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ATRP. 

 CuCl (5.0 mg, 0.051 mmol) was added to a 10-mL Schlenk flask, which was 

vacuum/backfilled three times with nitrogen.  Deoxygenated PMDEA (15.0 µL, 12.5 mg, 

0.072 mmol) and CH3CN (0.20 mL) was added to the flask via syringe and the mixture 

was stirred at room temperature affording a pale-green solution.  To another 

nitrogen-purged vial containing 21 (148 mg, 0.048 mmol) was added deoxygenated 

CH3CN (0.1 mL) and MMA monomer (0.936 g, 9.35 mmol).  The orange-red mixture 

was transferred into the Schlenk flask containing the red complex solution.  The 

resulting mixture was then placed in an oil bath heated at 70ºC for 1.5 hrs until the 

reaction became completely viscous.  The crude product thus obtained was diluted by 

using 7 mL of CH2Cl2 and passed through an alumina plug to remove the copper catalyst.  

The filtrate was concentrated and precipitated into stirring MeOH (1000 mL). The 

dissolve/precipitation process was repeated once.  The precipitant thus obtained was 

dried in vacuo to yield a pale-yellow powder (0.23 g; 22% yield based on the monomer 

conversion of 81%).  1H NMR (δ, ppm): 9.20 (b), 3.58 (s, 3H), 1.79-2.22 (bm, 2H), 

0.82-1.19 (bm, 3H).  31P{1H} NMR (δ, ppm): -25.80 (s), -29.00 (s).  Mn SEC = 11366 

g/mole; Mw / Mn= 1.21. 

 The synthetic design of all initiators and polymers are summerized in Scheme 6.1. 

 

6.2.7 X-ray crystallographic analysis   
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Single crystals suitable for X-ray diffraction were obtained by vapor diffusion of 

diethyl ether into a CH3CN solution of 21.  A single crystal of 21 was mounted on a 

glass fiber with Paratone oil and cooled to -173°C in a stream of nitrogen gas.  Data 

collection were performed on a Bruker SMART CCD 1000 X-ray diffractometer with 

graphite-monochromated Mo Kα radiation (λ=0.71073 Å).  The data were integrated 

using SAINT23 software, and absorption corrections were applied using program 

SADABS.24  The structures were solved by direct methods and refined by full-matrix 

least-squares using SHELTXL.25  Experimental and refinement parameters are 

summarized in APPENDIX 1. 

 The crystal of 21 has formed a twin structure.  The BASF parameters refined to 

0.12537 and 0.07280.  The 2θ used for data collection was from 1.89o to 28.31o.  Bond 

distance and anisotropic displacement parameter restraints were necessary during 

refinement to control the geometry of the disordered SbF6
- anion and one of the ethyl 

groups (P3B).  Four F− atoms in one of the SbF6
- (Sb2) exhibits disorder with a 

major:minor occupancy ratio of 67:33%. The ethyl groups attached to P3B were also 

refined using a two-part disorder model with a major:minor occupancy ratio of 54:46%.  

Soft restraints were used during refinement for some of the PEt3 groups (C17B and C18B; 

P4B and C24B). 

 

6.3 RESULTS AND DISCUSSION 
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Figure 6.1. Specially designed difunctionalized initiator (20). 
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6.3.1 Design, synthesis and NMR spectroscopy study of cluster-based macroinitiators. 

There are a variety of well-established synthetic strategies to covalently incorporate 

inorganic groups into polymers.  Our methodology as stated in the introduction is to 

make cluster complex initiator and use it for ATRP of certain organic monomers.  To 

this end, we have designed a bifunctional initiator: in addition to the polymerizable 

initiation group, there is the pyridyl group capable of cluster coordination (Figure 6.1). 

The synthesis of 20 was achieved by acylation of pyridine-4-methanol with 

α-bromoisobutyryl bromide (Scheme 6.1).  The yield is low compared to other similar 

systems26-28 possibly due to the instability of the final product in most polar solvents.  

The synthesis was initially carried out in CH2Cl2, but a dark-brown solution was obtained 

instantly after the addition of α-bromoisobutyryl bromide solution.  NMR study of the 

crude product suggested a rather complex mixture.  Separation by using flash 

chromatography yielded three factions, with the primary fraction (Rf = 0.6) being the 

desired ligand as verified by NMR studies.  The compound decomposes gradually upon 

standing.  However, it has been found that a 20% solution is stable up to 6 months when 

stored under N2 at 4oC.  Switching the solvent to hexanes/THF, the yield was improved 

somewhat, but separation and purification of the product mixture was still needed. 

