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ABSTRACT

Hybrid Inorganic-Organic, Organic Charge Transfer, and ReBased Compounds
with Chalcofulvalene Donors and Organic Accept@ecember 2007)
Eric Wade Reinheimer, B.S., California State Polytechimwversity, Pomona;
M.S., California State Polytechnic University, Pomona

Chair of Advisory Committee: Dr. Kim R. Dunbar

The primary focus of this dissertation is the eledtemical preparation of radical
cation salts utilizing the donoo-4,4’-dimethyltetrathiafulvalene ofMe,TTF) and
spherical, tetrahedral, octahedral, bimetallic, cyanahla¢¢, and polyoxometallate
anions. Other donors, such as tetramethyl(tetraseleatdne) (TMTSF),
tetramethyl(tetrathiafulvalene) (TMTTF), bis(ethylenedijtetrathiafulvalene (BEDT-
TTF or ET), and bis(propylenedithio)tetrathiafulvale®DT-TTF or PT) also found
use in the preparation of salts in the course of this study-ray structural
characterization of these salts revealed stackingdss donor molecules containing
significant SeesS interactions in the solid state. rivias salts were subjected to either
conductivity or molecular magnetism measurements in caetetermine the level of
itinerant electron density and magnetic contribution mfrgparamagnetic charge
compensating anions. In order to expand the library ofddrfaining hybrid materials
prepared through metathesis, salts of other tetrathidduiven radicals have also been

prepared and characterized crystallographically and by sgectroscopic methods.



In an effort to gain further information on formatioh organic charge transfer
complexes, TTF was combined with nitrofluorenone familyacceptors as well as the
organocyanide acceptors HAT-(GNHAT-(CN)s = 1,4,5,8,9,12-hexaazatriphenylene-
hexacarbonitrile) and TCNB (TCNB = 1,2,4,5-tetracyanobe@gzelhe complexes were
characterized using X-ray crystallography, infrared spscbpy, and molecular
magnetism. All of these techniques showed that all comg® underwent little to no
charge transfer.

Commencing in 2003, the combined work of Dunbar and Omary exieéhat
systems combining inorganic donors with chelating, sulfuedbdgyands and organic
acceptors could have their spectroscopic response tunedptiaydiow-energy charge
transfer bands extending into the near-IR making theuwtable candidates as
photosensitizing dyes for semiconductors. In keeping thithidea, new layered charge
transfer compounds combining the nitrofluorenone familycogptors and the inorganic
donor Pt(dbbpy)(tdt) (tdt = 3,4-toluenedithiolate) wereepared. The resulting
complexes were characterized utilizing X-ray crystallpgsa as well as both
spectroscopic and electrochemical methods. Similaryseslwere also conducted on
various platinum/terpyridine salts and illustrated alle¥epectroscopic tunability to that
observed for the supramolcular systems composed ofjanar donors and organic

acceptors.
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CHAPTER |
INTRODUCTION: SULFUR-BASED

CHARGE TRANSFER SYSTEMS

For the last three decades, the design of materialsigx@ibunable conducting,
magnetic, or optoelectronic properties has been a fofcgeeat interest in the chemistry
community. Typically, organic and inorganic chemistsehandertaken the pursuit of
these goals separatélyRecent results have demonstrated that the highesahiligbof
preparing “hybrid” materials that exhibit a combinatiortttd aforementioned properties
in one material exists at the interface of these ateimdisciplines. Two excellent
illustrations of this fact are the discovery of supedumting charge-transfer salts
composed of BEDT-TTF radicals and paramagnetic met&ebarions, and conducting
charge-transfer salts with ferromagnetic ordefifigAlso, research in the area of organic
radicals has led to the discovery of materials witbpprties once considered to be
mutually exclusive in one material, namely superconductasity magnetism.

The co-existence of these properties has been found sxdassible with the
lanthanide metalss well as with the donor-acceptor organic and metaksyst®’
These discoveries are paving the way for continued &sdar prepare dual-property

materials capable of behaving both as conductors and magnets

This dissertation follows the style and formatiofirnal of the American Chemical Society



The origins of the field of conducting materials can tbeced back to the
discovery of the molecule tetrathiafulvalene (TTHusTmolecule was first synthesized
in 1970 by Fred Wudl and coworkers and was found to be capabiedefgoing two
reversible oxidation. TTF behaves as an electron donor and the radical fer
stabilized by extended-orbital overlap in the material. Density-functiomalculations
carried out on TTF with optimize®;h symmetry revealed that the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupealecular orbital) have the
symmetriesh:, andbyg respectively, that the highest level of electron dgnsisides on
the TTF core, and that the HOMO has nodes on the Ga8sB A new field of research
was opened when solutions of TTF were mixed with the axganide acceptor 7,7,8,8-
tetracyanoquinodimethane (TCNQ) (Figure 1). The nmalt@TF-TCNQ is the first all-
organic system to display metallic conductiityThe material displays a room
temperature conductivity of 500 S«¢nand a maximum conductivity of 1Gecni® at
66K. This high level of conductivity is a consequence otigaelectron transfer
between the TTF donor and TCNQ acceptors of approxiyn@téb-0.59 electrons per
donor molecule; the result is a high level of condustigaused by the formation of
partially-occupied valence sheffs.

Networks of oxidized stacks of TTF (or its donors) amgportant for the
formation of conducting materials because of the tendefioxidized donors to stack in
the solid-state. With the presence of diffaserbitals, the donor molecules can engage
in intermolecular interactions. Favorable overlap oedoetween orbitals of similar
symmetry and energy which are in close proximity; thesnario is most often observed

in segregated stacks of donors and acceptors.



Figure 1. Structure of TTF-TCNQ.

With favorable orbital overlap, electron density candelocalized throughout the
stacks, which when coupled with redox-active molecules,lead to the formation of
fractionally-occupied valence shells. High levels ohductivity arise when the solid-
state packing allows for the close orientation of madies of similar symmetry such that
electronic diffusion can occur throughout the stacksltiag in the formation of a band
structure for the TTF moleculds.

Two paradigms have gained universal acceptance for the piepavé charge
transfer systems. The most popular method for the @eparof these materials is to
combine independent donors and acceptors to form chargeetramaterials. A second
avenue for preparing hybrid charge-transfer materialshs gained a following in the

recent years is the direct coordination of acceptorsidnors through intervening



heteroatoms such as a nitrogen, phosphorus, or sulfur albm has been the approach
used by groups such as Dunbar, Fourmigué, and Kobayashi to praferesting
coordination compounds wherein TTF donors are ligatedraosition metal atoms
through various donor atorhs.

Since the discovery of TTF-TCNQ, various derivatives TTF have been
prepared, and materials containing those donors in thedtizexi forms have been
synthesized. Oxidation of these donors was first achiéyedhemical means using
oxidizers such as TCNQ and iodine. Later, after tiepgmation of the Bechgaard series
of salts, the method of electrochemical oxidation Weasd to be a suitable method for
preparing materials containing partially-oxidized chalozfigne moieties? With this
technique, an anion and neutral donor molecule are dissalvé exposed to a slight
anodic current. The exposure of the neutral donor toctinent slowly oxidizes the
donor to its radical cation resulting in the formatiohsalts where the TTF (or its
derivatives) aggregate in stacks and the corresponding saaien evenly distributed
throughout the crystalline lattice.

As stated previously, electrochemical oxidation has b#emonstrated as a
successful technique for the preparation of systems oinmgaoxidized chalcofulvalene
donors after the initial report by Bechgaard and coworkérshe one-dimensional
organic mixed-valence cation-radical salt (TMTS$H} (Figure 2)'* This salt, and its
counterparts with [Bf', [AsKs]’, [SbFR], and [NQ] are interesting examples of the
results obtained via this technique, as they are the @&sstmples of organic

superconductors.
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Figure 2. Schematic representations of TMTSF and the X-raytarygsructure of the
superconducting Bechgaard salt (TMT¥.

After the discovery of the Bechgaard salts which eatsuperconducting state at
temperatures below 0.9 K, a search began for methods parpréigher temperature
superconductorS. The discovery of the donor molecule bis(ethylenedjtiicathia-
fulvalene and its incorporation into superconducting systecho the next generation of
superconductors. The temperatures at which the onset of-cupductivity was
observed were approximately a magnitude higher than tho$e iBechgaard salts. In
all sulfur- or selenium-containing organic molecules, teemperature at which
superconductivity is observed, (Tc), is strongly dependpoh the stacking motif as well
as the pressure and/or chemically-induced stabilizatioth@fcorresponding anidfi.
Several phases of BEDT-TTF have been shown to amdstheir corresponding observed
properties are strongly dependent on the intermolesuléur-sulfur inter-actions’ The
ability of these molecules to engage in inter-stackraat®ns leads to increased
dimensionality in the solid-state and a resultanbiktation of the super-conducting

state. These intermolecular interactions and thelityalio increase the solid-state



dimensionality also decreases the possibility of alisgra spin-Peierls distortion which
interrupts electronic delocalization over the entirstesyn by forming isolated units such

as dimers which leads to charge localization.

Part 1. Hybrid Conducting Systems Prepared by Electrochmical Synthesis

The preparation of higher temperature superconductors is amdy of the
advances in the field of charge transfer chemistry. HWerointerest of chemists is to
prepare materials in which mutually-exclusive propertieshsas super or metallic
conductivity, magnetism, or optoelectronic respons®s e engendered in a single
material. In an attempt to prepare materials that exdidboth a superconducting and
magnetic response, Day and coworkers combined BEDT-TTH[RE(GO,)s)* to yield
the salt [(BEDT-TTF)Y(H.0)Fe(GO4)s * CsHsCN which is the first material to exhibit

superconductivity in the presence of paramagnetic methsuiFigure 35.

Ty

Figure 3. X-ray crystal structure of the superconducting salt BBE
TTF)4(H20)FG(QO4)3'CGH5CN.3



Later, work by Coronado and coworkers involved the condegesigning multi-
functional materials by combining BEDT-TTF with a pargmetic oxalate-bridged layer
network to yield the first molecular-metal ferromagreported in the year 2000 (Figure

44
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Figure 4. X-ray crystal structure of the molecular-metal fenemnet (BEDT-
TTF)[MnCr(ox)s]sCH.Cl,.*

Later in 2003, the same group reported a similar result bisfethylenedithio)-
tetraselenafulvalene (BEDT-TSF or BET&). The compound with BEDT-TTF is
metallic down to 0.3 K, while with BETS, the salt itallic down to about 150 K. This
is believed to be related to the differences in the pgckf the organic donors in the

crystals (Figure 5).
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Figure 5. X-ray crystal structure of the molecular-metal fenagnet
(BETS)[MNCr(ox)s]*CH,Cl,.*8

Interesting results have been obtained not only withrpagnetic oxalate-based
layer compounds, but several strong semiconductorslsnatal superconductors have
also been reported with the chalcofulvelene donors BEDH-and BETS and metal
salts. Among these results are those from Kurmoocamwrkers who reported the salt
(BEDT-TTF)[CuCl]*H-O which is a paramagnetic metdl. Coronado and coworkers
were also successful in using the donor bis(ethylenethatfigtlvalene (BET-TTF)
(Figure 6) with [FeCJ” to prepare the salt (BET-TT4HreCL] which displays metallic

conductivity down to ~30 K (Figure 7.
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Figure 6. Schematic representation of BET-TTF.

Figure 7. X-ray crystal structure of the conducting salt (BET-J3[fFeCl].%°

An important discovery in this vein is the combinationtetfahedral transition
metal anions in combinations with chalcofulvalene donetsech as the salts
(BETS)[FeXs] (X = CI" and Br) reported by Kobayashi and coworkers which exhibited

antiferromagnetism and superconductivity (Figuré8).
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Figure 8. X-ray crystal structure of the superconducting sgBETS)[FeClL].?*

Another group of anions that has found considerable useeimpréparation of
potential dual-property materials are the octahedral amieracyanoferrate [Fe(CNY,
hexacyanocobaltate [Co(C8y, and nitroprusside [Fe(CMYO]*. The donors that have
seen the most use in the preparation of salts bastwsa anions are BEDT-TTF, BET-
TTF, the BEDT-TTF-like donor bis(ethylenediseleno)tdtiafulvalene (BEST-TTF or
BEST), as well as, to a limited extent, TTF which wased by Ouahab and coworkers to
prepare the salt (TTR[Fe(CN)]s *5H20.24%° This compound is the first cyanometallate
salt to be prepared with TTF or any of its derivativegyFeé 9). Analysis of the transport
properties revealed that this salt is a semiconductohenthe donor was changed to
BEDT-TTF and combined with hexacyanoferrate, cobaliate, chromate, the isolated
phases were found to be much better semiconductors (0.08+ed vs. 10° Secni* for

the TTF.
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Figure 9. X-ray crystal structure of the radical cation S&KE)11[Fe(CN)]s*5H,0.%

Another interest in the field of dual-property materialss been to prepare
systems combining a conductive organic sublattice witharganic sublattice capable
of exhibiting an optical response. The nitroprusside anion istaresting candidate for
incorporation into potential dual-property materials becausxhibits a photoinduced
transition to an extremely long-lived metastable stanupadiation with light in the
range 350-580 nm at temperatures below 166 Upon exposure to this radiation,
nitroprusside undergoes linkage isomerism first going fronmithesy! through am|2-NO
intermediate and finally to the isonitrosyl isorf@rlt is speculated that these excitations
produce geometrical changes in the anion that could &eiliight-induced alterations of

the TTF radical cation lattice which affect the conducproperties of the salt. Prior to
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the electrochemical synthesis of nitroprusside salth WirF-related cations, the only
known salts containing nitroprusside were those that cwmuataalkali-metal, alkaline-
earthmetal, or tetra-alkylammonium cations. Thesks sadl not exhibit any interesting
conductive properties, however, as the cations aréremcally “innocent” and do not
form a conducting sublattice.

The salt (BEDT-TTRK[Fe(CNxNO],, prepared by Yu and Zhu in 1997,
represents the first example of a nitroprusside witbralecting sublattice (Figure 18).
Initial studies of the transport properties of this saported a transition to a
superconducting state at 7 K, which was later refuted bthan study in 1998 While
the superconducting transition was contributed to an imputityas found that the salt
displayed metallic behavior at room temperature of 60-200 &% m

Later, efforts by Coronado and coworkers yielded saltstodprusside with TTF,
BET-TTF, and BEST>?*# All of these materials were found to be semiconductés.
semiconducting material was also prepared by Yagubskii andrkers using the donor
(ethylenedithio)tetrathiafulvalene (EDT-TTF) (Figure 1).These same authors were
successful in preparing a material with metallic behawidgren nitroprusside was
combined with bis(ethylenedioxy)tetrathiafulvalene (BEDO-T{Hyure 11) to yield a

system with a room temperature conductivity of 40-100 Sstm
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Figure 10. X-ray crystal structure of the radical cation salf (BEDT-

TTF).K[Fe(CN%NO]».%’
g S S
@
O_ _s g O
[OIS S \O
(b)

Figure 11. Schematic representations of EDT-TH} &nd BEDO-TTFR).
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Octahedral transition metal anions are not the onlgrenihat have been studied
in the preparation of radical cation salts of the Tyjfe donors. In an effort to further
study how novel lattice architectures and physical progenesulting from the
association of organic radical cations can be affdayddrge anions or anions possessing
properties such as localized magnetic moments, attenéisrturned to the use of large
polyoxometallate clusters that present several ctenistics which make them attractive
counterions in the preparation of new radical cataitss

() Polyoxometallate clusters are often prepared asakglammonium salts
which engenders a high level of solubility for these chssbe aqueous or nonaqueous
solutions. Their solubility in polar solvents is parlaly important, as this provides a
means to obtain solid-state associations of these tduggers with organic donors using
electro-crystallization, the preferred method for obite single-crystals of sufficient
quality to obtain structural and physical characterizatins.

(1) The bulky clusters exhibit variable charges, shapes sizes which induces
different packings of the radical cations in the solatestwhich can cause alterations in
the band structure. The crystal structures of hybrid ma#teare the result of the
tendency of the planar, oxidized radical cations to aggeein stacks and for the
inorganic clusters to adopt closed-packed lattices. Thsilpbty of varying the anionic
charge on the polyoxometallate clusters results in abotithe electronic band filling of
the resulting salt which can directly influence its pbgsproperties®

(1) In some instances, polyoxometallates can be retluzg one or more
electrons. The well known-Keggin polyxometallate [PMeOa4g)® can be reduced in

some instances to the mixed-valence cluster [B®lg]*. This enables the formation of
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hybrid materials wherein delocalized electrons coexidioith the organic network and
the inorganic cluster®.

(IV) The polyoxometallate clusters themselves can bepared with one or more
magnetically-active transition metal ions at specdites in the polyoxanion structure.
By introducing magnetic character into the polyaniorhetomes possible to prepare
materials wherein delocalized electrons in the orgaunldattice coexist with localized
magnetic moments in the anion which allows for thehnrtinvestigation of materials
combining magnetism and conductivity.

With polyoxometallate clusters, several different oigaacceptors have been
used, such as TTF, TMTTF, TMTSF, BEDT-TTF, BEST, BENF] TPTTF
(tetraphenyltetrathiafulvalene), and DMDPTTF (dimethyldiphestsdthiafulvalenef?*°
Most of the prepared salts are semiconductors, but aditsvad the compounds exhibit
metallic conductivities. Among them are the 5:1 phasewdsst BEDT-TTF and the
substituted Lindqvist anions [V¥®:4]* reported by Ouhab and coworkers in 1993 which
exhibits a room temperature conductivity of 14 S¥omhich increases to a maximum of
~30 Secrl at 250 K (Figure 12} Later in 1996, Coronado and coworkers were
successful in preparing the salt [BEDT-TT#P.W15062]*3H.O with the complex
Dawson-Wells anion [RV150¢2]%. This salt exhibits metallic-like behavior charactediz

by an increase from ~5 Se€nat room temperature to 5.5 Sstmt 230 K (Figure 13}
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Figure 12. X-ray crystal structure of the radical cation s&aBEDT-
TTF)s[VW5016]*6H,0.*
a!
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A

Figure 13. X-ray crystal structure of the radical cation salBEDT-
TTF)11[P2W:506]*3H,0.%
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Hybrid Conducting Systems Prepared by Metathetical Techniques

While the bulk of hybrid inorganic/organic materials are ppred using
electrochemical techniques, a little studied facet ofareterelated to the preparation of
these systems has been their preparation using mesatbastions. Electrochemical
oxidation is the preferred method by which partially-oxidizéalcofulvalene donors can
be generated and form segregated stacks essentialdéstéiishment of band structures
and high levels of conductivity, but groups have also beeiloeng the use of stable
salts of oxidized TTF-like donors in order to introducecktically non-innocent
cations into hybrid inorganic/organic salts via metathet@ehniques.

The potential of using metathesis reactions to prejpgoeid materials has long
been the focus of research for groups in the field atenals science. Organometallic
cations such as [(Cpi¢o]" and [(Cp*kFe] have found use instead of standard
tetraalkylammonium cations in salts with polyoxometalatand layered, bimetallic
oxalate network&® Given that stable salts are formed when organometaltions were
used in reactions had been successfully utilized, the Iplitgsiof introducing TTF
radical cations in a similar manner appears to be iplaus

The only known salt containing TTF radicals is (T3[BF4]», first synthesized by
Wudl in 1975 X-ray structural data for the salt was later reportedChgsoux and
coworkers in 1983> At first glance, this salt appears to possess pgrtaidized
segregated stacks of TTF radicals with uniform stackirtgvd®n the radical cations,
structural features often illustrative of systems aigiplg high levels of conductivity. A
measurement of the conductive properties revealed insylptimperties with a room

temperature conductivity of 2 x $08ecm'.*> Closer inspection of the X-ray structure
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revealed that two of the donors are completely ionipednt integral oxidation state and
are dimerized, thus leading to strong charge localizatimd therefore consequently low
conductivity for the salt. While this salt of the TT&dical cation is stable, it does not
exhibit the requisite electronic features to rendesstrang conductof’

To date, (TTRBF4], (Figure 14) has been used extensively to prepare various
hybrid materials. Among the materials prepared are tHgnfivt),]*" salts where M =

Pt, Cu, Co, and N

Figure 14. X-ray crystal structure for the salt (TEBF.]2.**

Much like the salt of the radical cation from whickeyhwere derived, the [[Mmnt),]*
salts exhibit low conductivities presumably due to the higlargs localization
originating from the strongly dimerized TTF radicatioas in the tetrafluoroborate sét.
The (TTF}[BF4], salt has been used for the preparation of salts ofrgene
formula (TTF}{M "(H-0)[M" (0x)s]-}snH-O where M = Mn, Fe, Co, Ni, Cu, and Zn;

M" = Cr and Fe (Figure 18§. Layered two-dimensional bimetallic phases with tetra-
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butyl-ammonium cations have been known since 1995 and avenkio exhibit ferro- or
ferri-magnetic behavior with critical temperaturesgiag from 1.7K to 44K Similar
materials with the dithiooxalate (dto) anion were gisepared and found to behave as
ferromagnetd’! In the case of the TTF salts prepared using [CgGxall of the
compounds, except for the copper and zinc analogues, whglaydesntiferromagnetic
and paramagnetic behavior respectively, exhibit ferromagimeeractions. In the case
of the [Fe(ox)]* analogues, all salts show antiferromagnetic intemastexcept for the

zinc salt which behaves as a paramaghet.

Figure 15. View of the unit cell for the TTF salt (TTEMn(H 20),[Cr(C>04)3]2}. *®
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Compounds Composed of Organic Donor and Acceptors

As mentioned earlier, one of the most exciting disc@s in the field of organic
materials science is the discovery of metallic congiigtin TTF-TCNQ as a result of
partial electron transfer between the TTF donor aedTiGNQ acceptor of ~0.55-0.59
electrons per donor molecule. Since this initial regpennilar materials have been
reported using different derivatives of both TTF and TCMQere similar properties
have been reportéd.

In 1989, a charge transfer compound was prepared betweeandltihe organic
acceptor 2,7-dinitro-9-fluorenone (DNF) by Toscano and cowsfRe Later
spectroscopic studies in 1993 by the same group of authorseepbat spontaneous
charge transfer occurred between the donor and acceptecutes whereby the charge
on TTF was ~ +0.2 as determined by infrared spectrostoffhis spontaneous charge
transfer occurred despite the large disparity betweetirt$t oxidation potential of TTF
which occurs at +0.33 V and the first reduction potential §FDvhich occurs -0.78 ¥°
Based on the hypothesis that a similarity between tthexrpotentials of the individual
components is essential for spontaneous electron tranisf@as rationalized that the
tetranitrofluorenone (TENF) acceptor, with a larger nuntdelectron withdrawing nitro
groups would be a more suitable acceptor because itsdsttion potential (+0.14 V)
is much closer to the first oxidation potential of T%F.Chapter IV outlines the
preparation and solid-state structures for the chargefaracomplex between TTF and
and members of the nitrofluorenone family of acceptolrs.addition, charge transfer

complexes between TTF and TMTTF with trinitrofluorendh&NF) were prepared and
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will be presented. Complexes between TTF aie,TTF and HAT-(CN} (Figure 16)

were prepared and the potential for charge transfer voaegr

CN
CN
N =
NC N N
/
X
NC N N
N X
CN
CN

Figure 16.Schematic drawing of the organocyanide acceptor HAT-{CN)

Part Il: Square Planar Platinum(ll) Molecules

Research involving transition metal complexes has dogdnaihorganic
photochemistry for the past twenty yedfs.Interest in this field has increased as
promising results using inorganic coordination compounds have lapplications such
as solar energy conversion, photocatalysis, nonlingigesy photonic molecular devices,
and photoluminescent probes for biological syst&fis. Considerable work has been
devoted to the development of synthetic strategieshipteparation of new complexes
demonstrating a high level of stability as well as spsctypic properties which can be

easily varied by systematic alterations of the mokacsiructure. In the late 1980s, the
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inorganic systems that were most often the subjedpettroscopic studies were the
homoleptic Ru(ll) tris-diimine complex [Ru(bp§§* and its derivatives as well as related
complexes of Fe(ll) and Os(Il). The high level adlslity and synthetic control of the
Ru(ll) complexes prompted Gratzel and coworkers to useamplex Ru(dcbpy[NCS),
where dcbpy = 4,4’-dicarboxy-2,2’bipyridine as a photosemsg dye for solar cells
based on the colloidal semiconductor & To date, this compound achieves the
highest level of reported energy conversion, rivalingséhlevels observed in solar cells
based on highly-crystalline silicon wafers. Several siudiave been conducted using
various chelating heteroatom ligands such as phen wihere 9 1,10-phenanthroline to
analyze the effect of altering the chelating heterodigand on the performance of the
dye. To date no alterations of the original systemehed to significant improvement in

performance.

Complexes Containing Chelating Diimine and Dithiolate Ligands

Beginning in 1989, Eisenberg and coworkers reported that a sdrgatinum
diimine complexes containing 1,1- and 1,2-dithiolate ligandfib&ed solution
luminescencé? It was found that platinum complexes based on diimirk dithiolate
liagnds were not the only systems that exhibit this hestence, as compounds with
phenyl, phenylacetylide, cyanide, and chelating diphospifaadis were also emittets.
% Larger complexes with heteroaromatic chelates andedivalatinum species also
exhibit solution luminescent propert®€® All of these heteroaromatic ligands possess
low-lying =*-orbitals which are involved in charge-transfer (CT) psses in the

respective complexes. Various charge-transfer processegxist in these complexes
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due to the variety of orbitals present. Among the chaayesfer processes reported are
intra-ligand charge-transfer (ILCT), metal-to-ligand chagasfer (MLCT) and ligand-
to-ligand charge transfer (LLCT). In the square plaganplexes containing diimine and
dithiolate ligands coordinated to a platinum atom, theM@Dis a hybrid orbital
containing contributions from the metal atom and dithiolaands, and the LUMO is
centered on the heteroaromatic chelating ligand. (dicos revealed that the dominant
charge transfer process in the square planar complexaniieed metal/ligand-to-ligand
charge transfer (MM’'LLCT) band.

The first square planar diimine dithiolate molecules display interesting
spectroscopic properties are the complexes Pt(dmbpy)(aeodaPt(dpphen)(mnt), where
dmbpy = 4,4’-dimethyl-2,2’-bipyridine, ecda = 1-(ethoxycarbotiyl}yanoethylene-
2,2dithiolate, dpphen = 4,7-diphenyl-1,10-phenanthroline, and mnnateonitrile-
dithiolate (Figure 17). Later in 1996, Cummings and Eisenbepgrted a systematic
study on the Pt diimine dithiolate complexes which reagahat the spectroscopic
response of these molecules could be tuned to highewer energies by changing the
identity of the diimine or dithiolate ligand; this wash&yved by adding electron-
withdrawing or electron-donating substituents to the diarligand, or by changing the

polarity of the solvent used for the dissolution of tbenplex®’
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Figure 17. Representative X-ray crystal structure for the M(dbpppt) family of compounds.

It was this high level of synthetic control that prongpbtee investigation of Pt
dimiine dithiolate and complexes as potential photaseing) dyes for solar cells based
on colloidal semiconductors. In 2001, Arakawa and coworkerised the use of various
Pt(dcbpy)(dithiolate) complexes for solar cells basedi®,. Unlike the dye prepared by
Gratzel and coworkers, the dyes prepared by Arakawa didhmt the same level of
photovoltaic activity, but the results revealed that iicorporation of dithiolate ligands
into the coordination sphere of the platinum complebeasls to the onset of charge-
transfer bands that are red-shifted from complexddngdhese ligand®

Later in 2003, Dunbar and Omary made an important discawdhe field of Pt

diimine dithiolate compounds. In this report, M(dbbpy)(dn{Figure 18) where dmid =
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1,3-dithiole-2-one-4,5-dithiolate and M = Pt and Pd was combinitd thve organo-
cyanide acceptors TCNQ, TCNE, and TCNQ yield donor/acceptor systems capable of
sensitizing TiQ.°® The previous work of Gratzel and Arakawa had indicated tha
carboxylate groups present on the chelating diimine ligamas essential for attaching
the dye molecules to the surface and for facilitatiegteon injection into the conduction
band of the semiconductor, but the new studies reveadtdathouter sphere molecule
was capable of assisting the binding of the dye moletoil€&,.>®

In the traditional complexes of the type in Pt(dbbpy)(jnthere are no linking
groups available for surface adsorption. The inclusiorhefdrganocyanide acceptors
into the material is novel from a twofold standpoinEirst, organocyanide acceptors
exhibit low-lying n-n* absorption bands in the near-IR, which allows for the
donor/acceptor systems to absorb lower energy radiatSecondly, despite the lack of
traditional adsorbing groups on the metal complex itHedf systems are able to adsorb to
the surface the TiDsemiconductor using the cyanide group of the acceptor malecule
Ultimately, however, these donor/acceptor systemshdidporesent optimal functionality
as photosensitizing dyes presumably due to the lack ofesifielectron injection into the
conduction band of the semiconductor. In order to fanas photosensitizing dyes, the
first-reduction potential for the complex must be moeegative than the conduction band
of the semiconductor. Since neutral acceptors were lsieg in the preparation of the
donor/acceptor systems, a large disparity existed batwde acceptor and
semiconductor-based reduction potentials which presematgi@ imiting factor for their

use as functional photosensitizing dyes.
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Figure 18. X-ray crystal structure of Pt(dbbpy)(dmid).

Chapter V outlines the preparation of new inorganic/orgaieioor acceptor
systems using the nitrofluourenone family of acceptokwhat demonstrates these
acceptors, much like the organocyanide acceptors, allowwdterials containing them

to show a spectral response at lower enefgies.

Complexes Containing Tris-chelating Terpyridine Ligands

In 1994, McMillin and coworkers reported an interesting taidito the field of
square planar platinum molecules by illustrating the ais¢ris-chelating heteroatom
ligands in the preparation of platinum molecules withahle spectroscopic propertis.
The complexes [Pt(trpy)X]where terpy = 2,2:6’,2"-terpyrdine exhibit intraligamen*
ILCT transitions due to the presence of an extendedectron system on the terpy

ligand. The terpyridine ligand, beside facilitating thesgence of intraligand charge
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transfer bands, also allows for the prevention ofatamhless decay of the spectroscopic
signal because of the rigid planarity which limitstaitons that cause reduced spectro-
scopic performance via this mechan¥mThe terpyridine ligand can also be
functionalized with various groups, and “X” can be varied yield a family of
compounds whose properties can be probed systematicddye to their variable
spectroscopic behavior, terpyridine complexes of platiriave already seen use as
probes for DNA intercalation.

In their first report, McMillin and coworkers were alile classify some of the
charge-transfer processes occurring in the platinupyalts’® All of the platinum salts
studied showed high-energy absorption bands at wavelermgtighan 350 nm. These
high-energy bands were attributed to intraligana* transitions from the coordinated
terpy-ligand. Lower energy bands at longer wavelengths >35Wem® the subject of
debate until their relative intensity was consideredc¢esitheir molar absorptivity was
~1000 MYcm?, the bands were assigned to be metal-to-ligand chamyesfer
transitions. Studies are still being conducted to furéstablish if this metal-to-ligand
charge transfer band has mixed parentage similar to ethebuntered in platinum
complexes containing diimine and dithiolate, but it isdwed that, like the previously
studied compounds, platinum salts containing chelating teipgriigands also have a
hybrid HOMO with metal contribution.

