new ligands for MOFs and cages. Given the relatively harsh 

conditions employed in the use of many legacy catalysts, it is expected that 

many base and/or water sensitive porous materials would be prone to 

degradation, likely hydrolysis at elevated temperatures. However, significant 

strides have been made in recent years to develop more active catalysts that 

operate under mild conditions, often in the absence of exogenous base. The 

continued development of this chemistry has had the downstream effect that 

among nearly limitless number of reaction conditions, optimization can be an 

unwieldly endeavor. With this in mind, we targeted the optimization of reaction 

conditions for Pd-catalyzed C-C coupling chemistry by High-Throughput 

Experimentation (HTE). 

The utilization of HTE to determine optimal conditions for achieving high 

yields in the modification of cages is immensely advantageous. This approach 

allows for the simultaneous execution of numerous reaction trials on small 

scales over a short period of time. While HTE has been applied to discover new 

zeolites, metal-organic frameworks (MOFs), and covalent organic frameworks 
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(COFs),38 its application to refining modification techniques for pre-synthesized 

porous materials remains unexplored. 

Molecular porous materials are well-suited for this exploratory method 

due to their solubility, which permits the preparation of stock solutions of cages. 

This simplifies the dosing of reactants compared to solid reagents. Additionally, 

their solubility facilitates characterization through techniques such as mass 

spectrometry (MS). The relatively mild reaction conditions required for coupling 

chemistry allows for the use of glass scintillation vials instead of high-pressure 

and/or solvent resistant vessels commonly used for porous framework 

synthesis. 
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Figure 5.3.  Ligands for catalyst generation. *Used with nickel-based catalyst 
systems. ÀUsed with Pd based catalyst systems in solvent 
conditions screening. ÿUsed for substrate scope evaluation. 

Our approach to optimizing modification conditions using HTE for C-C 

coupling chemistry was multifaceted. We needed to identify appropriate catalyst 

systems, catalyst precursors, solvent conditions, and promising substrates to 

achieve maximum percent conversion. Initially, stock solutions of Co-Br and Mg-

Br were prepared, along with p-tolylboronic acid, which served as the reagent 
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in preliminary screens to analyze catalyst systems and solvent compatibility 

(Figure 5.3). These solutions were combined with a solid base and 

subsequently added to catalysts after synthesizing them by stirring a metal 

precursor with a desired ligand for 10 minutes. The reagents were mixed at a 

ratio of 1 cage equivalent to 10 boronic acid equivalents to target quantitative 

conversion, considering eight reactive sites per cage. 

In the process of optimizing these variables, we conducted hundreds of 

small-scale reactions using Co-Br and Mg-Br. Notably, conducting the same 

number of reactions on a larger scale would have taken hundreds of days and 

incurred significantly higher costs and resource consumption. Initial reaction 

screens focused on anhydrous Ni-catalyzed Suzuki-Miyaura conditions for our 

catalyst system. For these trials, percent conversion was determined using 

liquid chromatography-mass spectrometry (LC-MS). Despite the benefits of 

solution state handling for high-throughput experiments, solutions of cages 

consistently produced inconclusive LC-MS spectra. Thus, we resorted to 

decomposing the cage material after reactions to analyze percent conversion 

from the starting isophthalic acid ligand to the coupled ligand (Figure 5.4). While 

destructive, this method enhanced our understanding of successful 

methodologies, crucial before scaling reactions for product isolation and 

characterization using conventional approaches. 

Initial plates showed poor conversion with Co-Br and only moderate 

conversion with Mg-Br under the initial Ni-catalyzed Suzuki-Miyaura conditions 

with p-tolylboronic acid, prompting us to focus on established Pd-catalyzed 

Suzuki-Miyaura coupling conditions employing DMF as the primary solvent. We 
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further refined solvent conditions by introducing varying amounts of water. While 

minimal conversion was observed without added water, near-quantitative 

conversion occurred with DMF:water mixtures from 10:1 to 10:2. 

To ensure cage viability under cross-coupling conditions and optimize 

product yield, we ultimately employed reaction temperatures of 50 °C. We also 

screened additional catalysts for the coupling of Mg-Br and 4-tolyl boronic acid 

with decreasing catalyst loading, starting from Pd(OAc)2 and Pd-G3 dimer 

precatalysts. Both precatalysts yielded product with all substrates, with 

Pd(OAc)2 exhibiting good conversion across a range of catalyst loadings with 

SPhos, DPPF, DTBPF, and Catacxium A, and Pd-G3 dimer showing success 

with APhos and SPhos. 

Based on these findings, we selected four conditions for a substrate 

scope screen, aiming to determine which conditions were suitable for a broad 

range of aryl boronic acids and applicable to modifying both Mg-Br and Co-Br. 

These conditions included Pd(OAc)2 with SPhos and DTBPF, as well as Pd-G3 

dimer with SPhos and APhos. The scope encompassed boronic acids with 

ester, amine, and alcohol functional groups, providing opportunities for further 

cage elaboration. Ortho-tolyl and naphthyl boronic acids assessed the impact 

of boronic acid sterics on coupling, and additional fluoro, thiomethyl, and methyl 

ether-substituted boronic acids were also tested. 
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Figure 5.4.  Results from the substrate scope evaluation. Outer circles 
represent the amount of coupled ligand and starting ligand with 
respect to all species analyzed by LC-MS. Inner circles represent 
the amount of coupled ligand and starting ligand analyzed by LC-
MS with respect to each other. 

Among the four catalysts assessed under these conditions, Pd(OAc)2 

with DTBPF achieved an average LC conversion of 98% with Mg-Br and 96% 
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with Co-Br, while the Pd-G3 dimer with APhos resulted in an average 

conversion of 95 % with Mg-Br and 89 % with Co-Br. SPhos catalysts led to 16 

% and 20 % reductions in average conversion for Co-Br cages with Pd(OAc)2 

and the Pd-G3 dimer, respectively. 

Based on the high conversion and broad applicability of the 

Pd(OAc)2/DTBPF conditions, we opted to include 2-naphthylboronic acid and 2-

methylphenylboronic acid in our trials. These reagents consistently yielded 

some of the highest percent conversion values. We subsequently scaled up 

these reactions to utilize approximately 100 mg of the parent cage. The larger 

reaction scale was chosen to account for potential losses during the work-up 

process, ensuring sufficient cage material for subsequent gas adsorption 

experiments and additional characterization. Consequently, the reaction of Co-

Br and Mg-Br with the selected reagents produced Co-Br-Naph, Co-Br-MP, Mg-

Br-Naph, and Mg-Br-MP, respectively. 

It is noteworthy that the apparent yields from HTE experiments exceeded 

65% for Co-Br and 75% for Mg-Br. However, the actual yields of modified cages 

appeared considerably lower, ranging from 25 % to 36 % for Co-Br and ~9.0% 

for Mg-Br. Digestion of these products, followed by 1H-NMR analysis 

demonstrated varying degrees of coupling between the cobalt- and magnesium-

based cages and the boronic acid substrates (Figures E.10, E.11, E.13, and 

E.14) As the analysis was conducted on digested cage samples, it was not 

possible to differentiate between functionalized ligands originating from intact 

cages after the experiments and those derived from cages that decomposed 

prior to or during modification. Despite the lower-than-expected yields, post-
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synthesis modification using this method led to the isolation of porous modified 

cages at approximately 50% conversion, as confirmed by digested 1H NMR. 

Additionally, the use of DOSY NMR further verified the retention of cage 

topology, with reported diffusion coefficients in the range of those expected for 

porous cages of this type. 

Gas adsorption investigations indicated the retention of porosity for both 

Co- and Mg-based cages. Specifically, Co-Br-Naph and Co-Br-MP exhibited N2 

BET (Langmuir) surface areas of 367 m²/g (550 m²/g) and 301 m²/g (382 m²/g) 

respectively. Meanwhile, Mg-Br-Naph displayed an N2 BET (Langmuir) surface 

area of 19 m²/g (54 m²/g). Although Mg-Br-MP displayed complete non-porosity 

to N2, it had a CO2 BET (Langmuir) surface area of 16 m²/g (265 m²/g). 

5.4 Conclusions 

In this study, we introduce novel cobalt- and magnesium-based 

coordination cages featuring calixarene caps and diverse functionalities. These 

cages, characterized by vertex termination and strategically positioned 

unhindered reaction sites, serve as promising candidates for exploring new 

avenues in post-synthetic modification (PSM) of coordination cages. Our work 

not only validates established PSM techniques but also extends their application 

to achieve innovative outcomes. Through the introduction of acylation via 

anhydrides, we present a method that operates under milder reaction 

conditions. This approach allows for modification without generating strong 

acids that could potentially compromise the integrity of the cages. Furthermore, 

we achieve a significant milestone by successfully implementing Pd-catalyzed 

cross-coupling optimized by high-throughput experimentation, a novel approach 
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for the PSM of permanently porous coordination cages. This method retains 

cage integrity and minimizes degradation concerns, demonstrating its 

practicality. In summary, our study advances the field of PSM techniques while 

showcasing the versatility of coordination cages in materials science. These 

findings provide new insights into potential functionalization routes for 

permanently porous coordination cages. 
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INTERACTIONS AND OVERALL STABILITY OF POROUS 
COORDINATION CAGES 

6.1 Introduction 

As a class of porous materials, metal-organic frameworks (MOFs) 

display high surface areas and unique structural properties that has garnered 

them considerable attention for applications in gas storage,1 separation,2 

sensing,3 catalysis,4 and drug delivery.5 For many MOFs, metal cations and 

multitopic organic ligands self-assemble into metal-ligand clusters as secondary 

building units (SBUs) that extend into three-dimensional periodic structures.6 

Porous coordination cages (PCCs) represent a subclass of metal-organic 

materials and are typically discrete versions of extended MOF structures.7 In 

many cases, porous coordination cages share the same SBUs as MOFs, 

however the use of bent ditopic ligands or capping agents prevent the formation 

of 1-, 2-, or 3-dimensional structures. Instead, the starting materials self-

assemble into discrete supramolecular cages that often have considerable 

permanent porosity in the solid state. Like MOFs, cages have well-defined 

cavities, where ligand design and metal choice greatly influence pore size and 

shape, thus affecting the overall surface area and host-guest chemistry.8 As 

compared to MOFs, cages have many opportunities for surface functionalization 

which can be used to tune supramolecular interactions,9 solubility,10 and 

Chapter 6 
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porosity;11 however, cages generally have much lower gas accessible surface 

areas than frameworks.12 

 

 

Figure 6.1. M4L4 lantern-type porous cage where M = Cu2+ or Mo2+. Black, 
gray, red, and blue spheres represent metal, carbon, oxygen, 
and nitrogen atoms, respectively. The dicarboxylate-based 
ligands in these structures are easily tunable with amide-
functionalization strategies to install organic groups on their 
surface (orange spheres). 

The close relationship between many MOFs and cages is illustrated by 

the NOTT13 and NU14 series of frameworks as they are built up from 

cuboctahedral porous coordination cage-like pores. Similarly, PCN-81 contains 

carbazole-based octahedral pores connected via benzene rings at the 9-

position of the linker,15 The presence of cage-like pores in these structures is 

somewhat serendipitous, although the coordination chemistry of copper 

paddlewheels is well known, and specific ligand design parameters lends some 

level of predictability to structure assembly.16,17 An alternative to directly 

synthesizing MOFs with cage-like structures via judicious ligand design is to 

post-synthetically bridge discrete cages via covalent modification or 

coordinating groups. Amino functionalized Zr12L6 tetrahedral cages can be 
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linked via reaction with diacyl chlorides to form a coordination polymer of 

cages.18 Combining PCCs of M4L4 topology like those reported in this work, 

containing amide and aldehyde functionality at specific ratios can result in MOF 

like materials through by binding to the open metal sites of paddlewheel SBUs 

in adjacent PCCs.19 Ditopic coordinating compounds such as 4,4ô-bipyridine, 

benzyldiimidazole, or dabco can achieve a similar effect and have been used to 

link M12L12 octahedra and M24L24 cuboctahedra by once again binding to the 

open metal sites of the paddlewheel SBUs resulting in new frameworks where 

cages are directly covalently attached to one another instead of packed in the 

solid state as a result of relatively weak intermolecular interactions.20,21,22 The 

post-synthetic modification of cages into frameworks or polymers illustrates the 

processability and tunability of coordination cages; however, the reverse 

process, the conversion of framework back into discrete cages, is not always 

possible without disassembly of the cages or loss of porosity due to the 

irreversible nature of some modifications and the difficult removal of linker 

molecules. 