As compared with the starting material, significant shift of the –CH2– hydrogen from 

4.72 ppm to 5.19 ppm was observed.  In addition, broad –OH signal of 

pyridin-4-methanol at 3.32 ppm disappeared upon acylation.  A new single peak is 
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shown at 1.95 ppm, attributable to the methyl groups of its quaternary carbon.  The 

resources of α- and β-hydrogen of the pyridyl group are shown as doublets at 8.59 ppm 

and 7.26 ppm, respectively.   

Subsequent ligand substitution reaction of 20 with a cluster nitrile solvate is 

unexceptional.  Two site-differentiated cluster isomers were functionalized with initiator 

20.  The conversion from cluster acetonitrile solvates to the corresponding 

cluster-initiators P5PyBr (21) and cis-P4(PyBr)2 (22) are both quantitative.  The 

cluster-initiator complexes were characterized by using NMR and MS; and their 

composition were verified by satisfactory elemental analysis.  The 1H NMR spectra of 

both P5PyBr (21) and cis-P4(PyBr)2 (22) showed significant downfield shift (from 8.59 

ppm to 9.18 ppm for 21 and 9.34 ppm for 22) of the α-H in pyridyl group upon 

coordination of the ligand (Figure 6.2).  Shifts of other signals are not as obvious due to 

their remoteness to the binding center.  The well-defined 4:1 and 1:1 sets of peaks in the 

31P NMR (Figure 6.3) suggest the stereochemistry of the cluster was maintained upon 

ligand substitution. 
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Figure 6.2. Comparative 1H NMR spectra of a) pyridine-4-methanol; b) P5PyBr (21) and 
c) cis-P4(PyBr)2 (22). 
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Figure 6.3. Comparative 31P{1H} NMR spectra of a) P5N and P5PyBr (21) and b) 
cis-P4N2 and cis-P4(PyBr)2 (22). 
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6.3.2 Structure determination 

 Needle-like single crystals of 21 were obtained by layering diethyl ether on top of the 

CH2Cl2 solution of 21.  X-ray diffraction studies produced the crystal structure as shown 

in Figure 6.4.  The Re-P bond lengths range from 2.469(6) Å to 2.488(6) Å (2.467(7) Å 

to 2.487(7) Å for B component), with an average at 2.478 Å (2.477 Å for B component).  

The Re-N bond is measured as 2.211(17) Å (2.200(17) Å for B component).  The C–C 

bonds in pyridyl groups are averaged at 1.39 Å (1.37 Å for B component).  These values 

are agreeable with other similar pyridyl-substituted cluster species.21,29-32  The C=O 

distance in the initiator part is measured as 1.17(3) Å (1.15(3) Å for B component), which 

is a typical value for a carbonyl double bond.33  The terminal C–Br bond has a bond 

length of 2.01(3) Å (1.99(2) Å for B component).  The overall structure of 21 confirms 

the successful synthesis of the cluster-initiator.  Selected bond lengths and bond angles 

are summarized in Table 6.1. 

 

6.3.3 ATRP of MMA using PyBr (20) 

Polymerization of MMA using 20 as initiator was attempted under typical atom 

transfer radical polymerization (ATRP) conditions.1,3  PyBr (20) and MMA were put 

into reaction in a 1:100 ratio, and 1.1 eq Cu(I) salt was used as catalyst with 2,2’-bipy as 

coordinated ligand.  The reaction mixture became viscous after being heated at 70oC for  
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Figure 6.4. The crystal structures of 21 with a partial labeling scheme.  Only the 
cationic cluster complex is shown.  Counter ions, ethyl groups of PEt3 ligands and 
hydrogen atoms are omitted for clarity.  Anisotropic displacement ellipsoids are drawn 
at the 50% probability level. 
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Table 6.1. Selected bond lengths (Å) and bond angles (°) in complex 21. 