To date, the group of Yam and coworkers have carriechost of the research on
the electrochemical and spectroscopic properties oinpflatterpyridine salts. Also,
along with the electrochemical and spectroscopic stuthiesgroup has also reported a

large number of solid-state structures as determined tgyXrystallography® While
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this group has studied complexes where the ancillary lgyane various acetylide and
substituted acetylides as they relate to biological eaipdins, this group has not
considered using these complexes for materials apphsatiovhere a tailored
photochemical response could be considered advantageoumnalyzing the work of
Yam and coworkers, it can be seen that the additioslezitron-donating or electron-
withdrawing groups on either the terpyridine or platinurordmated ligand can affect
the spectroscopic response by altering the energy afduigye transfer band across the
HOMO-LUMO gap’? This alteration leads to either a red- or blue-shift hieirt
photochemical response. With such a high level of tuhgbthese complexes are
excellent candidates for use in applications such asghositizing dyes for solar cells.
Chapter VI outlines electrochemical and crystallograptudiss on platinum terpyridine
complexes incorporating thiolate-ligands which show a spsobpic response at
energies lower than those encountered by McMillan aadh.Y Their potential use as

photosensitizing dyes for solar cells is discussed.
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CHAPTER I
PREPARATION OF
CHALCOFULVALENIUM SALTS

VIA ELECTROCHEMICAL METHODS

Introduction

The preparation of stable chalcofulvalenium salts by mlelsemical methods is a
fundamental approach to preparing interesting conducting aed superconducting
materials. One particularly exciting initiative iset synthesis of materials that can
display multifunctionality, whereby on a moleculardévmolecular materials combine,
in the same crystal, two or more physical properties wilacdh difficult, or even
impossible, to achieve in continuous lattice solids. older to overcome this barrier,
cation/anion salts where each framework contributetsndt properties to the solid have
been prepared. This approach can give rise to materidl®xthiit a coexistence of
properties, or those exhibiting novel properties due to titeiahinteraction between the
individual components. Among these materials are thbe¢ combine organic,
conducting sublattices of the TTF (tetrathiafulvalenejhwa secondary inorganic
sublattice with interesting magnetic or optical propsrtcan originate. Of particular
interest are those materials that combine both magnedind conductivity, especially
ferromagnetism and superconductivity as those propergesoasidered to be mutually
exclusive. The coexistence of these materials inglesimaterial has been the subject of
intense debate among physicists and has been thorougldgtigated from both

experimental and theoretical viewpoints.
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Planar organic donors and acceptors have been used eahgns prepare
molecular conductors and superconductors. Among these eeantgples involves the
reaction between TTF and TCNQ, whereby spontaneousialpatectron transfer
between the donor and acceptor molecules leads tortiation of segregated stacks of
partially-ionized species in the solid state which displagestallic conductivity. The
formation of the segregated stacks is critical as tleglap of orbitals of similar energy
and symmetry leads to the formation of delocalizedteda energy bands essential for
metallic conductivity to occu®*!

Electron delocalization was also discovered in sdimed by the ion-radicals
of TTF or its derivatives resulting from its oxidatiand subsequent pairing with charge-
compensating counterions. These cation-radical sdltee general formula [donatXn
have offered the most widely studied examples of madecudonductors and
superconductors. The Bechgaard family of salts, firsbrted in 1980, combined
TMTSF with anions such as [BJF, [AsKs], [SbR], [NO3s], and [PFE] to yield a family
of one-dimensional organic mixed-valence cation-radicis sehich represent the first
organic superconductots.

Inorganic chemistry offers an extensive library of rhetmplexes of various
nuclearities and dimensionalities that can be used age&ltompensating counterions
for conducting radical-cation salts. Among those aniensountered are simple
mononuclear anions, large polyoxometallate clusters, blhoebxalate-bridged anions,
and substituted dithiolate anions. Among the most dramesalts in the field of
electrochemically-prepared radical cation salts isstie (BEDT-TTF)(H.O)Fe(GO,)s *

CsHsCN which was the first salt to combine superconductivithyaramagnetic metal
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anions and the salts (BETLfeXs (X = ClI' and Br) reported by Kobayashi and

coworkers which combined antiferromagnetism with supercdiwyc'®%

These
results were among the most interesting, as the prepeoti superconductivity and
ferromag-netism were once considered inimical by physiciBbe roots of this argument
lie in the fundamental difference between supercondugtigihd normal metallic
conductivity. In the superconducting state, the currentecarare pairs of electrons
(Cooper pairs), while in metallic conductivity the elecanove independently. In the
superconducting state, interaction between the electandslattice vibrations are the
most common means of overcoming Coulombic repulsionltieg in the formation of
an attractive potential. The presence of a magneela disrupts the pairing energy and
causes the superconductor to return to the normal dEadiernal magnetic fields are not
the only fields effective in disrupting the superconductiragesta fact discovered upon
studying ferromagnetic compounds revealed that an int&etdlis generated due to the
ordering of magnetic moments thus fields generated bsorfexgnetic should be
sufficient enough to disrupt the superconducting state. | lfietds are also generated by
antiferromagnets and paramagnets, but their effect tle disruption of the
superconducting is negligible when compared to ferromagnet§o date, no
ferromagnetic superconductor with a chalcofulvaleneimhgs been prepared.

Several results obtained via the electrochemical aridaif chalcofulvalene have
been previoulsly discussed in the introduction; howeverrotésults, including those
obtained with dimeric anions, have yet to be consdler®imeric anions, have seen
limited use in radical cation salts. The anionz{E@O4)5]4' has been combined with the

donors TTF, TMTTF, and BEDT-TTF, yielding salts whehe anion dominates the
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magnetic behavior. The use of TTF with the above ayields two salts; the first is of
the formula (TTH [Fex(C,O4)s]*2PhMe«4dHO and the second is (TTAHFex(C,04)s)
«4H,0.”* The solid-state structure of the former is dominatedchgins of donors
surrounded by the dimeric anions and orthogonal TTF diménsthe latter salt, TTF
donors are packed in chains surrounded by four orthogonalddohd@ TF molecules and
the [Fe(GO4)s]* anion. Other salts such as (TMTI[Fex(C,04)s] *PhCNeHO consists
of stacks of donors and anions in a “checkerboard” arrangéfefihe salt (BEDT-
TTF)4 [Fex(C204)s] exhibits closely-spaced radical cation dimers, formingheckboard
arrangement similar to the network seen previously in thet (BEDT-
TTF),[Ge(GO4)s]*PhCN.®

Other salts containing oxalate-bridged dimeric anionsudeclthe salts (BEDT-
TTF)s[MM’(C 20,4)(NCS)] where MM’ is either CrFe or CrCP. The inclusion of NCS
in this salt is interesting because it presents the rtymty for cation-anion SeeeS
interactions. The magnetic response in both sysiememinated by the dimeric anion.
® In the CrFe case there appears to be ferromagametiedimer exchange between the
metal centers to yield an S = 4 ground sfatén the case of the CrCr system a second
salt with the formula (BEDT-TTREJCrCr(C,O4)(NCS)] was isolated which shows
metallic conductivity. In both CrCr cases, the magnetsponse is dominated by an
antiferromagnetic interaction between the Cr cent@r

While oxalate-bridged dimeric anions have yielded intengstesults for the
preparation of stable, radical cation salts, thereehaeen few studies of bimetallic
systems that possess metal-metal bonds. Salts oT BHIP with [Re(NCS)g™ (n = 2,

3) have been prepared which show differences in thid-st@te structure facilitated by
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alteration of the anion’s chardé. The structure of the n = 3 analog consists of layers
containing both cations and anions with several shonSSeontacts. Despite the
presence of several short sulfur contacts, there ehwork of continuous ET radicals,
which results in a low conductivity for the salt. Thegnetic susceptibility of the
resulting salt has been best modeled as a sum ofotitebutions from the anion and
BEDT-TTF dimers.’ A salt has also been prepared with the donor DMDP#¢F
[Re,Clg]* which showed layers of [R€lg]* separated by eclipsed dimers of fully-
ionized donorg®

Planar metallocomplex anions of the metal-bisdithiel&mily tend to form one-
dimensional stacks in the solid-state when combined wutibable cations. In this
context, metal bis-maleonitriledithiolate anions [M(pafit(M(IIl) = Ni, Cu, Au, Pt, Pd,
Co, and Fe) have been combined with perylene to form orghaige-transfer solids
PepM(mnt),.”® The organic donor perylene is one of the most well-stldbnors and
has been used in the preparation of highly conducting sdlidsbecause of the lack of
sulfur atoms on perylene, all systems are stronglydamensional and suffer from the
traditional electronic instabilities associated with 1-B¥teyns. All of the salts with
perylene as the donor show metallic conductivity to temperatures before undergoing
a metal-to-insulator transition. Very little work haeen devoted to the study of the
metal bis-maleonitriledithiolate anions with chalcofubraum radical cations. The
structure and transport properties of the (BEDT-TTF)[Rtjshhave been reported and
reveal that this salt is an extremely weak semicond®tdte structures and transport
properties of two phases of (BEDT-TTF)[Ni(msjthave been reported and, much like

the platinum salt, show reduced conductifiity. The transport properties of (BEDT-
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TTF)[Cu(mnt}] have been reported, showing room temperature conductiviings/af
<10° Secm', but no structure was report&¥d. Salts of the general formula
(TTE)[M(mnt);] where M = Ni, Cu, Au, Pt, Pd, Co, and Fe have been pedpaa
metathesis methods using the oxidized tetrathiafulvalersaln (TTF}[BF4], and n-
tetrabutylammonium salts of the metal bis-maleonititfedlate anions. As expected,
because of the strong dimerization of the fully-ioniz&d=Tradicals, the resulting salts
are insulatoré?

This chapter outlines the results of electrochemicahtreses of stable
chalcofulvalenium salts. Among the salts prepared lanset which incorporate the
metal-metal bonded dianion [Rg]> with BEDT-TTF, TMTTF, TMTSF, ando-
Me,TTF (Figure 19). Some work involving the [Cu(miht)anion is also presented
including the structure of its salt with ET. A salt wite donor TMTTF was also
prepared. In an effort to fully establish a family s#lts for a single donor,
electrochemical methods were used to prepare radicahcsalts betweew-Me, TTF
and several anions, including”CBr, I, [BF4], [PK], and [k]. Other salts with this
donor and some members of the polyoxometallate and pystatate family of anions
were also prepared. Finally, a few salts were prepartdother donors such as BPDT-

TTF and TTF (Figure 19) including its salts with [Co(@R)and [Fé&'(CN)s]*.
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Figure 19. The chalcofulvalene donors TT&),(TMTTF (b), o-Me,TTF (c), and BPDT-
TTF (d).
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Figure 2C. Diagram of cell used in the preparation of salts agoimtg oxidizec

chalcofulvalene moieties via electrochemical methods.
Experimental Section
Preparation of Compounds

For all electrochemical preparations, solvents weitepneviously dried. In fact,

the preparation of salts containing cyanometallate chemggpensating anions formed
higher quality crystals upon the addition of few drops ofewaFor all radical cation
salts, crystals formed on platinum electrodes in tle&m compartment of a standard U-
or H-cell (Figure 20) under the conditions of the applicabf a low constant current.
All syntheses were performed at room temperature viieh exception ofl0, which
formed on the electrode after submersion in an ethaatbl at -10°C. TTF and BEDT-
TTF were purchased from TCI and TMTSF was purchased fomos and were used as
received without further purification. TMTTFe-Me,TTF, and BPDT-TTF were

provided by Prof. Marc Fourmigué and used without additional patifin®® The salts
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P(Ph)CI, P(Ph)Br, TBAI, TBABF4, TBAPFs;, TBAIls, (TBA)s[Fe(CN)], Ks[Fe(CN)],

and Kg[Co(CN)s] were all purchased from Aldrich or Acros and used asived. The
salts (TBAYReClg], (TBA)[WsO1g], and (TBAY[MosO19] Were prepared according to
literature procedure$:®> The crown ether Dibenzo-18-crown-6 was purchased from

Acros and used as received without further purification.

Table 1. Synthetic conditions for (BEDT-TTHReCls] (1), (TMTTF)s[RexClg]e
2CH;CN (2°2CHsCN), (TMTSF)}[RexClg]223CH,Cl,  (3°3CH,CI,), and 6-
Me, TTF),[RexClg] (4). All reactions were performed at a constant curoé€ot5 pA.

salt

anode

cathode

(BEDT-TTF),[Re,Clg] (1)

(0-Me,TTF),[Re,Clg] (4)

(TMTTF)4[Re,Clgle 2CH,CN (2)

(TMTSF)[Re,Clgl,* 3CH,C, (2)

BEDT-TTF (25 mg)
(TBA),[Re,Cly] (150 mg)
PhCN (10 mL)

TMTTF (20 mg)
(TBA),[Re,Cly] (100 mg)
CH,CN (10 mL)

TMTSF (20.2 mg)
(TBA),[Re,Cly] (102 mg)
CH,Cl, (10 mL)

0-Me,TTF (12 mg)
(TBA),[Re,Clg] (100 mg)
CH,CN (10 mL)

(TBA)Re,Cly] (150 mg)
PhCN (10 mL)

(TBA)Re,Cly] (100 mg)
CHCN (10 mL)

(TBA)Re,Cly] (102 mg)
CHCI, (10 mL)

(TBA)[Re,Clg] (100 mg)
CHCN (10 mL)

(BEDT-TTF) ;[Re:Clg] (1).

As outlined in Table 1, into both compartments of the

electrochemical cell, ~150 mg (0.131 mmol) of (TERe.Clg] was added and combined
in each compartment with 10 mL of PhCN. BEDT-TTF (0.025 §6D.mmol) was
added to the anodic compartment and the entire cellattashed to a potentiostat to
insure that a constant oxidative current biased to a lowpaitef 0.5uA was applied to

the system. After a period of two months, small blaakcklcrystals of the title
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compound had formed on the electrode surface. The @ystak removed from the

electrode surface, washed with PhCN, and dried in air.

(TMTTF) 3[RexClg]*2CH3CN (2¢2CHsCN). As in the case of, the synthesis for this
salt is outlined in Table 1. (TBAReClg] (0.100 g, 0.088 mmol) was added to each
compartment of the electro-chemical cell where eshed mass was combined in each
compartment with 10 mL of G4&N. TMTTF (0.020 g, 0.077 mmol) was added to the
anodic compartment and subjected to a low current patefia5 pA. After a period of
two weeks, black block crystals of the salt had formedhenelectrode surface which

were later removed, washed with MeCN, and dried in air.

(TMTSF) 5s[RexClg] 223CH.Cl, (3*3CH,CI,). Like the previous salts, the synthesis for
this salt is outlined in Table 1. (TBARe,Clg] (0.102 g, 0.090 mmol) was added to each
compartment of the electrochemical cell where eachdduess was combined in each
compartment with 10 mL of Ci€l,. TMTSF (0.020 g, 0.044 mmol) was added to the
anodic compartment and subjected to a low current devis@iyb pA. After a period of
one week, small black needle crystals of the salt hadeid on the electrode surface

which were later removed, washed with {4, and allowed to dried in air.

(0-Me,TTF)j[RexClg] (4). To a standard electrochemical cell, (TBiReClg] (0.100 g,
0.088 mmol) was added to each compartment of the electizzdlecell where each
added mass was dissolved in 10 mL of;CN. To the anodic compartment was added

0-Me,TTF (0.012 g, 0.052 mmol) and the cell was subjected to alovent density of
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0.5pA. After a period of two weeks, small black needlestals of the salt had formed

on the electrode surface which were later removed, edasfth CHCN, and dried in air.

Table 2. Synthetic conditions for (BEDT-TTF)[Cu(mgk)5) and (TMTTF) [Cu(mnt)]
(6). Both syntheses were performed at a constant cuofént pA.

salt anode cathode
(BEDT-TTF)[Cu(mnt)] (5) BEDT-TTF (10 mg)
(TBA),[Cu(mnt)] (50 mg) (TBA)[Cu(mnt)] (50 mg)

1,1,2-trichloroethane (15 ml

~

1,1,2-trichloroethdh® mL)

(TMTTF)[Cu(mnt))] (6) TMTTF (10 mg)
(TBA),[Cu(mnt),] (100 mg) (TBA)Y[Cu(mnt),] (100 mg)
CH3CN (15 mL) CHCN (15 mL)

(BEDT-TTF)[Cu(mnt) 7] (5). As outlined in Table 2, (TBA)Cu(mnt)] (0.050 g, 0.060
mmol) was added to both compartments of a standard elbetrical cell which was
later dissolved by adding 10 mL of 1,1,2-trichloroethane easd¢lcompartments. Into the
anodic compartment was added BEDT-TTF (0.010 g, 0.026 mridk. entire cell was
exposed to low oxidizing current density of Q& which facilitated the deposition of
black block crystals of the radical cation salt on e¢lectrode surface after two weeks.
The crystals were removed from the electrode, was¥itdd 1,1,2-trichloroethane and

CHsCN and dried in air.

(TMTTF)[Cu(mnt) 5] (6). In a manner similar to that reported férin Table 2,
(TBA)2[Cu(mnt)] (0.100 g, 0.121 mmol) was added to both compartments tahdasd
electrochemical cell and dissolved by adding 10 mL o§@M\H into the compartments.

Into the anodic compartment was added TMTTF (0.010 g, 0.038)namab loxidized at a



40

low current density of 0.7A in the presence of the electrolyte solution to ytaall
black needle crystals of the title salt after a penbdwo weeks. The crystals were

removed from the electrode, washed withsCN and dried in air.

Table 3. Synthetic conditions forofMe,TTF),[CI] (7), (0-Me,TTF),[Br] (8), and ¢-
Me, TTF),[l] (9). All reactions were performed at a constant cuménts pA.

salt anode cathode
(0-Me, TTF),[CI] (7) 0-Me,TTF (9.6 mg)
P(Ph)CI (105 mg.) P(PhY (105 mg.)
CHCN (10 mL) CHCN (10 mL)
(0-Me,TTF),[Br] (8) 0-Me,TTF (10.1 mg)
P(Ph)Br (105 mg.) P(PhBr (105 mg.)
CHCN (10 mL) CHCN (10 mL)
(0-Me,TTF)[1] (9) 0-Me,TTF (9.4 mg)
TBAI (105 mg.) TBAI (105 mg.)
CHCN (10 mL) CHCN (10 mL)

(0-Me,TTF) o[CI] (7). As reportedin Table 3, P(PhLl (0.105 g, 0.281 mmol) was
added to both compartments of a standard electrocheneit@nd dissolved by adding
10 mL of CHCN into the compartments. Into the anodic compartmead addec-
Me,TTF (0.010 g, 0.043 mmol) and oxidized at a low current dewdiy.5 pA in the
presence of the electrolyte solution to yield small lblaeedle crystals of the title salt
which were harvested from the electrode surface afperiad of two weeks. The crystals

were removed from the electrode, washed with@Cand dried in air.

(o-Me,TTF)o[Br] (8). Into a standard electrochemical cell, P¢@h)(0.105 g, 0.251
mmol) was added to both compartments where each added rmmskssaolved in 10 mL

of CHsCN. Into the anodic compartment was addedle,TTF (0.010 g, 0.043 mmol)
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and oxidized at a low current potential of QuB in the presence of the electrolyte
solution. Black needle crystals of the title $&ltl formed on the electrode surface after
a period of a few hours and were later harvested afieriad of two weeks. The crystals

were removed from the electrode, washed with@Cand dried in air.

(0-Me,TTF) o[l] (9). Into a standard electrochemical cell, TBAI (0.105 g, 0.28%hHhm
was added to both compartments. The salt added toceagbartment was dissolved in
10 mL of CHCN. Theo-Me,TTF donor (0.010 g, 0.043 mmol), which was added to the
anodic compartment, was oxidized at a @6in the presence of the electrolyte. Black
needle crystals of the title salt formed on the tetele surface after a period of a few
hours, but grew larger over the period of two weeks ance aer harvested. The

harvested crystals were washed withsCN and dried in air.

Table 4. Synthetic conditions forofMe,TTF);[BF4] (10), (0-Me,TTF),[PF] (11), and
(o-Me,TTF)[l5] (12). All reactions were performed at a constant cuménts pA.

salt anode cathode
(0-Me,TTF),[BF,4] (10) 0-Me,TTF (9.6 mg)
(TBA)BF, (100 mg) (TBA)BR (100 mg)
CHLCN (12 mL) CHCN (12 mL)
(0-Me, TTF),[PF{] (11) 0-Me,TTF (10.1 mg)
(TBA)PFs (105 mg) (TBA)PK (105 mg)
CHLCN (12 mL) CHCN (12 mL)
(0-Me, TTF)[13] (12 0-Me,TTF (9.8 mg)
(TBA)I3(105 mg) (TBA)L (105 mg)
CHLCN (12 mL) CHCN (12 mL)

(0-Me,TTF) o[BF4] (10). Into both compartments of a standard electrochemical cell

TBABF, (0.100 g, 0.304 mmol) was added to both compartments. Thedsgall to each
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compartment was dissolved in 12 mL of £l and oxidized in the presence of the
Me,TTF donor (0.0096 g, 0.041 mmol) at a low current density®fi8. Small black
needle crystals of the title salt formed on the tetele surface after a period of a few
weeks at -10°C. The intense dark green solution was tloeveal to slowly evaporate in
air yielding more needle-like black crystals after aldisonal week. All harvested
crystals were washed with GEIN and dried in air. The synthesis of this salt was

outlined in Table 4.

(0-Me,TTF) o[PF¢] (11). Into a standard electrochemical cell, TBARB.105 g, 0.271
mmol) was added to both compartments and dissolved in 18frGlH;CN. The donor
0-Me,TTF (0.0101 g, 0.044 mmol), which was also added to the anotpartment
was oxidized at a low constant current of @A in the presence of the electrolyte
solution to yield black block crystals of the title saitthe surface of the electrode which
were harvested after a period of two weeks. The harvesysthls were washed with

CHsCN and dried in air. The synthesis of this salt isioed in Table 4.

(o-Me,TTF)[l 5] (12). Into both compartments of a standard electrochemicatlH-
TBAI; (0.105 g, 0.169 mmol) was added and later dissolved in 12 mHegZK. The
donoro-Me,TTF (0.0098 g, 0.042 mmol) was combined with the electrolytetisal in
the anodic compartment and exposed to a weak currentydeh$§i.5 pA to yield black
block-like crystals on the electrode surface which wexevested after a period of two

weeks, washed with GE&N, and dried in air.
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Table 5. Synthetic conditions foro{Me;TTF),[WeO14 (13), (0-Me;TTF),[M0gO14] (14)
and (BPDT-TTRJWsO1g] (15. All reactions were done at a constant current@{1A.

salt anode cathode
(0-Me, TTF)[WeO1q] (13) 0-Me,TTF (9.6 mg)
(TBA);[W¢O14] (107 mg) (TBAYWO1¢] (107 mg)
CH;CN (10 mL) CHCN (10 mL)
(0-Me,TTF),[M0gO14] (14) 0-Me,TTF (9.8 mg)
(TBA)2[M0¢O1 ¢ (110 mg) (TBAYM06O;4] (110 mg)
CH;CN (10 mL) CHCN (10 mL)
(BPDT-TTF),[WgO,4] (15) BPDT-TTF (12 mg)
(TBA);[W¢O14] (107 mg) (TBAYWO1¢] (107 mg)
CH3CN/1,1,2-TCE (10 mL) CHCN/1,1,2-TCE (10 mL)

(0-Me,TTF) o[WeO1g] (13). As outlined in Table 5, into both compartments of a st@hda
electrochemical H-cell, (TBA)WO;4] (0.107 g, 0.057 mmol) was added and dissolved
in 10 mL of CHCN. The donoo-Me,TTF (0.0096 g, 0.041 mmol) was combined with
the electrolyte solution in the anodic compartment argosed to a constant current
density of 1.0uA to yield black block-like crystals on the electrode acef which were

harvested after a period of two weeks, washed withGBDH and dried in air.

(0-Me,TTF)[M0ogO1g (14). Into a standard electrochemical cell, (TBMN0sO1q]
(0.110 g, 0.080 mmol) was added to both compartments and desalvVE0 mL of
CHsCN. The donoro-Me,TTF (0.0098 g, 0.042 mmol), which was also added to the
anodic compartment, was oxidized at a constant cuofehtOpA in the presence of the
electrolyte solution to yield black needle crystalshd title salt on the surface of the
electrode which were harvested after a period of two wed@ke crystals were washed

with CH;CN and dried in air. The synthesis of this salt isioetl in Table 5.
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(BPDT-TTF)2JWeO19 (15). As outlined in Table 5, into both compartments of a
standard electrochemical H-cell, (TBANsO19 (0.107 g, 0.057 mmol) was added and
dissolved in 10 mL of a mixed GBN/1,1,2-trichloroethane solution. The donor BPDT-
TTF (0.010 g, 0.024 mmol) was combined with the electrolytatisol in the anodic
compartment and exposed to a constant current density) @A to yield black block-
like crystals on the electrode surface which were Ishede after a period a month,

washed with CKCN and 1,1,2-trichloroethane and dried in air.

Table 6. Synthetic conditions for ofMe;TTF)g[F€" (CN)e]z2H,0 (16¢2H,0), (o-
Me;TTF)s [CO(CN)J2:8H,0 (17-8H,0), (TTF)iFe"(CN)els*8H:0  (18+8H,0),and
(TTF)11[Co(CN)s]3*8H.0 (19+8H,0). All reactions were performed at a constant current
of 0.9 PA.

salt anode cathode
(0-Me, TTF)g[Fe" (CN)g] 322H,0 (16+2H,0) 0-Me,TTF (10.1 mg)
(TBA)s[Fe(CN)] (115 mg) (TBAY[Fe(CN)] (115 mg)
CH,CN (10 mL) CHCN (10 mL)
(0-Me;TTF)5[Co(CN)]*8H,0O (17-8H,0) 0-Me;TTF (10.1 mg)
K3[Co(CN)] (102 mg) K[Co(CN)s] (102 mg)
Dibenzo-18-crown-6 (150 mg) Dibenzo-18-crown-6 (1h5§)
CH,CN (10 mL) CHCN (10 mL)
H,O (1 mL) HO (1 mL)
(TTF)u[Fe" (CN)els*8H,0 (18+8H;0) TTF (9.8 mg)
K3[Fe(CN)] (102 mg) K[Fe(CN)] (102 mg)
Dibenzo-18-crown-6 (150 mg) Dibenzo-18-crown-6 (1h5§)
CH,CN (10 mL) CHCN (10 mL)
H,O (1 mL) HO (1 mL)
(TTF)12[Co(CN)g] 328H,0 (19+8H,0) TTF (10.3 mg)
K3[Co(CN)] (102 mg) K[Co(CN)s] (102 mg)
Dibenzo-18-crown-6 (150 mg) Dibenzo-18-crown-6 (1h5§)
CH,CN (10 mL) CHCN (10 mL)
H,O (1 mL) HO (1 mL)

(0-Me;TTF) g[Fe" (CN)g]3*2H20 (16+2H:,0). As outlined in Table 6, into both

compartments of a standard electrochemical H-ceBAjE[Fe(CN)] (0.115 g, 0.122
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mmol) was added and dissolved in 10 mL ofsCN. The donoio-Me,TTF (0.0101 g,
0.044 mmol) was combined with the electrolyte solutiorhédnodic compartment and
exposed to a constant current density of 0A9to yield black needle crystals on the
electrode surface which were harvested after a periodndéhimvashed with C#CN, and

dried in air.

(0-Me,TTF) g[Co(CN)g]2*8H,O  (17+8H,0). As outlined in Table 6, into both
compartments of a standard electrochemical H-cg[IC&CN)] (0.105 g, 0.316 mmol)
and dibenzo-18-crown-6 (0.150 g, 0.416 mmol) were added and dgsoN® mL of
CHsCN and 1 mL of HO. The donoo-Me,TTF (0.0101 g, 0.044 mmol) was added to
the anodic compartment and exposed to a constant cueesity of 0.9uA to yield
black block-like crystals on the electrode surface whichewmarvested after a period a

month, washed with ¥0 and CHCN, and dried in air.

(TTF) 11[Fe" (CN)g]*8H,0 (18+8H,0). As outlined in Table 6, into both compartments
of a standard electrochemical H-cell[Re(CN)] (0.102 g, 0.310 mmol) and dibenzo-
18-crown-6 (0.150 g, 0.416 mmol) were added and combined with 10 @Hs6IN and
1 mL of HbO. The donor TTF (0.0098 g, 0.048 mmol) was added to the acmahicart-
ment and the entire assembly was exposed to a consta@htcdensity of 0.9A which
yielded black block-like crystals on the electrode surfacechvinere harvested after a

period of one month, washed with® and CHCN, and dried in air.
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(TTF)11/Co(CN)g)3*8H,0O (19+8H,0). As described previously in Table 6, into both
compartments of a standard electrochemical H-cg[IC&CN)] (0.102 g, 0.307 mmol)
and dibenzo-18-crown-6 (0.150 g, 0.416 mmol) were added and combimetiOwitL of
CHsCN and 1 mL of HO. The donor TTF (0.0103 g, 0.051 mmol) was added to the
anodic compartment after which time the cell was sége to an oxidative current
density of 0.9uA to yield black block-like crystals on the electrode acef which were

harvested after a period a month, washed wih Bnd CHCN, and dried in air.

X-ray Crystallographic Details and Structure Solution

X-ray data for salts2 and 5 were collected on a Bruker SMART CCD
diffractometer at 110+2 K with graphite monochromated Mogk= 0.71073 A) radia-
tion. The data used to solve structures3¥a@nd 6, 15,were collected on a Bruker D8
GADDS system at 110+2K with graphite monochromated GuéK = 1.54178 A)
radiation. Data for the remaining salts were coliécten a Bruker APEX I
diffractometer using graphite monochromated Mo-& = 0.71073 A) radiation. The
data were corrected for Lorentz and polarization effethe Bruker SAINT software
package was used to integrate the frames and the dataomexeted for absorption using
the SADABS prograrfi®®’ Space groups were unambiguously assigned by analysis of
symmetry and systematic absences determined by XPRERe structures were solved
by direct methods by the use of the SHELXS-97 prograrharBruker SHELXTL v5.1
software packag®® The final refinements were carried out with anisotrapirmal
parameters for all non-hydrogen atoms. Figures focitysallographic structures were

generated using the XSEED program.
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Other Physical Measurements

Magnetic measurements were performed on a Quantungi8§UID, MPMS-
XL magnetometer. Magnetic susceptibility measuremented DC mode were carried
out at an applied field of 0.1 T in the 2-300 K range. [Hieadt conductivity was
measured with the four probe technique using a Quantum DRBigIS equipment in the
temperature range 300-220 K on single crystals of sarh@ad3. The contacts between
the platinum wires (25im diameter) and the crystals were done using graphite. Jdste
samples were measured with cooling and warming ratesd.ein* and with a D.C.
intensity current of 0.1uA. Theoretical band diagrams were calculated using the

program CAESAR?

