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4. Scientific Progress and Accomplishments 

The project involved two unrelated parts; the synthesis of two-dimensional grids and the 
investigation of the elementary units of polysilanes. 

1. Grids. The work on molecular grids was performed by graduate students, Mr. (now Dr.) P. 
Schwab and Mr. G. Kottas, assisted by undergraduate research assistants, Ms. E. McElroy, Mr. D. 
Lee, and Ms. J. Brown, and a postdoctoral fellow, Ms. N. Varaksa, with part-time guidance from a 
senior research associate, Dr. T. Magnera. We were fortunate to secure the collaboration of an 
experienced electrochemist from Prague, Czech Republic, Dr. L. Pospisil. The work fell into two 
categories. The first involved organic chemistry, namely the synthesis of rods and connectors, and 
was done by the two graduate students. The second involved physical chemistry, namely the 
electrochemical characterization of the elementary modules and their assembly in two dimensions, 
and was done by the Czech collaborator and the postdoctoral fellow, respectively. The results of the 
organic work have been published in a dissertation and a paper, with two more papers under 
preparation. The results of the more physical work have been published in two papers, with two 
more nearly ready for submittal and several more under preparation. 

The synthetic work concentrated on the preparation of constituents of two types of grid, 
square (G. Kottas) and hexagonal (P. Schwab). The former type of module is based on cross-shaped 
tetraaryl derivatives of a cyclobutadienecobaltcyclopentadienyl complex, with the para positions of 
the four aryls available for coupling (e.g., pyridyls), and the five positions on the cyclopentadienyl 
ring available for attachment of "tentacles" carrying groups that adhere well to a surface. We have 
chosen mercury as the surface of choice and used thioether or pyridine groups for adhesion. 
Currently the best procedure for introducing substituents into the five-membered ring is mercuration. 
Several suitable square connectors of this type were synthesized for use in the physicochemical part 
of the project. 

The modules for the hexagonal grid are trigonal in shape and several of these were also 
synthesized, based on 1,3,5-trisubstituted benzenes. Two of these had 10-vertex or 12-vertex p- 
carboranes as the three substituents, and coupling is to take place at the acidic CH groups in the p 
positions. Several others had longer rods as the three substituents, with nitrogen heterocycles at the 
end. For instance, a pyridine termination offers the possibility of either metal ion coupling or 
coupling through quaternization. In the process, new synthetic routes were developed to several 
basic building blocks of molecular rods (5- and 5,5'- brominatedbipyri dines andbipyrimidines), and 
these will be of general utility. An attempt to synthesize a macrocycle containing a single element 
of a hexagonal grid, as a model of the final grid structure, is very close to completion. 

Attempts to attach metal atoms to the face of the central benzene rings of either type of these 
trigonal connectors, with formation of sandwich complexes, whose second deck could then carry 
thioether-containing tentacles as described above for the square modules, have however not been 
successful so far. An alternative utilization for use in the construction of molecular grids was sought 
in that flexible thioether-containing tentacles were attached directly to the carborane CH carbon 
atoms, and physical measurements performed with these gave very instructive results. 
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The physico-chemical studies required considerable instrumental development; they rely 
heavily on the use of the STM/AFM and polarization modulation FTCR units purchased from a 
DURIP grant, and on a home-built electrochemical Langmuir-Blodgett trough working with mercury, 
which we believe to be unique in the world. These studies were of two main kinds. In one research 
direction, we examined the self-assembly of grids composed of two types of molecules, a connector 
and a linker, on a liquid surface under reversible conditions, and looked for conditions that would 
produce highly regular large domains with a minimum of defects. Reversibility of the assembly was 
assured by the use of weak interactions (hydrogen bonds) between the connectors and the linkers 
("phantom couplers"). Here, the long-term plan is to convert the self-assembled weakly knit 
networks into sturdy covalent grids suitable for practical use by gradual exchange of covalently 
bound real couplers for the phantom ones. In a second research direction, we examined the 
electrochemistry of tentacled modules on mercury and the formation of surface networks that result 
from their interaction with mercury ions. Little is known about such grids and quite a few 
fundamental scientific issues remain to be investigated. In this case, the long-term plan again is to 
use these regular metal-bound networks as templates for the covalent coupling of modules into 
sturdy grids. 

The assembly of a grid with phantom couplers used tetrapyridylporphyrin as the connector 
and hydroquinone as the coupler. This works very well both on water and on mercury surfaces, and 
STM images show large defect-free domains of highly regular grids. Trimethylhydroquinone works 
equally well, and LB isotherms agree nicely with the expected area changes upon grid formation. 
A continuation of this direction, with exchange of covalently attached p-xylylene units for the 
hydrogen-bonded hydroquinone, is planned. 