In order to use cages as predictable building blocks for the synthesis of 

MOFs, an alternative strategy is to functionalize paddlewheel-based cages with 

coordinating groups that directly interact with other cages. While using 

functional groups that can stabilize cage-cage interactions through weaker 

forces such as van der Waals and pi-pi interactions is achievable, these systems 

can still be susceptible to structural rearrangement in extreme conditions such 

as elevated temperature.23 An advantage of using coordinating functional 

groups is the strength, and thus reversibility, of cage-cage interaction can be 
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tuned which will greatly increase the processability of materials prepared via 

this route. It has been shown that carboxylate or amine functionalized cages 

can be prepared where the free coordinating groups can either coordinate to 

new metal cations or the paddlewheel building units on neighboring cages.24,25 

The former approach, however, relies on irreversible bond formation and can 

be difficult to moderate. The latter approach, using cages synthesized with 

ligands containing more labile functional groups such as hydroxy, ester, or 

amide substituents are more desirable for controlling supramolecular 

interactions due to reversible bond formation with the metal ions already present 

in the other cage rather than coordinating to new metal cations. However, Bloch 

and coworkers have reported extended versions of the cages we report herein, 

that contain functionality at amide sites of the bridging ligands can sterically 

hinder interactions between cages and therefore require removal before a MOF-

like structure can form.26  

The smallest paddlewheel-based cages with measured surface areas 

are M4L4 lantern-type cages, where the pore diameter is limited by the interior 

metal to metal distances which is typically less than 5 Å. Amide functionalization 

is a facile process and with lantern-type cages of this shape, ligand interactions 

with the paddlewheel SBUs of adjacent cages is less sterically hindered. 

Reported herein, three amide functionalized ligands are self-assembled with 

copper(II) and molybdenum(II) sources into M4L4 cages that link together via 

amide coordination to form 1-dimensional frameworks. The amide coordination 

can be disrupted with pyridine, inducing solubility in DMF. Depending on the 



 145 

ratio of pyridine present, the 1-D framework or the discrete cage can be 

recrystallized. 

 

 

Figure 6.2. Generalized scheme for the solubilization of cages using salts 
(red polyhedron) and their subsequent recovery via methanol 
precipitation (gray polyhedron) or combination with a cationic 
PCC of different architecture (green, blue, and orange 
polyhedra) to form porous salts. 

While the use of PSM to stabilize cages in the solid state is a useful and, 

in some cases, necessary, the implementation of pre-synthetically modified 

secondary building units (SBUs) as a way to tailor cage interactions is more 

often the route taken during synthesis of this class of material. We explore how 

incorporating charged units into or onto otherwise neutral porous coordination 

cages also serves as a unique approach in preparing new classes of porous 

salts. These materials that typically consist of pairs of oppositely charged, 

permanently porous, coordination cages were recently reported by us27 and 

followed up on by a number of additional researchers.28,29,30,31 A particular 
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challenge in the preparation of novel porous salts, however, is the fact that the 

vast majority of permanently microporous coordination cages are in fact charge-

neutral in their native state. Although ligand functionalization, metal oxidation 

state tuning, and metal coordination sphere tuning may be employed to achieve 

charged porous cages, these strategies can interfere with cage formation and 

afford nonporous phases. In the work, we detail the use of reversible anion 

binding to the exterior and/or interior metal cation sites in paddlewheel-based 

coordination cages to impart solubility for a class of highly porous, but insoluble 

cages and as a means to incorporate charge in neutral cages for the isolation 

of porous salts.  

 

 

Figure 6.3. Capping and bridging ligands used for the synthesis of 
calixarene-capped cages. Cages based on the 
sulfonylcalix[4]arene cap (sc4a) have been isolated for 
isophthalic acid (H2BDC) and trimesic acid (H3BTC) bridging 
ligands. This work presents the use of triazole-based ligands for 
the synthesis of highly stable cages 
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Furthermore, while covalent and ionic interactions can maximize stability 

of interactions between cages, the overall stability of the cages themselves can 

still prove to be a significant challenge when generating porous MOF-like 

networks of cages. Where many supramolecular constructs rely on second or 

third-row metals and neutral donor ligands,32 the vast majority of cages for 

which surface areas have been reported, are based on carboxylic acid-type 

ligands.33 This is analogous to early work in MOFs featuring predominantly 

carboxylate ligands, particularly the work of Yaghi,34 Ferey,35 Kitagawa,36 

Hupp,37 and others.38 These materials, however, feature relatively weak M-L 

bonds, which were a function of the relatively high acidity of carboxylic acids. 

Metal cation tuning was used as a means to address this, and it was generally 

shown, in the synthesis of UiO-66 (Zr4+)39 or many of the MIL-100/101 structures 

(M3+),40 that harder acids afforded stronger M-L bonds with carboxylates and 

thus materials with greater hydrolytic and thermal stability.41 Ligand tuning was 

also shown to be a viable route toward increasing the stability of MOFs, where 

anionic N-donor ligands afforded more stable materials as compared to 

carboxylic acids with stability increasing with pKa with carboxylate < tetrazolate 

< triazolate < pyrazolate.42,43,44 Toward improving the stability of permanently 

porous coordination cages, we sought to incorporate triazole or pyrazole groups 

into otherwise carboxylate-based structures. Previously reported calixarene-

capped cages are a promising target here as they are carboxylate-based, adopt 

any one of several structure types depending on ligand type, are 

functionalizable at their ligand or cap, and have been reported for many different 

transition metal cations.45,46,47,48,49 They have also even been reported as the 
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anionic and porosity-providing component of reactive porous salts. Finally, they 

are structurally analogous to PCN-9,50 a carboxylate-based MOF that is 

isomorphous to the tetrazole, triazole, and pyrazole-based MOFs M-BTT, M-

BTTri, and MBTP, respectively.42,43,44 Herein we report the use of triazole based 

ligands to impart increased stability to calixarene-based cage material when 

compared to carboxylic acid-based counterparts.  

6.2 Experimental Section  

6.2.1 Materials and Methods 

With the exception of solvents, all reagents were obtained from 

commercial vendors and used without purification. Dimethylformamide and 

methanol were obtained from a solvent drying system and stored in an N2 

atmosphere glove box over 4 Å and 3 Å sieves, respectively. Commercial 

anhydrous TBAF in THF was freeze-pump-thawed before storing in an N2 

atmosphere glove box over 3 Å sieves. Commercial anhydrous TBACl was dried 

under dynamic vacuum for 12 hours on a Schlenk line to remove residual water. 

Detailed ligand syntheses are presented in the Supporting Information. 

Thermogravimetric analyses (TGA) were carried out from 30 °C to 600 

°C at a 2 °C minï1 heating rate with a TA Q5000 SA under a nitrogen flow. Low-

pressure CO2 and N2 adsorption measurements were obtained on a 

Micromeritics Tristar II PLUS at 195 K and a Micromeritics Tristar 3000 at 77 K, 

respectively. 1H-NMR and 19F NMR spectra were recorded on a Bruker AV 400 

MHz spectrometer and obtained data were manipulated in MestReNova NMR 

processor software. Infrared (IR) spectra were carried out with a Bruker ALPHA 



 149 

II instrument affixed with a diffuse reflectance ATR attachment. UV-Vis 

experiments were carried out with an AvaSpec-ULS2048CLwith a deuterium-

halogen light. Elemental analyses were performed on a Thermo Fisher K-Alpha 

XPS at the University of Delawareôs Surface Analysis Facility. Powder X-ray 

diffraction patterns were recorded with a Bruker D8 XRD with a Cu KŬ radiation 

(1.54 nm) housed in the Advanced Materials Characterization Lab at the 

University of Delaware. Scanning electron microscope images and energy-

dispersive X-ray spectra were taken using an SEM/FIB Auriga 60 also housed 

in the Advanced Materials Characterization Lab. 

Syntheses of triazole ligands, sulfonylcalix[4]arenes (sc4a), Fe and Co-

containing cages were carried out using standard Hood, Schlenk and glovebox 

techniques unless otherwise specified. The sulfonylcalix[4]arene ligand (sc4a), 

and triazole ligands were synthesized with minor modifications from previously 

reported synthetic protocols.51,52 

6.2.1.1 1H NMR Digestion Measurements 

Acid digestions were performed by adding two drops of 35 wt. % 

deuterium chloride and DMSO-d6 to a 4 mL vial containing ~5 mgs of material. 

6.2.1.2 1H NMR Cage Solubilization via Salt Addition 

To solubilize cage, 0.5-2 equivalents of TBAX (X = F, Cl, or Br) salt were 

added based on the formula unit of each cage. For example, a 2 equivalent salt 

addition to an M24L24 cage is actually 48 equivalents per whole cage. Similarly, 

a 2 equivalent salt addition to an M4L4 cage represents 8 equivalents per cage. 
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6.2.1.3 Scanning Electron Microscopy-Energy Dispersive X-Ray 
Spectroscopy (SEM-EDS) 

In order to prepare samples, dried material was placed on double-sided 

carbon tape that was attached to an aluminum pin. The samples were sputtered 

using a Pd/Au alloy for 60s while rotating at a 45° angle. The samples were then 

imaged using a 3 kV accelerating voltage via the SEM/FIB Auriga 60. For 

elemental analysis via EDS, an accelerating voltage of 10 kV was used. 

6.2.1.4 X-Ray Photoelectron Spectroscopy (XPS) Analysis 

To prepare air sensitive samples for analysis, an air-tight sample holder 

was pumped into an N2 glovebox after applying carbon tape to the grid. The 

dried materials were adhered to the carbon tape in the glovebox and the sample 

holder was sealed under N2. The sample holder was then evacuated in the 

glovebox chamber for 30 minutes so it could be loaded into the XPS chamber 

under vacuum. A Fisher K-alpha spectrometer equipped with monochromatic Al 

KŬ X-rays (1486.7eV) was used to analyze the samples where the operating 

pressure in the main chamber was less than 1 × 10ï8 torr. The X-ray spot size 

on the K-alpha was elliptical in shape with a semi-major axis of roughly 400µm. 

6.2.2 Ligand Syntheses  

6.2.2.1 Synthesis of 3,5-dibromoacetylamidobenzene. 

3,5-Dibromoaniline (6.813 g, 27.15 mmol) was added to a 250 mL round 

bottom flask and dissolved in 150 mL of THF. Acetyl chloride (10 mL, 127.4 

mmol) was added, a reflux condenser was attached, and the vessel was heated 

to 80 °C overnight. The solvent was removed via rotary evaporation, the 

precipitate was washed out of the flask with chloroform and isolated via vacuum 
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filtration. The precipitate was washed three times with chloroform yielding 4.683 

g (58.9 %) of 3,5-dibromoacetylamidobenzene. 1 H NMR (400 MHz, DMSO-

d6): ŭ = 10.24 (s, 1H, amide), 7.81 (s, 2H, arom), 7.47 (s, 1H, arom), 2.05 (s, 

3H, CH3). 

6.2.2.2 Synthesis of aminobenzene-1,3-dibenzoate (H2NH2bdb). 

3,5-Dibromoacetylamidobenzene (4.683 g, 15.98 mmol) and 3-

methoxycarbonylphenylboronic acid (6.408 g, 35.61 mmol) were added to a 500 

mL 3-neck round bottom flask and dissolved in 300 mL of THF. Potassium 

carbonate (13.241 g, 95.8 mmol) was dissolved in 50 mL of water and the 

carbonate solution was then added to the flask. A water condenser with a N2 

line connected was attached and rubber stoppers were placed on the other 

necks. The atmosphere was purged with N2 for 1 hour before [1,1'-

Bis(diphenylphosphino)ferrocene]palladium(II) dichloride (Pd(DPPF)Cl2) (0.506 

g, 0.6915 mmol) was quickly added while under positive N2 pressure. The flask 

was sealed and heated to 80 °C overnight. Volatile solvent was removed via 

rotary evaporation, then water and sodium hydroxide were added, and the flask 

was heated to 100 °C without further purification. The solution was filtered 

through a celite plug and the filtrate was acidified very slowly with HCl. The 

newly formed precipitate was then filtered out via vacuum filtration and dried 

yielding 4.562 (85.64 %) of product. 1 H NMR (400 MHz, DMSO-d6): ŭ = 8.21 

(s, 2H, arom), 7.92 (d, 2H, arom), 7.81 (d, 2H, arom), 7.51 (t, 2H, arom), 7.08 

(s, 1H, arom), 6.93 (s, 2H, arom). 
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6.2.2.3 Synthesis of tert-butylamidobenzene-1,3-dibenzoate (H2
tbu-

NH(CO)-bdb). 

Aminobenzene-1,3-dibenzoate (2.064 g, 6.19 mmol) was added to a 250 

mL round bottom flask and dissolved in 150 mL of THF. Trimethylacetyl chloride 

(5 mL, 41.47 mmol) was added, a reflux condenser was attached, and the 

vessel was heated to 80 °C overnight. The solvent was removed via rotary 

evaporation, the precipitate was washed out of the flask with chloroform and 

isolated via vacuum filtration. The precipitate was washed three times with 

chloroform yielding 1.911 g (73.95 %) of tert-butylamidobenzene-1,3-

dibenzoate. 1 H NMR (400 MHz, DMSO-d6): ŭ = 9.57 (s, 1H, amide), 8.25 (s, 

2H, arom), 8.16 (d, 2H, arom), 8.04 (m, 2H, arom), 7.97 (m, 2H, arom), 7.68 (s, 

1H, arom), 7.63 (t, 2H, arom), 1.28 (s, 9H, tbu). 