X-ray Structures

The crystals for all of the radical cation salterav grown by electrochemical
oxidation of various chalcofulvalene donors in the presehselutions of various charge
compensating anions. It has been well established in vditienadure reports that, in the
absence of any inter-molecular contacts sucht-asor S e S interactions, neutral
chalcofulvalene donors are non-planar, often exhibitiggificant bends of up to 30°
along intra-molecular dithiole or diseleno bridd&s.Upon oxidation of the donor,
structural alterations accompanying the formation of thtBcah cation occur, which
includes the adoption of a planar conformation followea lgngthening of the central

C=C bond and a shortening of the C-S bonds in the cérffatore®
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The central C=C bond and C-S bonds are the most sudeefatithe oxidation
state of the donor and have been used by Coppens and csaorklevelop an empirical
relationship that can be used to calculate the overatlaton state of the donor
molecule?® With the presence of planar, radical cation saftsT®F-like molecules,
another intermolecular interaction occurs in thedssiate. Planar, radical cations, such
as TTF, have a strong tendency to form dimers irstiid-state via a two-electron bond
through direct overlap of their singly-occupied molecutabitals (SOMOs). An
important characteristic of the tetrathiafulvalene eunale is the shape of its SOMO,
which is an orbital whose-character covers the centraglSy motif. The approach of two
such radical cations into a face-to-face eclipsechgeiment corresponds to the formation
of 6 bonding anas* antibonding combinations of the two SOMOs (Figure 21). hvdih
electron occupancy of two, a stroegbond between the radicals is formed and the

dyadic, dicationic entity becomes fully diamagnétic.

Figure 21. Face-to face arrangement in dimers of TTF and spomding molecular
orbital diagram description of the diamagnetic naturdisfentity.



49

(BEDT-TTF)}RexClg] (2), (TMTTF}[RexClg]*2CH3CN @°2CHsCN),
(TMTSF}[Re&;Clg]*3CH,Cl; (3°3CH,Cl,), and (0-MeTTF), [RexClg] (4)

The salt (BEDT-TTRJReClg] (1) crystallizes in the triclinic space groupl
and is dominated by the formation of strantype dimers between fully oxidized radical
cations of BEDT-TTF. The oxidation state for botdicals has been determined to be
+1 via calculation using the Coppens formula. ClosgreoBon of the intradimer S-S
contacts along the (1,1,1) stacking axis reveal sepasatib®.463 and 3.476 A between
neighboring sulfur atoms in the TTF core of the BEDIFTmolecules. Since the
separation between the neighboring atoms is <3.6 Asuheof the van der Waals radii
for overlapped sulfur p-orbitals, it can be postulated tldimer has formed between the
BEDT-TTF radical cations, which would lead to the ondestrong charge localization.
No S-S contacts are found to exist between peripheffar atbms on the ethylenedithio
bridges as the intradimer contacts between thesersuitims are >3.8 A. There are also
significant bends in these ethylenedithio bridges aroundsphaybridized carbons, a
direct consequence of the tetrahedral geometry otthasbon atoms. The solid-state

structure and selected bnond distanced fare shown in Figures 22 and 23 and Table 7.



50

Figure 22. X-ray crystal structure of (BEDT-TTEHReClg] (1).

Figure 23. Solid-state packing of the BEDT-TTF donor molecuted illustrating the
formation of stacks of the BEDT-TTF donor molecules.



Table 7. Bond distances for (BEDT-TTHReClg] (1) in A.

Re(1)-Re(1)
Re(2)-Re(2)
Re(1)-ClI(1)
Re(1)-CI(2)
Re(1)-CI(3)
Re(1)-Cl(4)
Re(2)-CI(5)
Re(2)-CI(6)
Re(2)-CI(7)
Re(2)-CI(8)
S(1)-C(1)
S(1)-C(3)
S(2)-C(2)
S(2)-C(4)
S(3)-C(3)
S(3)-C(5)
S(4)-C(4)
S(4)-C(5)
S(5)-C(6)
S(5)-C(7)
S(6)-C(6)
S(6)-C(8)
S(7)-C(7)
S(7)-C(9)
S(8)-C(8)
S(8)-C(10)

2.231(19)
2.222(18)
2.337(5)
2.340(5)
2.335(5)
2.318(5)
2.334(5)
2.335(5)
2.308(6)
2.334(6)
1.81(2)
1.72(2)
1.80(3)
1.78(2)
1.77(2)
1.70(2)
1.74(2)
1.731(19)
1.706(19)
1.76(2)
1.73(2)
1.71(2)
1.71(2)
1.83(2)
1.71(2)
1.79(2)

S(9)-C(11)
S(9)-C(13)
S(10)-C(12)
S(10)-C(14)
S(11)-C(13)
S(11)-C(15)
S(12)-C(14)
S(12)-C(15)
S(13)-C(16)
S(13)-C(17)
S(14)-C(16)
S(14)-C(18)
S(15)-C(17)
S(15)-C(19)
S(16)-C(18)
S(16)-C(20)
C(1)-C(2)
C(3)-C(4)
C(5)-C(6)
C(7)-C(8)
C(9)-C(10)
C(11)-C(12)
C(13)-C(14)
C(15)-C(16)
C(17)-C(18)
C(19)-C(20)

1.72(3
1.74(2
1.73(3)
1.72(2)
1.74(2)
1.70(2)
1.77(2)
1.73(2)
1.72(2)
1.75(2)
1.74(2)
1.76(2)
1.748(1
1.79(3)
1.76(2)
1.73(3)
1.44(3)
1.31(3)
1.41(3)
1.42(3)
1.45(3)
1.33(4)
1.33(3)
1.39(3)
1.32(3)

1.38(4)

8)
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Upon initial observation analysis &, it appears that mixed-valence chalco-
fulvalene donors essential to the onset of enhanced conguotay be present. Upon
closer inspection of the C=C and C-S bond distancesppears that two of the three
TMTTF donor molecules have been completely ionizecheo+#1 state while the third
remains neutral. The stacking motif which exists aldmg(fL,1,1) axis is dominated by
close S-S contacts between neighboring sulfur atomistainces <3.6 A, indicating the
presence of a potential strongtype dimer between the tetramethyltetrathiafulvalenium
cations. The intra-atomic distances between thiirsatoms of one TMTTF radical
cation and the neutral donor are >3.6 A leading to a ndoramistacking motif along the
stacking axis. Another interesting feature found in thecture is the presence of weak
hydrogen bonds between the nitrogen atom (N2) of an titi@racetonitrile molecules
and a single sghybridized carbon atom (H24B) of a tetramethyltetrathiafi@nium
cation. The solid-state structure and selected bnond cistdor Re2CH3;CN) are shown
in Figures 24 and 25 and Table 8.

The solid state structure &f gives the initial appearance of a mixed-valence
system. A key difference betwe2rand3 is the substitution of selenium atoms into the
molecular environment of the chalcofulvalenium donor. Miikh S-S contacts at
distances <3.6 A, Se-Se overlap at distances <4.0 A iedisibng inter-atomic
interactions. These strong interactions are esddntthe formation of a facile pathway
for the transfer of itinerant electrons. Upon closealysis of the critical bond distances,
it appears that four of the five TMTSF donors, labeled-&S have been ionized to their

+1 state.
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Cle

Figure 24. X-ray crystal structure of (TMTTEReCClg]*2CH3;CN (2°CH3CN).
Interstitial acetonitrilemolecules have been omiftedhe sake of clarity.

Figure 25. Solid-state packing of the TMTTF donor molecule2«RCH3CN illustrating
their formation of a one-dimensional stacking matithe organic sublattice.



Table 8. Bond distances for (TMTTERe:Clg]*2CHsCN (2¢2CH5CN) in A.

Re(1)-Re(2)
Re(1)-Cl(1)
Re(1)-Cl(2)
Re(1)-CI(3)
Re(1)-Cl(4)
Re(2)-CI(5)
Re(2)-CI(6)
Re(2)-CI(7)
Re(2)-CI(8)
S(1)-C(2)
S(1)-C(5)
S(2)-C(3)
S(2)-C(5)
S(3)-C(6)
S(3)-C(8)
S(4)-C(6)
S(4)-C(9)
S(5)-C(12)
S(5)-C(15)
S(6)-C(13)
S(6)-C(15)
S(7)-C(16)
S(7)-C(19)
S(8)-C(16)
S(8)-C(18)
S(9)-C(22)
S(9)-C(25)
S(10)-C(23)
S(10)-C(25)

2.2253(8)
2.3230(12)
2.3271(12)
2.3317(14)
2.3304(11)
2.3186(14)
2.3344(11)
2.3367(12)
2.3263(13)
1.760(4)
1.750(4)
1.761(4)
1.751(4)
1.752(4)
1.758(4)
1.748(4)
1.755(4)
1.738(4)
1.721(4)
1.740(4)
1.716(4)
1.716(4)
1.732(4)
1.713(4)
1.731(4)
1.729(4)
1.725(4)
1.737(4)
1.710(4)

S(11)-C(26)
S(11)-C(29)
S(12)-C(26)
S(12)-C(28)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(5)-C(6)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(15)-C(16)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(25)-C(26)
C(27)-C(28)
C(28)-C(29)
C(29)-C(30)
C(31)-C(32)
C(33)-C(34)
C(32)-N(1)
C(34)-N(2)
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Close inspection of the inter- and intra-atomic borstlacices reveal that the Se-
Se contacts between selenium atoms in A and B arefs4n@licating the formation of a
strong dimer of thes-type. Intermolecular bond distances between B anchd@vs
contacts at distances ranging from a minimum of 3.938 &rmaximum of 4.188 A. The
lack of contact between selenium atoms at distande® A between donors B and C
indicate the existence of a dimer between donors A amstBad of a trimer composed
of A-C. The onset of short Se-Se contacts betwekmgim atoms in C and D are <4.0
A, indicating the formation of a strongdimer between these donors. The final set of
intermolecular contacts, those between D and E shtevr-atomic distances similar to
those between B and C, primarily that they are >4.anying from a minimum of 3.933
A to a maximum of 4.188 A. In accordance with charge nktytrdictated by the
presence of two [RElg]* dianions, it can be concluded that the organic sublattice
composed of a dimer of TMTSF radical cation dimeflhe solid-state structure and

selected bond distances f@3CH,CI,) are shown in Figures 26 and 27 and Table 9.
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Figure 26. X-ray crystal structure of (TMTSEReClg]2*3CH.Cl, (3*.3CH.Cly).
Interstitial dichloromethane molecules have been enhitbr the sake of clarity.

Figure 27. Solid-state packing of the TMTSF donor molecule3+BCH,ClI; illustrating
the formation of a one-dimensional stacking motifhe organic sublattice.



Table 9. Bond distances for (TMTS#Re,Clg],*3CH,Cl, (3:3CH,Cl>) in A.

Re(1)-Re(2)
Re(1)-Cl(1)
Re(1)-Cl(2)
Re(1)-CI(3)
Re(1)-Cl(4)
Re(2)-CI(5)
Re(2)-CI(6)
Re(2)-CI(7)
Re(2)-CI(8)
Se(1)-C(3)
Se(1)-C(5)
Se(2)-C(2)
Se(2)-C(5)
Se(3)-C(7)
Se(3)-C(10)
Se(4)-C(8)
Se(4)-C(10)
Se(5)-C(11)
Se(5)-C(12)
Se(6)-C(11)
Se(6)-C(13)
Se(7)-C(17)
Se(7)-C(20)
Se(8)-C(18)
Se(8)-C(20)
Se(9)-C(21)

2.257(16)
2.340(5)
2.320(5)
2.329(5)
2.329(5)
2.327(5)
2.327(5)
2.331(5)
2.330(5)
1.84(2)
1.87(2)
1.90(2)
1.85(2)
1.88(2)
1.87(2)
1.91(2)
1.86(2)
1.87(2)
1.88(2)
1.90(2)
1.89(2)
1.90(2)
1.86(2)
1.868(19)
1.89(2)
1.86(2)

Se(9)-C(22)

C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(5)-C(5)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(10)-C(11)
C(12)-C(13)
C(12)-C(15)
C(13)-C(14)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(20)-C(21)
C(22)-C(23)
C(22)-C(25)
C(26)-CI(9)
C(26)-CI(10)
C(27)-CI(11)
C(27)-CI(12)
C(28)-CI(13)
C(28)-CI(14)

1.84(2)
Se(10)-C(21) 1.87[2)
Se(10)-C(23) 1.86/2)

1.47
1.36
1.53
1.40
1.52
1.32
1.50
1.38
1.37
1.50
1.48
1.43
1.36
1.50
1.38
1.39
1.47
1.76
1.75
1.72
1.78
1.77
1.64

B)
B)
o)
)
B)
B)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
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The solid-state structure dfcrystallizes in the triclinic space groépl and is
dominated by short S-S contacts at distances <3.6 A bettee neighboring sulfur
atoms of theo-Me,TTF donor which reside along the tetrathiafulvaleniumkstachich
coincide with the (1,1,1) axis. These short interatomaind distances combined with the
presence of +1 charges on the radical cations shoulddetid formation of strong-
type dimers which could lead to the onset of charge kat&in. Among other structural
details of the structure is a Re-Re bond distance of 2.2&&n8istent with the existence
of a quadruple bond between the rhenium atoms, as expédtkd.solid-state structure
and selected bond distances 4oare shown in Figures 28 and 29 and Table 10. X-ray
crystallographic and refinement and the calculated vadefarethe chalcofulvalenium

radical cations folL-4 are listed in Tables 11 and 12.

(BEDT-TTF)[Cu(mnt)] (5) and (TMTTF]Cu(mnt)] (6)

The solid state structure &f which crystallizes in the triclinic space groBgl,
and is dominated by integrated stacks of BEDT-TTF donods[@u(mnt}]” anions.
Unlike the structures, with one-dimensional stacks of domwlecules, the structure bf
shows 1:1 stacks of molecules of dissimilar symmetyclv stack along the (1,1/2,1)

plane.
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Figure 28. X-ray crystal structure ob{Me,TTF);[RexClg] (4).

Figure 29. Extended solid-state structuredoiflustrating the formation of eclipsed head-
to-head dimers of the-Me,TTF donor.



Table 10. Bond distances fo{Me,;TTF);[RexClg] (4) in A.

Re(1)-Re(2)
Re(1)-CI(8)

Re(1)-CI(5)

Re(1)-CI(60

Re(1)-CI(7)

Re(2)-CI(3)

Re(2)-Cl(2)

Re(2)-Cl(4)

Re(2)-Cl(1)

S(1A)-C(5A)
S(1A)-C(3A)
S(2A)-C(5A)
S(2A)-C(4A)
S(3A)-C(6A)
S(3A)-C(7A)
S(4A)-C(8A)
S(4A)-C(6A)
C(1A)-C(3A)
C(2A)-C(4A)
C(3A)-C(4A)
C(5A)-C(6A)
C(7A)-C(8A)
S(1B)-C(5B)
S(1B)-C(3B)
S(2B)-C(4B)
S(2B)-C(5B)
S(3B)-C(7B)
S(3B)-C(6B)
S(4B)-C(6B)
S(4B)-C(8B)
C(1B)-C(3B)
C(2B)-C(4B)
C(3B)-C(4B)

2.2249(4)
2.3071(18
2.3267(17
2.3385(16)
2.3411(18
2.3158(18
2.3254(16
2.3279(18
2.3378(17
1.722(7)
1.742(7)
1.702(7)
1.728(7)
1.712(7)
1.727(8)
1.700(8)
1.724(7)
1.502(9)
1.508(9)
1.337(9)
1.401(8)
1.342(11)
1.713(7)
1.746(7)
1.727(7)
1.727(6)
1.717(9)
1.718(7)
1.718(7)
1.719(10)
1.485(10)
1.491(9)

1.356(10)
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Table 11.X-ray crystallographic and refinement data for radiedtkd.-4.

Compound (BEDT-TTF)[RexClg] (1) (TMTTF)3[RexClg]*2CHiCN (2)  (TMTSF)s[RexClg] ,23CH,Cl, (3) (0-Me, TTF),[ReClg] (4)
Formula Ca0S16ReClg Ca4H42512N-ReClg CssHesSe0ReClaz CieH16SsRe:Cls
formula weight 1409.28 1515.66 3817.98 1117.56
Space group P-1 P-1 P-1 P-1

a, A 10.404(2) 10.542(2) 13.042(3) 8.7469(4)
b, A 12.843(3) 13.786(3) 14.022(3) 10.6444(5)
c, A 15.622(3) 19.664(4) 15.283(3) 16.5506(8)
a, deg 97.16(3) 100.64(3) 93.84(3) 79.058(2)
B, deg 105.25(3) 104.87(3) 103.51(3) 81.276(2)
v, deg 100.91(3) 107.66(3) 109.76(3) 88.963(2)
volume, A 1943.7¢ 2522.8: 2524.9: 1495.34(12

4 3 4 4 4

n, mm’* 11.4¢ 10.7¢€ 25.5% 9.37:
Temp. 110(2) 110(2) 110(2) 110(2)
Reflns. collected 4955 11560 11339 6810
Refins. 1>26 3461 10068 8429 5330
Parameters 410 537 467 307
Restraints 0 0 0 0

R1% 0.073¢ 0.033¢ 0.099: 0.041(
WR2” 0.103¢ 0.093( 0.274¢ 0.089¢
Goodness-of-fif 1.014 1.042 1.064 1.081

aR1 =Y|F| - IRI/EIFol. PWR2 = [ W(Fo?-Fcd)2)/ 3 w(Fo?)311/2
¢ Goodness-of-fit =Yw(|Fol-IF))%/(NobsNparametel /2

Table 12. Estimated degree of ionicity for the donor moleculas1f (2.2CHsCN),

(3'3CH20| 2) , and4.

salt molecule A? BP Q°

(ET),[ReClg] (1) A 1.408(6)A | 1.717(5) A +1.29

B 1.385(7)A | 1.725(6)A +0.89
(TMTTF);[Re,Clg]*2CH,CN (2+2CH,CN) A 1.3928) A | 1.728(4) A +0.95
B 1.3993)A | 1.717(5) A +1.17
C 1.357(5) A | 1.750(3) A +0.25
(TMTSF)[Re,Clgl,*3CH,Cl, (3*3CH,Cl,) A 1.377(9) A | 1.859(8) A +1.10
A 1.377(9) A | 1.859(8) A +1.10
B 1.381(5) A | 1.877(4) A +1.10
B 1.381(5) A | 1.877(4) A +1.10

C 1.401(8)A | 1.872(7)A +1.40

(0-Me,TTF),[Re,Clg] (4) A 1.401(3)A | 1.715(3) A +1.22

B 1.373(2)A | 1.717(4)A +0.82

aCentral C=C bond distance.
®Mean central C-S bond distance.

¢ Q = charge estimated with the formula Q = -17.92 + 23.4BYf&om Ref. 94.
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As is evidenced by the C=C and average C-S bond distafdbhe BEDT-TTF
donor (1.402 and 1.724 A respectively), its valence using tmpéhs formula has been
calculated to be in the +1 stafeln order to balance the charge in the salt, the
[Cu(mnty]® anion, introduced as its tetrabutylammonium salt, has aindergone
oxidation to the -1 state. The Cu-S bond distances,dieted crystallographically to be
2.191 and 2.195 A are similar to isostructural M-S bond distaint analogous metal-
dithiolene systems where the anion has undergone oxidafidClose S-S contacts are
found to exist in the side-to-side regime unlike the prevehasge-transfer salts where
the close contacts exist along the stacking axis. €Tblese contacts with distances of
3.489 and 3.579 A are <3.6 A and indicate the presence of ntesglanar S-S contacts
in the plane formed by the BEDT-TTF donors. No catdoien S-S contacts between the
donor and acceptor exist along the stacking axis, as ltsest interatomic contact
between their neighboring sulfur atoms is 3.787 A. Thisriger than the sum of each
sulfur atom’s individual atomic radius and indicates mmificant interactions. The
solid-state structure and selected bond distanceésdor shown in Figures 30 and 31 and
Table 13.

The solid-state structure f@ crystallizes in the triclinic space grodpl and
shows similar features ta Based on the C=C and average C-S bond distancesfof the
TMTTF donor, the overall charge has been calculatedetelb Also, much like the
BEDT-TTF salt, the charge was balanced by the anion wgtiolwed oxidation to the -1

state®1 83
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Figure 30. X-ray crystal structure of (BEDT-TTF)[Cu(mgk)5).

Figure 31. Symmetry-generated representation for the organic siablaf5 illustrating
the formation of donor molecule sheets in the crystilice. Hydrogen atoms on the
BEDT-TTF donors have been omitted for the sake of glarit



Table 13. Bond distances for (BEDT-TTF)[Cu(mgit)5) in A.

Cu(1)-S(5)
Cu(1)-S(6)
S(1)-C(1)
S(1)-C(3)
S(2)-C(2)
S(2)-C(4)
S(3)-C(3)
S(3)-C(5)
S(4)-C(4)
S(4)-C(5)
S(5)-C(8)
S(6)-C(7)
N(1)-C(6)
N(2)-C(9)
C(1)-C(2)
C(3)-C(4)
C(5)-C(5)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)

2.1909(15
2.1950(15
1.817(6)
1.736(6)
1.814(6)
1.751(6)
1.755(6)
1.726(5)
1.744(6)
1.722(5)
1.750(6)
1.758(5)
1.160(7)
1.151(7)
1.524(8)
1.373(8)
1.402(11)
1.435(8)
1.344(8)
1.437(8)
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Unlike the previously discussed BEDT-TTF salt, along tlaeksng axis, which
coincides with the unit cell’'s b-axis, the stacks armidated by 2:1 stacks of integrated
donor and acceptor molecules. Separate integrated stackelated to one another by
translation along the c-glide plane in a sinusoidal wpatgern. Also of note is the
occurrence of strong-type dimers of fully-oxidized TMTTF donors as evidenced by
close S-S contacts of 3.365 and 3.471 A between sulfur atbte TMTTF donors
which could lead to the onset of charge localizatidipon close inspection, there are no
transverse S-S interactions between the cationsaaioths, as the interatomic distances
are >3.8 A. The solid-state structure and selected batdndes for5 are shown in
Figure 32 and Table 14. X-ray crystallographic and refinena@at the calculated
valences for the chalcofulvalenium radical cationsSfand 6 are listed in Tables 15 and

16.

(o-MeTTF)Y[CI] (7), (0-MeTTF)[Br] (8), (0-MeTTF)[l] (9), (o-MeTTF)[BF,4] (10),
(0-MeTTF)[PFe] (11) and (o-MeTTF)[l 3] (12)

The solid-state structures @f10 are isostructural and crystallize in the highly-
symmetric tetragonal space groud,d. All of the radical cation charges, which
according to calculations using the Coppens’ method of valeraculation, were
determined to be +0.5 indicating the presence of donors muigg non-integral
oxidation states and stack along the c-axis in a head-toaaner. This pattern is unlike
the traditional formation of strong eclipsed dimerswasn fully-ionized TTF radical
cations which align in a face-to-face arrangement to fotbonding ands*-antibonding

combinations of the two SOMOs.



Figure 32. X-ray crystal structure of (TMTTF)[Cu(mn})(6).

Table 14. Bond distances for (TMTTF)[Cu(ma})6) in A.

Cu(1)-S(1)
Cu(1)-S(2)
S(1)-C(2)

S(2)-C(3)

S(5)-C(10)
S(5)-C(13)
S(6)-C(11)
S(6)-C(13)
S(7)-C(14)
S(7)-C(16)
S(8)-C(14)
S(8)-C(17)

2.197(7)
2.194(3)
1.699(5)
1.736(4)
1.749(2)
1.727(7)
1.741(3)
1.724(5)
1.725(4)
1.731(2)
1.736(3)
1.724(5)

C(1)-N(1)
C(4)-N(2)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(13)-C(14)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)

1.122(4)
1.095(2)
1.264(6)
1.517(5)
1.445(7)
1.493(2)
1.356(4)
1.490(5)
1.392(8)
1.487(9)
1.358(3)
1.497(6)
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. X-ray crystallographic and refinement data3@nd®6.

Compound
Formula
formula weight
Space group
a, A

b, A

c, A

a, deg

B, deg

7, deg

volume, A3

Z

p, mm*

Temp.

Reflns. collected
Reflns. 1>2¢
Parameters
Restraints

R1?

wR2"
Goodness-of-fif

(BEDT-TTF)[Cu(mnt)] (5)

C1gHgCUN,S,,
728.54
P-1
6.7987(14)
7.2713(15)
13.705(3)
80.23(3)
89.91(3)
71.54(3)
632.3(2)
1
1.875
110(2)
1696
1408
632
0
0.0455
0.1258

1.034

(TMTTF)[Cu(mnt),] (6)
Cy1gH1,CUN,Sg

602.81
P-1
13.079(3)
11.205(2)
23.691(5)
89.97(3)
95.94(3)
89.97(3)
3453.2(12)
4
1.663
110(2)
11089
7564
568
0
0.055
0.1499

0.984

aR1 =Yl - IRIIXIF0l. PWR2 = ¥ W(Fo?-Fcd2l! ¥ [w(Fo?)?21/2

¢ Goodness-of-fit =Yw(|Fol-IF))?/(NobsNparametel /2

Table 16. Estimated degree of ionicity for the donor molecute$fand6.

salt molecule A? B® Q°
(BEDT-TTF)[Cu(mnt)] (5) A 1.402A 1.724 A +1.13
(TMTTF)[Cu(mnt)] (6) A 1.392 A 1.728 A +0.95

&Central C=C bond

distance.

PMean central C-S bond distance.
¢ Q = charge estimated with the formula Q = -17.92 + 23.4BYf&om Ref. 94.
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In contrast to the strong dyadic, dicationic (TFE)which becomes fully
diamagnetic, the head-to-tail non-integral donors carcdnsidered as the elementary
building block for extended one- and two-dimensional structfmesd to exist in
conducting systems. The formation of bonding and antilng orbital combinations
also captures the essence of the mixed valence dyatiersyETFL™, leads to a singly-
occupiedo* orbital.”® The solid-state structures and selected bond distane® are

shown in Figure 32 and Table 14.

Figure 33. Formation of bond over ring arrangement in mixed-valehoeers of TTF
and corresponding molecular orbital diagram descriptiothefparamagentic nature of
this entity.

In this configuration, the net bond formation is weaketr the intraction is still
present. Due to this decreased interaction, the ptapé&nbe distance increases and the
molecules shift from the eclipsed conformation in theadonic dyad to the bond-over-
ring conformation. This conformation is described abovEigure 33 and is similar to
those encountered in extended structures, where artenfimnmber of partially-occupied

SOMOs interact to form the energy bands of a metal.
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The solid-state structure and selected bond distanc@slidare shown in Figure
34-37. The solid-state structures for are dominated by tefistacks of donors
conforming to the bond-over-ring scenario wherein the muaddnce donors are
separated by equivalent interplanar distances along nigéhlef the stacks are imposed
by the crystallographic symmetry of the unit cell. Apected, a corresponding change
in the unit cell's volume accompanies the anionic ali@nat The unit cell for the
chloride-containing system, the corresponding unit aeit&@ins an interstitial volume of
1944.46 R, which increases to a maximum of 2149.70whth the iodide system after
reaching an intermediate volume of 2061.98/kh the bromide anion.

When spherical halide anions are substituted by thdleshaetrahedral anion
[BF4]", the corresponding volume of the unit cell remainselm that of the iodide salt,
crystallizing with a volume of 2148.65°A Prior to the present work withMe,TTF, the
only related structure is the 1:1 insulating selMe,TTF)[ReQy] which crystallizes in
the orthorhombic space gro@mcawith an interstitial volume of 2605.80°A In going
from the small tetrahedral anion [BFto the significantly larger [Refp anion, the
uniform, bond-over-ring stacking motif encountered in tegagonal salts, which is
indicative of potentially highly-conducting systems, isrdpted resulting in integrated
salts of cations and anions in uniform stoichiometriegrein the fully-ionized TTF
radical cations form strong face-to-face arrangemeriteh result in the insulating

behavior encountered in the [R@Tsalt.



Figure 34. X-ray crystal structure ob{Me,TTF),[CI] (7).

HSB H5A

Brl

Figure 35. X-ray crystal structure ob{Me,TTF),[Br] (8).
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Figure 36. X-ray crystal structure ob{Me,TTF)[I] (9).

H5B H5A

Figure 37. X-ray crystal structure ob{Me,TTF);[BF4] (10).
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In going from the small tetrahedral anion BRo the significantly larger [Refp
anion, the uniform, bond-over-ring stacking motif encorgdein the tetragonal salts,
which is indicative of potentially highly-conducting systenss disrupted resulting in
integrated salts of cations and anions in uniform stombiries wherein the fully-ionized
TTF radical cations form strong face-to-face arrangésnehich result in the insulating
behavior encountered in the [RgOsalt. Representations of the one-dimensional,
uniform stacking ir7-10are shown in Figures 38 and 39. Selected bond distancés for
9 as well as X-ray crystallographic and refinement dathtae calculated valences for
their chalcofulvalenium radical cations are listed ables 17-21.

The structure forll crystallizes in the triclinic space groupl and forms a
structure reminiscent of the famous Bechgaard seriesalb$ which exhibit super-
conducting properties under applied presstir&he solid-state structure b1, much like
the previous four salts, forms segregated stacks of catimhanions, but, because of the
crystallographic symmetry imposed by the triclinic symmetine inversion center leads
to incongruent interplanar separations of ~3.659 and ~3.733wleée the three radical

cations which lie coincident to the unit cell's b-axis.



73

& &

Figure 38. One-dimensional, uniform stacks ofMe,TTF donor molecules looking
down the c-axis in the solid-state structures/t®

Figure 39. One-dimensional, uniform stacks ofMe,TTF donor molecules looking
down the c-axis in the solid-state structureslfar



Table 17. Bond distances fol{Me,TTF);[CI] (7) in A.

S(1)-C(4)
S(1)-C(1)
S(2)-C(2)
S(2)-C(3)
C(1)-C(2)
C(3)-C(3)
C(3)-C(5)
C(4-C4)

1.731(5)
1.740(4)
1.728(4)
1.749(5)
1.365(10)
1.340(11)
1.493(7)
1.348(11)

Table 18. Bond distances folo{Me,TTF);[Br] (8) in A.

S(1)-C(4)
S(1)-C(2)
S(2)-C(2)
S(2)-C(3)
C(1)-C(2)
C(3)-C(3)
C(3)-C(5)
C(4)-C(4)

1.736(3)
1.743(2)
1.738(2)
1.750(3)
1.356(5)
1.338(6)
1.506(4)
1.330(6)

Table 19. Bond distances fo{Me,TTF),[1] (9) in A.