Bond Lengths (Å) 

Re1A-PA (PEt3) 2.469(6)-2.488(6) Re3B-PB (PEt3) 2.467(7)-2.487(7) 

mean 2.478 Mean 2.477 

Re6A-N1A 2.211(17) Re6B-N1B 2.200(17) 

C32A-N1A 1.32(3) N1B-C33B 1.35(3) 

N1A-C33A 1.33(3) C32B-N1B 1.36(2) 

C-C (pyridyl A) 1.36(3)-1.41(3) C-C (pyridyl B) 1.35(3)-1.42(3) 

mean 1.39 mean 1.37 

C35A-C36A 1.48(3) C35B-C36B 1.48(3) 

C36A-O1A 1.41(3) C36B-O1B 1.47(3) 

O1A-C37A 1.33(3) O1B-C37B 1.34(3) 

C37A-O2A 1.17(3) C37B-O2B 1.15(3) 

C37A-C38A 1.61(4) C37B-C38B 1.53(3) 

C38A-C39A 1.43(4) C38B-C40B 1.52(3) 

C38A-C40A 1.52(4) C38B-C39B 1.59(3) 

C38A-Br1A 2.01(3) C38B-Br1B 1.99(2) 

Bond Angles (o) 

C37A-O1A-C36A 116.5(19) C37B-O1B-C36B 115.1(18) 

O2A-C37A-O1A 127(3) O2B-C37B-O1B 128(2) 

O2A-C37A-C38A 126(3) O2B-C37B-C38B 124(2) 

O1A-C37A-C38A 107(2) O1B-C37B-C38B 108(2) 

C39A-C38A-Br1A 109.2(19) C40B-C38B-Br1B 107.2(15) 

C40A-C38A-Br1A 103.4(19) C37B-C38B-Br1B 103.2(15) 

C37A-C38A-Br1A 102.2(19) C39B-C38B-Br1B 105.8(16) 
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1.5 hrs.  Precipitation and purification of the polymer products were carried out by 

following the standard routine.  As indicated by the 1H NMR spectrum of the crude 

product, 97% of the monomer was converted. 

Analysis of the polymer by SEC showed that the number averaged molecular weight 

(Mn) of the polymer (23) is 10309 g/mol with a polydipersity of 1.18 (Figure 6.5).  

Integration of the 1H NMR of 23 indicated an averaged initiator to monomer ratio of 1:88.  

The initiator efficiency is thus 94% (based on 97% conversion).  These values implied 

that the initiation by 20 is very effective and the polymerization was nicely controlled.  

It should be noted that the SEC molar masses were calibrated against low polydispersity 

linear polystyrene standards.  Nevertheless, a polymerization of MMA with the newly 

synthesized initiator 20 was demonstrated and the reaction was well-controlled with a 

fairly effective initiation. 

 

6.3.4 Optimization of ATRP reaction of MMA using cluster complex initiator P5PyBr 

(21) 

The polymerization of MMA using the cluster-based initiator was carried out under 

otherwise the same conditions as when the organic initiator (24) was used.  SEC result 

of the reaction product with the RI detector showed two components, one with Mn of 

24716 g/mol and the other with Mn of 7930 g/mol.  Since the cluster absorbs at around 

240 nm (Figure 6.7), UV detector was also used to monitor the presence of cluster in the 
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product.  The UV responses (red line in Figure 6.6a) were normalized and compared 

with RI detector responses (black line in Figure 6.6a).  It is clear from these traces that 

the low molecular weight components contained a higher percentage of the cluster.  The 

uncontrolled products may suggest decomposition of the cluster-initiator under the 

polymerization reaction conditions.  The presence of coordinating ligands (2,2’-bipy and 

DMF) may have also competed with the ligand initiator 20 for the cluster, thus 

contributing to the cluster complex decomposition and the uncontrolled polymertization. 

Aiming at improving the reaction outcome, pentamethyl diethylenetriamine 

(PMDEA) was used in place of 2,2’-bipyridine as ligand for Cu(I) salts.  The less 

cooridnating amine ligand would also accelerate the reaction, thus further decreasing the 

possible decomposition of cluster-initiators.  For the same consideration, CH3CN was 

used as solvent.  The modified polymerization reached the viscouse state after 1.5 hrs 

with polymer conversion of 81%.  The SEC trace showed a main product with Mn of 

11366 g/mol and PDI of 1.21.  Also shown is a small amount (about 1.6%) of a polymer 

with Mn of 44822 g/mol and PDI of 1.02 (Figure 6.6b).  The major polymer fraction has 

a strong UV absorption at 240 nm, indicating the presence of the cluster.  Based on 

these results, it may be reasonable to conclude that with a less competitive ligand for Cu(I) 

and a less coordinating solvent, the polymerizaiton reaction can be optimized.  Problems 

remain, however.  There is a tailing shown in the SEC trace.  In addition, there exists 

the small amount of higher Mw fraction and the yield of the reaction has to be improved.   
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Figure 6.5. SEC result of PyBrPMMA (23) performed using THF mobile phase with RI 

detector. 
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A parallel experiment under exactly the same reaction conditions as the second 

polymerization has also been carried out, but with a longer heating time (3 hrs).  The 

main product band is broader (PDI of 1.43) and with a lower molecular weight (Mn) of 

6056 g/mol (Figure 6.6b).  Correspondingly, the high molecular weight polymer (Mn = 

33725 g/mol) has increased.  All these evidences imply that a longer heating time is not 

conducive to the polymerization of MMA under such conditions. 