6.2.2.4 Synthesis of diphenylacetylamidobenzene-1,3-dibenzoate (H2DP-
NH(CO)-bdb). 

Aminobenzene-1,3-dibenzoate (3.468 g, 10.40 mmol) was added to a 

250 mL round bottom flask and dissolved in 150 mL of THF. Diphenylacetyl 

chloride (5.111 g, 22.16) was added, a reflux condenser was attached, and the 

vessel was heated to 80 °C overnight. The solvent was removed via rotary 

evaporation, the precipitate was washed out of the flask with chloroform and 

isolated via vacuum filtration. The precipitate was washed three times with 

chloroform yielding 3.952 g (72.03 %) of diphenylacetylamidobenzene-1,3-

dibenzoate. 1 H NMR (400 MHz, DMSO-d6): ŭ = 11.04 (s, 1H, amide), 8.23 (s, 

3H, arom), 8.10 (s, 2H, arom), 8.00 (m, 6H, arom), 7.64 (m, 4H, arom), 7.52 (s, 

1H, arom), 7.35 (m, 13H, arom), 5.36 (s, 1H, CH). 
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6.2.2.5 Synthesis of lauroylamidobenzene-1,3-dibenzoate (H2lauro-
NH(CO)-bdb). 

Aminobenzene-1,3-dibenzoate (3.059, 9.17 mmol) was added to a 250 

mL round bottom flask and dissolved in 150 mL of THF. Lauroyl chloride (5 mL, 

22.85 mmol) was added, a reflux condenser was attached, and the vessel was 

heated to 80 °C overnight. The solvent was removed via rotary evaporation, the 

precipitate was washed out of the flask with chloroform and isolated via vacuum 

filtration. The precipitate was washed three times with chloroform yielding 2.896 

g (61.25 %) of lauroylamidobenzene-1,3-dibenzoate. 1 H NMR (400 MHz, 

DMSO-d6): ŭ = 10.37 (s, 1H, amide), 8.23 (s, 2H, arom), 8.05 (s, 2H, arom), 

7.98 (q, 4H, arom), 7.63 (t, 3H, arom), 2.37 (t, 2H, CH2), 1.61 (t, 2H, CH2), 1.29 

(broad s, 4H, CH2), 1.22 (broad s, 13H, CH2), 0.82 (t, 3H, CH3). 

6.2.2.6 Synthesis of 5-methyl-1,3-phenyldiboronic acid, bis(pinacol 
ester)53 

3,5 dibromo toluene (1 eq., 16 mmol, 4 g), bis(pinacolato)diboron (2.2 

eq., 35.2 mmol, 8.936) potassium acetate (6 eq., 96.0 mmol, 9.42 g) and 

Pd(dppf)Cl2 (0.06 eq., 0.96 mmol, 0.674 g) was added to a 500 mL 3-neck flask 

under N2 atmosphere. Then, 50 mL anhydrous 1,4 dioxane was added via 

canula. The mixture was refluxed for 3 days at 90 °C under N2 atmosphere. 

Once the mixture was cooled, it was transferred to a separatory funnel with 100 

mL water and 200 mL diethyl ether for extraction. The mixture was filtered over 

filter paper to remove excess impurities. Then the ether layer was dried with 

MgSO4 and then rotovaped to dryness to obtain pure product (4.9802 g, 90.4 % 

yield). An ethyl acetate plug was used in order to remove excess palladium. 1H 
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NMR (400 MHz, CDCl3) ŭ 8.091 (s, 1H), 7.728 (s, 2H), 2.350 (s, 3H), 1.335 (s, 

24H). 

6.2.2.7 Synthesis of 5-methoxy-1,3-phenyldiboronic acid, bis(pinacol 
ester) 

3,5 dibromo anisole (1 eq., 16 mmol, 4.254 g), bis(pinacolato)diboron 

(2.2 eq., 35.2 mmol, 8.936) potassium acetate (6 eq., 96.0 mmol, 9.42 g) and 

Pd(dppf)Cl2 (0.06 eq., 0.96 mmol, 0.674 g) was added to a 500 mL 3-neck flask 

under N2 atmosphere. Then, 50 mL anhydrous 1,4 dioxane was added via 

canula. The mixture was refluxed for 3 days at 90 °C under N2 atmosphere. 

Once the mixture was cooled, it was transferred to a separatory funnel with 100 

mL water and 200 mL diethyl ether for extraction. The mixture was filtered over 

filter paper to remove excess impurities. Then the ether layer was dried with 

MgSO4 and then rotovaped to dryness to obtain pure product (6.327 g, 109.8 

%). An ethyl acetate plug was used in order to remove excess palladium. 1H 

NMR (400 MHz, CDCl3) ŭ 7.865 (s, 1H), 7.421 (s, 2H), 3.837 (s, 3H), 1.331 (s, 

24H). 

6.2.2.8 Synthesis of 5-hydroxy-1,3-phenyldiboronic acid, bis(pinacol 
ester) 

3,5-Dibromophenol (1 eq., 16 mmol, 4.04 g), bis(pinacolato)diboron (2.2 

eq., 35.2 mmol, 8.936) potassium acetate (6 eq., 96.0 mmol, 9.42 g) and 

Pd(dppf)Cl2 (0.06 eq., 0.96 mmol, 0.674 g) was added to a 500 mL 3-neck flask 

under N2 atmosphere. Then, 50 mL anhydrous 1,4 dioxane was added via 

canula. The mixture was refluxed for 3 days at 90 °C under N2 atmosphere. 

Once the mixture was cooled, it was transferred to a separatory funnel with 100 



 155 

mL water and 200 mL diethyl ether for extraction. The mixture was filtered over 

filter paper to remove excess impurities. Then the ether layer was dried with 

MgSO4 and then rotovaped to dryness to obtain pure product (5.77 g, 104.2 %). 

An ethyl acetate plug was used in order to remove excess palladium. 1H NMR 

(400 MHz, CDCl3) ŭ 7.840 (s, 1H), 7.361 (s, 2H), 5.021 (broad, 1H), 1.325 (s, 

24H). 

6.2.2.9 Synthesis of 6,6ô-(5-methyl-1,3-phenylene)dipicolinic acid54 

To a 500 mL 3-neck round bottom flask, add 5-methyl-1,3-

phenyldiboronic acid, bis(pinacol ester) (1 eq., 4.28 g, 12.44 mmol), methyl-6-

bromopicolinate (2.4 eq., 29.8 mmol, 6.488 g), cesium fluoride (36.8 mmol, 5.6 

g) and Pd(PPh3)4 (0.52 mmol, 0.600 g) under N2 atmosphere. Then, canula 

transfer 150 mL anhydrous 1,2 dimethoxyethane into the flask and reflux at 85 

°C for 3 days. Pour mixture into 200 mL of H2O and then extract with CHCl3. Dry 

organic layer over MgSO4 and rotovap to dryness. Then wash precipitate with 

acetone (3.4000 g, 75.4 % yield). To deprotect the methyl ester, add product to 

a 250 mL round bottom flask and dissolve in 60 mL of THF, 60mL of MeOH and 

50 mL of 2M NaOH and stir at 60 °C overnight. Rotovap down the volatile 

solvents and slowly acidify the water layer with 3M HCl to precipitate out a tan 

product (1.5624 g, 49.8 % yield). 1H NMR (400 MHz, DMSO-d6) ŭ 8.646 (s, 1H), 

8.336 (dd, 2H), 8.115 (m, 4H), 8.036 (dd, 2H), 2.527 (s, 3H). 

6.2.2.10 Synthesis of 6,6ô-(5-methoxy-1,3-phenylene)dipicolinic acid 

To a 500 mL 3-neck round bottom flask, add 5-methoxy-1,3-

phenyldiboronic acid, bis(pinacol ester) (1 eq., 4.478 g, 12.44 mmol), methyl-6-
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bromopicolinate (2.4 eq., 29.8 mmol, 6.488 g), cesium fluoride (36.8 mmol, 5.6 

g) and Pd(PPh3)4 (0.52 mmol, 0.600 g) under N2 atmosphere. Then, canula 

transfer 150 mL anhydrous 1,2 dimethoxyethane into the flask and reflux at 85 

°C for 3 days. Pour mixture into 200 mL of H2O and then extract with CHCl3. Dry 

organic layer over MgSO4 and rotovap to dryness. Then wash precipitate with 

acetone (3.4728 g, 73.8 % yield). To deprotect the methyl ester, add product to 

a 250 mL round bottom flask and dissolve in 60 mL of THF, 60mL of MeOH and 

50 mL of 2M NaOH and stir at 60 °C overnight. Rotovap down the volatile 

solvents and slowly acidify the water layer with 3M HCl to precipitate out a tan 

product (1.7835 g, 55.5 % yield). 1H NMR (400 MHz, DMSO-d6) ŭ 8.433 (s, 1H), 

8.196 (dd, 2H), 7.992 (m, 4H), 7.768 (dd, 2H), 3.948 (s, 3H). 

6.2.2.11 Synthesis of 6,6ô-(5-hydroxy-1,3-phenylene)dipicolinic acid 

To a 500 mL 3-neck round bottom flask, add 5-hydroxy-1,3-

phenyldiboronic acid, bis(pinacol ester) (1 eq., 4.300 g, 12.44 mmol), methyl-6-

bromopicolinate (2.4 eq., 29.8 mmol, 6.488 g), cesium fluoride (36.8 mmol, 5.6 

g) and Pd(PPh3)4 (0.52 mmol, 0.600 g) under N2 atmosphere. Then, canula 

transfer 150 mL anhydrous 1,2 dimethoxyethane into the flask and reflux at 85 

°C for 3 days. Pour mixture into 200 mL of H2O and then extract with CHCl3. Dry 

organic layer over MgSO4 and rotovap to dryness. Then wash precipitate with 

acetone (3.2133 g, 70.9 % yield). add product to a 250 mL round bottom flask 

and dissolve in 60 mL of THF, 60mL of MeOH and 50 mL of 2M NaOH and stir 

at 60 °C overnight. Rotovap down the volatile solvents and slowly acidify the 

water layer with 3M HCl to precipitate out a tan product (1.4880 g, 50.1 % yield). 
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1H NMR (400 MHz, DMSO-d6) ŭ 8.302 (s, 1H), 8.287 (dd, 2H), 8.094 (t, 2H), 

8.020 (dd, 2H), 7.743 (dd, 2H). 

6.2.2.12 Synthesis of dimethyl-5-methyl-isophthalate 

5-methyl-isophthalic acid (10 g, 0.056 mol), sulfuric acid (2 mL) and 

methanol (300 mL) were added to a 500 mL round bottom flask. The flask was 

connected to a condenser and put under flowing nitrogen. The reaction mixture 

was then heated to reflux and allowed to stir overnight. The methanol was then 

removed under reduced pressure to produce a yellow solid in a quantitative 

yield (>99 %). 1H NMR (400 MHz, DMSO-d6) ŭ 8.26 (s, 1H), 8.00 (s, 2H), 3.89 

(s, 6H).  

6.2.2.13 Synthesis of dimethyl-5-bromomethyl-isophthalate 

A 3-neck 1-liter round bottom flask was heated in a 125 °C oven to 

remove excess water. To the cooled vessel, dry acetonitrile from the still (500 

mL) was added. Under flowing nitrogen, dimethyl-5-methyl-isophthalate (10 g, 

0.047 mol), N-bromosuccinimide (10.25 g, 0.058 mol), and benzoyl peroxide 

(0.581 g, 0.0024 mol) were added to the reaction vessel. The mixture was then 

heated to 80 °C and allowed to react for two days. Upon cooling to room 

temperature, the acetonitrile was removed under reduced pressure. The 

resulting yellow solid was then washed in 500 mL DI water for 24 hours. The 

resulting white solid was collected via vacuum filtration (70 % yield). 1H NMR 

(400 MHz, DMSO-d6) ŭ 8.38 (s, 1H), 8.29 (s, 2H), 4.89 (s, 2H), 3.91 (s, 6H). 
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6.2.2.14 Synthesis of 5-bromomethyl-isophthalic acid 

In a 250 mL round bottom flask, hydrobromic acid 46% (50 mL) and 

acetic acid (50 mL) were combined. Dimethyl-5-bromomethyl-isophthalate (3 g) 

was added to the mixture. The reaction vessel was put under nitrogen and 

refluxed at 110 °C for 15 hours. The reaction was allowed to cool naturally to 

room temperature. Upon cooling, tan solid formed and was collected by pouring 

the reaction mixture into ice water (500 mL). The water mixture was allowed to 

stir until all ice had melted. The resulting white product was collected via vacuum 

filtration and dried (74 % yield). 1H NMR (400 MHz, DMSO-d6) ŭ 8.38 (t, 1H), 

8.24 (d, 2H), 4.88 (s, 2H). 