The assembly of metal-ion-bound networks on mercury was initially discovered accidentally. 
These potentially very useful networks have now been investigated by a combination of 
electrochemical measurements and measurements on an LB trough. We have reached the conclusion 
that physisorption of the thioether tentacled modules on mercury surface is insufficient for our two- 
dimensional grid-building purposes, in that reduction of the mercury surface area by compression 
causes them to desorb into the supernatant solvent. Under these conditions, an attempt at coupling 
by addition of a linker to the solvent would lead to at least some coupling in solution and therefore 
in three dimensions, causing problems with the formation of a purely two-dimensional grid. Only 
in the range of mercury surface (electrode) potentials in which a compact chemisorbed film forms 
is the adsorption of our modules complete. This is not a problem in itself since we can choose such 
potentials when attempting to form the grids. 

However, we now came to realize that if each tentacle carries only one functionality, these 
compact films form only when thioether or pyridine functionalities in neighboring modules bind to 
each other through mercury ions, and the range of compact film stability is restricted by the reduction 
of these mercury ions at potentials that are too negative. The resulting network seems to be highly 
regular and the distances between neighbors are dictated by the length and conformation of the 
tentacles. This means that in effect the mercury ions are acting as phantom couplers, and that we 
may   not   need    to    artificially    add   the    latter,   e.g.,    hydroquinone,   before    adding 
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the real coupler, in order to achieve our goal of a simultaneously regular and sturdy two-dimensional 
grid. It now appears that it will be possible to effect an annealing of the structure of the network by 
cycling between the reduced and oxidized form of the mercury ions. The use of mercury cations thus 
promises to be a great advantage in all respects, and we are pursuing this possibility vigorously. Of 
course, it will impose a constraint on the length and nature of the tentacles that we can use, as they 
must be compatible with the length and nature of the arms of the modules that we are trying to 
couple. This is not a serious constraint, because of the ease with which the synthesis of various types 
of tentacles can be achieved. 

We have also examined cases in which each tentacle carries two thioether functionalities. 
These modules adhere to mercury at all potentials, also when any initially present mercury ions have 
been reduced, but in that case exhibit a much smaller surface area per molecule. This observation 
raises interesting possibilities for practical utilization of the associated very large conformational 
changes as a function of electrode potential and we plan to examine the situation further. 

2. Silicon Polymers. This part of the project benefitted from the efforts of a postdoc who came from 
Sweden with his own funding, Dr. Carl-Henrik Ottosson, and another who came from Austria with 
his own funding, Dr. R. Zink, of a Japanese graduate student, Mr. (now Dr.) Hayato Tsuji, who was 
half-supported from Japan in a collaborative effort with Prof. K. Tamao of the University of Kyoto, 
a German student, T. Schepers, who was partially supported from Germany, and from collaboration 
with a group of Spanish theoretical chemists at Valencia, Spain, led by Prof. Raul Crespo. Their 
activities complemented nicely the work of my graduate student, Ms. Heather Fogarty, who was 
engaged primarily in experiments and expects to submit her Ph.D. dissertation in about half a year, 
and a senior research associate, Dr. John Downing, who spent a fraction of his time working on 
computer code and program development for this project. 

The results have been mostly publi shed (12 full papers) and summarized (a book chapter and 
a brief review article, both written jointly with Prof. R. West of the University of Wisconsin, 
Madison), but about half a dozen articles remain unpublished, in various stages of preparation. 

The primary objective of this work was the development of an understanding of the 
conformational behavior and electronic structure of peralkylated saturated silicon chains, and most 
of all, of the relation between the two. We believe that an understanding of short model chains, with 
anywhere from two up to sixteen concatenated silicon atoms, is essential for the ultimate 
understanding of high molecular weight polymers. 

The unusually rich conformational behavior of the silicon chains carrying methyl or longer 
alkyl substituents, responsible for their striking thermochromism, solvatochromism, and 
ionochromism, is now understood in terms of elementary van der Waals repulsive interactions 
among the substituents. In particular, the existence of the uncommon "ortho" and the even more 
exotic "deviant" (corresponding to the 7/3 helix observed in certain polysilanes) and "cisoid" (so far, 
only an unverified prediction) conformations follows logically from first principles. Matrix isolation 
Raman spectroscopy combined with annealing procedures was used to detect the existence of all 
three conformers predicted for a tetrasilane, including the novel "ortho" structure. We have 
calculated the structures of all the several dozen conformers of permethylated chains containing up 
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to six silicon atoms and worked out an increment system that permits the prediction of relative 
energies of various conformers of longer chains by extremely simple means. Although solvent 
effects still remain to be incorporated, these result have already proven to be very valuable for the 
interpretation of spectral data obtained on conf ormer mixtures, particularly electronic absorption and 
emission spectra. 