Besides MMA, polymerization of n-butyl acrylate (nBA) using the cluster initiator 

was also evaluated.  The reaction used a [Io]:[CuCl]:[PMDEA]:[nBA] ratio of 

1:1:1.5:200 and acetone as solvent.  The reaction mixture was heated at 70oC for 18 hrs 

before it became visibly viscous (conversion of 79%).  The first two polymer bands 

have molecular weight (Mn) of 28650 g/mol and 8357 g/mol, respetively (Figure 6.6d).  

Similar to what has been found for MMA polymerizations, the low molecular weight 

band has much stronger UV absorption at 254 nm.  Beyond the 18-hrs reaction period, 

some highly UV-absorptive and low molecular weight bands began to show up, possibly 

due to the decomposition of the cluster-containing species.  Consistent with this 

argument was the observation of split 31P NMR resonances for the product mixture.  

 

6.4 SUMMARY 

 A specially designed orgainc initiator 20 has been synthesized and attached onto 

P5- and cis-substituted clusters to give cluster comlex initiators 21 and 22.  The purely  
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Figure 6.6. SEC results of ATRP from 21.  UV detector responses are normalized and 

compared with RI detector responses.  a) initial ratio 

[Io]:[CuCl]:[bipy]:[MMA]=1:1:2:200; 20% DMF, 70oC, 6 hr. b) initial ratio 

[Io]:[CuCl]:[ PMDEA]:[MMA]=1:1.5:2:200; 30% CH3CN, 70oC, 1.5 hr.  c) initial ratio 

[Io]:[CuCl]:[PMDEA]:[MMA]=1:1:1.5:200; 30% DMF, 70oC, 3 hr.  d) initial ratio 

[Io]:[CuCl]:[ PMDEA]:[nBA]=1:1:1.5:200; 20% acetone, 70oC, 18 hr. 

 

 



 

 

184

 

 

 

 

 

Figure 6.7. UV-Vis absorption of 21 (red line), 23 (black line), and 24 (Green line) in 
THF. 
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organic initiator is rather unstable, but may be stored in hexanes solution.  

Polymerization of MMA using this initiator was successful, producing a polymer with an 

Mn of 10309 g/mol and PDI of 1.18, and the monomer conversion is 97% 

 Analogous polymerizations using the cluster-based initiators were also attempted, all 

producing cluster-containing polymers.  Reaction conditions, including ligand used for 

Cu(I) catalyst, solvent, reaction time and monomers, are varied to optimize the 

polymerization in terms of high molecular weight and narrow polydispersity.  At this 

stage, conclusions drawn from the preliminary results include: 1) the coordinating ligands 

or solvents can compete with the initiator 20 on clusters and cause uncontrolled reaction.  

2) long-time heating is a negative factor to the controlled polymerization.  3) nBA 

monomer is less reactive than MMA and may cause cluster-initiator decomposition.  

The best reaction conditions so far are using MMA as monomer, PMDEA as ligands and 

CH3CN as solvents.  
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CHAPTER 7  

SUMMARY OF THESIS WORK AND FUTURE DIRECTIONS 

 

 The primary goals of this thesis project are to explore the synthetic utility of the 

structurally well-defined clusters of the [Re6(µ3-Se)8]
2+ core and to study how the unique 

and interesting properties of these cluster may be expressed in judiciously designed 

molecular, supramolecular, and polymeric forms.  To these ends, a number of research 

projects have been undertaken, and the activities can be divided in three major thrusts.  

The first is the design and synthesis of cluster complexes bearing functional groups, 

either in terms of their utility in further chemical transformations or for the realization of 

useful materials.  These specially designed monocluster species are then applied in the 

second thrust of research for the construction of supramolecular cluster arrays via crystal 

engineering approach, either by hydrogen bonding or metal-ligand complexation, and are 

used for making cluster-polymer hybrid materials along a third direction of efforts.  