6.2.2.15 Synthesis of 5-((1-methyl-1H-imidazol-3-ium-3-yl)methyl)-
isophthalic acid 

5-bromomethyl-isophthalic acid (3 g, 0.012 mol), 1-methylimidazole 

(1.36 mL, 0.017 mol), and acetone (100 mL), were added to a 250 mL round 

bottom flask. The reaction mixture was heated at 50 °C for 6 hours and cooled 

to room temperature. White solid was collected via vacuum filtration and 

washed thoroughly with acetone to remove excess 1-methylimidazole to acquire 

a quantitative yield (>99 %). 1H NMR (400 MHz, DMSO-d6) ŭ 9.33 (s, 1H), 8.46 

(t, 1H), 8.28 (d, 2H), 7.89 (s, 1H), 7.74 (s, 1H), 5.60 (s, 1H) 3.88 (s, 3H). 

6.2.2.16 Synthesis of p-tert-Butylthiacalix[4]arene (TC4A). 

To a 1 L round-bottom flask, p-tert-butylphenol (64.5 g, 0.43 mol), 

elemental sulfur (27.5 g, 0.86 mol), NaOH (8.86 g, 0.215 mol), and tetraethylene 

gylcol dimethyl ether (19 mL) were added and stirred under a flow of nitrogen. 

The mixture was heated to 230 °C over 4 h and held at this temperature 
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overnight. The mixture was allowed to cool to room temperature, yielding a dark-

brown solid to which toluene (35 mL) and 4 M H2SO4 (78 mL) were added. The 

flask was then sonicated for 30 min, and the solubilized material was transferred 

to a separatory funnel. The organic phase was collected, and MeOH (400 mL) 

was added, precipitating the product as a light-brown powder that could be 

isolated by vacuum filtration. This process was repeated until all of the initially 

generated solid was dissolved. The collected product was dried for 24 h prior to 

use. 

6.2.2.17 Synthesis of p-tert-Butylsulfonylcalix[4]arene (SC4A). 

In a 1 L round-bottom flask, TC4A (7 g, 46.7 mmol) and sodium perborate 

tetrahydrate (14 g, 91.0 mmol) were added to a mixture of chloroform (210 mL) 

and acetic acid (350 mL). The resultant solution was heated with stirring at 50 

°C for 18 h. After the solution cooled to room temperature, H2O (300 mL) was 

added, and the solution was transferred to a separatory funnel. The organic 

layer was collected, and the solvent was removed via rotary evaporation before 

an excess of Et2O was added; the precipitated white solid was collected via 

vacuum filtration. The product was dried for 24 h prior to use. 

6.2.2.18 Synthesis of 1,3,5-tris[1H 1,2,3-triazol-5-yl]benzene (H3BTTri). 

The synthesis of H3BTTri was performed following the previously 

published procedure, with modifications.52 

To 50 mL of tetrahydrofuran was added 35 mL of formaldehyde (37 wt% 

in H2O) and 4.05 mL of acetic acid, and this mixture was stirred at room 

temperature for 15 min. Sodium azide (4.58 g) was then added slowly, followed 
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by 1,3,5-triethynylbenzene (2.36 g). The mixture was stirred at room 

temperature for another 10 min, after which sodium ascorbate (1.86 g) and a 

solution of 1.25 M aqueous copper sulfate (2 mL) were added. After stirring at 

room temperature for 48h, the reaction was diluted with water and the product 

was filtered and washed with more water. To deprotect the triazole groups, the 

product was redissolved in 3:1 MeOH:2M NaOH mixture and stirred at room 

temperature for 48 h. During this process, copper hydroxide crashed out as a 

blue/green solid. The blue precipitate was allowed to settle, and then filtered out 

and discarded. The filtrate was then neutralized with acetic acid. The white solid 

that precipitated out was then filtered, washed with water, and dried to give 3.5 

g of ligand. 

6.2.2.19 Synthesis of 1,3-bis(1H 1,2,3-triazol-5-yl)benzene (H2BDTri). 

The synthesis of H2BDTri was performed following the previously 

published procedure, with modifications.52  

To 40 mL of tetrahydrofuran was added 11.66 mL of formaldehyde (37 

wt% in H2O) and 2.7 mL of acetic acid, and this mixture was stirred at room 

temperature for 15 min. Sodium azide (3.10 g) was then added slowly, followed 

by 1,3-triethynylbenzene (2 g). The mixture was stirred at room temperature for 

another 10 min, after which sodium ascorbate (1.254 g) and a solution of 0.1 

equiv aqueous copper sulfate (394 mg in 1 mL H2O) were added. After stirring 

at room temperature for 48h, the reaction was diluted with water and the product 

was filtered and washed with more water. To deprotect the triazole groups, the 

product was redissolved in 3:1 MeOH:2M NaOH mixture and stirred at room 

temperature for 48 h. During this process, copper hydroxide crashed out as a 
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blue/green solid. The blue precipitate was allowed to settle, and then filtered out 

and discarded. The filtrate was then neutralized with acetic acid. Further, the 

mixture was added to the excess amount of water for 24h. The white solid that 

precipitated out was then filtered, washed with water, and dried to give ligand. 

6.2.3 Cage and Salt Synthesis 

6.2.3.1 Synthesis of Cu4(tbu-NH(CO)-bdb)4. 

Copper(II) nitrate hemipentahydrate (0.219 g, 0.942 mmol) and H2
tbu-

NH(CO)-bdb (0.183 g, 0.438 mmol) were added to a 20 mL scintillation vial. The 

contents were dissolved in 17 mL of DMF and 3 mL of methanol was carefully 

layered on top of the solution. The vial was placed in an aluminum block and 

heated to 75 °C overnight, yielding single crystal quality product. Solvent was 

decanted off the sample; neat methanol was added and then decanted again 

three times before being activated in vacuo for gas adsorption measurements. 

6.2.3.2 Synthesis of Cu4(DP-NH(CO)-bdb)4. 

Copper(II) nitrate hemipentahydrate (0.245 g, 1.05 mmol) and H2DP-

NH(CO)-bdb (0.234 g, 0.444 mmol) were added to a 20 mL scintillation vial. The 

contents were dissolved in 17 mL of DMA and 3 mL of methanol was carefully 

layered on top of the solution. The vial was placed in an aluminum block and 

heated to 75 °C overnight. Approximately 5 mL of the mother liquor was added 

to a separate 20 mL scintillation vial and 15 mL of methanol were layered on 

top. The vial was heated again to 75 °C yielding single crystal quality product. 

Solvent was decanted off the sample; neat methanol was added and then 
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decanted again three times before being activated in vacuo for gas adsorption 

measurements. 

6.2.3.3 Synthesis of Cu4(Lauro-NH(CO)-bdb)4. 

Copper(II) nitrate hemipentahydrate (0.185 g, 0.795 mmol) and H2Lauro-

NH(CO)-bdb (0.197 g, 0.382 mmol) were added to a 20 mL scintillation vial. The 

contents were dissolved in 17 mL of DMF, 4 drops of pyridine were added, and 

3 mL of methanol was carefully layered on top of the solution. The vial was 

placed in an aluminum block and heated to 75 °C overnight. Approximately 15 

mL of the mother liquor was added to a separate 20 mL scintillation vial and 5 

mL of methanol were layered on top. The vial was heated again to 75 °C yielding 

single crystal quality product along the sides of the vial and pale blue powder 

settled at the bottom. Solvent was decanted off the sample; neat methanol was 

added and then decanted again three times before being activated in vacuo for 

gas adsorption measurements. 

6.2.3.4 Synthesis of Mo4(tbu-NH(CO)-bdb)4. 

Molybdenum acetate (0.117 g, 0.273 mmol) and H2
tbu-NH(CO)-bdb 

(0.191 g, 0.458 mmol) were added to a 20 mL scintillation vial. The contents 

were dissolved in 17 mL of DMF. The vial was placed in an aluminum block and 

heated to 80 °C overnight. Roughly half of the mother liquor was separated into 

a separate 20 mL scintillation vial and methanol was layered on top to 

precipitate the material. Solvent was decanted off the sample; neat methanol 

was added and then decanted again three times before being activated in vacuo 

for gas adsorption measurements. 
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6.2.3.5 Synthesis of Mo4(DP-NH(CO)-bdb)4. 

Molybdenum acetate (0.126 g, 0.294 mmol) and H2DP-NH(CO)-bdb 

(0.213 g, 0.404 mmol) were added to a 20 mL scintillation vial. The contents 

were dissolved in 17 mL of DMA. The vial was placed in an aluminum block and 

heated to 80 °C overnight. Roughly half of the mother liquor was separated into 

a separate 20 mL scintillation vial and methanol was layered on top to 

precipitate the material. Solvent was decanted off the sample; neat methanol 

was added and then decanted again three times before being activated in vacuo 

for gas adsorption measurements. 

6.2.3.6 Synthesis of Mo4(Lauro-NH(CO)-bdb)4. 

Molybdenum acetate (0.115 g, 0.269 mmol) and H2Lauro-NH(CO)-bdb 

(0.188 g, 0.365 mmol) were added to a 20 mL scintillation vial. The contents 

were dissolved in 17 mL of DMA. The vial was placed in an aluminum block and 

heated to 80 °C overnight. Roughly half of the mother liquor was separated into 

a separate 20 mL scintillation vial and methanol was layered on top to 

precipitate the material. Solvent was decanted off the sample; neat methanol 

was added and then decanted again three times before being activated in vacuo 

for gas adsorption measurements. 

6.2.3.7 Synthesis of Mo4(hdp)4 crystals 

Mo2(OAc)4 (0.023 g, 0.05 mmol) and 6,6ô-(5-hydroxy-1,3-

phenylene)dipicolinic acid (0.0167 g, 0.05 mmol) were added to a 4 mL 

scintillation vial and dissolved in 2.4 mL DMF and 0.6 mL MeOH. Upon heating 

at 85 °C in an N2 glovebox for 1 day, crystals formed. The mother liquor was 

decanted, and the isolated crystals were washed with anhydrous methanol 
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three times, exchanging the solvent every 8 hours, and dried under vacuum to 

yield an orange powder.  

6.2.3.8 Synthesis of bulk Mo4(hdp)4 powder 

Mo2(OAc)4 (0.092 g, 0.2 mmol) and 6,6ô-(5-hydroxy-1,3-

phenylene)dipicolinic acid (0.0668 g, 0.2 mmol) were added to a 20 mL 

scintillation vial and dissolved in 6 mL DMF and 6 mL MeOH. Upon heating at 

85 °C in an N2 glovebox for 2 days, crystalline material formed. The mother 

liquor was decanted and the solid washed with anhydrous methanol three times, 

exchanging the solvent every 8 hours, and dried under vacuum to yield 0.0536 

g of an orange powder (62.3% yield). 

6.2.3.9 Synthesis of H[Mo4(hdp)4F] crystals 

Mo4(hdp)4 (0.0036 g, 0. 002 mmol) and 1M TBAF in THF (0.015 g, 0.016 

mmol, 8 eq. per cage) were added to a 4 mL scintillation vial and dissolved in 

1.8 mL DMSO upon heating at 85 °C in an N2 glovebox. Once the cage was 

dissolved, 1.2 mL of MeOH was layered onto the solution. Crystals formed after 

one day. 

6.2.3.10 Synthesis of [Mo24(MImid-bdc)24]Br24 

Mo2(OAc)4 (0.092 g, 0.2 mmol) and 5-methyl-imidazoliumisophthalic acid 

bromide salt (0.068 g, 0.2 mmol) were added to a 20 mL scintillation vial and 

dissolved in 10 mL of a ratio of 40:60 DMF:MeOH. After heating at 85 °C in a 

dry bath for 2 days, when no crystalline material formed, 10 mL of diethyl ether 

was used to precipitate bulk material. The powder washed with anhydrous 

diethyl ether three times, exchanging the solvent every 8 hours, and dried under 
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vacuum to yield 0.0885 g of an orange powder (85.6 % yield). For the purposes 

of charge balance and molecular weight calculations, the assumed counter ion 

was bromide. 

6.2.3.11 Synthesis of Mo24(OH-bdc)24 

The synthesis was reproduced from previously reported methods.13 

6.2.3.12 Single Crystal Synthesis of [Mo24(5-OH-bdc)24][Mo24(5-MImid-
bdc)24]Cl24 

Mo24(OH-bdc)24 (0.0138 g, 0.002 mmol, 1 eq.)  was added to a 20 mL 

scintillation vial and dissolved in 8 mL DMF upon addition of TBACl (0.0278 g, 

0.1 mmol, 50 eq. per cage). In a separate 20 mL scintillation vial, [Mo24(MImid-

bdc)24]Br24 (0.0218 g, 0.002 mmol, 1 eq.) was dissolved in 5 mL MeOH and 5 

mL DMF. After combing the two solutions in a 20 mL vial and upon heating at 

85 °C in an N2 glovebox for one day, crystals formed. The mother liquor was 

decanted and the crystals were washed with anhydrous methanol three times, 

exchanging the solvent every 8 hours, and dried under vacuum to yield 0.0204 

g of an orange, insoluble powder (51.5 % yield) based on the formula unit of a 

1:1 ratio of Mo24(OH-bdc)24:Mo24(MIm-bdc)24 of bulk material determined via 1H 

NMR and single crystal X-ray analysis. 