S(1)-C(4)
S(1)-C(1)
S(2)-C(2)
S(2)-C(3)
C(1)-C(2)
C(3)-C(3)
C(3)-C(5)
C(4)-C4)

1.732(3)
1.742(2)
1.734(2)
1.746(3)
1.365(6)
1.348(6)
1.506(4)
1.336(6)
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Table 20.X-ray crystallographic and refinement data for radiedks -9.

Compound
Formula
formula weight
Space group
a, A

b, A

c, A

a, deg

p. deg

Y, deg
volume, A3

Z

p, mm*
Temp.

Refins. collected
Reflns. 1>2¢
Parameters
Restraints

R12

wR2°
Goodness-of-fit

(0-Me,TTF),[CI] (7)

C16H16SCl
498.87
14,d
16.807(2)
16.807(2)
6.8835(14)
90
90

90
1944.5(6)
8

1.055
110(2)
1127
938
59

0
0.0578
0.1386

1.143

(0-Me, TTF),[Br] (8)

CieH1656Br
542.82
14,d
17.0920(3)
17.0920(3)
7.0582(2)
90
90

90
2061.96(8)
4

2.803
110(2)
1192
1124
60

0
0.0278
0.0721

1.132

(0-Me,TTF),[1] (9)

CreH165!
590.81
l4,d

17.4031(2)
17.4031(2)
7.09780(10)

90
90

90
2149.70(5)
4

2.266
110(2)
1226
1197
59

0
0.0247
0.0647
1.082

aR1 =Y|F| - IRI/EIFol. PWR2 = [ W(Fo2-Fcd)2)/ 3 w(Fo?)311/2
¢ Goodness-of-fit =Yw(|Fol-IF))?/(NobsNparametell /2

Table 21. Estimated degree of ionicity for the donor molecudes 9.

salt molecule A® B Q°
(0-Me,TTF),[CI] (7) A 1.365(4)A | 1.7345)A | +0.52
A 1.365(4)A | 1.734(5)A +0.52
(0-Me,TTF),[Br] (8) A 1.356(7)A | 1.741(6)A | +0.33
A 1.356(7)A | 1.741(6)A +0.33
(0-Me,TTF),[1] (9) A 1.365(5)A | 1.738(4)A | +0.48
A 1.365(5)A | 1.738(4)A +0.48

2Central C=C bond distance.
®Mean central C-S bond distance.
¢ Q = charge estimated with the formula Q = -17.92 + 23.4BYf&om Ref. 94.
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Despite the presence ofMe,TTF radical cations in fractional oxidation states,
incongruent interplanar separations can lead to a Pedtisriibn in the radical cation
stacks, which is responsible for diminished charge delataiz contributing to the
resistivity of the mixed-valence salts with TMTTF reali cations. Despite the
incongruent interplanar distances that exist betweef MiESF radical cations, the use
of selenium atoms and their larger Van der Waals radil Ito side-to-side interactions
with neighboring stacks which can lead to the stabilimatib the metallic state. The
smaller sulfur orbital radii in the TMTTF family ofdaal cation salts do not engage in
homologous interactions between stacks, leading to redticethnt electron response
and high resistivity.

The X-ray structure forl2 is dominated by fully ionized-Me,TTF radical
cations that stack along the b-axis and crystallizénénrnhonoclinic space group2i/n.
Like the salt betweeno-Me,TTF and [ReClg]?, the radical cations align themselves in a
manner essential to form strongtype dimers between the singly-occupied SOMOs of
the respective cations. Using the Coppens’ methodaleace of th@-Me,TTF cations
were determined to be £1Upon inspection of the packing diagraml@f it can be seen
that separate layers ofMe,TTF dimers andl anions lie along the a-axis. In those
separate layers, both the cation dimers and anioms &r undulating pattern which
translates along the c-axis. The solid-state strustiorell and12 as well are shown in
Figures 40 and 41. Selected bond distanced@et2 as well as X-ray crystallographic
and refinement data and the calculated valences for thaicofulvalenium radical

cations are listed in Tables 22-26.
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Figure 40. X-ray crystal structure ob{Me,TTF)[PFs] (11).

12

Figure 41. X-ray crystal structure ob{Me,TTF)[I5] (12).



Table 22. Bond distances foio{Me,TTF),[BF4] (10).

S(1)-C(4)
S(1)-C(1)
S(2)-C(2)
S(2)-C(3)
C(1)-C(2)
C(3)-C(3)
C(3)-C(5)
C(4)-C(4)
B(1)-F(1)

1.733(3)
1.736(2)
1.734(2)
1.744(3)
1.364(6)
1.345(6)
1.504(4)
1.332(6)
1.417(3)

Table 23. Bond distances fol{Me,TTF);[PFs] (11) in A.

S(1)-C(5)
S(1)-C(3)
S(2)-C(5)
S(2)-C(4)
S(3)-C(7)
S(3)-C(6)
S(4)-C(8)
S(4)-C(6)
C(1)-C(3)
C(2)-C(4)
C(3)-C(4)
C(5)-C(6)
C(7)-C(8)
P-F(1)
P-F(2A)
P-F(3A)
P-F(2B)
P-F(3B)

1.731(3)
1.742(3)
1.727(3)
1.746(3)
1.733(4)
1.737(3)
1.728(4)
1.736(3)
1.497(4)
1.506(4)
1.345(4)
1.380(5)
1.330(5)
1.577(2)
1.564(9)
1.513(10)
1.528(11)
1.537(17)
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Table 24. Bond distances folo{Me,;TTF)[I3] (12) in A.

I(1)-1(3)

1(1)-1(2)

S(1)-C(3)
S(1)-C(1)
S(2)-C(3)
S(2)-C(2)
S(3)-C(4)
S(3)-C(6)
S(4)-C(4)
S(4)-C(5)
C(1)-C(2)
C(3)-C(4)
C(5)-C(6)
C(5)-C(8)
C(6)-C(V)

2.9011(5)
2.9587(4)
1.729(4)
1.741(5)
1.722(4)
1.723(5)
1.719(4)
1.739(5)
1.716(4)
1.737(5)
1.340(7)
1.401(6)
1.354(7)
1.494(6)

1.496(6)

Table 25.X-ray crystallographic and refinement data for radiedtk4.0-12

Compound
Formula
formula weight
Space group
a, A

b, A

c, A

a, deg

B’ deg

v, deg
volume, A3

z
p, mm?
Temp.

Reflns. collected

Reflns. I>26
Parameters
Restraints

R1?
wR2P
Goodness-of-fi

ClGHlGSSBF4
550.90
14,d
17.4714(17)
17.4714(17)
7.039(11)
90
90
90
2148.65(4)
4
1.705
110(2)
2870
2037

153
0

0.0457
0.1396
1.078

(0-Me,TTF),[BF,] (10) (0-Me,TTF),[PF] (11)

ClGHlGSSPFB
608.87
P-1
6.7281(3)
7.3860(4)
12.1431(6)
85.614(2)
82.102(2)
85.022(2)
594.18(5)
1
0.870
110(2)
2710
1930

161
0

0.0559
0.1572
1.051

(0-Me, TTF)[I4] (12

CBH884|3
612.66
P2/n
7.5960(3)
16.2668(5)
12.9152(4)
90

102.815(2)
90

1556.09(9)
4
6.533
110(2)
3552
2990

137
0

0.0246
0.0551
1.089

aR1 =Y|F| - IRIIEIFol. PWR2 = [ W(Fo2-Fcd)2)/ 3 w(Fo?)311/2
¢ Goodness-of-fit =Yw(|Fol-IF))?/(NobsNparametell /2
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Table 26. Estimated degree of ionicity for the donor molecude<0-12.

salt molecule A® BP Q°
(0-Me,TTF),[BF,] (10) A 1.364(3)A | 1.736(5) A | +0.49
A 1.364(3)A | 1.736(5)A +0.49
(0-Me, TTF),[PFy] (11) A 1.380(2A | 1.733(6)A | +0.73
A 1.380(2)A | 1.733(6)A +0.73
(0-Me, TTF)[14] (12) A 1.401(5)A | 1.722(4)A +1.14

2Central C=C bond distance.
®Mean central C-S bond distance.
¢ Q = charge estimated with the formula Q = -17.92 + 23.4BYf&om Ref. 94.

(0-M&TTF)[WgO1g] (13), (0-MeTTF);[M0gO1q] (14), and (BPDT-TTRIWsO1] (15)
Several crystallized examples of charge-transfets saith polyoxometallate
anions have been resolved by low-temperature X-ray dibracnethods. Among the
many chalcofulvalene donors used are TMTTF, TPTTF, BEHDTBET-TTF, TMTSF,
and TTF with the Linqvist family of anions ([M01g*, [WeO1g*, and [MWO1g)*
where M =V, Nb)** Among this family of salts are the TTF salts whidfeosalts that
contain not only strong-dimers of fully-ionized TTF, but also those which tan a
combination of neutral and oxidized donors and mixed valdooers. An example of
system which contains a combination of neutral and oxddidenors is the salt
(TMTSF);[M0019]*2DMF,; this lies in contrast to the initial belief thhis salt contained
donors in non-integral oxidation stat&sAll of systems prepared between fully-ionized
chalcofulvalene donors and the dianionic Lindqgvist anioesairweak semiconductors
or insulators, due to the strong dimerization of thdceddcations in the solid state.
Despite the large number of donors utilized in the preparaif radical cation salts, the

use of the donors-Me,TTF and BPDT-TTF has not been explored with thesgelar



81

anionic clusters in an attempt to evaluate the onseit@festing properties obtained in
these systems.

The solid-state structures fdi3 and 14 represent initial attempts to prepare
charge-transfer salts between the little researchedrdmMe,TTF and the dianionic
Lindgvist anions. Despite their crystallization in thelinic space grougP-1, the solid
state structures of both salts are quite differenthasalt with [M@O1¢)* crystallizes in
a larger unit cell. This crystallographic fact lies mntrast to the ET family of salts
which are isostructural despite the identity of thenditzon metal in the coordination
sphere of the polyoxometallate clusters. For both,4ak®-Me,TTF donors are in their
monocationic states and, as judged by short interatoistandes between neighboring
sulfur atoms at distances <3.6 A, straentype dimers between these radical cations have
formed in the solid state. Another interesting structbetavior present in structures
containing polyoxometallate anion clusters is the presemnchort hydrogen bonding
interactions between the hydrogen atoms of TTF-like dosadsthe bridging or terminal
oxygen atoms of the polyoxometallate clusters. Tlie-state structures fot3 and 14

are shown in Figures 42 and 43.



Figure 42. X-ray crystal structure ob{Me,;TTF)[WgO14] (13).
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Figure 43. X-ray crystal structure ob{Me,TTF);[M0gO14] (14).
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A 1999 report by Batail and coworkers demonstrated, by the ofisby
electrostatic potential maps, that bridging oxygen atondusters are more basic than
those in terminal position§’ In 13, a short G,>O interaction of 2.296 A exists between
H8-09, a bridging oxygen atom in the tungsten cluster. hénnbolybdenum analogue
(14), a longer hydrogen bonding interaction of 2.363 A existe/den a Gzhybrdized
hydrogen atom (H2A3) of or@Me,TTF donor and a terminal oxygen atom (O6) of one
of the anionic clusters. Despite the presence of hydrbgading interactions in both
salt structures, the shorter, hydrogen bonding interaatid® can be rationalized based
on the increased basicity of the bridging oxygen.

Unlike the structures between BEDT-TTF and the Lingwstnions, the
formation of a charge-transfer salt between BPDT-Tard [WO.g> (15) yields a
structure dominated by slipped dimers of fully oxidized denwehich crystallize in the
triclinic space group P-1 An interesting feature of the topology in the duue is that,
due to the sphybrid-ized carbon atoms in the structure, there arefiignt bends in the
propylene-dithio-bridge facilitated by the necessity tesprve the ~109° bond angles
found in systems with tetrahedral symmetry. The sdatesstructure fol5 is shown in

Figure 44.
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Figure 44. X-ray crystal structure of (BPDT-TTHWeOagq] (15).
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As in the case of th@-Me,TTF donor and the Lindqvist anions, hydrogen
bonding interactions are present. The first intepacinvolves H12B and a terminal
oxygen (O11) at a distance of 2.495 A while a second existeer H5B and a bridging
oxygen (023) at a distance of 2.482 A. The extent of theolgen bonding interaction
can be rationalized in a fashion to those previously eneceoh in theo-Me,TTF salts.
Not only does a difference exist between the basic enveatsmn the polyoxometallate
clusters, but hydrogen atoms bound to carbon atoms gidegated to sulfur atoms on
the periphery of the BPDT-TTF donor should become ixelgt acidic because of the
electron-withdrawing properties of the sulfur atom. Al the hydrogen bonding
interactions discussed above involve these weakly-alsydioogen atoms. Selected bond
distances forl3-15 as well as X-ray crystallographic and refinement datd the

calculated valences for their chalcofulvalenium radiegions are listed in Tables 27-31.

Table 27.X-ray crystallographic and refinement data for radiedtkd3-15

Compound (0-Me, TTF),[WeO14] (13) (0-Me,TTF);[M0gO14] (14) (BPDT-TTF)[WeO14] (15)
Formula C16H165WeO19 C16H165M06O19 CaoH16516WeO19
formula weight 1871.51 1355.24 2175.29
Space group P-1 P-1 P-1

a, A 7.6211(7) 8.14330(10) 10.9266(15)
b, A 9.5231(9) 13.3359(2) 11.9041(15)
c, A 12.2148(11) 15.9318(2) 12.6604(17)
o, deg 105.5870(10) 97.1989(10) 101.261(5)
B, deg 106.8340(10) 93.7457(10) 115.174(5)
y, deg 95.6950(10) 103.6209(8) 114.434(5)
volume, A 802.10(13) 1660.16 1211.4(3)
V4 1 2 1

n, mm’* 22.034 2.78 14.944
Temp. 110(2) 110(2) 110(2)
Reflns. collected 3708 14130 5478
Reflns. 1>26 3614 9673 4197
Parameters 227 445 295
Restraints 0 0 0

R1% 0.0241 0.0555 0.0525
WR2” 0.0625 0.1462 0.1322
Goodness-of-fif 1.055 1.189 1.041

aR1 =Y|F| - IRI/EIFol. PWR2 = [ W(Fo2-Fcd)2)/ 3 w(Fo?)311/2
¢ Goodness-of-fit =Yw(|Fol-IF))?/(NobsNparametell /2



Table 28. Bond distances folo{Me;TTF);[WeOi1g (13) in A,

W(1)-O(1) 1.694(4) W(3)-0(9) 1.930(4
W(1)-0(2) 1.927(4) W(3)-O(10) 1.708(4)
W(1)-O(4) 1.919(4) S(1)-C(2) 1.737(6
W(1)-0(5) 2.324(2) S(1)-C(5) 1.708(5
W(1)-O(7) 1.916(4) S(2)-C(3) 1.741(5
W(1)-0(9) 1.926(4) S(2)-C(5) 1.721(5
W(2)-0(2) 1.911(4) S(3)-C(6) 1.721(5
W(2)-O(3) 1.706(4) S(3)-C(8) 1.716(6
W(2)-O(4) 1.929(4) S(4)-C(6) 1.717(5
W(2)-0(5) 2.327(2) S(4)-C(7) 1.725(6
W(2)-O(6) 1.911(4) C(1)-C(2) 1.505(7
W(2)-O(8) 1.933(4) C(2)-C(3) 1.334(8
W(3)-0(5) 2.322(3) C(3)-C(4) 1.498(7
W(3)-O(6) 1.925(4) C(5)-C(6) 1.387(7
W(3)-O(7) 1.911(4) C(7)-C(8) 1.332(8
W(3)-O(8) 1.919(4)

Table 29. Bond distances fol{Me;TTF);[MogO1¢] (14) in A.

Mo(1)-O(@@) 2.326(7) S(1A)-C(3A) 1.741(6)
Mo(1)-O(1) 1.681(3) S(1A)-C(5A) 1.717(4)
Mo(1)-O(12) 2.003(5) S(2A)-C(4A) 1.748(3)
Mo(1)-O(13) 1.966(9) S(2A)-C(5A) 1.716(5)
Mo(1)-O(21) 1.885(4) S(3A)-C(6A) 1.719(6)
Mo(2)-O(a) 2.324(2) S(3A)-C(7A) 1.731(4)
Mo(2)-0(2) 1.695(3) S(4A)-C(6A) 1.714(5)
Mo(2)-O(12) 2.003(6) S(4A)-C(8A) 1.715(6)
Mo(2)-0(23) 1.918(4) S(1B)-C(3B) 1.739(7)
Mo(2)-0(32) 1.911(2) S(1B)-C(5B) 1.712(8)
Mo(3)-O(a) 2.316(3) S(2B)-C(4B) 1.746(2)
Mo(3)-0(3) 1.675(3) S(2B)-C(5B) 1.717(3)
Mo(3)-0(23) 1.939(8) S(3B)-C(6B) 1.713(8)
Mo(3)-0(31) 1.989(5) S(3B)-C(7B) 1.726(4)
Mo(4)-O(4) 1.687(2) S(4B)-C(6B) 1.718(5)
Mo(4)-O(45) 1.961(6) C(1A)-C(3A) 1.502(7)
Mo(4)-O(54) 1.900(8) C(2A)-C(4A) 1.493(9)
Mo(4)-O(64) 1.910(4) C(3A)-C(4A) 1.354(6)
Mo(5)-O(5) 1.693(2) C(5A)-C(6A) 1.397(4)
Mo(5)-O(45) 1.880(4) C(7A)-C(8A) 1.341(3)
Mo(5)-O(56) 2.000(3) C(1B)-C(3B) 1.485(10
Mo(5)-O(65) 1.871(6) C(2B)-C(4B) 1.491(9)
Mo(6)-O(b)  2.323(4) C(3B)-C(4B) 1.341(6)
Mo(6)-O(6)  1.683(8) C(5B)-C(6B) 1.404(8)
Mo(6)-O(46) 1.903(5) C(7B)-C(8B) 1.323(6)
Mo(6)-O(56) 1.872(6)




Table 30. Bond distances for (BPDT-TTHWeO1g] (15) in A.
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W(1)-O(11) 1.696(10) S(2)-C(1)  1.726(13
W(1)-0(13) 1.916(8) S(3)-C(2)  1.742(13
W(1)-0(12) 1.924(9) S(3)-C(5)  1.811(15
W(1)-0(31) 1.931(9) S(4)-C(1)  1.737(13
W(1)-0(21) 1.932(9) S@4)-C(3)  1.818(15
W(1)-O(C)  2.3224(6) S(G)-C(7)  1.728(12
W(2)-0(22) 1.688(10) S(5)-C(8)  1.729(13
W(2)-0(32) 1.914(9) S(6)-C(7)  1.717(13
W(2)-0(12) 1.918(8) S(6)-C(9)  1.730(13
W(2)-0(23) 1.920(9) S(7)-C(8)  1.741(13
W(2)-0(21) 1.922(9) S(7)-C(12)  1.821(17
W(2)-0(C)  2.3309(6) S(8)-C(9)  1.746(14
W(3)-0(33) 1.705(9) S(8)-C(10)  1.799(15|
W(3)-0(13) 1.903(9) C(1)-C(2)  1.361(18
W(3)-0(23) 1.913(10) C(3)-C(4)  1.50(2)
W(3)-0(31) 1.923(9) C(4)-C(5)  1.53(2)
W(3)-0(32) 1.929(10) C(6)-C(7)  1.384(17
W(3)-0(C)  2.3250(5) C(8)-C(9)  1.355(19
S(1)-C(6)  1.711(13) C(10)-C(11) 1.50(2)
S(1)-C(2)  1.711(13) C(11)-C(12) 1.51(2)
S(2)-C(6)  1.724(13)

Table 31. Estimated degree of ionicity for the donor molecuded 8-15.

salt molecule A? B® Q°
(0-Me, TTF),[WgO1g (13) A 1.387A 1.717 A +1.01
A 1.387A 1.717 A +1.01
| (0-Me,TTF),[M0gO;¢] (14) A 1.404A 1.715 A +1.26
B 1.397A 1.717 A +1.14
(BPDT-TTFL[WO,4 (15) A 1.384A 1.720 A +0.93
A 1.384A 1.720 A +0.93

2Central C=C bond distance.
®Mean central C-S bond distance.
¢ Q = charge estimated with the formula Q = -17.92 + 23.4BYf&om Ref. 94.
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(0-Me TTF)g[Fe(CN)]322H,0 (16°2H,0), (0-MeTTF) [Co(CN)]2¢8H,O (17-8H;0),
(TTF)11[Fe(CN)g] 3*8H20 (18+8H,0)and (TTF)}1[Co(CN)] 328H,0 (19+8H;0)

Compound 16-2H,0) crystallizes in the triclinic space gro&pl and adds to the
library of charge transfer salts incorporating cyanonatalanions and chalcofulvalene
donors. This salt is the first to incorporate the unmsgtnical donoro-Me,TTF donor
into this category of materials. The structure is ati@rized by head-to-tail stacks of
donor molecules along the b-axis of the unit cell. &dpastacks are related to one
another via translations along the c-axis. Three domolecules form the repeating
stacked unit consisting of two of the constituent donor cudds have been ionized to
+0.85 and +0.76 while the third has been oxidized to +0.18.tWde-Me,TTF radical
cations are strongly dimerized as evidenced by interatantieractions between
neighboring sulfur atoms at distances <3.6 A. The thirdbdomlecule is offset from
this dimer in a pattern reminiscent of the X-ray suite of (TTFY[BF.]."° A plane
along the a-axis between stacks of donor moleculesaicsnthe [FE(CN)g]*® charge
compensating anions, interstitial water molecules aedatrtho-Me,TTF cation. Also
inclusive in this plane is an interstitial water molecwhich forms a strong hydrogen
bonding interaction of 2.179 A with a hydrogen atom from oh¢he sp-hybridized
carbon atoms of an-Me,TTF donor. The final feature of this plane is the fowt
Me,TTF radical, which according to bond distance calcutatiosing the Coppens’
method, exists with a charge of +1.58 which is the highbatge observed for this
donor® The solid-state structures illustrating the one-disizeral stacking o6-Me, TTF

donors and the hybrid organic-inorganic sheets are shofsigumes 45 and 46.
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Figure 45. X-ray crystal structure ofo{Me;TTF)g[Fe" (CN)slse2H20 (16¢2H:0),
illustrating the one-dimensional stacking of twle,TTF donor molecules. Interstitial
water molecules have been omitted for the sake aofycla



91

Figure 46. X-ray crystal structure ofofMe;TTF)g[F€" (CN)s]se2H20 (162H:0),
illustrating the hybrid organic-inorganic sheets lying betwi#enone-dimensional stacks
of o-Me,TTF donors. Interstitial water molecules have beemtted for the sake of
clarity.
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The X-ray structure ofl(/e8H,0O) crystallizes in the monoclinic space group
P2:/n and consists of eight independenMe,TTF donors which stack in the (1,1,0)
plane in the head-to-tail stacking motif observed in othéis €omposed ad-Me, TTF
radical cations. The stacks ofMe,TTF radical cations form along the (1,0,1) plane
rotated ~45° from the unit cell origin. Upon close insjpecof the stacks, the donors
labeled as A-H form trimers @kMe,TTF donors separated by a strangimer between
fully oxidized radical cations. Due to the lack ofended S-S overlap between the
donors and the presence of neutral donor molecules,ydisns should display weakly-
conducting properties. Salts that combine organic donaifseo¢halcofulvalene family
with inorganic cyanometallate charge-compensating anares considered “hybrid”
systems as they introduce separate organic and inorganipa@oents into the crystalline
matrix. The solid-state structure of this “hybrid” safinsists of separate planes of
organic and inorganic components extending out in an atieghpattern along the b-axis
of the unit cell. In various literature reports, thiacking pattern of oxidized
chalcofulvalene donors in hybrid systems form the bapisn which each system’s
structural features are often discussed. The structurd 7@8H,0) is very interesting
because, unlike other hybrid salts containing a potentialigucting organic sublattice,
interesting features are seen in the inorganic sulddigcause of a network of hydrogen-
bonding interactions composed of two, alternating setstefactions involving water
molecules and hexacyanocobaltate anions. In each grbdguio water molecules,
hydrogen bonding interactions exist between the wateecutds and the hexacyano-
cobaltate anions. In the first group, hydrogen bonds betwekand 2.0 A in distance

exist in a four-fold fashion between the hydrogen atontb@ivater molecules and both
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the oxygen atom of another water molecule and nitrogem &rom a cyanide group in
the hexacyanocobaltate. The second set of hydrogernigointeractions form a square
pattern where one vertex of the square is an oxygen aldm.corresponding hydrogen
atoms from this oxygen form two hydrogen bonds with oxyafems at opposite vertices
of the square. The hydrogen atoms from these latter oxgfgans also form hydrogen
bonds with two nitrogen atoms from cyanide ligands ded#int cyanometallates. The
fourth corner of this square hydrogen bonding network fontesactions that mirror the
former water and its constituent oxygen atom. Theractions are in the range of 1.9-2.0
A. The solid-state structures illustrating the hybrid orgamocganic repeat units as well
as the overall structure’s the hybrogen bonding netwadkcanstituent motifs are shown
in Figures 47-49.

The salt structures forl88H,0) and (9-8H,0O) are isostructural and are
dominated by eight TTF radical cations which stack atteg1,1,1/2) plane. Inspection
of the radical cations, indicate that four strargimers form from these eight cations.
The dimers stack in a stair-step fashion reminiscenthefpattern observed for the
(TTF)3[BF4]. salt, in which the TTF radical cation dimers are separated by neutral TTF
donors?® In a manner similar to18+8H,0), stacks of oxidized TTF donors form
segregated stacks with [Co(GN) anions. Despite the presence of segregated organic
and inorganic lattices in18+8H,0), the inorganic packing 0fl@+8H,O) shows the
presence of interpenetrated TTF donors. The bond dedaof the donors and their
corresponding bond distances, according to the Coppemaula, indicate that two of

the three donors are neutral while the third has beeizesido the +1 stat¥.
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Figure 47. X-ray crystal structure of ofMe;TTF)s[Co(CN)]2*8H.O (17+8H,0O)
illustrating one, independent hybrid inorganic-organic repgainit of fouro-Me,TTF
donors and one hexacyanocobaltate anion. Interstitigdr molecules have been omitted
for the sake of clarity.
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Figure 48. X-ray crystal structure of ofMe;TTF)s[Co(CN)]2*8H.O (17+8H,0O)
illustrating the second hybrid inorganic-organic unit contgjniour o-Me,TTF donors
and one hexacyanocobaltate anion. Interstitial watdecules have been omitted for the

sake of clarity.
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(b)

Figure 49. Solid-state packing of the extended unit cell 8+8H,O) illustrating the
hydrogen bonding networks involving interstitial water molesuand hexacyano-
cobaltate. The individual hydrogen-bonding mot#sdnd p) are also shown.
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A hydrogen bonding network also exists in this hybrid networe sinusoidal pattern

along the c-axis of the unit cell, by forming bridging, hylo bonding interactions

between 1.9 and 2.0 A among hydrogen atoms of interstitéer molecules and

nitrogen atoms from the cyanide ligands of different bgaaocobaltate anions. Due to
their presence of similar structural features, thedssilite structure forl@«8H,O) will

be presented as a representative example of the Iredi@an salts obtained between TTF
and the cyanometallate family of anions. Figures sgmieng the one-dimensional
stacking of TTF donor molecues, the hybrid organic-inorgkayers, and the hydrogen
bonding network in this pair of salts are shown in Figure§A0Selected bond distances
for (16°2H,0), (17-8H,0), (18+8H,0), and(19+8H,0) as well as X-ray crystallographic
and refinement data and the calculated valences for thaicofulvalenium radical

cations are listed in Tables 32-39.
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Figure 50. X-ray crystal structure of (TTER[Co(CN)]3*8H.0O (19+8H,0), illustrating
the one-dimensional stacking of the TTF donor moleauléise TTF-hexacyanometallate
family of salts. Interstitial water molecules haeen omitted for the sake of clarity.
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Figure 51. X-ray crystal structure of (TTER[Co(CN)]3*8H.0O (19+8H,0), illustrating
the hybrid organic-inorganic layers lying between the one-usio@al stacks of TTF in
the TTF-hexacyanometallate family of salts. Irtitad water molecules have been

omitted for the sake of clarity.
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(b)

Figure 52. Solid-state packing of the extended unit cell f®+8H,0O) illustrating the
formation of hydrogen bonding networks involving interstitvahter molecules and
hexacyanocobaltate from the tag é&nd sidel§) in the TTF-hexacyanometallate family
of salts.
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Table 32. X-ray crystallographic and refinement data for radiediss(L6+-2H,O) and

(17+8H;0).

Compound (0-Me, TTR)g[Fe" (CN)g]5*2H,0 (16+2H,0)  (0-Me,TTF)[Co(CN)],#8H,0 (17+8H,0)
Formula CgHegSsoN16F650; CreHg0S32C0,N 1,04
formula weight 2527.49 2429.59
Space group P-1 P2/n

a, A 10.294(2) 19.2319(9)
b, A 10.372(2) 25.2366(12)
c, A 22.539(5) 21.1081(10)
o, deg 80.11(3) 90

B, deg 85.73(3) 92.629(3)
v, deg 81.82(3) 90
volume, A 2343.4(8) 10234.0(8)
Z 1 4

p, mm* 1.076 1.034
Temp. 110(2) 110(2)
Reflns. collected 6275 23426
Reflns. [>2¢ 5075 19426
Parameters 570 1235
Restraints 0 16

R1? 0.0586 0.0359
wWR2" 0.1465 0.0991
Goodness-of-fif 1.044 1.079

aR1 =Y|F| - IRI/EIFol. PWR2 = [ W(Fo2-Fcd)2)/ 3 w(Fo?)311/2
¢ Goodness-of-fit =Yw(|Fol-IF))%/(NobsNparametell /2




Table 33. X-ray crystallographic and refinement data for radicdtiss@8<8H,0) and

(19+8H,0).

Compound (TTF),[Fe" (CN)gl5*8H,0 (18+8H,0) (TTF),1[Co(CN)] 3#8H,0 (19+8H,0)
Formula CaaHeoSa4Fe3N160g CaaHe0544C03N 1405
formula weight 3023.06 3032.05
Space group P-1 P-1

a, A 10.759(2) 10.745(2)
b, A 10.797(2) 10.798(2)
c, A 25.110(5) 25.186(5)
a, deg 85.68(3) 90.53(3)
B, deg 89.86(3) 93.96(3)
v, deg 80.23(3) 99.82(3)
volume, A2 2866.1(10) 2871.8(10)
z 1 1

p, mm* 1.238 1.290
Temp. 110(2) 140(2)
Reflns. collected 12915 13420
Reflns. 1>26 11051 10351
Parameters 689 689
Restraints 0 0

R1? 0.0321 0.0393
WR2" 0.0833 0.1007
Goodness-of-fif 1.034 1.084

aR1 =Yl - IRIIXIF0l. PWR2 = ¥, W(Fo?-Fcd2l! ¥ [w(Fo?)?21/2

¢ Goodness-of-fit =Yw(|Fol-IF))%/(NobsNparametel /2
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Table 34. Bond distances foo{Me, TTF)g[Fe" (CN)g]3*2H,0 (16¢2H,0) in A.