Overall, the original objectives of the research have been achieved, but a number of 

challenges remain.  Below, a brief summary of the results obtained from this thesis work 

will be given, followed by elaborations of certain issues pertinent to the possible further 

development of the cluster-supported synthetic and materials research.     

The research activities are schematically summarized Figure 7.1, all centered around 

the design and synthesis of functional monocluster species.  In Chapter 2, the synthesis  
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Figure 7.1. A pictorial summary of the research activities described in this thesis work, 
including the design and synthesis of multicluster arrays crystal-engineered via hydrogen 
bonding or metal ligand complexation and cluster-polymer hybrid materials.  
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of two cluster complexes functionalized with hydrogen bonding-capable isonicotinamide 

ligand(s) have been prepared.  The first is a tricluster assembly featuring three 

[Re6(µ3-Se)8]
2+ cluster units stationed at a central conjugated tritopic ligand.  Each of the 

cluster units is in addition functionalized with an isonicotinamide ligand.  This tricluster 

compound, by virtue of their divergently disposed isonicotinamide ligands, is expected to 

form an extended hydrogen-bonded, honeycomb-like network structure with a pore size 

of about 8 nm.  The tricluster building block has been successfully and unambiguously 

characterized.  Unfortunately, X-ray quality single crystals have so far eluded us, and its 

solid state structure showing the anticipated supramolecular assembly has yet to be 

obtained.  Although disappointing, the difficulty is not unexpected, as the desired porous 

structure carries a large amount of empty space, and is disfavored on the basis of close 

packing principle in crystallization.1  This problem is combined with the large number 

of solvent molecules and easily disordered counter ions, a frequently encountered 

obstacle in getting high-quality single crystals or satisfactory dataset for structural 

determination.  Possible solutions include the use of a template or guest species in 

co-crystallization with the desired porous framework.2-6  For example, considering the 

nanosized pore structure, C60, which has a diameter of about 0.7 nm,7 may be used to fill 

the empty space and therefore to stabilize the overall structure for crystallization.  A 

different and rather new approach is to make use of a functionalized surface to guide the 

formation of extended frameworks starting from appropriately designed building blocks,  
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Figure 7.2. Schematic representation of three different approaches to generate 
supramolecular nanostructures on surfaces (rods: tailored organic molecules, spheres: 
metal ions). (A) Surface-assisted self-assembly by hydrogen-bond formation; (B) 
surface-assisted self-assembly by coordination bond formation, and (C) the surface 
deposition of previously in the bulk self-assembled supramolecular architectures. 
Adapted from ref. 10. 
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as demonstrated by the recent work on surface-assisted coordination chemistry and 

self-assembly (Figure 7.2).8-10  While the supramolecular architectures are being built up 

on surfaces, they may be investigated simultaneously by techniques such as scanning 

tunneling microscopy on the single-molecule level.    

Also achieved is the synthesis of a U-shaped dicluster bridged by 4,4’-dipyridyl.  

Each of the clusters is equipped by an isonicotinamide ligand that is perpendicular or cis- 

to the bridging ligand.  Again, due to the hydrogen bonding between the amide ligands 

of a neighboring dicluster, a rectangle composed of 4-vertex occupying cluster units was 

obtained, wherein two 4,4’-dipyridyl bridging ligands and two pairs of hydrogen-bonded 

isonicotinamide ligands serve as the sides to connect the four cluster units.  Single 

crystals of this compound were obtained, and crystallographic studies clearly revealed the 

hydrogen-bonded supramolecular assembly in the solid state.  However, the dataset is 

not of publication quality, probably for reasons of the large void space and presence of 

solvent molecules and easily disordered counter ions as alluded to above.  An immediate 

attempt to solving this problem and getting better diffraction data is to co-crystallize the 

cluster precursor with aromatic guests species; the aromatic-aromatic interactions 

between such a guest molecule and isonicotinamide ligands are expected to facilitate the 

assembly of the building blocks and to stabilize the overall structure.  Related studies 

include the possible selective occlusion of certain types of guests based on their steric and 

electronic structures, and the activation of such guests for further chemical 
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transformations.  

Chapters 3-5 deal with the design and synthesis of cluster complexes of the 

[Re6(µ3-Se)8]
2+ core with the cage-like ligand 1,3,5-triaza-7-phosphaadamantane (PTA).  