6.2.3.13 Single Crystal Synthesis of [Mo4(hdp)4]4[Mo24(5-MImid-bdc)24]F24 

Mo4(hdp)4 (0.0041 g, 0.0024 mmol, 6 eq.)  was added to a 4 mL 

scintillation vial and dissolved upon heating at 85 °C in 1.5 mL DMSO upon 

addition of 1M TBAF in THF (0.009 g, 0.01 mmol, 4 eq. per cage). In a separate 

4 mL scintillation vial, [Mo24(MImid-bdc)24]Br24 (0.005 g, 0.0004 mmol, 1 eq.) 
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was dissolved in 1.5 mL MeOH. After combing the two solutions in a 4 mL vial 

and upon heating at 85 °C in an N2 glovebox for one day, crystals formed. The 

mother liquor was decanted, and the crystals were washed with anhydrous 

methanol three times, exchanging the solvent every 8 hours, and dried under 

vacuum to yield an orange, insoluble powder. To synthesize bulk material, the 

synthesis was scaled up at 4x scale in 20 mL scintillation vials. Isolated solid 

was similarly washed then dried under vacuum to yield 0.01636 g of an orange 

powder (86.2 % yield) based on the formula unit of a ~4:1 ratio of 

Mo4(hdp)4:Mo24(MIm-bdc)24 of bulk material determined via 1H NMR. 

6.2.3.14 Synthesis of [(Fe4OHsc4a)6(BTTri)8]6-. 

To a 20 ml vial, H3BTTri (48 mg) was dissolved in 6 ml DMF 120 °C for 

1h. Dimethylformamidium was cooled to room temperature and diluted to a 2 ml 

EtOH solution. This mixture was heated at 120 °C until product precipitating as 

orange crystalline product. The crystalline product was isolated by decanting 

the supernatant solution, rinsed with DMF, and soaked in 3 mL of DMF at 120 

°C for 2 h. Subsequently, the solids were exchanged with MeOH over 2 d, with 

the solvent replenished with every day. MeOH was decanted and materials 

were evacuated at room temperature to give orange crystalline powders. 

Samples for gas adsorption were subsequently evacuated at 150 °C overnight 

using Micromeritics Tristar flow station. 

6.2.3.15 Synthesis of [(Co4OHsc4a)6(BTTri)8]6-. 

To a 20 ml vial, H3BTTri (48 mg) was dissolved in 6 ml DMF 120 °C for 

1h. Dimethylformamidium trifluoromethanesulfonate (96 mg) and CoCl2. 6H2O 
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(30mg) was added to that solution. The mixture was heated at 120 °C for 3h. 

After cooling to room temperature, sc4a (68 mg) was added to that mixture. 

Further, MeOH (2 ml) was added to the mixture and the solution was heated for 

an additional 48 h at 120 °C. The resultant solution was cooled to room 

temperature and diluted to a 2 ml EtOH solution. This mixture was heated 

another 120 °C until product precipitating as pink crystalline product. The 

crystalline product was isolated by decanting the supernatant solution, rinsed 

with DMF, and soaked in 5 mL of DMF overnight. Subsequently, the solids were 

exchanged with MeOH over 2 d, with the solvent replenished with every day. 

MeOH was decanted and materials were evacuated at room temperature to give 

orange crystalline powders. Samples for gas adsorption were subsequently 

evacuated at 200 °C overnight using Micromeritics Tristar flow station. 

6.2.3.16 Synthesis of [(Co4OHsc4a)4(BDTri)8]4-. 

To a 20 mL vial, H2BDTri (50 mg) and 6 mL of DMF were added. After 

the ligand had fully dissolved, dimethylformamidium trifluoromethanesulfonate 

(96 mg) and CoCl2.6H2O (70 mg) was added and heated at 120 °C for 3 h. After 

cooling to room temperature, sc4a (100 mg) was added. Further, MeOH (2 ml) 

was added to the mixture and the solution was heated for an additional 48 h at 

120 °C. The resultant solution was cooled to room temperature and diluted to a 

2 ml EtOH solution. This mixture was heated at 120 °C until product precipitating 

as pink crystalline product. This solid was washed with DMF over 12 h. 

Subsequently, the solids were exchanged with MeOH over 2 d, with the solvent 

replenished with every day. MeOH was decanted and materials were evacuated 

at room temperature to give pink powders. Samples for gas adsorption were 
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subsequently evacuated at 200 °C overnight using Micromeritics Tristar flow 

station. 

6.2.4 Single Crystal X-Ray Diffraction 

X-ray structural analysis for [Cu(DP-NH(CO)-bdb)(Py)3]n, Mo4(DP-

NH(CO)-bdb)4, Cu4(Lauro-NH(CO)-bdb)4, Cu4(tBu-NH(CO)-bdb)4, Cu4(DP-

NH(CO)-bdb)4, Cu4(DP-NH(CO)-bdb)4(Py), and [Cu2(tBu-NH(CO)-

bdb)2(Py)4]n: Crystals were mounted using viscous oil or mother liquor onto a 

plastic mesh and cooled to the data collection temperature. Data were collected 

on a Bruker-AXS APEX II DUO CCD diffractometer with Cu-KŬ radiation (ɚ = 

1.54178 Å) focused with Goebel mirrors. Unit cell parameters were obtained 

from 36 data frames, 0.5Ü ɤ, from three different sections of the Ewald sphere. 

The unit-cell dimensions, equivalent reflections and systematic absences in the 

diffraction data are uniquely consistent with P212121 for [Cu(DP-NH(CO)-

bdb)(Py)3]n; and with P21/c for Mo4(DP-NH(CO)-bdb)4 and Cu4(DP-NH(CO)-

bdb)4. No symmetry higher than triclinic was observed for Cu4(Lauro-NH(CO)-

bdb)4, Cu4(tBu-NH(CO)-bdb)4, Cu4(DP-NH(CO)-bdb)4(Py) and [Cu2(tBu-

NH(CO)-bdb)2(Py)4]n. Solution in the centrosymmetric option, P-1, yielded 

chemically reasonable and computationally stable results of refinement. The 

data were treated with multi-scan absorption corrections.55 Structures were 

solved using intrinsic phasing methods56 and refined with full-matrix, least-

squares procedures on F2.57 The compound molecule is located at an inversion 

center for Cu4(DP-NH(CO)-bdb)4(Py). 
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The polymeric structure is generated by inversion in [Cu(DP-NH(CO)-

bdb)(Py)3]n, Mo4(DP-NH(CO)-bdb)4, Cu4(Lauro-NH(CO)-bdb)4, Cu4(tBu-

NH(CO)-bdb)4, Cu4(DP-NH(CO)-bdb)4 and [Cu2(tBu-NH(CO)-bdb)2(Py)4]n. 

Severely disordered solvent molecules which could not be modelled and 

non-locatable parts of moieties were treated as diffused contributions using 

Squeeze.58 Chemically equivalent atoms in the disordered contributions of the 

same composition were constrained with equal atomic displacement 

parameters with refined site occupancies: in Cu4(tBu-NH(CO)-bdb)4, diacid 

ligand 51/49, t-butyl group 60/40 and DMF 68/32; and in [Cu(DP-NH(CO)-

bdb)(Py)3]n, pyridine 53/47 and DMF 61/39. A cocrystallized pyridine solvent 

molecule, treated as an idealized hexagon, in [Cu2(tBu-NH(CO)-bdb)2(Py)4]n 

was found site disordered with DMF with the nitrogen atoms treated with equal 

atomic displacement to refine site occupancies: pyr/DMF 64/36. Non-hydrogen 

atoms were refined with anisotropic displacement parameters excepting the 

alkyl chain in Cu4(Lauro-NH(CO)-bdb)4 and the carbon atoms in Cu4(DP-

NH(CO)-bdb)4 which were refined with isotropic parameters to conserve a 

reasonable data to parameter ratio. Hydrogen atoms were treated as idealized 

contributions with geometrically calculated positions and with Uiso equal to 1.2 

Ueq (1.5 Ueq for methyl) of the attached atom. Atomic scattering factors are 

contained in the SHELXTL program library.56 The structures have been 

deposited at the Cambridge Structural Database under the following CCDC 

depositary numbers: 2051295-2051301. 

X-ray structural analysis for Mo4(tdp)4, Mo4(adp)4, TBA[Mo4(tdp)4F], 

TBA[Mo4(adp)4F], Mo4(hdp)4, [Mo4(hdp)4F]4[Mo24(5-MImid-bdc)24], 
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Mo4(hdp)4F, Mo24(5-OH-bdc)24, and [Mo24(5-OH-bdc)24][Mo24(5-MImid-

bdc)24]: Crystals were mounted using viscous oil onto a plastic mesh and cooled 

to the data collection temperature. Data were collected on a D8 Venture Photon 

III diffractometer with Cu-KŬ radiation (ɚ = 1.54178 ¡) focused with Goebel 

mirrors. Unit cell parameters were obtained from fast scan data frames, 1Ü/s ɤ, 

of an Ewald hemisphere. The unit-cell dimensions, equivalent reflections and 

systematic absences in the diffraction data are consistent with I4, I-4, and I4/m 

for [Mo4(hdp)4F]2[Mo24(5-MImid-bdc)24] and Mo24(5-OH-bdc)24; uniquely, 

P21/n for Mo4(hdp)4F; and, uniquely, P21/c for [Mo24(5-OH-bdc)24][Mo24(5-

MImid-bdc)24]. Refinement in the centrosymmetric space group option for the 

non-unique cases yielded chemically reasonable and computationally stable 

results of refinement. The data were treated with multi-scan absorption 

corrections.55 Structures were solved using intrinsic phasing methods56 and 

refined with full-matrix, least-squares procedures on F2.57,58 

Each polyhedral structure is located at an inversion center. For 

[Mo4(hdp)4F]2[Mo24(5-MImid-bdc)24] and Mo24(5-OH-bdc)24, the compound 

molecule is located at the intersection of a mirror plane perpendicular to a four-

fold axis. The disordered cell contents of highly porous metal-organic polyhedral 

(MOP) complexes result in diffraction data that are limited in coverage and 

resolution.  As a result, it is common to have multiple restraints and constraints, 

incompletely assigned moieties, and high residuals in the structural model. 

Presumably disordered solvent molecules and non-locatable parts of moieties 

in Mo4(hdp)4, [Mo4(hdp)4F]2[Mo24(5-MImid-bdc)24], Mo4(hdp)4F, Mo24(5-OH-

bdc)24, and [Mo24(5-OH-bdc)24][Mo24(5-MImid-bdc)24] were treated as diffused 
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contributions with identities assigned to be chemically reasonable based on the 

synthesis, ionic charge balances, and electron counts from the Squeeze 

results.57  

Non-hydrogen atoms were refined with anisotropic displacement 

parameters except in [Mo4(hdp)4F]2[Mo24(5-MImid-bdc)24] where only the 

metal atoms and fluorine atoms could be refined anisotropically. H-atoms in 

[Mo4(hdp)4F]2[Mo24(5-MImid-bdc)24] were ignored except in the formula. All 

other hydrogen atoms were treated as idealized contributions with geometrically 

calculated positions and with Uiso equal to 1.2 Ueq (1.5 Ueq for methyl) of the 

attached atom. 

Atomic scattering factors are contained in the SHELXTL program 

library.41 The structures have been deposited at the Cambridge Structural 

Database under the following CCDC depositary numbers: CCDC 2143096-8, 

2110116, 2143099. 

X-ray structural analysis for [(Fe4OHsc4a)6(BTTri)8]6-, 

[(Co4OHsc4a)6(BTTri)8]6-, and [(Co4OHsc4a)4(BDTri)8]4-: Crystals were 

mounted using viscous oil onto a plastic mesh and cooled to the data collection 

temperature. Data were collected on a D8 Venture Photon III diffractometer with 

Cu-KŬ radiation (ɚ = 1.54178 ¡) focused with Goebel mirrors. Unit cell 

parameters were obtained from fast scan data frames, 1Ü/s ɤ, of an Ewald 

hemisphere. The unit-cell dimensions, equivalent reflections and systematic 

absences in the diffraction data are consistent with I4, I-4, and I4/m for 

[(Fe4OHsc4a)6(BTTri)8]6- and [(Co4OHsc4a)6(BTTri)8]6-. No symmetry higher 

than triclinic was observed in [(Co4OHsc4a)4(BDTri)8]4-. Refinement in the 



 172 

centrosymmetric space group options yielded chemically reasonable and 

computationally stable results of refinement. The data were treated with multi-

scan absorption corrections.55 Structures were solved using intrinsic phasing 

methods56 and refined with full-matrix, least-squares procedures on F2.57 

Each polyhedral structure is located at an inversion center. For 

[(Fe4OHsc4a)6(BTTri)8]6- and [(Co4OHsc4a)6(BTTri)8]6-, the compound 

molecule is located at the intersection of a mirror plane perpendicular to a four-

fold axis. The disordered cell contents of highly porous metal-organic polyhedral 

(MOP) complexes result in diffraction data that are limited in coverage and 

resolution.  As a result, it is common to have multiple restraints and constraints, 

incompletely assigned moieties, and high residuals in the structural model. 