Fe(1)-C(33)  1.949(7) S(14)-C(27)
Fe(1)-C(34)  1.957(10) S(14)-C(29)
Fe(1)-C(35)  1.951(7) S(15)-C(30)
Fe(2)-C(36)  1.957(7) S(15)-C(32)
Fe(2)-C(37)  1.957(7) S(16)-C(30)
Fe(2)-C(38)  1.951(7) S(16)-C(31)
S(1)-C(1) 1.713(6) N(1)-C(33)
S(1)-C(3) 1.725(6) N(2)-C(34)
S(2)-C(2) 1.735(6) N(3)-C(35)
S(2)-C(3) 1.730(6) N(4)-C(36)
S(3)-C(4) 1.727(6) N(5)-C(37)
S(3)-C(7) 1.740(6) N(6)-C(38)
S(4)-C(4) 1.730(6) C(1)-C(2)
S(4)-C(6) 1.741(6) C(3)-C(4)
S(5)-C(9) 1.744(6) C(5)-C(6)
S(5)-C(11)  1.751(6) C(6)-C(7)
S(6)-C(10)  1.749(6) C(7)-C(8)
S(6)-C(11)  1.759(6) C(9)-C(10)
S(7)-C(12)  1.756(6) C(11)-C(12)
S(7)-C(14)  1.764(6) C(13)-C(14)
S(8)-C(12)  1.749(6) C(14)-C(15)
S(8)-C(15)  1.764(6) C(15)-C(16)
S(9)-C(19)  1.747(6) C(17)-C(18)
S(9)-C(21)  1.717(6) C(18)-C(19)
S(10)-C(18)  1.744(6) C(19)-C(20)
S(10)-C(21)  1.726(6) C(21)-C(22)
S(11)-C(22)  1.727(6) C(23)-C(24)
S(11)-C(24)  1.716(6) C(25)-C(26)
S(12)-C(22)  1.730(6) (C26)-C(27)
S(12)-C(23)  1.714(6) C(27)-C(28)
S(13)-C(26)  1.744(8) C(29)-C(30)
S(13)-C(29)  1.716(7) C(31)-C(32)




Table 35. Bond distances fol{Me,TTF)s[Co(CN)s]2#8H,0 (17+8H,0) in A.

Co(1)-C(6)
Co(1)-C(4)
Co(1)-C(3)
Co(1)-C(1)
Co(1)-C(2)
Co(1)-C(5)
C(1)-N(2)
C(2)-N(2)
C(3)-N(3)
C(4)-N(4)
C(5)-N(5)
C(6)-N(6)
Co(2)-C(12)
Co(2)-C(9)
Co(2)-C(10)
Co(2)-C(11)
Co(2)-C(8)
Co(2)-C(7)
C(7)-N(7)
C(8)-N(8)
C(9)-N(9)
C(10)-N(10)
C(11)-N(11)
C(12)-N(12)
S(1A)-C(5A)
S(1A)-C(3A)
S(2A)-C(5A)
S(2A)-C(4A)
S(3A)-C(6A)
S(3A)-C(7A)
S(4A)-C(6A)
S(4A)-C(8A)

1.887(3)
1.898(3)
1.906(3)
1.906(3)
1.907(3)
1.911(3)
1.156(4)
1.150(3)
1.153(4)
1.159(4)
1.148(3)
1.162(4)
1.889(3)
1.896(3)
1.905(3)
1.908(3)
1.909(3)
1.911(3)
1.155(4)
1.158(4)
1.156(4)
1.155(4)
1.159(4)
1.154(4)
1.726(3)
1.749(3)
1.720(3)
1.744(3)
1.730(3)
1.739(3)
1.730(3)
1.733(3)

S(2E)-C(5E)
S(2E)-C(4E)
S(3E)-C(7E)
S(3E)-C(6E)
S(4E)-C(8E)
S(4E)-C(6E)
C(1E)-C(3E)
C(2E)-C(4E)
C(3E)-C(4E)
C(5E)-C(6E)
C(7E)-C(8E)
S(1F)-C(5F)

S(1F)-C(3F)
S(2F)-C(5F)

S(2F)-C(4F)
S(3F)-C(6F)
S(3F)-C(7F)

S(4F)-C(6F)

S(4F)-C(8F)

C(1F)-C(3F)

C(2F)-C(4F)

C(3F)-C(4F)
C(5F)-C(6F)
C(7F)-C(8F)
S(1G)-C(5G)
S(1G)-C(3G)
S(2G)-C(5G)
S(2G)-C(4G)
S(3G)-C(6G)
S(3G)-C(7G)
S(4G)-C(8G)
S(4G)-C(6G)

1.725(3)
1.744(3)
1.727(3)
1.731(3)
1.728(3)
1.729(3)
1.497(4)
1.504(4)
1.351(4)
1.388(4)
1.342(4)
1.726(3)
1.749(3)
1.725(3)
1.740(3)
1.728(3)
1.730(3)
1.731(3)
1.733(3)
1.499(4)
1.501(4)
1.349(4)
1.393(4)
1.343(4)
1.736(3)
1.758(3)
1.727(3)
1.754(3)
1.737(3)
1.743(3)
1.737(3)
1.741(3)
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Table 35. Continued.

C(1A)-C(3A)
C(2A)-C(4A)
C(3A)-C(4A)
C(5A)-C(6A)
C(7A)-C(8A)
S(1B)-C(5B)
S(1B)-C(3B)
S(2B)-C(5B)
S(2B)-C(4B)
S(3B)-C(7B)
S(3B)-C(6B)
S(4B)-C(8B)
S(4B)-C(6B)
C(1B)-C(3B)
C(2B)-C(4B)
C(3B)-C(4B)
C(5B)-C(6B)
C(7C)-C(8C)
S(1D)-C(5D)
S(1D)-C(3D)
S(2D)-C(5D)
S(2D)-C(4D)
S(3D)-C(7D)
S(3D)-C(6D)
S(4D)-C(8D)
S(4D)-C(6D)
C(1D)-C(3D)
C(2D)-C(4D)
C(3D)-C(4D)
C(5D)-C(6D)
C(7D)-C(8D)

1.504(4)
1.501(4)
1.356(4)
1.395(4)
1.343(4)
1.744(3)
1.766(3)
1.749(3)
1.761(3)
1.747(3)
1.757(3)
1.744(3)
1.750(3)
1.501(4)
1.503(4)
1.345(4)
1.358(4)
1.345(4)
1.742(3)
1.754(3)
1.732(3)
1.751(3)
1.739(3)
1.742(3)
1.739(3)
1.751(3)
1.508(4)
1.501(4)
1.348(4)
1.370(4)
1.337(4)

C(1G)-C(3G)
C(2G)-C(4G)
C(3G)-C(4G)
C(5G)-C(6G)
C(7G)-C(8G)
S(1H)-C(5H)
S(1H)-C(3H)
S(2H)-C(5H)
S(2H)-C(4H)
S(3H)-C(8H)
S(3H)-C(6H)
S(4H)-C(6H)
S(4H)-C(7H)
C(1H)-C(3H)
C(2H)-C(4H)
C(3H)-C(4H)
C(5H)-C(6H)
C(7H)-C(8H)
C(7B)-C(8B)
S(1C)-C(5C)
S(1C)-C(3C)
S(2C)-C(5C)
S(2C)-C(4C)
S(3C)-C(6C)
S(3C)-C(7C)
S(4C)-C(8C)
S(4C)-C(6C)
C(1C)-C(3C)
C(2C)-C(4C)
C(3C)-C(4C)
C(5C)-C(6C)

1.500(4)
1.501(4)
1.353(4)
1.385(4)
1.338(4)
1.720(3)
1.749(3)
1.722(3)
1.742(3)
1.735(3)
1.738(3)
1.719(3)
1.724(3)
1.499(4)
1.509(4)
1.350(4)
1.396(4)
1.344(4)
1.322(5)
1.728(3)
1.747(3)
1.723(3)
1.736(3)
1.726(3)
1.727(3)
1.728(3)
1.732(3)
1.499(4)
1.491(4)
1.362(4)
1.393(4)
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Table 36. Bond distances for (TTR[Fe" (CN)s]s*8H,O (18+8H,0) in A.

Fe(1)-C(35) 1.934(2) S(16)-C(22) 1.758(2)
Fe(1)-C(36) 1.935(2) S(17)-C(25) 1.735(2)
Fe(1)-C(37) 1.941(2) S(17)-C(27) 1.730(2)
Fe(1)-C(38) 1.953(3) S(18)-C(26) 1.722(3)
Fe(1)-C(39) 1.945(3) S(18)-C(27) 1.727(2)
Fe(1)-C(40) 1.933(3) S(19)-C(28) 1.726(2)
Fe(2)-C(41) 1.953(2) S(19)-C(29) 1.728(3)
Fe(2)-C(42) 1.946(3) S(20)-C(28) 1.733(2)
Fe(2)-C(43) 1.935(2) S(20)-C(30) 1.721(3)
S(1)-C(1)  1.720(3) S(21)-C(31) 1.731(3)
S(1)-C(3)  1.727(3) S(21)-C(33) 1.730(2)
S(2)-C(2)  1.716(3) S(22)-C(32) 1.726(3)
S2)-C(3)  1.718(3) S(22)-C(33) 1.733(2)
S(3)-C(4)  1.717(2) N(1)-C(35) 1.151(3)
S@3)-C(5)  1.724(3) N(2)-C(36) 1.153(3)
S@4)-C(4)  1.729(3) N@3)-C(37) 1.153(3)
S(4)-C(6)  1.715(3) N(4)-C(380 1.158(3)
S(G)-C(7)  1.732(2) N(5)-C(39) 1.159(3)
S()-C(9)  1.730(2) N(6)-C(40) 1.151(3)
S(6)-C(8)  1.727(2) N(7)-C(41) 1.157(3)
S(6)-C(9)  1.722(2) N(8)-C(42) 1.153(3)
S(7)-C(10)  1.722(2) N(9)-C(43) 1.156(3)
S(7)-C(11)  1.722(2) C(1)-C(2)  1.339(4)
S(8)-C(10)  1.728(2) C(3)-C(4)  1.391(4)
S(8)-C(12)  1.728(2) C(5)-C(6)  1.334(4)
S(9)-C(13)  1.719(2) C(7)-C(8)  1.336(3)
S(9)-C(15)  1.720(2) C(9)-C(10)  1.396(3)
S(10)-C(14) 1.723(2) C(11)-C(12) 1.338(3)
S(10)-C(15) 1.717(2) C(13)-C(14) 1.343(3)
S(11)-C(16) 1.723(2) C(15)-C(16) 1.400(3)
S(11)-C(17) 1.724(2) C(17)-C(18) 1.344(3)
S(12)-C(16) 1.723(2) C(19)-C(20) 1.323(4)
S(12)-C(18) 1.728(2) C(21)-C(22) 1.358(3)
S(13)-C(19) 1.750(3) C(23)-C(24) 1.318(4)
S(13)-C(21) 1.754(2) C(25)-C(26) 1.333(3)
S(14)-C(20) 1.734(3) C(27)-C(28) 1.387(3)
S(14)-C(21) 1.758(2) C(29)-C(30) 1.342(4)
S(15)-C(23) 1.742(3) C(31)-C(32) 1.334(4)
S(15)-C(22) 1.754(2) C(33)-C(33) 1.380(4)
S(16)-C(24) 1.749(3)
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Table 37. Bond distances for (TTE[CO(CN)]z*8H20 (19+8H,0) in A.

Co(1)-C(34) 1.896(3) S(16)-C(24) 1.723(B)
Co(1)-C(35) 1.887(3) S(17)-C(25) 1.720(B)
Co(1)-C(36) 1.898(3) S(17)-C(26) 1.711(})
Co(1)-C(37) 1.899(3) S(18)-C(25) 1.723()
Co(1)-C(38) 1.897(3) S(18)-C(27) 1.714(B)
Co(1)-C(39) 1.888(3) S(19)-C(29) 1.730(B)
Co(2)-C(40) 1.894(3) S(19)-C(30) 1.750(B)
Co(2)-C(41) 1.899(3) S(20)-C(28) 1.737(B)
Co(2)-C(42) 1.896(3) S(20)-C(30) 1.752(B)
S(1)-C(1)  1.738(3) S(21)-C(31) 1.748(B)
S(1)-C(2)  1.727(3) S(21)-C(33) 1.733(H)
S(2)-C(1)  1.734(3) S(22)-C(31) 1.754(B)
S(2)-C(3)  1.729(4) S(22)-C(32) 1.730(})
S(3)-C(4) 1.712(3) N(1)-C(34) 1.148(4)
S(3)-C(6) 1.727(3) N(2)-C(35) 1.149(4)
S(4)-C(5) 1.722(3) N(3)-C(36) 1.147(4)
S(4)-C(6)  1.725(3) N(4)-C(37) 1.151(4)
S(5)-C(7)  1.721(3) N(5)-C(38) 1.147(4)
S(5)-C(8)  1.711(3) N(6)-C(39) 1.146(4)
S(6)-C(7)  1.724(3) N(7)-C(40) 1.153(4)
S(6)-C(9)  1.729(3) N(8)-C(41) 1.153(4)
S(7)-C(10) 1.724(3) N(9)- C(42) 1.150(})
S(7)-C(12) 1.722(3) C(1)-C(1) 1.371(§)
S(8)-C(11) 1.719(3) C(2-C(3) 1.331(})
S(8)-C(12) 1.719(3) C(4)-C(5) 1.338(})
S(9)-C(13) 1.717(3) C(6)-C(7)  1.384(h)
S(9)-C(14) 1.717(3) C(8)-C(9)  1.350(4)
S(10)-C(13) 1.720(3) C(10)-C(11) 1.340(4)
S(10)-C(15) 1.717(3) C(12)-C(13) 1.394(8)
S(11)-C(16) 1.725(3) C(14)-C(15) 1.342(k)
S(11)-C(18) 1.721(3) C(16)-C(17) 1.335(1)
S(12)-C(17) 1.720(3) C(18)-C(19) 1.395(4)
S(12)-C(18) 1.721(3) C(20)-C(21) 1.336(4)
S(13)-C(19) 1.718(3) C(22)-C(23) 1.336(})
S(13)-C(20) 1.723(3) C(24)-C(25) 1.383(4)
S(14)-C(19) 1.726(3) C(26)-C(27) 1.337(F)
S(14)-C(21) 1.720(3) C(28)-C(29( 1.315(5)
S(15)-C(22) 1.714(3) C(30)-C(31) 1.352(4)
S(15)-C(24) 1.719(3) C(32)-C(33) 1.312(F)
S(16)-C(23) 1.718(3)
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Table 38. Estimated degree of ionicity for the donor moleculas (16-2H,O) and
(17+8H;0).

salt molecule A? B® Q°
(0-Me, TTF)g[Fe" (CN)g] #2H,0 (16+2H,0) 1.4255A | 1.712(8)A | +1.58
1.425(5R 1.712(8)A +1.58
1.382(4)A | 1.725(3)A +0.85
1.382(4)A | 1.725(3)A +0.85
1.355(6)A | 1.754(2)A +0.18
1.355(6)A | 1.754(2)A +0.18
1.378(7MA | 1.728(6)A +0.76
1.378(7MA | 1.728(6)A +0.76
1.393(7)A | 1.727(5)A +0.98

1.3702A | 1.742(3)A +0.51
1.388(4)A | 1.727(5)A +0.91
1.385(5)A | 1.733(7)A +0.81
1.396(4)A | 1.725(8)A +1.04
1.393(6)A | 1.728(6)A +0.97
1.358(3)A | 1.750(4)A +0.26
1.395(4H)A | 1.727(3)A +1.01

(0-Me,TTF)g[Co(CN)g],#8H,0 (17+8H,0)

IOTMMOO®m>»IOC0OO0TW> >

2Central C=C bond distance.
®Mean central C-S bond distance.
¢ Q = charge estimated with the formula Q = -17.92 + 23.4BYf&om Ref. 94.
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Table 39 Estimated degree of ionicity for the donor molecules (18+8H,0) and
(19+8H,0).

salt molecule A® B® Q°
(TTF),,[F€" (CN)g] 1#8H,0O (18:8H,0) 1.391(3)A | 1.7233)A | +0.99
1.391(3)A | 1.723(3)A +0.99
1.396(4)A | 1.726(2)A +1.03
1.396(4)A | 1.726(2)A +1.03
1.4003)A | 1.721(3)A +1.14
1.4003)A | 1.721(3)A +1.14
1.358(7)A | 1.756(5)A +0.20
1.358(7)A | 1.756(5)A +0.20
1.387(4A | 1.729(2)A +0.88
1.387(4A | 1.729(2)A +0.88
1.380(6)A | 1.732(5)A +0.75
1.384(4)A | 1.724(5)A +0.89

1.384(4)A | 1.724(5)A +0.89
1.394(6)A | 1.720(5)A +1.07
1.394(6)A | 1.720(5)A +1.07
1.395(3)A | 1.721(3)A +1.07
1.395(3)A | 1.721(3)A +1.07
1.383(7MA | 1.721(5)A +0.91
1.383(7)A | 1.721(5)A +0.91
1.352(4)A | 1.751(2)A +0.17
1.352(4)A | 1.751(2)A +0.17
1.371(6)A | 1.736(9)A +0.58

(TTF)14[Co(CN)]5*8H,0 (198H,0)

TMMOOUOO0OTW@X >MMMOO0TOO0O0T®m > >

2Central C=C bond distance.
®Mean central C-S bond distance.
¢ Q = charge estimated with the formula Q = -17.92 + 23.4BYf&om Ref. 94.

Conductivity Measurements

The thermal variation of the electrical conductivity samplesl and 3 are
displayed in Figure 53. Both compounds show a classicateathcting behavior with
room temperature conductivities of 2.21@nd 3.0x1d S.cm' and Arrhenius-like
behaviors on decreasing the temperature with activatierges of 305 and 210 meV for
samples1 and 3, respectively (inset in Figure 53). The low room tempeeatur

conductivity and the semiconducting behavior can be easillai@ed in both cases: in
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samplel each BEDT-TTF molecule bears an integer charge oWhédreas sampl8
shows an inhomogeneous charge distribution with (TMFTRlimers and isolated

neutral TMTTF molecules (see above), precluding thegehalelocalization in both

cases.
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Figure 53. Thermal variation of the resistivity for samplésand 3. Inset shows the
Arrhenius plot of both samples.

Conductivity measurements were also conducted9oand reveal that the
compound is an example of an organic metal, undergoing a-toetelulator transition
at 110K at 1bar. As demonstrated in Figure 54, measurenmmaated at 294 K and 1
bar illustrate that the complex has a room temperatomeuctivity of 130 Qscm)™. As

the pressure is increased, the room temperature conduatistigases to a maximum of
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370 Qecm)*. These values demonstrate the first time thabke,TTF donor has been

used successfully to prepare an organic material whichagsphetallic conductivity.
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Figure 54. Conductivity values obtained fd@ at 294 K illustrating the increase in
conductivity upon increase in pressure.

Magnetic Measurements

In lieu of conductivity measurements, molecular magmetisas used as a
gualitative means to search for conductivity, as the poeseof a temperature
independent paramagnetism (TIP) is indicative of condualiagtrons. DC magnetic
susceptibility measurements were conducted$ri4, (16-2H,0), and (8-8H,0). For

13, 14, and (88H,0), the [Ws010]*, [M0gO1g*, and [Co(CNY|* anions used in the
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preparation of those compounds are all diamagnetic, mg#mat any resulting magnetic
response, will be authored by the organic lattice. Ithedle cases, no magnetic response
from the organic lattice or temperature independent panmaetiagh was observed. Such
an observation is expected 8, 14, and (8+8H,0) as the polyoxometallate salt3(
and 14) showed strong charge localization duesttype dimers between fully-oxidized
0-Me,TTF radical cations. A different scenario is obserfedthe hexacyanocobaltate
salt (18+8H,0) as the structure does not demonstrate donors imdintegral oxidation
states, but instead shows a mixture of fully-oxidizedtigléy-oxidized, and neutral

donors.

XT (emuKX/mol)
X (emu/mol)

O T T T T T I O
0 50 100 150 200 250 300

Temperature (K)

Figure 55. T vs. T plot for (6-2H,0).
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The magnetic response forl6e2H,O) is interesting, because unlike the
previously described salts which contain diamagnetic anid@®2H,0) utilizes low
spin, paramagnetic F¢CN)s> anions. These strong-field anions possess an S = ¥
ground state, facilitated by the presence of a strongdijaid authored by the cyanide
ligands around the ferric metal center. The oveiialalue of ~1.1 emu+K/mol indicates
a paramagnetic response indicative of three, parariadfé' (CN)s> (S = %2) anions
(Figure 55). While a paramagnetic response from the anias observed, no

temperature independent paramagnetism from conductingogisetias detected.

Band Diagrams

Theoretical band diagrams calculated using the prograBBS&R for9 (Figure
56) indicate a ¥-filled system (1/4-filled with holesXhvho band gap and a Fermi level
crossing one of the bands.Such a band diagram is indicative of a system wittalie
conductivity. Since compounds11 all have similar stoichiometries, their theoretical
band diagrams should also be similar.

The theoretical band diagram fot8¢8H,0) (Figure 57) was also calculated
utilizing CAESAR?? In the structure, there are eight crystallographicatiependeno-
Me, TTF molecules. Application of the inversion center gemsrasixteen donor
molecules, which form a complete conduction plane,taadands in the band structure,
when one considers translations in the (a,c) planease® on the stoichiometry of
(18+8H,0), the sixteero-Me,TTF donor molecules have a total +12 charge, leaving the
remaining upper bands empty. According to the resulting Istnucture, a large band

gap opens, suggesting thag8¢8H,O) could be a semiconductor.
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Figure 56. Band structure 0% whereI’ = (0,0,0) and Z = (0,0,c*/2). The dotted line
indicates the Fermi level.
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Figure 57. Band structure of18+8H,0) whereI’ = (0,0,0), X = (1,0,0), and Z =
(0,0,c*/2).
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Conclusions

Electrocrystallized salts have been prepared betweeious chalcofulvalene
donors and various anions of both varying geometry and charge. chalcofulvalene
donors, throughout the series of salts prepared, were flmuexist in various oxidation
states. Select members of the series contained danorixed-valence states while
others showed only integral, univalent oxidation states. erOshlts, especially those
containing anions of more negative charges, such as theorogsallate or
polyoxometallate anions, contain both neutral and/fiolhized donors. Due to the wide
range of oxidation states observed, differing levelstrahsport properties, including
semiconducting and metallic conductivity, were observeth some of the salts,
molecular magnetism served as a viable tool to determmeptésence of magnetic
properties from the inorganic and organic components ar@gcursor to conductivity
measurements by measuring any temperature independentagasism facilitated by

the presence of itinerant electron density in thawi@sublattice.
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CHAPTER IlI
PREPARATION OF STABLE
TETRATHIAFULVALENE SALTS
FOR MATERIALS-BASED METATHESIS

REACTIONS

Introduction

Easily oxidized organic molecules such as TTF and itvakres are important
precursors for the preparation of materials that exbdmducting, optical, magnetic, or a
combination of these properties. Often, these maseais encountered as hybrid salts
which combine TTF-based radical cations which are es$edot the formation of a
conducting network with inorganic anions. As discussedhi previous chapter,
electrochemical techniques have been successfully usethdopreparation of such
materials, often generating the radical cations andidiaof TTF-like donors (Figure
58) in the course of the experiment. A less investihaiterative to electrochemical
methods has been to prepare hybrid materials using mesath@stions.

Unlike electrochemical preparative techniques where lims@dbility has not
hindered the preparation of stable salts, metathesisaest¢bd prepare chalcofulvalen-
ium salts are dependent on the satisfactory solulofityhe reactant materials in solvent
media. This requirement limits the number of chalt@fiene donors which can be used,
as many of the donors such as BEDT-TTF, BEST, BETS,-BEF, and EDT-TTF and

similar systems where limited solubility
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renders them inappropriate choices for the preparatisadi¢al cation salts and hybrid
systems using metathesis reactions.

First synthesized by Wudl and coworkers in 1975, (E[BH4]. represented a
benchmark in TTF chemistry because, for the first timstable, oxidized TTF salt was
isolated and used to introduce the TTF radical cation imbit new materials via
metathesis techniqués. Initial attempts by Wudl and coworkers to prepare a stalile s
of oxidized TTF using AgBFwere unsuccessful as the product could not be sucdgssful
separated from colloidal silvét. Later attempts using hydrogen peroxide and HB&re
successful, yielding (TTE)BF4]2 as a purple, crystalline solid.

Crystallographic analysis of this purple, crystallindidsavas later performed in
1983 by Cassoux and coworkers and revealed dimers of fullijzedi TTF radical
cations separated by neutral TTF dorirEhe material is soluble in hot acetonitrile and
exhibits limited solubility in room-temperature and coletaaitrile, acetone, and methyl
acetate. Despite its relatively limited solubili{y,TF)s;[BF4]. has been used to prepare a
number of hybrid salts containing TTF-radical cati®hsReactions to prepare these
hybrid salts using metathesis methods have been limitgdt@TF because no stable
salts for other donors in the TTF family are knowrThis chapter outlines work
performed as part of this dissertation to prepare statite fo-Me, TTF, TMTTF, TTF,
and the [TTF(SCBCH,CN),4] (Figure 59). Air-stable salts of these donors will befuls
for introducing radical cations other than TTHnto hybrid salts using metathesis

reactions.
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Figure 59. The chalcofulvalene donors TTR)( TMTTF (b), o-Me,TTF (c), and
TTF(SCHCH,CN), (d).
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Experimental Section
Preparation of Compounds

All solvents used were dried and freshly distilled pramwuse. Dichloromethane
and acetonitrile were dried ovep@® and 3A molecular sieves, respectively. Diethyl
ether was passed through an MBRAUN solvent purificatiostesy prior to use.
TTF(SCHCH,CN), and the oxidizing agents tgsbromophenyl)amminium tetra-
flouroborate and tris(2,4-dibromophenyl)amminium hexaclaotiomonate were prepared
according to literature procedurf8°* TTF was purchased from Aldrich and used as
received without further purification. TMTTF amdMe,TTF were provided by Prof.
Marc Fourmigué and used without additional purificafibkinless otherwise noted, all
manipulations were performed under an inert atmospheng wsidrybox or standard

Schlenk-line techniques.

(0-Me;TTF)[BF 4] (1). An orange solution ob-Me,TTF (0.0169g, 7.28 x 10 mol)
dissolved in 10 mL of CKCl, was combined with an intensely blue colored solution of
tris(p-bromophenyl)amminium tetrafluoroborate (0.0439 g, 7.71 % m@l) in 5 mL of
CH.Cl,. A red precipitate formed instantaneously and the isolutas stirred for 5
minutes after which time the solid was collected bydilon and washed with GBI, (2

x 10mL) to remove any unreacted starting material. Jdiel was dried under vacuum
and redissolved in GEN (5 mL) to yield a dark green solution and a white sditok
dark green solution was filtered to remove the amine by-prodDetrk green needles

were grown from this solution by slow evaporation in yejd 0.016g (69%).



121

(TMTTF)[BF 4] (2). An orange solution of TMTTF (0.021g, 8.07 x°1L6ol) dissolved
in 10 mL of CHCI, was combined with a solution of tmsbromophenyl) amminium
tetrafluoroborate (0.0459g, 8.07 x@nol) in CHCl, to yield a dark green colored
solution which was stirred for 5 minutes. The solutioaswemoved under reduced
pressure to yield a dark green solid which was extracted SvinL of CHCN. The
solution was filtered to remove the amine and was evggabma air which resulted in the

formation of dark green needles over the period of tws;dagld 0.020g (72%).

(TTF)4[SbCl¢] (3). A yellow solution of TTF (0.024g, 1.17 x famol) dissolved in 10
mL of CH,Cl, was combined with a green solution of tris(2,4-dibromophanyfinium
hexachloroantimonate (0.1248g, 1.18 x*I@ol) in 10 mL of CHCl,. The combined
solutions yielded a red solid which was washed with@}(2 x 10 mL) and dried under
vacuum. The solid was extracted with 4CH (5 mL) and collected by filtration to yield
a pale yellow solution which gradually became dark green lor @iter sitting in air
overnight. Dark green platelets grew from the motiwror over the period of three

days; yield 0.041g (65%).

[TTF(SCH,CH2>CN)4][SbCl¢] (4). An orange solution of TTF(SGEH,CN), (0.025g,
6.50 x 10° mol) dissolved in ChCl, (10 mL) was combined with a green solution of
tris(2,4-dibromophenyl)amminium hexchloroantimonate (0.069%y, $.10° mol) in 10
mL of CH,Cl,. Upon addition of the oxidizing agent to the donor solutiadark green
solution ensued which was stirred for 5 minutes after wiiste the solvent was

removed under reduced pressure to yield a dark green solid whlextracted with
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CH3CN (5 mL). The solution was filtered to remove the wiprecipitate of tris(2,4-
dibromophenyl)amine and the filtrate was slowly evaparateair. Dark green platelets

grew from the mother liquor after a period of three dgigdd 0.033g (83%).

X-ray Crystallographic Details and Structural Solutions

X-ray data forl, 2, and 4 were collected on a Bruker SMART CCD
diffractometer at 110+2 K with graphite monochromated Mogk= 0.71073 A) radiat-
ion. The structure foB was determined from data collected on a Bruker D8 GADDS
system at 110+2K with graphite monochromated Gu¢K= 1.54178 A) radiation. The
data were corrected for Lorentz and polarization effethe Bruker SAINT software
package was used to integrate the frames and the dataomexeted for absorption using
the SADABS prograrfi®®’ Space groups were unambiguously assigned by analysis of
symmetry and systematic absences determined by XPRERe structures were solved
by direct methods by the use of the SHELXS-97 prograrharBruker SHELXTL v5.1
software packag® The final refinements were carried out with anisotrdprmal
parameters for all non-hydrogen atoms. Figures focitysallographic structures were
generated using the XSEED progranCrystals for all salts were grown in a similar
manner, via slow evaporation from concentrateds@¥ solutions and secured to a
cryoloop using Dow Corning grease and transferred to thélligitrogen stream of the

diffractometer.
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Other Physical Measurements

IR spectra (1600-50 cm-1) were recorded on a computer codtiditmlet 750
FT-IR spectrophotometer equipped with a TGS/PE detectbisdinon beam splitter at
2.0 or 4.0 cm-1 resolution. Electronic absorption spectra weasured on a Hitachi U-
2000 spectrophotometer. Electrospray ionization (ESI) nasstremetry studies were

performed on a JEOL HX double-focusing mass spectrometer.