In addition to its primary coordination using the P atom to the cluster core, the ligand has 

three N atoms, all capable of coordination with secondary metal ions and to create highly 

sophisticated cluster-supported coordination metal-organic frameworks, a type of 

materials receiving increasing current interest because of their demonstrated or 

envisioned applications in gas storage and separation.11-16  In the course of these studies, 

an unexpected protonation of the cluster-bond PTA ligand was observed when the 

coordination of the cluster-complex ligand with Hg(II) was attempted.  Subsequent 

deliberate protonation using HBr verified this observation, and produced the protonated 

species in essentially quantitative yield.  The results are collected in Chapter 3.17  In 

the meantime, with carefully controlled reaction conditions, a number of Hg(II) 

complexes, some of which bearing unprecedented structures, have been obtained.  

Coordination of the cluster-complex ligand with Zn(II) and Cu(II) have also been 

investigated.18  Through these studies, a less commonly observed coordination mode of 

the PTA ligand was established, namely the simultaneous coordination of metals by using 

both the P and N atoms of the ligand.  The examples resulting from such efforts enrich 

the chemistry of the unique PTA ligand, a ligand of intense current interest for developing 

green catalysis19-24 and metal-based drugs25-27 due to its water solubility.  These 
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promising results make up the content for Chapter 4.  In further pursuing research by 

making use of the unique coordinating ability of the cluster bound ligand, one may 

expand the arsenal of the stereoisomers of the cluster by synthesizing, for example, a 

complex fully substituted with PTA ligand.  This particular complex, with 6 octahedrally 

disposed PTA ligands, is expected to generate cluster-supported porous structures with 

pore size in the nanoscopic regime.  The pores are expected to be amphiphilic due to the 

presence of the hydrogen-bonding ready N atoms and the overall lipophilic C-based 

backbone.  The chemistry making use of such unique porous structures is likely to 

generate interesting and possibly useful results. 

Another immediate task is to find the condition to selectively produce a specific 

species of the Hg(II) coordination.  It appeared that the 3 different structures coexist in 

the reaction mixture as kinetic equivalents under the current reaction conditions.  By 

changing reaction temperature, duration, or using different solvents, one may produce a 

particular product, which will provide some new insight into the coordination behavior of 

this unique ligand. 

With the hope of generating porous solids that are also luminescent, the coordination 

of Ag(I) using the cluster complex with PTA ligand has also been studied.  The results 

are summarized in Chapter 5.  A cluster dimer was obtained in which two cluster units 

are connected to an Ag(I) ion.  This cluster dimer is further aggregated into a tetramer 

through a pair of hydrogen bonds formed between the silver-coordinated MeOH and one 
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of the free N atoms of the PTA ligand in the neighboring dimer.  When a cluster 

complex equipped with two trans-disposed PTA was employed in analogous chemistry, 

an extended two-dimensional network structure composed of a larger hexagon of the 

cluster and a smaller hexagon formed by Ag(I) and PTA ligands.  This coordination 

polymer constitutes the second example of a metal complex where the ligand PTA 

displays a mode using P and two N atoms for simultaneous coordination.  Luminescence 

studies showed that the cluster-supported framework maintains the vivid red 

phosphorescence.  However, no luminescence due to the Ag(I) ion was observed, 

probably because of the long Ag(I)-Ag(I) distance.  The successful assembly of this 

cluster network structure validates the crystal engineering approach using specially 

designed cluster building blocks.  In continuing this work and with the effort to create 

materials with larger void volume, other cluster building blocks are needed in order to 

reduce the amount of counter ions.  Also, using the aforementioned hexasubstituted PTA 

complex of the cluster core, coordination with Ag(I) may lead to the formation of porous 

materials whose structures have not yet been contemplated.  Once such porous 

structures are realized, evaluating the possible luminescence responses upon guest 

occlusion is worthwhile for sensory applications.        

The research described in Chapter 6 represents a distinctly different yet related effort 

in making use of the superior synthetic utility of the structurally well-defined clusters for 

the possible making of functional materials.  Specifically, cluster complexes equipped 
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with a ligand bearing a polymerization-initiating functional group have been prepared.  

Subsequent controlled radical polymerization of organic monomers such as methyl 

methacrylate using the cluster complex as initiator yielded the desired cluster-containing 

polymeric hybrid wherein the cluster’s integrity and luminescence properties are 

maintained.  Clearly the highly crystalline cluster complex becomes more polymer-like 

as the hybrid is waxy and viscous.  However, a number of problems remain to be solved.  

First is the optimization of the reaction in order to enhance the yield of polymerization.  