Presumably disordered solvent molecules were treated as diffused 

contributions with identities assigned to be chemically reasonable based on the 

synthesis, and electron counts from the Squeeze results.58 

Non-hydrogen atoms were refined with anisotropic displacement 

parameters. All hydrogen atoms were treated as idealized contributions with 

geometrically calculated positions and with Uiso equal to 1.2 Ueq (1.5 Ueq for 

methyl) of the attached atom. Atomic scattering factors are contained in the 

SHELXTL program library.56 The structures have been deposited at the 

Cambridge Structural Database under the following CCDC depositary numbers: 

CCDC 2260661-2260663. 

6.3 Results and Discussion 

Because previous attempts to functionalize Suzuki-style lanterns with 

alkyl, hydroxy, and amine substituents were unsuccessful in inducing solubility, 
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amide functionalization was implemented here. Amide ligands were generated 

from the simple reaction of 5-aminobenzene-1,3-dibenzoate with commercially 

available acyl chlorides to afford amide-functionalized ligands, namely 5-tert-

butylamidobenzene-1,3-dibenzoate (H2
tBu-NH(CO)-bdb), 5-

diphenylacetylamidobenzene-1,3-dibenzoate (H2DP-NH(CO)-bdb), and 5-

lauroylamidobenzene-1,3-dibenzoate (H2Lauro-NH(CO)-bdb). In amide 

solvents, ligand and copper atoms self-assemble into a 1-D supramolecular 

framework of Cu4L4 lantern-type coordination cages, where the carbonyl of two 

amide groups on a cage coordinate to the paddlewheel of an adjacent cage. In 

a typical 1-D framework synthesis, 180 mg of ligand and 240 mg of Cu(NO)3 

hemipentahydrate are dissolved in 17 mL of DMF or DMA and heated to 75 °C 

overnight. Slow diffusion of methanol into the solution yields single crystal 

quality material for X-ray and gas adsorption characterization. The frameworks 

are inherently insoluble in amide and alcohol solvents, however the addition of 

more coordinating solvents such as pyridine, amines, or imidazoles can 

displace intercage coordination and induce solubility in amide solvents. 

Approximately 17 mg of the methanol washed and activated Cu4(DP-NH(CO)-

bdb)4 framework can be dissolved in 2 mL of DMF with the addition of 0.3 mL 

of pyridine. The slow diffusion of methanol allows for the crystallization of the 

discreet Cu4(DP-NH(CO)-bdb)4(Py) cage, illustrating post-synthetic solvent 

control over framework to cage formation without covalent modifications. The 

use of amines or 1-methylimidazole also facilitated solubility, but the higher pKa 

of these cosolvents resulted in the deconstruction of the material into 

amorphous product. Additionally, the presence of excess pyridine (> 0.8 mL) 
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will decarboxylate the paddlewheel units, resulting in the crystallization of the 1-

D coordination polymer [Cu(DP-NH(CO)-bdb)(Py)3]n. The disassembly of the 

paddlewheel SBUs into copper nodes with three pyridine molecules bound 

prevents cage formation and solubility, thus prohibiting any intrinsic porosity or 

potential conversion back to a porous structure. 

 

 

Figure 6.4. (Top) Cu4(DP-NH(CO)-bdb)4, (middle) Cu(DP-NH(CO)-
bdb)4(Py), and (bottom) [Cu(DP-NH(CO)-bdb)(Py)3]n exhibiting 
phase control upon addition of pyridine. 

A similar approach was applied to Cu4(tBu-NH(CO)-bdb)4, where the 

presence of pyridine facilitates solubility in DMF. As was observed for the DP-
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NH(CO)-bdb-based materials, excess pyridine resulted in the crystallization of 

the non-porous coordination polymer [Cu2(tBu-NH(CO)-bdb)2(Py)4]n. Despite 

small concentrations of pyridine in DMF, a pale green powder formed even if no 

methanol was used as a cosolvent. Porosity measurements were performed on 

this powder crystallized from DMF/pyridine which obtained a Langmuir surface 

area of 1063 m2/g. IR spectroscopy of the 1-D framework, the pyridine bound 

coordination polymer, and the powder crystallized from DMF/pyridine reveals 

subtle differences in the absorption profiles of each material.  The IR spectra of 

the porous powder crystallized from DMF/pyridine does not match the spectra 

of the 1-D framework or of the coordination polymer. The differences in IR 

absorption and the differences in porosity between the three materials indicates 

this powder is the discrete cage Cu4(tBu-NH(CO)-bdb)4, though no single crystal 

structure was acquired. 

In an analogous manner, the 1-D framework Cu4(Lauro-NH(CO)-bdb)4 

was also treated with small amounts of pyridine in order to isolate the discrete, 

0-D cage analogue Cu4(Lauro-NH(CO)-bdb)4(Py). Due to the presence of the 

large alkyl chains appended on these cages, any adsorption that could occur in 

external pores generated by the formation of the network of cages as well as 

adsorption internally is diminished by the excessive size of the lauroyl group. 

However, isolation of discrete cages via addition of pyridine sees the alteration 

of packing motifs leading to external pores once again being accessible 

resulting not only an increase in porosity to CO2 with a Langmuir surface area 

of 322 m2/g but additional porosity to N2 with the material presenting with 

BET(Langmuir) surface areas of 22(45) m2/g. 
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Figure 6.5. (From left to right) Crystal packing of Cu4(tBu-NH(CO)-bdb)4, 
Cu4(DP-NH(CO)-bdb)4, and Cu4(Lauro-NH(CO)-bdb)4 with 
functional groups included (top) and excluded (bottom) to 
highlight the occupation of void spaces by the functional groups 
of the cage. 

Alterations in surface area between the 1-D frameworks and 0-D 

analogues of the reported cages vary drastically depending on the functional 

group present on the bridging ligands. While the presence of lauroyl and 

diphenyl functionality is can be beneficial in helping to stabilize interactions 

between cages due to van der Waals forces and pi-pi stacking, due to the 

dominant interactions between cages being amide coordination to the 

paddlewheel units, these large functional groups are forced into the external 



 177 

void space that would otherwise be occupied by adsorbing gases. Whereas we 

see an impressive N2 BET(Langmuir) surface area of 969 (1169) m2/g when 

examining Cu4(tBu-NH(CO)-bdb)4, porosity to N2 is not observed in the case of 

Cu4(DP-NH(CO)-bdb)4 and Cu4(Lauro-NH(CO)-bdb)4 but rather significantly 

lower porosity to CO2 is reported in BET(Langmuir) surface areas of 145(278) 

and 74(204) m2/g respectively. 

Exemplifying the benefits of the reversible nature of the cage-cage 

interactions in these systems, we see a significant increase in porosity to CO2 

upon recrystallization with pyridine as well as newly observed porosity to N2. It 

can be inferred that upon disruption of the dominant, amide coordination 

between cages alternative crystal packing motifs are adopted out of necessity 

to accommodate the functional groups in a more efficient manner further 

allowing for adsorption sites to be found in newly formed external pores. In the 

case of Cu4(tBu-NH(CO)-bdb)4(Py), upon recrystallization in the presence of 

pyridine, minimal change in surface area is observed. This is most likely due to 

the significantly smaller size of the tBu functional group present not occupying 

the external space between cages when in the 1-D framework analogue. As tBu 

functionality is excellent in aiding the ordering of cages and creating a MOF-like 

system of cages through van der Waals interactions themselves, disruption of 

the 1-D framework by pyridine does not result in an increase or significant 

decrease in porosity due to the likelihood for these interactions to for an 

alternative MOF-like structure. This is especially evident due to the observation 

of crystals formation after the addition of pyridine and without the addition of 

methanol as a co-solvent that is usually necessary. 
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Figure 6.6. PXRD patterns of Cu4(tBu-NH(CO)-bdb)4 collected over a range 
of temperatures (50-350 °C). Given the interconnected nature of 
the cages in the structure, the sample retains crystallinity at high 
temperatures. 

While isolation of the discrete cage analogs via the addition of pyridine 

can aid in increasing porosity, the loss of amide coordination between cages 

can lead to thermal rearrangement during exposure to elevated temperatures. 

While all cages are susceptible to this process occurring, strong interactions 

between cages can minimize this rearrangement and prevent the formation of 

less porous phases that can occur due to pore blockage by adjacent cages or 

the loss of external pores. Analysis of Cu4(tBu-NH(CO)-bdb)4 via the Advanced 

Photon Source (APS) at Argonne National Laboratory at different temperatures 

revealed that minimal changes in the powder pattern of the cage from 50-300 

°C signifying that thermal rearrangement and changes in the unit cell 
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dimensions are minimal. Furthermore, a similar trend can be observed in the 

case of Cu4(DP-NH(CO)-bdb)4 where significant changes to the powder pattern 

can only be observed in excess of 300 °C, lending further evidence to the 

benefits these types of interactions between cages can have on overall stability 

of these systems. 

As the porosity of these small M4L4 lantern cages is somewhat limited 

due to the size of the cage and increased porosity is obtained by these forms of 

coordinative linkages, we next turned to using paddlewheel-based cages of 

larger M24L24 cuboctahedral structure types as they have reported N2-

accessible surface areas orders of magnitude higher.59 Three specific 

molybdenum-based materials, Mo24(5-Me-phenyloxy-bdc)24, Mo24(5-tBu-bdc)24, 

and Mo24(5-OH-bdc)24, were investigated in this regard as they have N2-

accessible surface areas ranging from 660 to 1300 m2/g60. The most 

straightforward iteration of this approach involves combining a permanently 

charged cationic cage with halide-coordinated cage that is otherwise neutral. 

Given the solution processability, stability, and aversion toward ligand exchange 

of Mo24L24 cages, we prepared a novel cationic cage based on simple ligand 

functionalization. The reaction of 5-bromomethylisophthalic acid with various 

amine or imidazole reagents affords ammonium or imidazolium-functionalized 

cationic ligands, respectively. The reaction of the bromide salt of 5-

methylimidazoliumisophthalic acid with Mo2(OAc)4 affords Mo24(5-MImid-

bdc)24Br24 in nearly quantitative yield. Although this cage is essentially 

nonporous, it is highly soluble in methanol. Combination of a methanolic solution 

of Mo24(5-MImid-bdc)24Br24 and a DMF solution of TBAx[Mo24(5-OH-bdc)24Clx] 
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followed by heating at 85 °C in a N2 glovebox overnight affords diffraction-

quality single crystals of a novel porous salt (Figure 6.7). Single-crystal X-ray 

diffraction reveals the two cages are present in a 1:1 ratio as [Mo24(5-OH-

bdc)24][Mo24(5-MImid-bdc)24]X24 where X = Cl- or Br-. The exact nature and 

position of the charge-balancing anion could not be determined 

crystallographically given the inherent disorder in the structure where 

coordinated solvent, chloride, or bromide can all coordinate to the interior or 

exterior metal sites of either cage. A distinguishing feature in the crystal 

structure is the hydroxylïmetal interaction of the 5-hydroxy-isophthalic acid of 

the Mo24(5-OH-bdc)24 cage to the Mo-Mo paddlewheel of the neighboring 

Mo24(5-MImid-bdc)24
24+ cage (Figure 6.7). Consistent with the crystallography, 

an acid-promoted digestion and 1H NMR of the bulk material confirms the 1:1 

ratio of cages in the solid state.  
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Figure 6.7. Single crystal structure of [Mo24(5-OH-bdc)24][Mo24(5-MImid-
bdc)24]Cl24 where hydroxyl-paddlewheel interactions govern salt 
formation. Orange, red, blue, and gray spheres represent 
molybdenum, oxygen, nitrogen, and carbon atoms, respectively. 
Hydrogen atoms and solvent molecules have been omitted. 

To further confirm the identity of the anions present in the structure, we 

turned to XPS and EDS. Both methods confirm the presence of chloride in the 

as-synthesized salt. Importantly, XPS and EDS indicate a complete absence of 

bromide in the structure, while NMR digestions confirm the absence of TBA+, 

indicating TBABr is formed as a soluble byproduct of the initial metathesis 

reaction. Similar to our previously reported porous salts, the product phase is 

very MOF-like in nature and is completely insoluble in all common organic 
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solvents. Gas adsorption analysis of a suitably washed sample of [Mo24(5-OH-

bdc)24][Mo24(5-MImid-bdc)24]Cl24 indicates a N2-accessible surface area of 569 

(661) m2/g, which is only slightly lower than THF-washed Mo24(5-OH-bdc)24 and 

significantly higher than the starting cationic cage, which was essentially 

nonporous to N2. Given the strong directional cage-cage interactions in the solid 

state, the salt displays impressive stability toward solvent evacuation and 

retains high porosity to activation temperatures as high as 325 °C, which is 

consistent with thermogravimetric analysis results where [Mo24(5-OH-

bdc)24][Mo24(5-MImid-bdc)24]Cl24 displays minimal weight loss until 

decomposition at Ḑ400 °C. In comparison, while Mo24(5-OH-bdc)24 has similar 

thermal stability and stability toward desolvation, TGA of Mo24(5-MImid-

bdc)24Br24 indicates gradual decomposition starting at just 250 °C. 