Electronic structure of the all-transoid chains, whose absorption and emission spectra are 
available, is the easiest to understand. Here, we have addressed the issue of separation of valence 
and Rydberg states, and after considerable effort settled an existing controversy and established 
beyond doubt that the first several singlet excitations are of valence nature even in chains as short 
as trisilane. We have detected both the a to n* and the previously unobserved a to a* singlet 
excitation in the basic disilane unit. 

We have further shown how the length of the chain dictates the size of the vibrationally 
relaxed singlet excimer through quantum confinement effects: the excited state is fully delocalized 
only in medium-length chains. It was not surprising to find that the excitation is localized in a 
fraction of a chain of excessive length, but the high degree of excitation localization observed in 
chains that are not long enough initially came as a surprise ("small-radius self-trapped exciton") until 
we realized that it is in perfect agreement with expectations based on classical exciton theory of solid 
state physics. In permethylated oligosilanes, the six-silicon chain is the longest that always supports 
a localized excitation. The seven-silicon chain is on the borderline in that some conformers support 
a localized and some a delocalized excitation. This localization of excitation on a single SiSi bond 
leads to bond-stretch isomerism in the excited states of the shorter oligosilanes, manifested by 
multiple fluorescence. In an attempt to characterize the exact location of excitation in the various 
species, a deuterium labeled sample was synthesized and photolyzed at temperatures characterized 
by emission from one or another of the excited bond-stretch isomers, while trapping the 
dimethylsilylene extruded from the oligosilane chain photochemically in the hope that its label will 
pinpoint the chain segment that carried the excitation. However, it was discovered that the 
photochemical process was ultrafast and always gave the same isotopic result; clearly, it did not 
compete with fluorescence. Although the original goal therefore could not be attained, this 
observation is of considerable interest for photochemistry in its own right. 

Another important issue in electronic structure was the detection of additional singlet excited 
states using less usual forms of spectroscopy, magnetic circular dichroism, linear dichroism, and 
two-photon excitation spectroscopy, and their theoretical interpretation. 

However, most effort concentrated on the development of an understanding of the effect of 
conformational change on ionized and electronically excited states. We have chosen tetrasilanes as 
the simplest chromophores in which a backbone SiSiSiSi dihedral angle can be defined and 
synthesized a whole series of conformationally constrained peralkylated molecules in which this 
dihedral angle varied from 0 to 180 °. This effort has paid off handsomely, and more recently we 
also synthesized longer conformationally constrained oligosilane chains, up to octasilane. 

The effects of dihedral angle changes on ionization potentials of tetrasilanes are clearly 
noticeable and follow expectations based on simple MO theory and Koopmans' theorem; indeed, we 
found a Hückel-type scheme that permits an easy prediction of ionization potentials for any 
conformation and any chain length.   This is a parameterization of the "ladder C" model that 
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recognizes explicitly not only the presence of primary bonding interactions and geminal interactions 
between sp3 hybrid orbitals on silicon atoms, but also the presence of dihedral angle dependent 
vicinal interactions. 

The effects of dihedral angle changes on electronic spectra of tetrasilanes were even more 
dramatic. They did not show the expected decrease in excitation energies as the dihedral angle grew 
from 0 to 180 ° and the excitation energies of the various transitions remained roughly constant. 
However, the band intensities changed entirely, such that the spectra of species differing strongly in 
the dihedral angle looked completely different. The behavior suggested the presence of an avoided 
crossing between two low-lying B symmetry states, one strongly allowed (a to a*) and one nearly 
forbidden (o to 71*). This interpretation is supported by analysis of correlation diagrams and by 
calculations at all levels of ab initio theory that we were able to employ, except that the best 
calculations also suggest the presence of yet another valence state of B symmetry, so far undetected. 
These measurements however permitted us to detect one new transition, assigned to an excited state 
of A symmetry. The best calculations suggest the presence of two additional A states, so far 
unobserved. 

In spite of these remaining issues to be addressed in the case of the tetrasilane chromophore, 
we believe that the stage is now set for an examination of conformational dependence in longer 
silicon chains, with the understanding of the spectra of the high polymers themselves as the ultimate 
objective. 