Second, besides the major product, there exist some high molecular weight fractions that 

may also contain the cluster unit.  This could be due to the decomposition of the cluster 

initiator under the polymerization conditions employed.  In particular, it appeared that 

the ancillary ligand for the Cu(I) catalysis necessary for the polymerization and the 

solvent had significant influence on the reaction outcome.  Efforts to optimize the 

reaction conditions are therefore necessary.  Alternatively, new functional ligands 

capable of cluster coordination besides being able to initiate polymerization reaction 

should be sought to avoid the similar problems observed in this study. 

In conclusion, the overall research goals originally set to use the [Re6(µ3-Se)8]
2+ 

core-containing clusters as unique building blocks in supramolecular construction and 

materials synthesis have been achieved, but significant challenges remain.  Although 

our efforts have been concentrated on one particular cluster system, the chemistry is 

conceptually readily extendable to other clusters.  Indeed, this statement is now firmly 
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supported by the successful research done by other fellows who make use of other cluster 

systems.28-51  Hopefully some aspect of this research will also catch the eye of a 

non-cluster chemist who may take advantage of the superior synthetic utility of these 

unique substances and to bring clusters out into full view, and possibly to some uncharted 

scientific frontiers. 
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APPENDIX 1 
CRYSTAL DATA AND STRUCTURE REFINEMENT PARAMETERS 

 
Compound 8 

Formula C70H140F24N6O2P8Re12Sb4Se16 

Fw 5786.54 

crystal system Monoclinic 

space group C2/c 

V (Å3) 28079(12) 

Z 8 

Dcalc (Mg/m3) 2.682 

a (Å) 60.490(15) 

b (Å) 21.854(5) 

c (Å) 22.928(6) 

α (deg) 90 

β (deg) 112.123(4) 

γ (deg) 90 

T (K) 150(2) 

µ (mm-1) 15.259 

wavelength (Mo Kα, Å) 0.71073 

θ range (deg) 1.4 to 20.5 

GOF on F2 1.072 

Final R indices [F2>2σ]† R1 = 0.0741, wR2 = 0.1877 

 
†  R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
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Compound 9 

Formula C40H95F12N3OP6Re6Sb2Se8 

Fw 3040.39 

crystal system triclinic 

space group P-1 

V (Å3) 3604.6(9) 

Z 2 

Dcalc (Mg/m3) 2.801 

a (Å) 12.4419(18) 

b (Å) 14.039(2)  

c (Å) 21.218(3) 

α (deg) 96.264(3) 

β (deg) 99.836(3) 

γ (deg) 95.576(3) 

T (K) 180(2)  

µ (mm-1) 15.004 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 1.001  

Final R indices [F2>2σ] † R1=0.0605, wR2 =0.1449 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2  
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Compound 10 

Formula C72H175F30N6P12Re12Sb5Se16 

Fw 6173.33 

crystal system monoclinic 

space group P21/c 

V (Å3) 14290(5) 

Z 4 

Dcalc (Mg/m3) 2.869 

a (Å) 25.183(5) 

b (Å) 23.994(5) 

c (Å) 24.244(5) 

α (deg) 90 

β (deg) 102.71(3) 

γ (deg) 90 

T (K) 150(2) 

µ (mm-1) 15.327 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 1.109  

Final R indices [F2>2σ] † R1=0.0790, wR2=0.1430 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
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Compound 11 

Formula C72H177Br4F18N6P12Re12Sb3Se16 

Fw 6023.49 

crystal system monoclinic 

space group C2/c 

V (Å3) 30811(6) 

Z 8 

Dcalc (Mg/m3) 2.597 

a (Å) 47.752(5) 

b (Å) 28.000(3) 

c (Å) 24.028(3) 

α (deg) 90 

β (deg) 106.451(3) 

γ (deg) 90 

T (K) 150(2) 

µ (mm-1) 14.897 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 1.044  

Final R indices [F2>2σ] † R1=0.0596, wR2=0.1423 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
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Compound 12 

Formula C36H87F6N6O9P6Re6SbSe8Zn 

Fw 2983.94 

crystal system Monoclinic 

space group P21/c 

V (Å3) 7293(3) 

Z 4 

Dcalc (Mg/m3) 2.717 

a (Å) 12.924(3) 

b (Å) 23.605(6) 

c (Å) 24.487(6) 

α (deg) 90 

β (deg) 102.485(4) 

γ (deg) 90 

T (K) 150(2) 

µ (mm-1) 14.786 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 1.087 

Final R indices [F2>2σ] † R1 = 0.1338, wR2 = 0.2745 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
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Compound 13 