Results and Discussion
Syntheses

The salts of the singly-oxidized donors were prepaseceacting one equivalent
of the neutral donor with a stoichiometric quantity midizing agent. In all cases, dark
solids resulted upon reactant mixing and solvent remolddon subsequent extraction
with CH3;CN, formation of intense dark green solutions and whiteraurgstalline
powders occurred which were removed upon filtration. Adogrdo various literature
reports, dark green is indicative of the singly-oxidizéFTchromophoré? The dark
green color of the solutions indicates the presendheo$ingly-oxidized chalcofulavene
donor for compounds$-4. This conclusion is further corroborated by the preseriche
white, microcrystalline powder which is the neutral angeaerated upon reduction of
the amminium cation from the oxidizing agent. All the salts are air-stable for

prolonged periods of time in both solution and in thedsstiate.
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(0-MeTTF)][BF4] (1) and (TMTTF)[BFR] (2)

The syntheses fat and2 were performed by reacting GEl, solutions of the
neutral donor molecules with GBI, solutions of the oxidizing agent tns(
bromophenyllamminium tetraflouroborate (Figure 60) in anoaphere of N After
stirring, solvent removal, G&€N extraction, and filtration, the resulting dark green
solutions were slowly evaporated in air to yield dark gmessdles ofl and2 after a few

days.

(TTF)[SbCEH] (3) and[TTF(SCHCH,CN)][SbClg] (4)

The syntheses fo8 and4 were performed by reacting GEl, solutions of the
neutral donor molecules with GBI, solutions of the oxidizing agent tgsbromo-
phenyl)amminium hexachloroantimonate (Figure 60) in an atneospbf N. After
stirring, solvent removal, G&€N extraction, and filtration, the resulting dark green
solutions were slowly evaporated in air to yield dark grdatelets o and4 after a few

days.

X-ray Structures

The crystals ofl-4 were grown by slow evaporation of concentrated;C¥
solutions in air. A second method, vapor diffusion efCEinto the acetonitrile solutions,
also yielded diffraction quality crystals. It has beegll established by our group and
others that, in the absence of any intermolecular actsitsuch asi-m or S eee S
interactions, neutral chalcofulvalene donors are rangp, often exhibiting significant

bends of up to 30° along dithiole or diseleno bridges.
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Figure 60. The oxidizing agentgis(p-bromophenyl)amminium tetraflouroborat é&nd
tris(2,4-dibromophenyl)amminium hexachloroantimonéle (



126

Upon oxidation of the donor, structural changes in theeoud¢ occur, including
the adoption of a planar conformation followed by a leegiig of the central C=C bond
and a shortening of the C-S bonds in the central ToFE.cThese bond distances are the
most susceptible to the oxidation state of the donor amd heen used by Coppens and
coworkers to develop an empirical relationship that camided to calculate the overall
oxidation state of the donor molecule. Upon insjpectif these bond distances, it can be
ascertained that in all cases the donor molecules hagn successfully oxidized to the
+1 radical cation state based on the Coppens’ formilath the presence of planar,
radical cation salts of TTF-like molecules, anotiermolecular interaction occurs in
the solid state. Planar, radical cations, such as, Tiike a strong tendency to form
dimers in the solid-state via a two-electron bond ugtodirect overlap of their singly-
occupied molecular orbitals (SOMOSs). An important abteristic of the
tetrathiafulvalene molecule is the shape of its SOM@ich is an orbital whosea-
character covers the centralSy motif. The approach of two such radical cations into a
face-to-face eclipsed arrangement corresponds to theatiormof ¢ bonding andc*
antibonding combinations of the two SOMB3With an electron occupancy of two, a
strongs bond between the radicals is formed and the dyaaeationic entity becomes
fully diamagnetic. X-ray crystallographic and refiremh data and the calculated
valences for the chalcofulvalenium radical cationg-#hare listed in Tables 40 and 41.

Selected bond distances are shown in Tables 42-45.
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Table 40. X-ray crystallographic information for TTF saltA.

Compound
Formula
formula weight
Space group
a, A

b, A

c, A

a, deg

B, deg

v, deg

volume, A3

Zz

p, mm*

Temp.

Reflns. collected
Reflns. 1>2¢
Parameters
Restraints

R1%

wR2°
Goodness-of-fif

(o-Me,TTF)[BF,] (1)
CgS,HgBF,

319.21
P2/n
7.010(1)
10.902(2)
16.164(3)
90
97.64(3)
90
1224.32
4
0.80
110(2)
2777
2265
156
0
0.0778
0.1824
1.060

(TMTTF)[BF,] (2)

ClOS4H12BF4
343.23
C2/m

20.070(4)
10.160(2)
8.071(2)
90
100.61(3)
90
1617.62
2
0.33
110(2)
1958
1749
115
0
0.0653
0.1896
1.072

(TTF)[SbCE] (3)
CgS,H,SbCJ,
538.83
P4/mbm
11.784(2)
11.784(2)
11.554(2)
90
90
90
1604.52
2
2.42
110(2)
662
599
39
0
0.0495
0.1747
0.801

[TTF(SCH,CH,CN),J[SbC] (4)
C1858H16N4Sbct5

879.35
P2/n
11.452(2)

7.323(2)
19.112(4)

90
102.94(3)
90
1562.00
2
2.94
110(2)

3588

3264

169

0

0.0333

0.0862

0.573

aR1 =Yl - IRIIXIF0l. PWR2 = ¥ W(Fo?-Fcd2l! ¥ [w(Fo?)?211/2

¢ Goodness-of-fit =Yw(|Fol-IF))?/(NobsNparametel /2

Table 41. Comparison of the estimated charges of the donor mekegausaltsl-4.

salt molecule A® Q°
(0-Me, TTF)[BF,] (1) A 1.386(4HA | 1.721(2) A +0.95
(TMTTE)[BF4] (2) A 1.4033)A | 1.717(5)A +1.22
(TTF),[SbCK] (3) A 1.359(6)A | 1.750(3)A | +0.28
B 1.394(7)A | 1.730(4)A +0.96
[TTF(SCH,CH,CN),][SbCI{] (4) A 1.391(8) A | 1.721(3)A +1.06

aCentral C=C bond distance.

PMean central C-S bond distance.
¢ Q = charge estimated with the formula Q = -17.92 + 23.4BYf&om Ref. 94.




Table 42. Bond distances foo{Me,TTF)][BF4] (1) in A.

S(1)-C(1)
S(1)-C(3)
S(2)-C(2)
S(2)-C(3)
S(3)-C(4)
S(3)-C(5)
S(4)-C(4)
S(4)-C(6)
B(1)-F(1)
B(1)-F(2)
B(1)-F(3)
B(1)-F(4)
C(1)-C(2)
C(3)-C(4)
C(5)-C(6)
C(5)-C(7)
C(6)-C(8)

1.727(3)
1.722(5)
1.730(2)
1.725(4)
1.720(4)
1.731(3)
1.718(3)
1.732(2)
1.401(4)
1.344(4)
1.323(3)
1.267(5)
1.335(4)
1.386(2)
1.354(4)
1.498(3)
1.505(2)

Table 43. Bond distances for (TMTTF)][BF (2) in A.

S(1)-C(2)
S(1)-C(3)
S(2)-C(4)
S(2)-C(5)
B(1)-F(1)
B(1)-F(2)
B(1)-F(3)
C(1)-C(2)
C(3)-C(4)
C(5)-C(6)

1.749(3)
1.719(3)
1.714(4)
1.731(3)
1.375(3)
1.392(4)
1.389(2)
1.502(4)
1.403(6)
1.501(3)
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Table 44. Bond distances for (TTESbCE] (3) in A.

S(1)-C()
S(1)-C(2)
S(2)-C(3)
S(2)-C(4)
Sb(1)-CI(1)
Sh(1)-CI(2)
C(1)-C(1a)
C(4)-C(4a)

1.730(3)
1.728(5)
1.740(3)
1.750(4)
2.652(4)
2.664(3)
1.394(2)
1.359(6)

Table 45. Bond distances for [TTF(SGBH2CN)4][SbCk] (4) A.

S(1)-C(1)
S(1)-C(2)
S(2)-C(1)
S(2)-C(3)
S(3)-C(2)
S(3)-C(6)
S(4)-C(3)
S(4)-C(9)
N(1)-C(4)
N(2)-C(7)
Sb(1)-CI(1)
Sb(1)-CI(2)
Sb(1)-CI(3)
C(1)-C(1a)
C(2)-C(3)
C(4)-C(5)
C(5)-C(6)
C(7)-C(8)
C(8)-C(9)

1.724(5)
1.735(3)
1.718(2)
1.745(4)
1.748(2)
1.824(8)
1.754(3)
1.826(4)
1.141(2)
1.142(7)
2.382(6)
2.355(4)
2.362(5)
1.391(5)
1.362(4)
1.474(5)
1.538(5)
1.479(4)
1.537(6)
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This interaction dominates the solid-state structured-8f in which theo-
Me, TTF, TMTTF, and TTF donors form eclipsed dimers indi@atof stronge bond
formation. The packing motif in the TTF structure sh@ansolid-state arrangement with
a set of dimers surrounded by a plane of orthogonalrdimghis arrangement is similar
to the so-calledk-phase; this phase has produced the largest number of organic
superconductors in the TTF family, as well as those thighhighesfT..!*! Despite the
structural similarity to the superconducting systems,atih@engement ir8 forms a non-
conducting, non-stoichiometric diamagnetic dimeric esyst The crystal structure df
does not show this strong preference for eclipsed diorenation, as the steric bulk of
the nitrile-protecting groups ohprevents close contacts between the radical catibss
a consequence of the formation of strong, eclipsed dimehe solid-state, high levels of
charge localization can occur, leading to low condugtivitThis same scenario was
observed previously for the (TTBF4]. structure, in which the formation of eclipsed
dimers separated by neutral donor molecules yielded aensystxhibiting low
conductivity. The solid-state structures for the chaltaienium salts as well as the
expanded unit cells illustrating thetype dimers inl and2, the pseuda= phase for3,

and the steric bulk i4 are shown in Figures 61-68.
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F1
F2

F4
F3

H7C

Figure 61. Formula unit of ¢-Me,TTF)[BF4] (1).
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(b)

Figure 62. Expanded unit cell foroMe,TTF)[BF4] (1) illustrating the formation of
eclipsed dimers in the solid state from the sigeand top ). Hydrogen atoms have
been omitted for the sake of clarity.
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Figure 63. Formula unit of (TMTTF)[BE] (2).
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(b)

Figure 64. Expanded unit cell for (TMTTF)[Bf (2) illustrating the formation of
eclipsed dimers in the solid state from the sigeand top ). Hydrogen atoms have
been omitted for the sake of clarity.
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Cls

BCis

Figure 65. Formula unit of (TTR[SbCE] (3).
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(b)

Figure 66. Expanded unit cell for (TTESbCE] (3) illustrating the formation of
eclipsed dimers and the pseud@hase in the solid state from the t@)p &nd side If).
Hydrogen atoms have been omitted for the sake of clarity
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Figure 67. Formula unit of [TTF(SCECH2CN)4][SbCl] (4).
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(b)

Figure 68. Expanded unit cell of [TTF(SGBH,CN)4][SbCl] (4) illustrating the steric
bulk of the nitrile-protecting groups which prevents the fation of eclipsed dimers in
the solid-state from the sida)(and top ). Hydrogen atoms have been omitted for the
sake of clarity.
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Spectroscopic Analysis

Electronic Spectral Studies.UV-visible spectral studies were performed on the new
compounds as well as the neutral donor molecules. gdwtra for the neutral donors are
dominated by shoulders between 400 and 430 nm with no fedtwaed at lower
energies. The spectra for the salid donor reveal low energy bands between 600 and
650 nm. These absorptions are similar to those reportétlibyg and coworkers who
obtained the radical cation form of TTF by using Pb(QAx an oxidizing agent?
High resolution spectra performed by Torrance and cowsrkerCHCN revealed
resolved peaks and shoulders between 600 and 650 nm. whiclassegeed to the four
lowest symmetry-allowed transitions of the radicalaa byg = biy, by =2 bsg, b1y 2>

bag, andbsgy > by, ' Despite numerous attempts to resolve the low eneegys
obtained for the new radical cation salts into tl@instituent transitions, the individual

bands could not be fully identified.

ESI-Mass Spectrometry. The salts of the oxidized donors were investigated by
electrospray ionization (ESI) mass spectrometry. Hbiofathe salts, studies were
conducted in both the positive and negative modes but tlged different results
depending on the identity of the donor cation. For kathe spectra showed peaks for
the [salt — BE]" (m/z = 232) with no corresponding peak in the negative modthéo
[BF4]” (m/z = 87). Sal4 showed more promising results in the positive and negativ
modes by exhibiting peaks representing [salt — Sb@H] (m/z = 543) and [Sbe]l

(m/z = 330) respectively. Similar mass spectroscopityses were carried out for salts
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2 and3, but the results did not show any mass peaks indicafittee oxidized donors or

their corresponding anions.

Conclusions
Four salts of oxidized TTF derivatives were prepared bstireathe donors with

the oxidizing agents trip{bromophenyl)amminium tetraflouroborate or tris(2,4-
dibromophenyl)amminium hexachloroantimonate in .,CH The compounds were
characterized by X-ray crystallography, UV-vis-NIR spestopy, and ESI-mass
spectrometry. The most convincing results for the encgt®f the monocationic states of
the donor molecules were observed from the resulksraly crystallography and UV-vis
spectroscopy. According to the crystallographically whetged bond distances, the
donor molecules are present in the salts in theicahdation forms. This fact is further
confirmed through the use of UV-vis-NIR spectroscopy wi@neenergy bands provide
additional evidence for the existence of TTF radicaboat Work is currently underway
in order to prepare the salts on a larger scale sartbitthesis reactions to prepare new

materials can be carried out.
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CHAPTER IV
PREPARATION OF NEW ORGANIC TTF-ACCEPTOR

COMPLEXES

Introduction

Charge-transfer salts and radical salts containing oxidspecies of TTF and its
derivatives represent the most numerous and impoamtyf of molecular conductors
and superconductors, with many examples of molecularIsnatal superconductors
having been reported. Most of the successful examplegeditom the radical salt
approach, where the overall cationic charge of the ceddiZTF radical cations is
counter-balanced by inorganic anions, “innocent” or “etesttive”, which represents a
successful approach toward multifunctional conductdrsthe case of charge transfer
salts, a pure organic approach is possible. As mentionedriier chapters, the most
studied example is that of the 1:1 organic charge compléxTIONQ, which has been
the subject of intense research since its discovetiigrearly 1970s as it was the first
example of an organic system that displayed metadliwlactivity (500 Secr at 66 K)
upon mixing acetonitrile solutions of the neutral moleshl&@he metallic conductivity
occurs as a consequence of two determining factors. fifdtecharacteristic is the
spontaneous electron transfer which occurred by mixing dosiaat acceptors of nearly
equivalent oxidation and reduction potentials. As a conseguef their similarity in
redox potentials, a partial electron transfer occurraevden the TTF donor and the
TCNQ acceptor which lead to the formation of mixed-nete states for the constituent

molecules. The solid-state packing of this materialdgs very critical as the segregated
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stacking motif leads to maximum molecular orbital caeriand the formation of a
pathway by which diffuse electron density could be temsé in a facile mannér.The
necessity of having diffuse electron density being teansfi along segregated stacks of
partially-oxidized chalcofulvalene donors and its connectim high levels of
conductivity in materials is a paradigm in this area dfemals chemistry.

In the same vein, other organic acceptors have been systdiypanvestigated,
but few detailed studies have been reported, especiallyrd@mnic acceptors other than
nitrile-containing species. The fluorenone family of @toes (Figure 69) has recently
been explored as organic acceptors in the formatiomariye-transfer complexé¥ %’
Interest in this area has been heightened by a fewpa&amuch as the combination of
cyano-derivatives with BEDO-TTF to yield organic metaf Also, nitro-containing
derivatives have been combined with trimeric clustersAo(l) to yield interesting
spectroscopic propertié®’ In 1989, Toscano and coworkers prepared a charge-transfer
complex between TTF and the organic acceptor 2,7-dinittoe®eihone (DNF) (Figure
70)* The properties of this material were later describethbysame authors in 1993
who reported that it is an insulafSr. This can be explained on the basis of the large
disparity between their redox potentials 8 TF) = +0.23 V and B(DNF) = -0.68 V),
which is expected to lead to a very small effective chérgesfer, with both molecules
remaining essentially neutrf&l. Due to their electron-withdrawing nature, increasirg th
number of nitro groups enhances the electron accepting pesperf the fluorenone
derivatives:® Alteration in the reduction potential of the accepstoould have an effect
on the electronic properties and packing of the constitmetegcules in respective charge

transfer salts.
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O,N NO,

(a) 2,7-dinitro-9-flourenone (DNF) [E(red) =-0.68 V]

O,N

(b) 2,4, 7-trinitro-9-flourenone (TRNF) [iz(red) = -0.42V]

O,N NO,

N02 02N

(c) 2,4,5,7-tetranitro-9-flourenone (TENF)4Ered) = +0.14V]

Figure 69. The nitroflourenone family of acceptors. The corredpanfirst reduction
potentials for each acceptor are also listed.
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Figure 70. Crystal structure of the charge transfer compleld{)[DNF].

In an effort to further study the effect of differesganic acceptors, we turned
our attention to the organic acceptors HAT-(gBnd TCNB. HAT-(CNy has seen use
as a building block in the preparation of molecule-basadnetic materials as probed by
Dunbar and coworkers®? Much like TCNQ and its derivatives, the presence oficia
groups on the triphenylene core could serve as an efficiede to elucidate the presence
of reduced organocyanide acceptors in either solution a-s@te media. Structural and
spectroscopic data are available for reduced TCNQ and T¢NQEe mono- and
extremely air and moisture-sensitive dianionic statesrgéek upon reduction with either

one or two equivalents of the powerful reducing agent (@wJ'* To date, only
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information from the cyanide stretching frequencies dféered any information about
the reduced states of HAT-(C/N)'°

In an effort to explore the ability of these acceptorgenerate oxidized states of
TTF and its derivatives, one equivalent of TTF, TMTTid @-Me,TTF donors were
reacted with TRNF, TENF, and the organocyanide accept&i&(&N)s and TCNB.
This chapter outlines the preparation of charge-transferptexes between TTF and

some of its derivatives and a description of their priogser

Experimental Section
Preparation of Compounds

All solvents used were used as received. The acceptdis BHRd TENF were
provided by Prof. Alan Balch and used without additional patfon. The acceptor
HAT-(CN)s was prepared according to literature procedtifeS.TF was purchased from
Aldrich and used without further purification. The donorsTIW ando-Me,TTF were
provided by Prof. Marc Fourmigd@.All manipulations were performed in air. The
adducts were prepared by reacting one equivalent of the doo@ecules with a
stoichiometric amount of the nitrofluorenone or orgalamide acceptors. For the
preparation of2-7, the mixing of concentrated solutions of the donor andeptor
molecules did not lead to the formation of dark gredotsms indicative of oxidized
TTF donor molecules. The mixing of solutions of TR&td TTF during the preparation
of 1, showed the formation of a slight dark green colorciaithg a slight degree of TTF

oxidation.
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(TTF)[TENF] (1). An intensely colored yellow solution of TTF (0.022g, 1.08 ¥ 10
mol) in a minimum of CHCN was added without stirring to a pale yellow solutidn o
TENF (0.038g, 1.046 x 10mol) in a minimum of warm CECN. Upon mixing, the
solution became slight green in color. Black needle-trystals of (TTF)[TNNF] 1)
were harvested from the mother liquor after a periodafuple of ~5 days; yield 0.042g

(71%).

(TTF)[TRNF] (2). An intensely colored yellow solution of TTF (0.024g, 1.17 ¥ 10
mol) in a minimum of CHCN was added without stirring to a pale yellow solutidn o
TRNF (0.037g, 1.17 x b mol) in a minimum of warm CECN. Upon mixing, the
solution showed no change in color. Black block-like ctgsté (TTF)[TRNF] ) were
harvested from the mother liquor after a period of a Eoop ~5 days; yield 0.035g

(57%).

(TMTTF)[TRNF] (3). An intensely colored yellow solution of TMTTF (0.021g, 8.08 x
10° mol) in a minimum of CKCl, was added without stirring to a pale yellow solution of
TRNF (0.025g, 6.67 x 10mol) in a minimum of warm CECN. Upon mixing, the
solution showed no change in color. Black needle-ligstats of (TMTTF)[TRNF] 8)
were harvested from the mother liquor after overnigiaperation in air; yield 0.032g

(69%).

(TTF)[HAT-(CN) ¢]*2CH3CN (4+2CH3CN). An intensely colored yellow solution of

TTF (0.021g, 1.03 x IHmol) in a minimum of CECN was added without stirring to an
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orange solution of HAT-(CN)(0.040g, 1.04 x THmol) in a minimum of THF. Upon
mixing, the color of the solution became slight browncbpblor. Brown crystals of
(TTF)[HAT-(CN)g]*2CH3CN (4) were harvested from the mother liquor after the perio

of a week which became a brown powder upon drying; yield 0.C28g%X

(0-Me,TTF)[HAT-(CN) ¢g] (5). In an analogous manner td+2CHsCN), a CHCl
solution ofo-Me,TTF (0.024g, 1.03 x IHhmol) was combined with a THF solution of
HAT-(CN)s (0.040g, 1.05 x I6mol). After a period of ~2 weeks, small brown crystal

had formed from the mother liquor after slow evaporatiair; yield 0.027g (42%).

(TTF)[TCNB] (6). A CHsCN solution of TTF (0.025g, 1.22 x famol) was combined
with a solution of TCNB (0.021g, 1.22 x tmol) dissolved in a minimum of warm
CH3CN. After a period of ~2 weeks, black block-like crystalsmed from the mother

liquor after slow evaporation in air; yield 0.029g (63%).

(0-Me, TTF)[TCNB] (7). In an analogous manner t6),(a CHCN solution ofo-
Me,TTF (0.024g, 1.03 x ITHmol) was combined with a solution of TCNB (0.021g, 1.22
x 10* mol) dissolved in a minimum of warm GEN. The solution was concentrated via
slow evaporation in air over the period of one montth placed in a freezer at -X1D
which resulted in the overnight formation of black neditle crystals; yield 0.029¢g

(63%).
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X-ray Crystallographic Details and Structure Solution

X-ray data for compounds 2, and3 were collected on a Bruker SMART CCD
diffractometer at 110+2 K with graphite monochromated Mo = 0.71073 A)
radiation. The structures f& and7 were determined via data collected on a Bruker
APEX Il diffractometer at 110+2 K with graphite monochwmted Mo-Ku (A = 0.71073
A) radiation. The structure fot was determined from data collected on a Bruker D8
GADDS system at 110+2K with graphite monochromated GuéK = 1.54178 A)
radiation. The data were corrected for Lorentz anrzation effects. The Bruker
SAINT software package was used to integrate the frantetha data were corrected for
absorption using the SADABS progr&f?’ Space groups were unambiguously assigned
by analysis of symmetry and systematic absences deterrbinedPREP?® The
structures were solved by direct methods by the use @t XS-97 program in the
Bruker SHELXTL v5.1 software packade® The final refinements were carried out
with anisotropic thermal parameters for all non-hydrogéoms. Figures for the
crystallographic structures were generated using the XSB§am® Crystals for all
salts were grown in a similar manner, via slow evammmatom concentrated GEN
solutions or mixed CkCl, or THF solutions with CECN. All crystals were secured to a
cryoloop using Dow Corning grease and transferred to thélligjtrogen stream of the
diffractometer. X-ray crystallographic and refinemdata forl-4, 6, and7 are listed in

Tables 46 and 47.
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Table 46. X-ray crystallographic data for TTF addudtsS.

Compound [TTF][TENF] (1) [TTFIS[TRNF], (2) [TMTTF][TRNF] (3)
Formula C1oH12N400S, CaaH22NsO7S;2 Ca3H17Nz07S,
Formula Weigh 568.59 1131.44 575.64
Space group P-1 P-1 P-1
a, A 7.030(2) 10.607(2) 7.490(2)
b, A 11.040(2) 10.742(2) 10.030(2)
c, A 13.690(3) 10.931(2) 16.294(3)
a, deg 92.20(3) 89.45(3) 97.46(3)
B, deg 91.80(3) 83.16(3) 91.85(3)
y, deg 97.00(3) 75.31(3) 99.20(3)
v, A 1093.6(4) 1195.9(4) 1196.3(4)
Z 2 2 2
4, mm* 0.500 0.441 0.450
Refins. collectd 2910 3424 3389
Reflns.| >20 2060 2933 1711
R1% 0.0347 0.0358 0.0937
wR2" 0.1341 0.0839 0.2117
quality-of-fit® 0.837 1.044 0.950

Table 47. X-ray crystallographic data fod{2CHsCN), 6, and?.

Compound [TTFI[HAT-(CN) g *2CH,CN @-2CH,CN) [TTF][TCNBJ (6) [0-Me,TTF][TCNB] (7)
Formula CogH1gN14 CieHeN4S, CigH10NLS,
formula weight 542.12 382.49 409.98
Space group c2 P2/c P-1

a, A 18.892(4) 7.295(2) 6.920(1)
b,A 7.277(2) 12.162(4) 7.928(2)
c, A 22.181(4) 9.070(3) 17.454(4)
a, deg 90 90 100.54(3)
B, deg 104.78(3) 94.610(3) 99.67(3)
y, deg 90 90 97.32(3)
v, A 2948.7(1) 802.1(4) 915.6(4)
z 6 1 2

4, mm* 0.367 0.597 0.750
Reflns. collectd 1810 1930 4263
Reflns.| >20 1427 1828 3456
R1? 0.0637 0.0256 0.0325
WR2" 0.1416 0.0713 0.0925
quality-of-fit © 1.071 1.058 1.063

aR1 =Y|F| - IRIIEIFol. PWR2 = [ W(Fo2-Fcd)2)/ 3 w(Fo?)311/2
¢ Goodness-of-fit =Y w(|Fol-IF))%/(NobsNparametel /2
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Other Physical Measurements

IR spectra (1600-50 cf) were recorded on a computer controlled Nicolet 750
FT-IR spectrophotometer equipped with a TGS/PE detectbisdinon beam splitter at
2.0 or 4.0 cm-1 resolution. Magnetic measurements wererpedf on a Quantum
Design SQUID, MPMS-XL magnetometer. Magnetic susbdjpyt measurements in the

DC mode were carried out at an applied field of 0.1 hén2-300 K range.

Results and Discussion
[TTF][TENF] (1) and [TTF][TRNF] )

The syntheses fot and 2 were performed by combining an intense yellow
CH3CN solution of the neutral TTF donor with pale yellow 4Ll solutions of the
neutral nitrofluourenone acceptors in air without stgrin Upon adding the
tetranitrofluorenone (TENF) acceptor to the TTF sohutia slight green color formed
indicating the possible presence of TTF radical cationssalution. Addition of
trinitrofluorenone (TRNF) to the TTF solution did ndeld any detectable green color.
The resulting mixed solutions were slowly evaporated iricayield black needles df

and black blocks a2 over the course of a week.

[TMTTF][TRNF] (3)
Adduct complex3 was prepared by adding a pale yellow solution of trinitro
fluorenone in CHCN to an orange CIKEI, solution of TMTTF. The mixed solution was

slowly evaporated in air, to yield black needles overnight.
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[TTF][HAT-(CN)g]*2CH3CN @+2CH;CN)

Intensely colored orange solutions of 1,4,5,8,9,12-hexaalzanylenehexacarbo-
nitrile (HAT-(CN)g) (Figure 71) in either CECN or THF were combined with a yellow
solution of TTF in air without mixing. Upon mixing, a paleotn colored solution
ensued which slowly evaporated in air to yield brown reedf @+2CH;CN) after a

period of two weeks.

[0-Me,; TTF][HAT-(CN)] (5)

Intensely colored orange solutions of 1,4,5,8,9,12-hexaalzanylenehexacarbo-
nitrile (HAT-(CN)s) in either CHCN or THF were combined with a yellow solution of
TTF in air without mixing to yield a brown solution. Upanxing, a slight brown color
was observed for the solution. The solution was slewvhporated in air, to yield small

brown needles d after a period of two weeks.

[TTF][TCNB] (6) and [0-MeTTF][TCNB] (7)

The syntheses @ and7 were performed by combining intensely colored yellow
solutions of TTF ando-Me,TTF in CHCN with pale yellow solutions of 1,2,4,5-
tetracyanobenzene (TCNB) (Figure 71) in LN in air without stirring. No apparent
color change occurred upon mixing the solutions. Thelthregwellow solution for6
was slowly evaporated in air, yielding black blocks oftitle compound after a period of
two weeks. The resulting solution férwas allowed to slowly evaporate in air for one
month followed by deposition in a freezer which resultedhe overnight formation of

black needle-like crystals.
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Figure 71. Schematic drawings of the organocyanide acceptors HATs(GN and
TCNB (b).
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Structures

Crystals ofl, 2, (4e2CHsCN), 6, and 7 were grown by slow evaporation of
concentrated C¥CN solutions in air. Crystals &fwere grown by slow evaporation of a
mixed CHCIl/CHsCN solution in air. In all cases, the interactionwen donor and
acceptor favors the formation of solids with strongrim@ecular interactions. These
strong intermolecular interactions also dictate thekipg in the solid state, wherein,
rather than segregated stacks, one observes an attgridtegrated stacking of the
molecular species. The strength of these and ottemmnolecular interactions determine
the crystal structure of these materials. In mases, the organic molecules appear with
non-integer charge due to the presence of partial changgfeéraas estimated from the
TTF bonding distances which are very sensitive to Miglation level. Compound
crystallizes in the space gro&pl and the structure is dominated by 1:1 integrated stacks
of donor and acceptor molecules along thaxis forming a 1D chain in a pseudo-
tetragonal packing arrangement. The TTF moleculedagisp slight distortion from
planarity by an angle of 7°. From the C-C and C-&dbdistances, a charge of +0.18 per
TTF molecule can be estimated according to the Coppett®di& The nitrofluorenone
molecule displays a torsion angle collinear with tleés @hat bisects the central five-
membered ring resulting in a twisted conformation for thereéwhile their constituent
nitro groups deviate from planarity. A single nitro groupaplanar with each half of the
molecule (torsion angle below 3°), while the seconrgroup in each half differs from
planarity by torsion angles of 25 and 30Phe solid-state structure @fand the packing

of the donor and acceptor molecules in the crystadfasen in Figures 72 and 73.
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Figure 72. X-ray crystal structure of the [TTF][TENF] addud).(
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(b)

Figure 73. Packing arrangements bfillustrating the conformations of the TTF donors
(a) and fluorenone cores of the TENF acceptor moledbles
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Another interesting feature of the tetranitrofluorenor@ecule is the bond length
of the carbonyl group defined by C(12) and O(3) is 1.226 A, whetteaseutral
molecule shows a carbonyl bond distance of 1.205 A. Tei®ase in carbonyl bond
distance could be indicative of electron donation ffoiF to the carbonyl group of
tetranitrofluorenone. There are no close interactlmetsveen chains, with all contacts
being essentially the sum of the van der Waals radiere is a weak interaction between
adjacent chains between a nitro group and a sulfur ato@)«€§(1) = 2.981(4) A).
Selected bond distances fbare shown in Table 48.