Thus far, this novel approach for the synthesis of porous salts has been 

broadly applicable to various cages of M24L24 topology. To assess its 

generalizability toward additional paddlewheel-based cages, we targeted salts 

based on M4L4 anionic cages and M24L24 cationic cages. As the hydroxylïmetal 

interactions present in [Mo24(5-OH-bdc)24][Mo24(5-MImid-

bdc)24]Cl24 contributed greatly to the stability and crystallinity of the isolated 

solid, we prepared an M4L4 lantern bearing -OH functional groups on its exterior 

surface. In a similar manner to the lantern cages discussed above, this poorly 

soluble cage, Mo4(hdp)4, can be solubilized via reaction with slight excess of 

TBAF in DMSO. Although we were unable to obtain diffraction-quality single 

crystals of this material, methanol diffusion into the DMSO solution of salt 

afforded H[Mo4(hdp)4F] in high yield. The structure contains a fluoride anion 
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between the Mo2 paddlewheels with a paddlewheel-paddlewheel internal 

distance of 4.850(1) Å and Mo-F distances of 2.428(2) and 2.552(1) Å. 

Consistent with the results obtained from crystallographic analysis, digestion 

and subsequent 1H NMR spectroscopy confirms the absence of TBA+ in the 

initial material. 

 

 

Figure 6.8. SEM image (top left) and corresponding EDS mapping 
distribution of a [Mo4(hdp)4]4[Mo24(5-MImid-bdc)24]F24 particle. In 
the EDS maps, orange and green represent Mo (bottom left) and 
F (bottom right); respectively, showing the homogeneity of 
fluoride in the bulk material. (Top right) N2 adsorption in 
[Mo4(hdp)4]4[Mo24(5-MImid-bdc)24]F24 (black) vs. parent cages 
Mo4(hdp)4 (red) and Mo24(5-MImid-bdc)24Br24 (blue) at 77 K. The 
porous salt displays a BET (Langmuir) surface area of 212 (271) 
m2/g. 

Introduction of a methanolic solution of Mo24(5-MImid-bdc)24Br24 into a 

DMSO solution of Mo4(hdp)4 containing a slight excess of TBAF followed by 
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heating at 85 °C in a N2 glovebox overnight gives a crystalline solid containing 

both starting cages. Although the crystal structure was not able to be fully 

resolved due to poor diffraction quality and large amounts of disorder within the 

structure, the bulk material was determined to have a Ḑ4:1 ratio of 

Mo4(hdp)4/Mo24(5-MImid-bdc)24F24 as confirmed by acid-promoted digestion 

and subsequent 1H NMR. Although only portions of the crystal structure were 

discernible, the cuboctahedral cage is largely fully resolved and the Mo2-F-

Mo2 units of the lantern are clearly visible. Importantly, the Mo-F-Mo distances 

within the lantern in the salt are in good agreement with those in H[Mo4(hdp)4F] 

(4.729ï4.758 Å vs 4.850(1) Å). The crystallographically determined ratio of 

cages in the structure suggests a formula of [Mo4(hdp)4]6[Mo24(5-MImid-

bdc)24]F24, which is in the range of those determined by digestion and 1H NMR. 

While only 6 of the 24 anions in the structure are bound between 

paddlewheels in the lantern cages, the remaining anions are likely bound to the 

metal cations of the cationic cage as XPS analysis indicates a single peak at 

684.6 eV, which corresponds to metal-bound fluoride in the isolated material. 

XPS also confirms the absence of bromide as it is removed as TBABr during 

the course of the metathesis reaction. Finally, EDS spectra show 1.2 wt % of 

homogeneously distributed fluoride throughout a particle of salt (Figure 6). 

Appropriately washed and activated [Mo4(hdp)4]4[Mo24(5-MImid-

bdc)24]F24 displays increased porosity as compared to the parent cages with a 

N2-accessible surface area of 212 (271) m2/g as compared to Mo24(5-MImid-

bdc)24Br24 with a surface area of 43 (71) m2/g and Mo4(hdp)4 with a surface area 

of 16 (10) m2/g. 

https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01476#fig6
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Figure 6.9. (Top) Octahedral and truncated octahedral cages based on 
H3BTTri and H2BDTri. (Bottom) Comparison between the metal 
building units in the triazole cages reported here and more 
typical carboxylate-based building units featured in many 
calixarene-capped cages. 

While we can show the generation of MOF-like cage systems of both the 

same cages as well as mixed cages linked via coordinative interactions, our 

further exploration into processes in which increased cage stability was the goal 

followed via ligand tuning through the use of alternative metal binding groups. 
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Toward the synthesis of so-called Type I, II, or III calixarene-capped cages 

based on trimesic, terephthalic, and isophthalic acid, respectively, we prepared 

H3BTTri, and the para- and meta- isomers of H2bdtri in large quantities via 

established methods. Similarly, the synthesis of sulfonyl[4]calixarene (sc4a) is 

scalable following established protocols (Figure 6.3). Syntheses of cages 

capped with sc4a generally proceeds via one of three synthetic routes: a one-

pot synthesis, pre-reaction of metal with cap or ligand followed by subsequent 

reaction with remaining ligand or cap, or reaction of the preformed metal building 

unit, typically as an acetate adduct, with bridging ligands.51 For all three routes, 

cages can form during solvothermal reaction, cooling the reaction mixture, or 

laying or diffusion of an anti-solvent into the crude reaction mixture. Although 

we isolated solids of varying crystallinity, composition, and porosity for a variety 

of metal salts for all three ligands, we were able to isolate diffraction-quality 

single crystals for three materials by utilizing solvothermal reaction conditions.  

Specifically, the reaction of FeCl2·4H2O with H3BTTri or H2BDTri in DMF 

at 120 °C for one day, followed by the addition of an ethanoic solution of sc4a, 

affords a crystalline product in high yield. Single-crystal X-ray diffraction 

confirms the structure adopts the expected shape in an octahedral cage based 

on six 4-metal caps terminated by sc4a and connected with 8 BTTri3- ligands at 

the faces of the octahedron. As expected, given the structural similarities 

between the analogous MOFs PCN-14 and Mn-BTT, the coordination 

environments of the Fe cations in the structures are similar to our previously 

reported Fe-calixarene structures based on carboxylic acids and feature 

pseudooctahedral coordination environments (Figure 6.9). Each iron cation is 
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coordinated to a ɛ4 species and bridged by two phenolic oxygen atoms, a 

sulfonyl oxygen, and finally bridged by N atoms from a shared triazole ligand. 

Although we were unable to refine charge-balancing cations in the structure, the 

M-L bond distances point to an all Fe(II) cage. Given the slightly elongated linker 

as compared to H3BTC, this octahedral cap displays longer cap-cap distances 

along an edge (17.4 vs 14.0 Å). In the solid state, the cages adopt face-to-face 

packing arrangements where cage-cage interactions are largely governed by 

tBu-tBu interactions between structures. The cobalt analog of this material, 

which is isolated under similar, albeit one-pot conditions, has a similar 

composition and structure. Single-crystal X-ray diffraction shows the structure, 

[(Co4OHsc4a)6(BTTri)8]6-, has a similar unit cell and solid-state packing to the 

iron structure. This is not entirely unexpected as the metal sites in them are 

saturated, and the solid-state cage-cage packing is governed by cap-cap 

interactions. Although we were unable to obtain diffraction-quality single crystals 

for the linear ditriazolate ligand, the isophthalic acid analog, 1,3-BDTri, afforded 

crystalline material upon reaction with CoCl2·6H2O and cap in a DMF:MeOH 

(3:1) ratio after heating at 120 °C for 12 hours. The structure is analogous to the 

iron and cobalt cages based on H3BTTri, although as a 4-vertex cage, it 

presents in a truncated octahedral geometry (Figure 2). The extended packing 

of this cage, which crystallizes in P-1, also mirrors that of the analogous H2BDC 

cage where packing in 2-D is governed by cap-cap interactions, and packing in 

the third dimension is based on ligand-ligand interactions. The cobalt 

coordination environment in this structure, [(Co4OHsc4a)4(BDTri)8]4-, is 

essentially identical to that in the tristriazoleate-based cage. 
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As is the case for all permanently porous coordination cages, special 

care during isolation, solvent exchange, and activation must be given to ensure 

optimal surface area. Initial PXRD patterns confirm the bulk sample, which 

matches the predicted pattern based on single-crystal analysis, has significant 

mobility in the solid state upon solvent exchange. Thermogravimetric analysis 

indicates that after initial mass loss attributed to the evacuation of pore-bound 

solvent, all three materials display no further mass loss until at least 400 °C. 

Although this gives no indication of porosity after heating to elevated 

temperatures, it confirms the enhanced structural stability of these cages as 

compared to carboxylate-based analogs. In order to optimize the surface area 

for these materials, we screened exchange solvents as the cages have 

moderate to good solubility in a number of organic solvents. Ultimately, room 

temperature methanol exchanges followed by heating under flowing N2 or 

dynamic vacuum afforded samples with the highest porosities. Under these 

conditions, we recorded N2 accessible BET(Langmuir) surface areas of 581 

(919), 559 (1067), and 307 (616) m2/g for [(Fe4OHsc4a)6(BTTri)8]6-, 

[(Co4OHsc4a)6(BTTri)8]6-, and [(Co4OHsc4a)4(BDTri)8]4-, respectively. These 

values are higher than those reported for most H3BTC or H2BDC cages capped 

with sc4a, whose BET surface areas are typically 200-300 m2/g. This is likely a 

result of the slightly expanded pore volumes of the triazole cages as compared 

to the carboxylate structures. 

To further investigate the stability that was possibly evidenced by the 

TGA profiles, we initiated a detailed study targeting solvation and thermal 

stability. As the cobalt cages had limited solubility, we focused on the iron-based 
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cage [(Fe4OHsc4a)6(BTTri)8]6-. It has appreciable solubility in dichloromethane, 

chloroform, dimethylacetamide, acetone, and ethyl acetate. To further elucidate 

thermal stability, TGA data were collected at 5 °C/min ramp rates to 100, 200, 

300, 400, 500, and 600 °C for six different samples. Although the TGA curves 

for these samples were essentially identical and only show mass losses as a 

function of temperature, IR spectra on materials after the heating phases 

confirm that only minor structural variations are obvious after heating to 400 °C 

(Figure 6.10). 

While the complement of TGA and IR suggested minimal cage 

degradation up to at least 400 °C activation temperatures, cage packing in the 

solid state, and thus porosity, may be impacted by heating. A thorough 

activation screen confirms that although the cage has an optimal activation 

temperature of 150 °C, it maintains porosity at elevated heating, where the 

Langmuir surface area of 858 m2/g decreases to 689, 634, 433, and 389 m2/g 

after heating to 200, 250, 300, or 400 °C, respectively. A prime example of the 

benefits of cage solution processability is given here as samples with diminished 

porosity as a result of overheating can simply be recrystallized from volatile 

solvent to restore the 3-D packing of the cages. A relatively rapid 

recrystallization of a thermally-degraded sample (~200 m2/g) from chloroform 

and subsequent heating to 150 °C actually affords a slightly higher surface area 

than the starting sample with 626 (929) vs. 581 (919) m2/g. Interestingly, 

recrystallization of an as-synthesized sample from chloroform, followed by 

activation at 150 °C, affords a significantly lower surface area of 216 (436) m2/g. 
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Recrystallization from acetone, dichloromethane, or ethyl acetate all gave 

samples with lower surface areas. 

 

 

Figure 6.10. Infrared spectra collected for [(Fe4OHsc4a)6(BTTri)8]6- as a 
function of activation temperature. Consistent with TGA data, the 
cage displays minimal structural degradation up to an activation 
temperature of at least 400 ºC. 

In addition to solid-state stability, the solvent processability and stability 

of these cages can even aid in characterization as MALDI was used to confirm 

the presence of the cage (Figure F.63). The cages also display good hydrolytic 

stability with no dissolution or decomposition after boiling in water for one week, 

although the surface areas of samples treated in this manner are typically ~10-

15% lower than starting cages. 
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6.4 Conclusion 

In summary, we show that through the use of amide containing cages of 

M4L4 geometry, formation of a variety of copper and molybdenum based 1-D 

frameworks. By using pyridine to disrupt coordination between cages we are 

able to isolate discrete analogues which exhibit equal or greater porosity to N2 

and CO2. While the presence of large functional groups such as diphenyl and 

lauroyl groups can result in diminished porosity as these groups occupy sites 

necessary for gas adsorption, the use of a smaller functional group like tBu 

allows for the retention of porosity as their size does not prevent gas adsorption 

from occurring and they can aid in the ordering of these cages in their 0-D form 

due to the functional groups ability to participate in van der Waals interactions. 