Formula C40H93F6N8O9P6Re6SbSe8Cu 

Fw 3064.21 

crystal system Monoclinic 

space group P21/c 

V (Å3) 7564(3) 

Z 4 

Dcalc (Mg/m3) 2.691 

a (Å) 22.209(5) 

b (Å) 12.957(3) 

c (Å) 26.302(6) 

α (deg) 90 

β (deg) 92.131(4) 

γ (deg) 90 

T (K) 228(2)K 

µ (mm-1) 14.227 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 1.06 

Final R indices [F2>2σ] † R1 = 0.0521, wR2 = 0.1317 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
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Compound 14 

Formula C76H180F18Hg4I9N8P12Re12Sb3Se16 

Fw 7727.39 

crystal system monoclinic 

space group I2/a 

V (Å3) 16107(4) 

Z 4 

Dcalc (Mg/m3) 3.187 

a (Å) 25.195(3) 

b (Å) 16.619(2) 

c (Å) 38.538(5) 

α (deg) 90 

β (deg) 93.480(2) 

γ (deg) 90 

T (K) 115(2) 

µ (mm-1) 18.779 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 0.981 

Final R indices [F2>2σ] † R1 = 0.0481, wR2 = 0.1079 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
 
 



 

 

203

 
Compound 15 

Formula C38H90Hg3I8N4P6Re6Se8 

Fw 4154.81 

crystal system Monoclinic 

space group P21/c 

V (Å3) 8275.2(19) 

Z 4 

Dcalc (Mg/m3) 3.335 

a (Å) 24.959(3) 

b (Å) 15.534(2) 

c (Å) 23.894(3) 

α (deg) 90 

β (deg) 116.720(2) 

γ (deg) 90 

T (K) 115(2) 

µ (mm-1) 20.928 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 1.025 

Final R indices [F2>2σ] † R1 = 0.0378, wR2 = 0.0769 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
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Compound 16 

Formula C38H90F6Hg3I7N4P6Re6SbSe8 

Fw 4263.66 

crystal system Triclinic 

space group P-1 

V (Å3) 4252.3(11) 

Z 2 

Dcalc (Mg/m3) 3.328 

a (Å) 12.6617(18) 

b (Å) 15.058(2) 

c (Å) 25.224(4) 

α (deg) 104.250(2) 

β (deg) 93.092(2) 

γ (deg) 112.289(2) 

T (K) 115(2) 

µ (mm-1) 20.316 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 0.991 

Final R indices [F2>2σ] † R1 = 0.0479, wR2 = 0.1095 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
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Compound 17 

Formula C75H181AgF30N7OP12Re12Sb5Se16 

Fw 6353.29 

crystal system monoclinic 

space group P21/c 

V (Å3) 15659(5) 

Z 4 

Dcalc (Mg/m3) 2.695 

a (Å) 25.832(5) 

b (Å) 22.917(4) 

c (Å) 27.793(5) 

α (deg) 90 

β (deg) 107.881(3) 

γ (deg) 90 

T (K) 150(2) 

µ (mm-1) 14.112 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 1.080 

Final R indices [F2>2σ] † R1 = 0.0609, wR2 = 0.1201 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
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Compound 19 

Formula C132H288Ag6F72N30P18Re18Sb12Se24 

Fw 11576.41 

crystal system trigonal 

space group R-3m 

V (Å3) 23316(3) 

Z 3 

Dcalc (Mg/m3) 2.423 

a (Å) 26.7954(14) 

b (Å) 26.7954(14) 

c (Å) 37.497(4) 

α (deg) 90 

β (deg) 90 

γ (deg) 120 

T (K) 220(2) 

µ (mm-1) 11.257 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 1.107 

Final R indices [F2>2σ] † R1 = 0.0579, wR2 = 0.1304 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
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Compound 21 

Formula C40H87BrF12NO2P5Re6Sb2Se8 

Fw 3069.25 

crystal system Triclinic 

space group P-1 

V (Å3) 7547.3(9) 

Z 4 

Dcalc (Mg/m3) 2.701 

a (Å) 12.4511(8) 

b (Å) 19.4674(15) 

c (Å) 31.223(2) 

α (deg) 88.618(2) 

β (deg) 87.884(2) 

γ (deg) 86.521(2) 

T (K) 100(2) 

µ (mm-1) 14.839 

wavelength (Mo Kα, Å) 0.71073 

GOF on F2 1.037 

Final R indices [F2>2σ] † R1=0.0637, wR2 =0.1442 

 
† R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| 

wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2 
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