Compound?2 crystallizes in the triclinic space gro#pl, and is characterized by
1D stacks and neutral TTF molecules in a 3:2 stoichiom@thg asymmetric unit
contains a single trinitrofluroenone molecule and tinmaé molecules of TTF (A, B, and
C). Two of the three crystallographically independent Tiiolecules (A and B) form
alternating stacks parallel to the [0 1 -1] directiontba bc plane, with a sequence
seeAsee TRNFeeeBeee TRNFeee. Molecule C appears inetimterchain separation with the
plane perpendicular to the chains. From the intercdde bonding distance, there are
two neutral TTF molecules (B and C) while molecule @slan estimated charge of

+0.30%
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Table 48. Bond distances for [TTF][TENFIL] in A.

S(1)-C(1) 1.771(4) 0(9)-C(17) 1.225(})
S(1)-C(3)  1.763(4) C(1)-C(2)  1.350(})
S(2-C(2) 1.753(4) C(3)-C(4)  1.374(})
S(2)-C(3)  1.793(4) C(5)-C(6)  1.340(¢)
S(3)-C(4)  1.784(4) C(7)-C(8)  1.388(§)
S(3)-C(5) 1.748(4) C(7)-C(19)  1.400(f)
S(4)-C(4) 1.763(4) C(8)-C(9)  1.406(%)
S(4)-C(6)  1.756(4) C(9)-C(10)  1.415(F)
N(1)-0(1) 1.229(5) C(10)-C(11) 1.516(})
N(1)-0(2) 1.246(5) C(10)-C(18) 1.424(f)
N(1)-C(7) 1.501(5) C(11)-C(12) 1.411(§)
N(2)-O(3) 1.247(4) C(11)-C(16) 1.421(})
N(2)-O(4) 1.244(4) C(12)-C(13) 1.400(})
N(2)-C(9) 1.486(5) C(13)-C(14) 1.397(})
N(3)-O(5) 1.248(4) C(14)-C(15) 1.385(§)
N(3)-O(6) 1.236(4) C(15)-C(16) 1.406(%)
N(3)-C(12) 1.485(5) C(16)-C(17) 1.499(5)
N(4)-O(7) 1.243(4) C(17)-C(18) 1.511(})
N(4)-O(8) 1.239(4) C(18)-C(19) 1.395(%})
N(4)-C(14) 1.497(5)

The difference in charges observed for the TTF mddsci the chain are in good
agreement with the intermolecular distances. Inddexichains do not show a regular
stack, with close contacts between molecule A amd TRNF molecules (3.01(5) A
between S1 and the mean plane of the two adjaceNFTrRolecules), and much longer
for molecule B (3.35(5) and 3.43 A between S3 and the meae pif the two adjacent
TRNF molecules). Thus the structure can be considesedeing composed of
sandwiched trimers TRNFeeeTTF(A) *=eTRNF separated &ytral TTF molecules.

Along the chain, the molecules are related by a cesftalymmetry, and thus
consecutive TRNF molecules show opposite orientatiegarding the C=0 group and
appear with nitro group conformation which exhibit a dihedragle of 7° which causes
them to deviate from the planarity of the fluorenoneecoThere are no close contacts

between stacks or with the neutral and isolated TTFecadd. The closest contacts
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between nitro groups and aromatic hydrogen atoms is frojacead fluorenone
molecules (O(4)+++C(18) = 2.832(6) A), but also betweendh® group with the sulfur
atoms from TTF A molecules, the molecules with thghest positive charge
(S(1)==O(7) = 2.904(8) A). The solid-state structur@ @ind the packing of the donor
and acceptor molecules in the crystal are shown in Figi#teand 75. Selected bond
distances foR are shown in Table 49.

Compound3 crystallizes in the space grofpl and exhibits a 1:1 stoichiometry.
It forms by regular 1D alternating stacks of TMTTF and\IFRalong thea axis, with a
pseudo-hexagonal packing motif. There is only one crygtalihically independent
neutral TMTTF molecule as estimated from intermolacubond distances. The
interplanar distance is 3.288 A. The trinitrofluorenanelecule also shows a planar
configuration, with torsion angles up to 27° for the cantiitro group. Interchain
interactions are much weaker, and no significant hydrbgexling is observed, with the
shortest contact appearing between a nitro group and acocaabons from fluorenone
molecules in adjacent chains (O(4)seC(19) = 2.844(6) A)e Jdlid-state structure 8f
and the packing of the donor and acceptor moleculesicrifstal are shown in Figures

76 and 77. Selected bond distances3fare shown in Table 50.
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Compound 4+2CH3CN) crystallizes in the space gro@? and is dominated by
integrated 1:1 stacks of TTF donors and HAT-(€&ceptors. From numerous studies
on neutral and oxidized chalcofulvalene donors, it has lestablished by our group and
others, that when the TTF donor forms integrated statksorganic acceptors of non-
equivalent redox potentials, intermolecular forces sash-t or S ees S interactions
become the dominating feature in facilitating nearly-reduthalcofulvalene donors to
adopt a planar conformatiérit? Utilizing the Coppens’ method, close inspection of the
C-C and C-S bond distances reveal that the TTF dorbiesxan overall oxidation state
of +0.12%* In light of this oxidation state and the appearance miiaar conformation
for TTF, it is apparent that TTF engagesrtin interactions with HAT-(CNy along the
stacking axis. Based on these structural features, TAHAT-(CN)s are approximately
neutral’®® The integrated stacks form along the b-axis and aageteto one another by
translation along the a-axis. An interesting featuréhe structure is that two separate
trios of integrated stacks form a V-formation, whictemsect at the (1,1,1/2) plane along

with interstitial acetonitrile molecules.
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Figure 74. X-ray crystal structure of the [TTF][TRNF] addu@).(
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(b)

Figure 75. Packing arrangements &fillustrating the planar conformation of the TTF
donors &) and fluorenone cores of the TRNF acceptor moledbles
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Compound 4+2CH3CN) crystallizes in the space gro@? and is dominated by
integrated 1:1 stacks of TTF donors and HAT-(€&ceptors. From numerous studies
on neutral and oxidized chalcofulvalene donors, it has lestablished by our group and
others, that when the TTF donor forms integrated statksorganic acceptors of non-
equivalent redox potentials, intermolecular forces sash-t or S ees S interactions
become the dominating feature in facilitating nearly-reduthalcofulvalene donors to
adopt a planar conformatiéi? Utilizing the Coppens’ method, close inspection of the
C-C and C-S bond distances reveal that the TTF dorbiesxan overall oxidation state

of +0.12%*

Table 49. Bond distances for [TTF][TRNFRJ in A.

S(1)-C(1)  1.743(3) C(1)-C2) 1.326(3)
S(1)-C(3)  1.756(3) C(3)-C(3) 1.362(%)
S(2)-C(2)  1.742(3) C(4)-C(5) 1.327(4)
S(2)-C(3)  1.749(3) C(6)-C(6)  1.344(f)
S(3)-C(4)  1.741(3) C(7)-C(8) 1.324(4)
S(3)-C(6) 1.766(3) C(9)-C(9)  1.335(¢)
S(4)-C(5) 1.737(3) C(10)-C(11) 1.375(})
S(4)-C(6)  1.764(3) C(10)-C(22) 1.379(})
S(5)-C(8) 1.741(3) C(11)-C(12) 1.378(})
S(5)-C(9) 1.772(3) C(12)-C(13) 1.481(})
S(6)-C(7)  1.744(3) C(12)-C(20) 1.508(})
S(6)-C(9)  1.759(3) C(13)-C(14) 1.483(})
N(1)-O(1) 1.227(3) C(14)-C(15) 1.409(4)
N(1)-0(2) 1.224(3) C(14)-C(19) 1.412(4)
N(1)-C(10) 1.469(4) C(15)-C(16) 1.377(4)
N(2)-O(5) 1.230(3) C(16)-C(17) 1.383(4)
N(2)-0(6) 1.223(3) C(17)-C(18) 1.383(4)
N(2)-C(16) 1.474(4) C(18)-C(19) 1.387(f)
N(3)-0(3) 1.230(3) C(19)-C(20) 1.508(4)
N(3)-0(4) 1.210(3) C(20)-C(21) 1.400(4)
N(3)-C(21) 1.473(3) C(21)-C(22) 1.387(4)
O(7)-C(13) 1.216(3)
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Figure 76. X-ray crystal structure of the [TMTTF][TRNF] addu@).(
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(b)

Figure 77. Packing arrangements @&f illustrating the planar conformation of the
TMTTF donors &) and fluorenone cores of the TRNF acceptor moledbles
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In light of this oxidation state and the appearance plaaar conformation for
TTF, it is apparent that TTF engagesnn interactions with HAT-(CNy along the
stacking axis. Based on these structural features, TAHHAT-(CN)s are approximately
neutral’®® The integrated stacks form along the b-axis and aageteto one another by
translation along the a-axis. An interesting featuréhe structure is that two separate
trios of integrated stacks form a V-formation, whictemsect at the (1,1,1/2) plane along
with interstitial acetonitrile molecules. The sedithte structure o#2CH3;CN) and the
packing of the donor and acceptor molecules in the drgstashown in Figures 78 and
79. Selected bond distances #@¢2CHsCN) are shown in Table 51.

Compound6 crystallizes in the monoclinic space groBg/c and consists of
integrated stacks of donors and acceptors. As in theofdse¢he bond distances of TTF
as well as those from the cyanide ligands of tetradyamzene indicate that both are
essentially neutral' Since no charge transfer appears to have taken, ptecelanarity
of TTF can be rationalized on the basismet interactions between the donors and
acceptors along the stacking axis, which appears to coimgidehe a-axis of the unit
cell. Independent stacks are related to one anothetrarglations along the c-axis.
Weak to intermediate hydrogen bonding interactions exigtd (1/2,1,1) plane involving
Cspz-HmN interactions at distances ranging from a maxmuf 2.538 A to a minimum
of 2.372 A involving the hydrogen atoms C1 and C2 from TTF amdgsn atoms N1
and N2 from the nitrile group of tetracyanobenzene. The-state structure d and the
packing of the donor and acceptor molecules in the drgstashown in Figures 80 and

81. Selected bond distances @oaire shown in Table 52.



Table 50. Bond distances for [TMTTF][TRNFB] in A.

S(1)-C(6)
S(1)-C(7)
S(2)-C(6)
S(2)-C(8)
S(3)-C(2)
S(3)-C(5)
S(4)-C(3)
S(4)-C(5)
N(1)-O(1)
N(1)-0(2)
N(1)-C(11)
N(2)-O(5)
N(2)-O(6)
N(2)-C(17)
N(3)-O(3)
N(3)-O(4)
N(3)-C(22)
O(7)-C(14)
C(1)-C(2)
C(2)-C(3)

1.756(8)
1.776(7)
1.781(8)
1.749(9)
1.752(8)
1.775(8)
1.769(8)
1.735(8)
1.229(9)
1.210(9)
1.482(11)
1.219(9)
1.237(9)
1.461(10)
1.221(9)
1.220(9)
1.476(10)
1.224(9)
1.508(10)
1.340(12)

C(3)-C(4) 1.492(1
C(5)-C(6) 1.334(1
C(7)-C(8) 1.327(1
C(7)-C(9)  1.509(1
C(8)-C(10) 1.510(1

C(11)-C(12) 1.393(1p)
C(11)-C(23) 1.370(1fL)
C(12)-C(13) 1.381(1fL)

C(13)-C(14) 1.480(1
C(13)-C(21) 1.394(1
C(14)-C(15) 1.494(1
C(15)-C(16) 1.363(1
C(15)-C(20) 1.412(1
C(16)-C(17) 1.397(1
C(17)-C(18) 1.375(1
C(18)-C(19) 1.362(1
C(19)-C(20) 1.397(1
C(20)-C(21) 1.511(1
C(21)-C(22) 1.393(1

C(22)-C(23) 1.377(1f)

)
)
)
)
L)

)
)
D)
)
)
L)
)
)
1)
1)
1)
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Figure 78. X-ray crystal structure of [TTF][HAT-(CN)2CH3;CN (4°2CH3CN).

Interstitial acetonitrile molecules have been removedhe sake of clarity.
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(b)

Figure 79. Packing arrangements @fRCH3CN) illustrating the planar conformation of
the TTF donorsd) and the HAT-(CNy acceptor molecule®).
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Table 51. Bond distances for [TTF][HAT-(CN)2CHsCN (4+2CHsCN) in A.

S()-C(1)  1.74(2) N(12)-C(24) 1.18(3)
S(1)-C(3)  1.74(2) N(13)-C(26) 1.11(d)
S(2)-C(2)  1.74(2) N(14)-C(27) 1.22(d)
S(2)-C(3)  1.78(2) C(1)-C2)  1.32(2
S(3)-C(4)  1.78(2) C(3)-C(4)  1.35(9)
S(3)-C(6)  1.72(2) C(5)-C(6)  1.34(2
S(4)-C(4)  1.80(2) C(7)-C(8)  1.47(3
S(4)-C(5)  1.74(2) C(7)-C(12) 1.42(3)
N(1)-C(12)  1.38(2) C(8)-C(9)  1.41(2
N(1)-C(13)  1.33(2) C(9)-C(10)  1.51(2
N(2)-C(11)  1.36(2) C(10)-C(11) 1.44(2)
N(2)-C(23)  1.34(2) C(11)-C(12) 1.41(3)
N(3)-C(10)  1.31(2) C(11)-C(22) 1.14(d)
N@3)-C(21)  1.37(2) C(13)-C(14) 1.48(d)
N@4)-C(9)  1.38(2) C(13)-C(15) 1.44(2
N@4)-C(19)  1.37(2) C(15)-C(16) 1.46(d)
NG)-C(8)  1.35(2) C(17)-C(18) 1.46(3
N(G)-C(17)  1.32(2) C(17)-C(19) 1.40(d)
N(6)-C(7)  1.40(2) C(19)-C(20) 1.49(3
N(6)-C(15)  1.32(2) C(21)-C(22) 1.46(3)
N(7)-C(14)  1.10(2) C(21)-C(23) 1.41(2
N(8)-C(16)  1.15(2) C(23)-C(24) 1.48(3)
N(9)-C(18)  1.17(3) C(25)-C(26) 1.48(3)
N(10)-C(20) 1.13(2) C(27)-C(28) 1.13(d)
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Figure 80. X-ray crystal structure of the [TTF][TCNB] addué)(
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(b)

Figure 81. Solid-state contents & illustrating the planar conformation of the TTF
donors &) and the TCNB acceptor moleculds.(



Table 52. Bond distances for [TTF][TCNBJ] in A.

S(1)-C(1)
S(1)-C(3)
S(2)-C(2)
S(2)-C(3)
N(1)-C(7)
N(2)-C(4)
C(1)-C(2)
C(3)-C(3)
C(4)-C(5)
C(5)-C(8)
C(5)-C(6)
C(6)-C(7)
C(6)-C(8)

1.740(2
1.755(2
1.743(2
1.755(2
1.143(3)
1.143(3)
1.334(3)
1.350(3)
1.439(2)
1.387(2)
1.407(2)
1.438(2)

1.389(2)
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Compound/ crystallizes in the triclinic space gro&pl forming integrated stacks
in the solid-state. According to closer inspectionha&f structure, the integrated stacks
from along the a axis and exist in the (1,0,1) plane. Nbdgen bonding appears to
exist in the structure between thg,Gand G, -hybridized carbons from the-Me, TTF
donors and TCNB acceptors. Based on redox-sensitive batancks, no charge
transfer has occurred, suggesting that the onset of plafram the o-Me,TTF donor
molecules can be explained kyr interactions. The solid-state structure7oénd the
packing of the donor and acceptor molecules in the drgstashown in Figures 82 and

83. Selected bond distances Toare shown in Table 53.

Spectroscopic Analyses
Infrared Spectral Studies. With the presence of bridging carbonyl and terminal cyanide

groups, infrared spectroscopy is a viable method to deternarlevél of reduction in the
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organic acceptors. Suspensions &PCH3;CN) and5 in Nujol allowed for probing of
the cyanide stretching vibrations which revealed a smadl lef reduction. According to
literature reports, neutral HAT-(Cgxhibits a cyanide stretching vibration at 2243 cm
1113 |n a manner similar to TCNQ and TCNQFRhe shifting of cyanide stretching
vibrations to lower frequencies in HAT-(CNWwould indicate reduction as electron
donation into then*-orbitals of the cyanide ligands increases their bond hengt
facilitating a lowering of their corresponding vibratilequency. Upon spectroscopic
analyses, adductd2CHsCN) and5 showed cyanide stretching vibrations of 2240'cm
and 2239 cil in their individual spectra. These results indicataetis no electron
donation into ther*-orbitals of the cyanide ligands and that the HAT-(gBgceptors are
neutral. Due to the disparity between the redox potsraial TF and the nitrofluorenone

acceptors the other complexes were not subjected to hfazigeylsis as they should only

show stretching vibrations indicative of neutral donors.

Figure 82. X-ray crystal structure of the{Me, TTF][TCNB] adduct 7).
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(b)

Figure 83. Solid-state contents of illustrating the planar conformation of the o-
Me,TTF donors &) and the TCNB acceptor moleculdy.(



Table 53. Bond distances foofMe,TTF][TCNB] (7) in A.

S(1)-C(1)
S(1)-C(3)
S(2)-C(2)
S(2)-C(3)
S(3)-C(4)
S(3)-C(6)
S(4)-C(4)
S(4)-C(7)
N(1)-C(9)
N(2)-C(12)
N(3)-C(15)
N(4)-C(17)
C(1)-C(2)
C(3)-C(4)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(9)-C(10)
C(10)-C(11)
C(10)-C(18)
C(11)-C(12)
C(11)-C(13)
C(13)-C(14)
C(14)-C(15)
C(14)-C(16)
C(16)-C(17)
C(16)-C(18)

1.743(2)
1.756(2)
1.736(2)
1.760(2)
1.751(2)
1.763(2)
1.754(2)
1.758(2)
1.145(2)
1.143(2)
1.144(2)
1.141(2)
1.318(3)
1.342(2)
1.495(2)
1.334(2)
1.500(2)
1.440(2)
1.407(2)
1.386(2)
1.440(2)
1.388(2)
1.390(2)
1.440(2)
1.405(2)
1.438(2)
1.389(2)
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Magnetic Susceptibility

Molecular Magnetism. DC magnetic susceptibility measurements on adducisd
(4°2CH3CN), representative examples for the nitrofluorenone ted organocyanide
family of acceptors, revealed that both were diamagneThe behavior forl and
(422CH3CN) can be rationalized on the basis of the structural spectroscopic
evidence. As discussed earlier, the TTF donor and FFRhd HAT-(CN} acceptors
were found to be neutral, with the solid-state structbhe#sg dominated by the presence
of weak intermolecular interactions, instead of chargestfier. With the combined lack
of charge transfer, hole formation on the TTF Fesunface, and close SeeeS interactions
due to the integrated stacks of donors and acceptors,ategiads are insulators and do
not exhibit temperature independent paramagnetism due tprésence of conducting
electrons. Since the other complexes, whose preparats outlined in this chapter,
showed features indicative of neutral donor and acceptdecules, they were excluded

from magnetic susceptibility analysis.

Conclusions

The products of the direct reactions between ToFMe, TTF, and TMTTF with
the acceptors TENF, TRNF, HAT-(Ci)and TCNB were analyzed by a X-ray
crystallography, IR spectroscopy, and molecular magnetghich reveal that there has
been little to no charge transfer between the domor &ceptor molecules. In all
compounds, the crystal packing consists of alternatingrdeacceptor stacks and the
degree of charge transfer appears to depend on the stdigtstecture, controlled mostly

by n-nm and other very weak intermolecular interactions.
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It is surprising to note that the strongest electron ddetmanitrofluorenone, does
not yield the product with the most efficient chargesfar. The compound combining
TTF with TRNF formed a complex where the overall geaon TTF was +0.% The
reason for this is believed to be structural, as tvatriofluorenone molecules are
accepting electron density from a single TTF donor,ltieguin the formation of trimers
with close interactions while the other structures,dam@inated by regular chains. In all
cases, structural evidence showed alterations in TTHissent of slight oxidation, but
the dominating feature of the stacks most likely resptnsin the onset of planarity are
the intermolecularn-n interactions between the donors and acceptors within the
integrated stacks and not oxidation of the TTF moietyparA from the interesting
structural features controlling the degree of charge warisim the TTF molecules, the

weak charge transfer found in all cases renders theggotmds diamagnetic insulators.
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CHAPTER V
PREPARATION OF SUPRAMOLECULAR
STACKS CONTAINING INORGANIC DONORS

AND ORGANIC ACCEPTORS

Introduction

An active area of research for over three decadeddms the study of charge
transfer complexes that display interesting conductimsmectroscopic propertié.In
this realm, purely organic complexes have shown intexgselectronic and charge
transfer properties. Another approach has been to prdpdorid organic-inorganic
materials whereby d- interactions enhance those properties. Most notablg, on
especially fascinating result has been the preparatiometdl-containing charge transfer
compounds involving the complex [Ni(dmi§ (dmit = 2-thioxo-1,3-dithiole-4,5-
dithiolate), which undergoes partial oxidation and forms geelucting salts with open-
and closed-shell organic catiofs. Intermolecular interactions govern the conducting
nature of these materials, with the most significaomtigbution to these interactions
being interactions between the diffuseorbital on sulfur and the metal d-orbitats.
Additionally, depending on the stacking pattern of th@ais and acceptors, varying
degrees of conductivity can be achieved. If the donorsameéptors assemble in
segregated stacks, metallic or superconducting states cachiezed. If the resulting
solid-state packing vyields integrated stacks, semi-comduatr insulating states are
obtained. This behavior has been demonstrated by sevgemic and metal-containing

donor-acceptor extended chain spetiéBased on their spectroscopic properties, an
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interesting application of these metal-containing chargesfer complexes are their use
in solar cells as photosensitizing dyes for wide bandsgagiconductor$®

An initial report in 2003 by the combined groups of Prafedsim Dunbar at
Texas A&M University and Professor Mohammad Omary at tmiversity of North
Texas described new supramolecular stacks combining inorglmors of general
formula M(dbbpy)(dmid) (M = Pt, Pd; dbbpy = 4,4'airt-butyl-2,2’-bipyridine; dmid =
2-o0xo-1,3-dithiole-4,5-dithiolate) with the organocyanide aausp{TCNQ, TCNQE,
and TCNE® The interest in these systems was to probe tp&iretectronic properties in
solution and in the solid state. A similar system wagpared when the same donor was

also combined with the acceptor DM-DCNQI (Figure 84).

Figure 84. X-ray structure of the stack formed between Pt(dbloyi{) and the
organocyanide acceptor DM-DCNQI.
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It was found that in the absence of traditional anclgormgroups such as
carboxylates, phosphonates, or sulfonates, the periptyaaide group on the acceptor
molecules were apparently able to serve as a suitabl®eng ligand in the presence of
the metal comple®® Despite this interesting discovery, it was foundt thaese
supramolecular systems suffered from reduced performancempared to the Ru(ll)-
pyridyl systems’ It was rationalized that the reason for the loperformance of these
supramolecular systems is a consequence of the orgambeyacceptors being unable to
inject an electron into the conduction band of thenisenductor. Facile electron
injection into the conduction band of the semiconductmucs if the first reduction
potential of the former is more negative then the n4ft&pon inspection of the first
reduction potentials of the organocyanide acceptois(i@f) for TCNQ = +0.34 V,
Ein(red) for TCNQE = +0.55V, and y(red) for TCNE = +0.12 V), none were more
negative than the first reduction potential of T€conduction band (-0.78 V). In an
effort to overcome this situation, we synthesized eéhnew supramolecular systems
containing the inorganic molecule Pt(dbbpy)(tdt) (tdt #-t®luenedithiolate) and the
organic acceptors DNF, TRNF, and TENF were prepared. tAiee supramolecular
systems were characterized by X-ray crystallography gnliccvoltammetry at Texas
A&M. UV-VIS-NIR studies were conducted by Joshua HudsoRmff. Omary’s group
and reveal that strong charge transfer interactions aocthve case of the complexes

formed with the TENF acceptor.
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Experimental Section
Syntheses

All solvents were dried and freshly distilled prior teeusDichloromethane and
benzene were dried over,® and sodium-potassium/benzophenone respectively.
Pt(dbbpy)(tdt) was prepared according to literature procefuré®NF was purchased
from TCI and used as received without further purificati®he organic acceptors TRNF
and TENF were provided by Prof. Alan Balch. CompouBédé were prepared by
layering CHCI, solutions of Pt(dbbpy)(tdt) with solutions of the orgaadaceptor in a
2:1 solution of CHCI,/C¢Hs. The flask was then covered with aluminum foil aeff |
undisturbed for a period of approximately one week. Thaltreg dark blue/black
solution was then exposed to slow evaporation undergeitr@tmosphere to yield dark
blue/black needles of the three supramolecular stackeensystAll of the crystallized
supramolecular systems were obtained using a 2:1 ratiofofiidlecules. Adduct2-4
were analyzed by X-ray crystallography and cyclic aiminetry. As part of this
collaborative project with the University of North TBesx spectroscopic studies were
carried out in the laboratories of Prof. Mohammad QmarA second phase of the
complex between Pt(dbbpy)(tdt) and TENbB) (vas prepared by Joshua Hudson, a
student in the laboratory of Prof. Omary, utilizing tt@me preparative conditions as
those utilized for2-4, with the exception of the 1:1 ratio of donor:acceptmiecules.
The compounds appear to be air and moisture-stable, asstiigng solid product from
each mixture maintains its dark blue/black color in lightl in an ambient atmosphere.
Crystalline quality for the samples diminishes over aopgeof a few days presumably

due to the loss of solvent from the crystalline matrix.
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[Pt(dbbpy)(tdt)][DNF]*0.5C gHg (2¢0.5GHe). Under a nitrogen atmosphere a dark
purple solution of Pt(dbbpy)(tdt) (0.0154 g, 2.4 x*1®ol) in 5 mL of CHCl, was
layered with a pale yellow solution of DNF (0.0034 g, 1.2 X fi@l) in 10 mL of a 1:1
solution of CHCl,. The tube was carefully covered in aluminum foil atidweed to
stand undisturbed for a period of one week. The resuitagk solution was subjected to
slow evaporation under nitrogen which resulted in then&ion of dark blue/black
needles of [Pt(dbbpy)(tdt)] [DNF]*0.%86 (2¢0.5CsHs) which formed over the course of

one week.

[Pt(dbbpy)(tdt)][TRNF]*C sHe (3°CsHe). In a manner similar to that used fara dark
purple solution of Pt(dbbpy)(tdt) (0.0154 g, 2.4 x*1Mol) in 5mL of CHCl, was
layered with a pale yellow solution of TRNF (0.0039 g, 1.2 % &®! ) in a 1:1 solution
of CH,Clo/CsHs. Dark blue/black needles of [Pt(dbbpy)(tdt)][TRNFRHs (3*CeHs)

formed over the period of 10 days.

[Pt(dbbpy)(tdt)] J[ TENF]*2CsHg (4°2CsHg). By using a procedure similar to that used
to prepare2 and3, Pt(dbbpy)(tdt) (0.0154 g, 2.4 x 1nol) and TENF (0.0045 g, 1.2 x
10* mol ) were combined and isolated as dark blue/black neetllg(dbbpy)(tdt)}

[TENF]*2CsHs (4°2CsH¢) after a period of seven days.

[Pt(dbbpy)(tdt)][TENF]C ¢Hs (5°CsHs). By utilizing the same synthetic procedure as

those listed for2-4, a 1:1 ratio of Pt(dbbpy)tdt and TENF were combined andlglo
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evaporated under argon for several days to a final votfmdemL where black crystals

formed from the mother liquor.

X-ray Crystallographic Details

X-ray data for Pt(dbbpy)(tdt) 1¢éH.0), [Pt(dbbpy)(tdt)][DNF] @+0.5GHs),
[Pt(dbbpy)(tdt)] [TRNF] 8+CsHe), [Pt(dbbpy)(tdt)}[ TENF] (4¢2CsHe) were collected
on a Bruker D8 GADDS system at 110+2K with graphite monochiein@u-ka (A =
1.54178 A) radiation. The data were corrected for Lorentzpartarization effects. The
Bruker SAINT software package was used to integrate theefaand the data were
corrected for absorption using the SADABS progfaffi. The structures were solved by
direct methods by the use of the SHELXS-97 program inBituiker SHELXTL v5.1
software packag® The final refinement was carried out with anisotropierihal
parameters for all non-hydrogen atoms except for thesatof the interstitial solvent
molecules. Hydrogen atoms were placed in calculatedtiqgpes The final thermal
ellipsoid plots for all compounds were generated using 8€BD prograni*

X-ray data for $+C¢Hg) was collected on a Bruker SMART APEX Il CCD-based
diffractometer and a Mo K fine-focus sealed tubé. (= 0.71073 A) with a graphite
monochromator operated at 50 kV, 30 mA at 100 K at the Uniyetitlorth Texas with
the help of Dr. Xiaoping Wang. The data frames for eachpound were integrated with
the available APEXZXoftware using a narrow-frame algorithm. The structuresew
solved and refined using the SHELXTL program package. The drearaeoieties were
refined accordingly with distance constraints. Allnhgdrogen atoms were refined

anisotropically. Hydrogen atoms were assigned calculadsdions and allowed to ride
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on the attached carbon atoms in final structure refine&sné&he molecular structures for
all three compounds were checked using PLATON. Crysgpajthic parameters for
(1+4H,0), (20.5GHs), (3°CsHe), (4°2CsHs), and b*CsHe) are listed in Tables 54 and

55.

Other Physical Measurements

Cyclic voltammetry experiments were carried out atansrate of either 100 or
200 mV/s on a CH Instruments Electrochemical Analyre@. or 0.2 M solutions of
doubly-recrystallized TBAPFin CH,Cl, at a Pt disk working electrode with a Ag/AgClI
reference and a Pt counter electrode.

UV-VIS-NIR measurements were carried out using a PerkileELambda 900
in Suprasil quartz cuvettes with 1mm, 10mm, and 100mm patlhs. The solid
reflectance data were collected using the LabSphergratbeg sphere accessory to the
Lambda 900. The titrations were performed by measuring @uatgrof Pt(dbbpy)tdt in
several vials to this an aliquot of stock nitrofluorenookit®on was added and this was
diluted to 25 mL to give exact molar ratios used in tinattons.

Magnetic measurements were performed on a Quantungi&§UID, MPMS-
XL magnetometer. Magnetic susceptibility measuremented DC mode were carried

out at an applied field of 0.1 T in the 2-300 K range.
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Table 54. X-ray crystallographic and refinement data for Pt(dbfgi)p4H,O (1+4H,0)

Compound
Formula
formula weight
Space group
a A

b, A

c, A

a, deg

B, deg

Y, deg

volume, A3

Z

I, mm™*

Temp.