We further elaborate on this principle and exhibit the success of this 

method in generating porous salts. As examples of this approach, Mo24(5-OH-

bdc)24 and Mo4(hdp)4 were reacted with TBAX salts and combined with 

positively charged and methanol-soluble Mo24(5-MImid-bdc)24Br24 to crystallize 

salts with concomitant removal of TBABr. The isolated salts, [Mo24(5-OH-

bdc)24][Mo24(5-MImid-bdc)24]Cl24 and [Mo4(hdp)4]4[Mo24(5-MImid-bdc)24]F24, 

display increased stability toward activation and increased porosity as 

compared to their parent cages. More importantly, the materials show that this 

method can be utilized to expand the library of porous salts by including parent 

porous coordination cages containing building units that afford charge-neutral 

cages. Going forward, we not only expect that this approach will show 

tremendous utility in the synthesis of porous salts based on both charged 

cations and anions, but it also can be leveraged for the realization of porous 

salts where either component is a reactive organometallic fragment rather than 
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a porous ion. Continued advances in this area will open new opportunities in 

porous, reactive solids. 

Furthermore, we are also able to demonstrate how utilization of alternate 

bridging ligands can increase the overall stability of porous cage materials 

without need for incorporation into MOF-like assemblies. The triazolate-based 

cages reported here boast excellent thermal and hydrolytic stability while 

maintaining the solution processability of molecular adsorbents.  Importantly, 

when apparent porosity is lost as a result of excessive thermal treatment, it can 

be regained via simple recrystallization methods as the parent cages persist in 

the solid state and their three-dimensional packing is tunable in a post-synthesis 

manner. Finally, we invision that further functionalization of these types of cages 

through, for example, 5-position modification of H3BDTri, can afford a broad new 

class of highly tunable, stable, and processable molecular adsorbents. 
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CONCLUSIONS AND FUTURE OUTLOOK 

As demonstrated herein, the study of calixarene-capped porous 

coordination cages is somewhat extensive, however, emphasis on their 

applications is limited to host-guest experiments. Further study of these cages 

include work that aims to leverage the impressive thermal and chemical stability 

they posses and the unique geometries and orientation of functional groups they 

present with. Specifically, in chapter 2, the process of incorporating various 

functional groups into both octahedral and box-like geometry cages are possible 

as these syntheses are modular. Although this chapter demonstrates the impact 

that geometry and functionality has on porosity, it also demonstrates how 

functionality can aid in processability, an area that can be further explored. It 

was demonstrated that by introducing functionality that included -CH3 and -OR 

groups, solubility properties could be tuned allowing given materials to be 

treated via a benzene freeze drying process that yield porous monolith 

formations. Due to the modular formation of these cages, alternative functional 

groups could theoretically be introduced that will allow for stronger interactions 

to be observed between cages, leading to the generation of more robust 

structures. 

In chapter 3, the generation of low-nuclearity calixarene cages was 

accomplished using a 90° carbazole based bridging ligand in which phenyl rings 

adjacent to the carboxylate groups caused enough steric torsion that rotation of 

Chapter 7 
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the group and generation of the cage was accomplished. Although this was 

demonstrated with inclusion of a phenyl group at the 9-position of the carbazole 

bridging ligand, the ability to alter the functional group at that position has been 

shown to be straight forward in previous reports.1,2,3 While phenyl groups at this 

position was able to lead to pi-pi stacking between neighboring cages, the 

inclusion of alternative functional groups could result in different forms of 

interactions occurring between cages and therefore different phases of material. 

For instance, the addition of polyethylene glycol chains to the periphery of 

cuboctahedron cages can result in the generation of sol-gels materials through 

covalent linkages.4,5 This is an area where future study can be conducted as 

the methods for altering the functional group at the 9-position of the bridging 

ligand is relatively straight forward while the gas adsorption capabilities and 

relatively small size of this class of cage make them highly exploitable. 

In chapter 4, the use of copper-catalyzed click chemistry to modify ñtype 

IIIò calixarene cages and zirconium-based cages post-synthetically was 

demonstrated. While this chapter demonstrated the success of two approaches 

to this type of modification, there is a myriad of other approaches to CuAAC as 

well as copious forms of click chemistry that could be probed for success in 

these materials. While the work in chapter 5 expands on the possible methods 

of post-synthetic modification able to be conducted on this class of cage through 

the use of Pd-catalyzed cross coupling chemistry, other methods including 

diels-alder,6 thiol-Michael,7 and TCO-tetrazine ligation,8 among others have 

shown to be rapid, biorthogonal, and applicable in numerous synthetic 

conditions. Further work could be conducted synthesizing calixarene-capped 
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cages of numerous geometries that include reactive handles for these 

modification processes. Furthermore, leveraging the properties of these cages 

after modification is a logical next step in the study of these materials. While we 

have shown that generation of porous monoliths is possible through tuning 

solubility, and generation of other types of highly processable porous material 

is a viable avenue moving forward, applications where the uses of metal-organic 

cages has been minimal, is where focus can be shifted. For instance, biological 

applications for porous materials have been of explored with significant focus 

on the use of MOF nanoparticles for drug delivery via numerous means.9,10,11 

That being said, the utilization of metal-organic cages has been somewhat 

limited in comparison.12,13,14 Leveraging the extensive methods of post-

synthetical modification highlighted in chapters 4 and 5 can open the doors for 

tuning molecular cages for applications in the biological sector. These include 

incorporating functional groups to induce water solubility for aqueous 

applications and attaching peptide chains to allow for cell penetration and in turn 

drug delivery.  

Furthermore, the ability to obtain a wide variety of cage geometries when 

utilizing the calixarene molecule as a capping agent can also be leverages in a 

number of different ways. Although in this work we report octahedral and 

truncated octahedral cages throughout this work, numerous other cage 

geometries can be obtained by simply tailoring the binding angle of the bridging 

ligand.15,16,17 Leveraging the unique geometries of these cages and the 

orientation of the functional group in each cage can be a focus of study moving 

forward as the linkage of these cages have the potential to form large-scale, 
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nano-level structures, especially when reacted with rigid molecules containing 

their own specific geometry. While examples of linking cages via rigid or flexible 

linkers to generate MOF-like networks or flexible porous polymers, the use of 

large-scale reactants that have their own specific geometry can lead to the 

generation of supramolecular formations of the same scale. For instance, the 

synthesis of nanoscale, bio-active systems with rigid geometry and reactive 

handles at unique orientations have been reported in the past.18,19 Reaction of 

these systems with cages of varying geometries can theoretically result in the 

formation of unique, bioactive nanostructures, that are highly dependent on the 

types of cages being employed and represent a field of study with great potential 

for exploration beyond the applications previously seen when examining 

covalently and coordinatively linked metal-organic cages.. 
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LIST OF ABBREVIATIONS 

 

¶ MATERIAL NAMES 

o MOF ï Metal-Organic Framework 

o COF ï Covalent Organic Framework 

o PAF ï Porous Aromatic Framework 

o POC ï Porous Organic Cage 

o PCC ï Porous Coordination Cage 

o MOSC ï Metal-Organic Supercontainer 

o CIAC ï Changchun Institute of Applied Chemistry 

o UiO ï University of Oslo 

o MIL ï Mat®riaux de lǋInstitut Lavoisier 

o PCN ï Porous Coordination Network  

o HKUST ï Hong Kong University of Science and 
Technology 

¶ SOLVENTS 

o DMF ï N,Nô-Dimethylformamide 

o DMA ï N,Nô-Dimethylacetamide  

o DEF ï  N,Nô-Diethylformamide 

o DMSO ï Dimethyl Sulfoxide 

Appendix A 
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o EtOH ï Ethanol  

o MeOH ï Methanol 

o EtOAc ï Ethyl Acetate 

o CHCl3 ï Chloroform 

o DCM ï Dichloromethane 

o HCl ï Hydrochloric Acid 

o THF ï Tetrahydrofuran 

¶ CHARACTERIZATION 

o TGA ï Thermogravimetric Analysis 

o BET ï Brunauer-Emmett-Teller 

o EDS ï Energy Dispersive X-Ray Spectroscopy 

o XPS ï X-ray Photoelectron Spectroscopy 

o NMR ï Nuclear Magnetic Resonance Spectroscopy 

o SEM ï Scanning Electron Microscopy 

o PXRD ï Powder X-Ray Diffraction  

o IR ï Infrared Spectroscopy 

o UV-Vis ï Ultraviolet-Visible Spectroscopy 

¶ Miscellaneous terms 

o RBF ï Round Bottom Flask 

o NIST ï National Institute of Standards and Technology 
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SYNTHESIS AND CHARACTERIZATION OF AN ISORETICULAR FAMILY 
OF CALIXARENE-CAPPED POROUS COORDINATION CAGES 

 

 

Figure B.1.  1H-NMR (400 MHz, CDCl3) spectrum of p-tert-
butylthiacalix[4]arene. 

Appendix B 

B.1 NMR Spectra 
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Figure B.2.  1H-NMR (400 MHz, CDCl3) spectrum of p-tert-
butylsulfonylcalix[4]arene. 
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Figure B.3.  1H-NMR (400 MHz, DMSO-d6) spectrum of 2-methyl-1,4-
benzenedicarboxylic acid. 
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Figure B.4.  1H-NMR (400 MHz, DMSO-d6) spectrum of 5-propyloxy-1,3-
benzenedicarboxylic acid. 
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Figure B.5.  1H-NMR (400 MHz, DMSO-d6) spectrum of 5-heptyloxy-1,3-
benzenedicarboxylic acid. 
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Figure B.6.  Infrared spectrum of p-tert-butylthiacalix[4]arene. 

 

Figure B.7.  Infrared spectrum of p-tert-butylsulfonylcalix[4]arene. 

B.2 Infrared Spectra 
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Figure B.8.  Infrared spectrum of 2-methyl-1,4-benzenedicarboxylic acid. 

 

Figure B.9.  Infrared spectrum of 5-propyloxy-1,3-benzenedicarboxylic acid. 
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Figure B.10.  Infrared spectrum of 5-heptyloxy-1,3-benzenedicarboxylic acid 

 

Figure B.11.  Infrared spectra of Ni-(btc) as synthesized (black) and solvent 
exchanged with EtOH (red). 
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Figure B.12.  Infrared spectra of Co-(btc) as synthesized (black) and solvent 
exchanged with EtOH (red). 

 

Figure B.13.  Infrared spectra of Ni-(p-bdc) as synthesized (black) and solvent 
exchanged with EtOH (red). 
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Figure B.14.  Infrared spectra of Co-(p-bdc) as synthesized (black) and solvent 
exchanged with EtOH (red). 

 

Figure B.15.  Infrared spectra of Ni-(m-bdc) as synthesized (black) and solvent 
exchanged with EtOH (red). 



 219 

 

Figure B.16.  Infrared spectra of Co-(m-bdc) as synthesized (black) and 
solvent exchanged with EtOH (red). 

 

Figure B.17.  Infrared spectra of Co-(5-Sulfo) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). 
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Figure B.18.  Infrared spectra of Ni-(2-CH3) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). 

 

Figure B.19.  Infrared spectra of Ni-(5-CH3) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). 
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Figure B.20.  Infrared spectra of Ni-(2-Br) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). 

 

Figure B.21.  Infrared spectra of Ni-(5-Br) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). 
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Figure B.22.  Infrared spectra of Ni-(dobdc) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). 

 

Figure B.23.  Infrared spectra of Ni-(5-OProp) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). 
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Figure B.24.  Infrared spectra of Co-(5-OHept) as synthesized (black), solvent 
exchanged with EtOH (red), and activated (blue). 

 

 

 

 

 

 

 

 

 

 

 

 



 224 

   

Figure B.25.  UV-Vis spectrum of Ni-(p-bdc) solvated in DMF (left), CHCl3 
(middle), and DCM (right) at a concentration of 0.01 mM. 

  

   

Figure B.26.  UV-Vis spectrum of Ni-(m-bdc) solvated in DMF (top left), CHCl3 
mM (top middle), acetone (top right), DCM (bottom left), THF 
(bottom middle), and benzene (bottom right) at a concentration 
of 0.01 mM. 

B.3 Ultraviolet Visible Spectroscopy (UV-Vis) Spectra 
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Figure B.27.  UV-Vis spectrum of Co-(5-Sulfo) solvated in DMF (left), and 
acetone at a concentration of 0.01 mM (right). 

  

 

Figure B.28.  UV-Vis spectrum of Ni-(2-Methyl) solvated in DMF (top left), 
CHCl3 (top middle), DCM (top right), and benzene (bottom) at a 
concentration of 0.01 mM. 
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Figure B.29.  UV-Vis spectrum of Ni-(5-Methyl) solvated in DMF (top left), 
CHCl3 (top middle), acetone (top right), DCM (middle left), EtOAc 
(middle middle), toluene (middle right), THF (bottom left), and 
benzene (bottom right) at a concentration of 0.01 mM. 
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Figure B.30.  UV-Vis spectrum of Ni-(2-Br) solvated in DMF (top left), CHCl3 
(top middle), acetone (top right), and DCM (bottom) at a 
concentration of 0.01 mM. 

  

Figure B.31.  UV-Vis spectrum of Ni-(5-Br) solvated in DMF (left), and CHCl3 
(right) at a concentration of 0.01 mM. 
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Figure B.32.  UV-Vis spectrum of Ni-(dobdc) solvated in DMF (top left), CHCl3 
(top middle), toluene (top right), THF (bottom left), and benzene 
(bottom right) at a concentration of 0.01 mM. 






















































































































































































































































































































































































































































































































































































































































































