Reflns. collected
Reflns. 1>2¢
Parameters
Restraints

Goodness-of-fit

Pt(tbtrpy)(tdt)s4BO (1+4H,0)
PtSN4O04CasH s
689.78
P2/c
7.373(2)
18.533(4)
18.754(4)
90
90.25(3)
90
2562.5(9)
4
7.092
110(2)
5962
3785
219
0
0.1275
0.2899
1.129

Table 55. X-ray crystallographic and refinement data f@0(5GHs), (3°CsHe),
(4'2C6H 6), and(5-C6H 6)-

Compound [Pt(dbbpy)(tdt)][DNF]+0.5GHs (240.5GH,)  [Pt(dbbpy)(td)][TRNF]*GHg (3*CeHg)  [PH(dbbpy)(tdt)[TENF]-CeHg (4+CeHg)  [Pt(dbbpy)(tdt)][TENF]+GH, (5+CcHe)
Formula C41H3gN,O5PtS, CyHaiNsO,PLS, Ci5H76NgOPLS, C,1H3NgOgPtS,
formula weight 926.97 1011.03 1751.86 1016.98
Space group P-1 Fdd2 P2(1)/in P2(1)/n

a, 11.298(2) 52.430(6) 11.257(2) 23.128(2)
b, A 13.599(3) 48.844(6) 26.004(5) 7.164(6)
c, A 13.964(3) 6.799(8) 24.165(5) 25.474(2)
0, deg 75.51(3) 90 90 90

B, deg 86.77(3) 90 92.19(3) 109.19(2)
y, deg 69.05(3) 90 90 90
volume, A° 1938.6(7) 17410(4) 7069(2) 7069(2)
z 2 16 4 4

u, mm* 3.776 7.381 8.918 3.690
Temp. 110(2) 1102) 110(2) 110(2)
Reflns. collected 8499 5787 10095 41047
Reflns. 1>2¢ 7282 4708 3004 7294
R1* 0.0347 0.0545 0.0971 0.0480
WR2° 0.0653 0.1324 0.1831 0.1076
Goodness-of-fit 0.997 1.003 0.913 1.041

aR1 =Y|F| - IRIIEIFol. PWR2 = [ W(Fo2-Fcd)2)/ 3 w(Fo?)311/2
¢ Goodness-of-fit =Yw(|Fol-IF))?/(NobsNparametell /2
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Results and Discussion
Pt(dbbpy)(tdt)(1)

The synthesis ofl was carried out in collaboration with researchershat
University of North Texas under a dry atmosphere of d&d¢cording to literature
procedures. An initial attempt to prepare single crgstathis compound was performed
by layering saturated, intensely colored purple solutiordsiofCH,Cl, with an excess of
isomeric hexanes. After one week, the solution wassegto slow evaporation under
nitrogen. Dark purple needles formed over the course efveeek. The solid-state
crystal structure and selected bond distancesl#diH0O) are presented in Figure 85 and

Table 56 respectively.

X-ray Crystallographic Studies

The four supramolecular stacks are all defined by donor-smcigperactions in
the solid-state. An important characteristic used terdene the onset of charge transfer
is the interplanar distance between the moleculds inspection of the solid-state
structures reveals interplanar distances < 3.7 A thatwaall within the range fon-
interactions. Despite these interactions thatceigi a degree of partial charge transfer
between the donor and acceptor molecules, no differeincé®nd distances of the

constituent molecules were noted.
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H1

Figure 85. X-ray crystal structure of the donor Pt(dbbpy)(telitgdH,0 (1+4H,0).
Interstitial water molecules have been removedHersake of clarity.



Table 56. Bond distances for Pt(dbbpy)(tdt)«4Bi (1e4H.0) in A,

Pt(1)-S(1) _ 2.241(9) C(7)-C(8) 1.31(4)
Pt(1)-S(2)  2.232(9) C(8)-C(9)  1.34(4)
Pt(1)-N(1)  2.03(2) C(8)-C(15) 1.61(4)
Pt(1)-N(2)  2.01(2) C(9)-C(10)  1.39(4)
S(1)-C(20)  1.72(4) C(11)-C(12) 1.50(5)
S(2)-C(19)  1.78(6) C(11)-C(13) 1.49(5)
N(1)-C(1)  1.40(3) C(11)-C(14) 1.54(4)
N(1)-C(5)  1.33(4) C(15)-C(16) 1.48(4)
N(@2)-C(6)  1.40(3) C(15)-C(17) 1.58(5)
N(2)-C(10)  1.22(4) C(15)-C(18) 1.47(4)
C(1)-C(2)  1.36(5) C(19)-C(20)  1.39(6)
C(2)-C(3)  1.36(5) C(19)-C(24) 1.42(8)
C(3)-C(4)  1.44(5) C(20)-C(21) 1.47(6)
C(3)-C(11)  1.47(4) C(21)-C(22) 1.39(7)
C(4)-C(5)  1.39(4) C(22)-C(23) 1.40(8)
C(5)-C(6)  1.42(4) C(23)-C(24) 1.42(9)
C(6)-C(7)  1.41(4) C(23)-C(25) 1.38(11

187

Compound 2¢0.5GHg) crystallizes in the space groupl. The structure is

dominated by the donor and acceptor molecules being stacked:inratio. The DNF

acceptor molecule is situated directly above the donochwallows for more orbital

overlap between the acceptor and the M-tdt unit. StudidSidsnberg and coworkers

commencing in 1989 and later in 1996 illustrated, by spectroscogticons, that the

HOMO for the M(diimine)(dithiolate) family of inorganidonors is composed of this
unit.”®® The X-ray crystal structure foR{0.5G;Hs) and the contents of its unit cell are

is depicted in Figures 86 and 87. Bond distances2i@.§GH¢) are presented in Table

57.
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Figure 86. X-ray crystal structure for [Pt(dbbpy)(tdt)] [DNF]*0.8ds (2¢0.5GHs).
Interstitial benzene molecules have been omittethiosake of clarity.

Figure 87. Contents of the unit cell foR*0.5GHs illustrating the one-dimensional
stacking motif for the donor and acceptor molecules. étein atoms and interstitial
benzene molecules have been removed for the sakarivf.c
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Table 57. Bond distances for [Pt(dbbpy)(tdt)][DNF]+0.8; (2¢0.5CsH¢) in A.

Pt(1)-N(1) 2.080(3)
Pt(1)-N(2) 2.066(3)
Pt(1)-S(1)  2.2861(11)
Pt(1)-S(2)  2.2735(12)
S(1)-C(1)  1.796(4)
S(2)-C(2)  1.786(4)
N(1)-C(8)  1.356(5)

N(1)-C(12) 1.389(5)
N(2)-C(13) 1.374(4)
N(2)-C(17) 1.361(4)
N@3)-0(3) 1.241(5)
N(3)-C(29) 1.496(5)
N(4)-C(36) 1.497(5)
O(1)-C(26) 1.226(5)

O(2)-N(@3)  1.234(5)
O(4)-N(4) 1.234(4)
O(5)-N(4) 1.243(4)
C(1)-C(2) 1.403(5)
C(2-C(3) 1.416(5)
C(3)-C(4) 1.398(6)
C(4)-C(5) 1.412(6)
C(4)-C(7) 1.525(7)
C(5)-C(6) 1.393(5)
C(1)-C(6) 1.420(5)
C(8)-C(9) 1.393(5)

C(9)-C(10) 1.414(5)
C(10)-C(11) 1.390(5)
C(11)-C(12) 1.409(5)

C(12)-C(13) 1.480(5
C(13)-C(14) 1.402(5

C(14)-C(15) 1.411(%

C(15)-C(16) 1.415(
C(16)-C(17) 1.389(H
C(18)-C(19) 1.541(H
C(18)-C(20) 1.541(5
C(18)-C(21) 1.559(5
C(10)-C(18) 1.547(5
C(22)-C(23) 1.550(5
C(22)-C(24) 1.548(6
C(22)-C(25) 1.547(6
C(15)-C(22) 1.541(5
C(26)-C(27) 1.506(8
C(27)-C(28) 1.400(5
C(27)-C(32) 1.416(5
C(28)-C(29) 1.390(6
C(29)-C(30) 1.395(6
C(30)-C(31) 1.402(5
C(31)-C(32) 1.394(6
C(32)-C(33) 1.510(5
C(33)-C(34) 1.405(5
C(34)-C(35) 1.402(5
C(26)-C(34) 1.514(5
C(33)-C(38) 1.397(5
C(35)-C(36) 1.400(3
C(36)-C(37) 1.398(5

N N L

N

C(37)-C(38) 1.402(

N
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The solid state structures foBsCsHg) and @+2CsHe) crystallize in the space
groups Fdd2 and P2/n respectively. Both compounds are dominated by maximum
orbital overlap allowing for orbital interactions betwedre HOMO of the donor
molecule and the-orbitals of the acceptor molecules, but are diffevéttt respect to the
ratio of donor and acceptor molecules. The X-ray atraecfor 3*CsHg) revealed a 1:1
ratio of the donor and acceptor molecules, whereasttheture for 422CsHe) exhibits a
2:1 ratio of D:A molecules wherein the TRNF molecslsandwiched between the donor
molecules. In the absence of the TRNF acceptor, therdoolecules are stacked head-
to-tail in an eclipsed orientation. The X-ray caJsttructures for and the contents of the
unit cells for B+C¢Hs), (4.2CsHe), and 6°CsHg) aredepicted in Figures 88-93. Bond

distances for these supramolecular systems are prdseritable 58-60.

Electrochemical Studies

Cyclic voltammetric studies o2¢0.5GHg), (3*CsHs), and(4-2CsHs¢) reveal two
irreversible oxidations at +0.49 V and +0.90V which can béat&d to the oxidation of
the M-tdt unit. Compound2¢0.5GHg) shows two reversible reductions at -0.68 V and -
0.90 V which can be attributed to the two reductions of D= acceptor. A third
reduction at -1.30 V, which is irreversible, is assignedetiuction of the dbbpy ligand.
Compound 8+CsHg) exhibits the same irreversible oxidations &0(GGHs) and
reversible reductions, presumably acceptor-based, that ace0.42 V and -0.68 V. The
experimental cutoff for the electrochemical analy4i$3®CsHe) was stopped at -1.0 V
preventing the observation of the third, reversible ptorebased reductions and the

dbbpy ligand reduction.
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Figure 88. X-ray crystal structure of [Pt(dbbpy)(tdt)][TRNF]#&s (3*CsHs). Interstitial
benzene molecules have been omitted for the sakardaf.cl

Figure 89. Contents of the unit cell for3¢CsHe) illustrating the stacking motif.
Hydrogen atoms and interstitial benzene molecules hega kemoved for the sake of
clarity.



Table 58. Bond distances for [Pt(dbbpy)(tdt)][TRNFlids (3¢CsHe) in A.

Pt(1)-S(2)
S(1)-C(19)
S(2)-C(20)
N(1)-C(1)
N(1)-C(5)
N(2)-C(6)
N(2)-C(10)
N(3)-O(2)
N(3)-O(3)
N(3)-C(28)
N(4)-O(4)
N(4)-O(5)
N(4)-C(33)
N(5)-O(6)
N(3)-O(7)
N(5)-C(35)
0O(1)-C(38)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(11)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(8)-C(15)

2.261(3)
1.728(16)
1.750(18)
1.365(18)
1.301(17)
1.381(17)
1.371(17)
1.267(19)
1.209(18)
1.452(19)
1.244(16)
1.260(15)
1.441(17)
1.248(16)
1.203(15)
1.460(19)
1.195(15)
1.350(19)
1.377(2)
1.411(2)
1.520(2)
1.459(2)
1.433(2)
1.381(2)
1.398(2)
1.376(2)
1.52(2)

C(11)-C(14)

1.43(2)

C(15)-C(16) 1.53(2)
C(15)-C(17) 1.52(2)

C(15)-C(18)
C(19)-C(20)
C(19)-C(24)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)
C(22)-C(25)
C(23)-C(24)
C(26)-C(27)
C(26)-C(31)
C(27)-C(28)
C(29)-C(28)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(32)-C(33)
C(32)-C(37)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(36)-C(37)
C(38)-C(26)
C(38)-C(37)

1.508(1
1.38(2)
1.38(2)
1.44(2)
1.48(3)
1.31(3)
1.58(2)
1.38(2)
1.394(1
1.434(1
1.36(2)
1.39(2)
1.36(2)
1.369(1
1.473(1
1.343(1]
1.480(1]
1.394(1
1.331(1]
1.371(1
1.366(1
1.487(1
1.460(1]

0)

6)
8)

9)
8)
0)
8)
8)
0)
8)
8)
7)
8)

192
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i HI7A

Figure 90. X-ray crystal structure of [Pt(dbbpy)(td)TENF]2CHs (4°2CsH¢).
Interstitial benzene molecules have been omittethiosake of clarity.

Figure 91. Contents of the unit cell ford2CsHe) illustrating the stacking motif.
Hydrogen atoms and interstitial benzene molecules hega kemoved for the sake of

clarity.



194

Table 59. Bond distances for [Pt(dbbpy)(t¢)TJENF]*2CsHs (422CcHs) in A.

Pt(1A)-N(1A) 2.04(2) O(@)-N(?2)  1.207(3
Pt(1A)-N(2A) 2.10(2) O(5)-N2)  1.207(3
Pt(1B)-N(1B) 2.14(2) 0(6)-N(3)  1.207(3
Pt(1B)-N(2B) 2.09(2) O(7)-N(@3)  1.207(3
Pt(1A)-S(1A) 2.248(7) O(8)-N(4)  1.207(3
Pt(1A)-S(2A) 2.261(8) C(1)-C(2)  1.50(4)
Pt(1B)-S(1B) 2.263(8) C(1)-C(13)  1.43(4)
Pt(1B)-S(2B) 2.272(8) C(1A)-C(2A) 1.43(4)
S(1A)-C(1A) 1.75(3) C(1A)-C(6A) 1.43(4)
S(1B)-C(1B) 1.73(3) C(1B)-C(2B) 1.35(4)
S(2B)-C(2B)  1.67(3) C(1B)-C(6B) 1.46(4)
S(2A)-C(2A) 1.67(4) C(1S)-C(2S) 1.40(4)
N(1)-C(4) 1.527(9) C(1S)-C(6S)  1.40(4)
N(1A)-C(8A) 1.36(3) C(2-C(3)  1.24(3)
N(1A)-C(12A) 1.36(3) C(2-C(7)  1.43(3)
N(2)-C(6) 1.525(9) C(2A)-C(3A) 1.37(4)
N(2A)-C(13A) 1.36(3) C(2B)-C(3B) 1.40(4)
N(2A)-C(17A) 1.32(3) C(2S)-C(3S) 1.43(4)
N(1B)-C(8B) 1.31(3) C(3)-C(4)  1.36(3)
N(1B)-C(12B) 1.32(3) C(3A)-C(4A) 1.34(4)
N(2B)-C(13B) 1.35(3) C(3B)-C(4B) 1.39(4)
N(2B)-C(17B) 1.207(3) C(3S)-C(4S) 1.27(4)
N(3)-C(9) 1.525(9) C(4)-C(5)  1.34(3)
N@4)-0(9)  1.207(3) C(4A)-C(5A) 1.42(4)
N@4)-C(11)  1.527(9) C(4A)-C(7A) 1.52(4)
O(1)-C(1) 1.22(4) C(4B)-C(5B) 1.30(4)
O(2)-N(1)  1.207(3) C(4S)-C(5S)  1.42(4)
O(3)-N(1)  1.207(3) C(5)-C(6)  1.36(3)



Table 59. Continued.
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C(5A)-C(6A)
C(5B)-C(6B)
C(5B)-C(7B)
C(5S)-C(6S)
C(6)-C(7)
C(7)-C(8)
C(7S)-C(8S)
C(7S)-C(12S)
C(8)-C(9)
C(8)-C(13)
C(8A)-C(9A)
C(8B)-C(9B)
C(8S)-C(9S)
C(9)-C(10)
C(9A)-C(10A)
C(9B)-C(10B)
C(9S)-C(10S)
C(10)-C(11)
C(10A)-C(11A)
C(10A)-C(18A)
C(10A)-C(18C)
C(10B)-C(11B)
C(10B)-C(18B)
C(10S)-C(11S)
C(11)-C(12)
C(11A)-C(12A)
C(11B)-C(12B)
C(11S)-C(12S)

1.35(4)
1.47(4)
1.53(5)
1.29(4)
1.35(3)
1.48(4)
1.38(5)
1.39(4)
1.42(4)
1.42(4)
1.38(3)
1.31(4)
1.37(5)
1.41(4)
1.39(4)
1.50(4)
1.37(4)
1.27(4)
1.38(4)
1.69(5)
1.41(4)
1.35(3)
1.50(4)
1.38(5)
1.32(4)
1.32(3)
1.38(3)
1.37(4)

C(12)-C(13)  1.31(4)
C(12A)-C(13A) 1.43(4)
C(12B)-C(13B) 1.44(3)
C(13A)-C(14A) 1.48(4)
C(13B)-C(14B) 1.38(3)
C(14A)-C(15A) 1.26(4)
C(14B)-C(15B) 1.41(3)
C(15A)-C(16A) 1.41(4)
C(15A)-C(22A) 1.62(4)
C(15B)-C(16B) 1.40(3)
C(15B)-C(22B) 1.56(4)
C(16A)-C(17A) 1.42(4)
C(16B)-C(17B) 1.38(3)
C(18A)-C(19A) 1.540(2
C(18A)-C(20A) 1.545(2
C(18A)-C(21A) 1.537(2
C(18B)-C(19B) 1.57(4
C(18B)-C(20B) 1.47(3)
C(18B)-C(21B) 1.52(4)
C(18C)-C(20C) 1.537(Z
C(18C)-C(21C) 1.540(4

C(18C)-C(19C) 1.544(2

C(22A)-C(23A) 1.62(4)
C(22A)-C(24A) 1.42(4)
C(22A)-C(25A) 1.45(4)
C(22B-C(23B) 1.62(4)
C(22B)-C(24B) 1.56(4)

~ =

C(22B)-C(25B) 1.48(4
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Figure 92. X-ray crystal structure of [Pt(dbbpy)(tdt)][TENF]#&s (5¢CsHs). Interstitial
benzene molecules have been omitted for the sakardaf.cl

Figure 93. Contents of the unit cell fo6{CsHs) illustrating the intermolecular stacking
motif via top views &) and side viewsh). Hydrogen atoms and interstitial benzene
molecules have been removed for the sake of clarity.



Table 60. Bond distances for [Pt(dbbpy)(tdt)][TENFlsds (5¢CeHs) in A.

Pt(1)-S(1)
Pt(1)-S(2)
Pt(1)-N(1)
Pt(1)-N(2)
N(1)-C(1)
N(1)-C(5)
N(2)-C(6)
N(2)-C(10)
N(3)-C(28)
N(3)-O(2)
N(3)-O(1)
N(4)-C(30)
N(4)-O(3)
N(4)-O(4)
N(5)-C(33)
N(5)-O(5)
N(5)-O(6)
N(6)-C(33)
N(6)-O(7)
N(6)-O(8)
0(9)-C(38)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(11)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(8)-C(15)

2.243(4)
2.251(4)
2.052(2)
2.085(2)
1.349(3)
1.390(6)
1.390(5)
1.390(6)
1.500(4)
1.244(5)
1.222(2)
1.459(2)
1.233(3)
1.217(6)
1.477(7)
1.231(6)
1.223(8)
1.471(5)
1.213(2)
1.234(2)
1.211(3)
1.378(6)
1.396(8)
1.390(6)
1.539(8)
1.390(7)
1.384(2)
1.390(2)
1.390(5)
1.390(9)
1.597(2)

C(9)-C(10)

C(11)-C(12)
C(11)-C(13)
C(11)-C(14)
C(15)-C(16)
C(15)-C(17)
C(15)-C(18)
S(1)-C(19)

S(2)-C(20)

C(19)-C(20)
C(19)-C(24)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(22)-C(25)
C(26)-C(27)
C(26)-C(31)
C(26)-C(38)
C(27)-C(28)
C(28)-C(29)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(32)-C(33)
C(32)-C(37)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(36)-C(37)
C(37)-C(38)

1.390(3

1.536(3)

1.536(5
1.541(7
1.565(8
1.503(4
1.562(9
1.722(8
1.799(6
1.378(5
1.413(7
1.405(3
1.374(5
1.417(2
1.355(4
1.474(6
1.370(2
1.408(3
1.478(8
1.378(6
1.371(3
1.379(5
1.401(6
1.478(5
1.393(7
1.410(2
1.388(5
1.375(6
1.390(5
1.364(8
1.501(2
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Compound 4+2CsHe) illustrates similar anodic behavior as the previolsiesys
and shows a cathodic behavior similar to that ofpgtnee TENF acceptor with the first
and second reversible oxidations 3sHg) occurring at -0.20 and -0.65 V. In a fashion
similar to @*CsHe) the electrochemical range of the experiment4e2CsHg) was halted
at -1.0 V which prevented the observation of the otheeptor-based reduction waves
and the dbbpy ligand reduction. It is important to nb& bur experimental interest was
in the observation of the first-reduction potentialled ticceptor as this value was central
to our selection of the nitrofluorenone acceptors andtim® reduction of the diimine
ligand. For all compounds, halting the electrochemigpbaments at -1.0 V made the
observation of the acceptors reduction potential possible electrochemical potentials
for (2¢0.5GHs), (3*CsHe), and @+2CsHg) are listed in Table 61 and the voltammograms

are represented by Figures 94-96.

Table 61. Summary of electrochemical potentials f&*Q.5GHs), (3°CsHg), and
(4+2CsHs) in volts®P

compound E,»(0x), donor E,(red), acceptor
[Pt(dbbpy)(tdt)][DNF]*0.5GH, (2¢0.5GHs) +0.49 -0.70
+0.90 -0.90
[Pt(dbbpy)(tdt)][TRNF]*GHj (3*CsHe) +0.50 -0.42
+0.88 -0.68
[Pt(dbbpy)(tdt) [ TENF]*2CsHs (4°2CsHs) +0.48 +0.18
+0.86 -0.25

#Values are volts vs.Ag/AgCl, Pt disk electrode in 0.1 MAPBs/CH,Cl, at a scan rate
of 100 mV/s.

P Experimental runs were stopped at a lower limit oD-¥. This prevented the
observation of the dbbpy ligand-based reduction and theaea of an additional
cathodic response from the TRNF and TENF acceptors.
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Figure 94. Cyclic voltammogram for 2:0.5GHs) performed in a 0.1 M TBARF

solution prepared from GiEl, at a scanning potential of .2 V/s against Ag/AgCI
reference electrode using a Pt disk working electrode ahaveidPcounter electrode.
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Figure 95. Cyclic voltammogram for3+CsHe) performed in a 0.1 M TBARFsolution
prepared from CECl, at a scanning potential of .2 V/s against Ag/AgCl reference
electrode using a Pt disk working electrode and a Pt wueteo electrode.
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Figure 96. Cyclic voltammogram for4s2CsHg) performed in a 0.1 M TBARFsolution
prepared from CECl, at a scanning potential of .2 V/s against Ag/AgCl reference
electrode using a Pt disk working electrode and a Pt wusteo electrode.
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Spectroscopic Studies
The UV-VIS-NIR spectra for complexe2+0.5GHs), (3*CsHe), and 62CeHs)

were performed at room temperature using an exact amoli{difbpy)tdt and adding
in an exact amount of nitrofluorenone from a stock smiuthen diluting to 25 mL. The
resulting solutions were used immediately to collect spectral data. For the solid
spectral data the solutions used for UV-VIS-NIR werigesh together and the volume
reduced under reduced pressure. The solution was then radedstit 25mL by addition
of dichloromethane and benzene. The solutions wesevedl to slowly evaporate under
argon. The resultant solid crystalline product was catt@nd placed on a Whatman
filter paper. The filter paper was used as the subswateeflectance measurements for
the solids. The UV-VIS-NIR data fo2¢0.5GHs) show very little change in the low
energy region beyond the CT band of the Pt(dbbpy)tdu(és 97 and 98). The 1 cm
cuvette measurements reveal very little change in thmcérn coefficients of the
Pt(dbbpy)tdt which would be expected if there were sigaiianteractions in solution.
However in the solid state there is evidence thaketieesome interaction between DNF
and Pt(dbbpy)tdt. The solid state reflectance dataherppwder show no growth of a
new band in the low energy region below the CT ofRt{ebbpy)tdt. This is attributed to
the weak interactions between the DNF and the Pt(dfopyvhich make the CT less

favored.
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The absorption spectra for the titration of Pt(dbkipoly) with TRNF are shown in
Figure 99. The spectra show that there is a much stramgeaction between the TRNF
and Pt(dbbpy)tdt. This is evident by the growth of a a&sorption band in the 825 nm
region. This band grows in intensity with increasing emiation of TRNF. The band is
very strong in the reflectance spectrum of the solithe solution data at 825 nm was fit
using the method of Benesi and Hildebrand (Figure ¥30jhe equilibrium constant is
553 and the extinction coefficient is 102 tham™. The trinitrofluorenone is a slightly

stronger acceptor compared to the DNF but weaker tharENE.

2.5+
2.04

1.54

Abs.

1.0

0.5+

0.0 =TT reer—eep————
300 400 500 600 700 800 900 10001100 12001300
Wavelength (nm)

Figure 97. Absorption spectrum for Pt(dbbpy)(tdt) in &F, at RT in a 1cm cuvette
showing the CT band and no NIR bands. (5 %X ).
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Figure 98. Absorption spectra for Pt(dbbpy)(tdt) titrated with DNfhowing almost no
change in the visible or NIR range.

The 1 cm cuvette measurements show only slight fluciositin the CT band of
the Pt(dbbpy)tdt that are within the experimental erfidre new band at 825 nm is
attributed to the CT of the complex [Pt(dbbpy)(tdfj]RNF] in solution. The TRNF
being a weaker acceptor than the TENF should have lésgyafo the electron rich
Pt(dbbpy)(tdt). The extinction coefficient is higheanhthat found for the TENF adduct
though which contributes to the intensity of the CT etverugh there is less complex in
solution. The TENF adduct shows a very strong band at 95thatrgrows larger with
each addition of the TENF (Figure 101). The titratioradaas fit using the same method
as2 (Figure 102) revealing a higher equilibrium constant K = 6y@8@h is indicative of
the TENFs strong attraction to the electron richdBtpy)(tdt). The adduct has an

extinction coefficient of 32.89 Mcmi' that is most evident in the solid spectra in which
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this lower energy band is a dominant feature in Figure 102eVidence of such strong
interactions between Pt(diimine)(dithiolate) compkaad strong electron acceptors has
been previously reported.

The diffuse reflectance data, Figure 103, show that timeptexes exist in the
solid state. The CT band due to the complex is neagin in the spectra as a dominant
absorption, which extends the absorption range fartid\IR region compared to the
Pt(dbbpy)(tdt) alone and the free nitrofluorenone’s wighbws no absorptions beyond
450 nm.

The absorption data indicate that the stronger thepascthe more likely a new
band will be seen in the spectra. The amount of newptamn solution, is dependant
upon the concentration of the acceptor, exist in egqiuhi with the free components in
solution. Therefore it is difficult to see the bandai 1 cm cuvette. The data in the solid
state should be dependant upon the stacking mode as wefbtieethe data shown is for
samples whose structure was determined prior to colip¢hie data. In the solutions
however one cannot the stoichiometry of the compldwch in this case is assumed to be

1:1.
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Figure 99. Absorption spectra showing the new CT band growth duringtitiaion
experiment for [Pt(dbbpy)(tdt)] [TRNF] in Gi€l, in a 10cm cuvette at RT.
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Figure 100.Benesi-Hildebrand plot for titrations of Pt(dbbpyjjtdith TRNF in CHCI,
at RT in a 10 cm cuvette for the absorption at 825 nm.
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Figure 101. Absorption spectra showing the new CT band growth duriegtithation
experiment for [Pt(dbbpy)(tdt)] [TENF] in Gi&l, in a 10cm cuvette at RT.
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Figure 102.Benesi-Hildebrand plot for titrations of Pt(dbbpy)(tdith TENF in CHCl,
at RT in a 10 cm cuvette for the absorption at 950 nm.
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Figure 103.Solid state diffuse reflectance data %oftop), 2(middle, and Pt(dbbpy)(tdt)
(1) (bottom) showing the strong absorptions in the NIR region.
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Magnetic Measurements

DC magnetic susceptibility measurements were donemoplsa of 8*CsHg) and
(5+CsHsg) in search of temperature independent paramagnetisnativeicof conducting
electrons. Despite seeing interactions between the@rdand acceptor molecules,
indicated in the Benesi-Hildebrand plots f8sQsHes) and 6+CsHsg), no TIP values were
found to exist. In order to determine to the exactllef/eonductivity in the complexes,

two- or four-probe conductivity measurements are plannddeancourse.

Conclusions

Four supramolecular adducts of the inorganic donor Pt(ddldpy)yith the
nitrofluorenone family of acceptors were prepared by lage@HCl, solutions of the
donors with GHg solutions of the acceptors. Electrochemical analykthe compounds
revealed potentials indicative of the individual reagastexpected, while UV-VIS-NIR
and diffuse reflectance measurements revealed intaradbetween Pt(dbbpy)(tdt) and
the organic donors TRNF and TENF. Similar analysis Rtidbbpy)(tdt) and DNF
revealed no formation of low-energy bands extendingtimoNIR, indicating little to no
interaction between the constituent molecules.

In the real of solar energy systems low band gap dyegleal. For a solar cells
based on SnPor TiO,, it is unknown if the nitrofluorenone will bind to suréaof the
semiconductor. The ability to bind to a surface is circurte@ when the species is used
in a photovoltaic device where the complex is depdstea thin film or the components
can be deposited as separate layers. The whole dlassmplexes should be great

starting points for a new breed of solar cell dyes amdlgctors.
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CHAPTER VI
X-RAY CRYSTALLOGRAPHIC AND
ELECTROCHEMICAL STUDIES OF

Pt-TRIIMINE SALTS*

Introduction

[Pt(terpy)CI[ salts have received considerable attention in thefdastears due
to their applicabilty to DNA intercalation, protein probjn and inorganic
spectroscopy’®*** This broad-reaching applicability to different brancheshemistry
has been determined to be dependent on the open coordsitg®nf the molecule and
its potential water solubility. The pioneering workMéMillan and coworkers led to the
discovery of the rich spectroscopic behavior of thetfifmine)X]" class of molecules
with X* = CI, NCS, OMe, or OH which were found to exhibit near-UV and short-
wavelength visible absorptions which were assigned to-ajmwed metal-to-ligand
transitions ¥MLCT); the emission bands have been attributed to spivicfden
transitions {MLCT). Interesting spectroscopic and photophysical behakims been
observed in these molecules when other substituted tangydidands as well as other
triimine ligands and even different X and Y groups have haiined. Along with the
spectroscopic studies of these compounds, Yam and cowarmk@estook studies of the
structural and electrochemical properties of these.9dt€ompututional studies of the

[Pt(triimine)X]" family of molecules revealed that, much like thedRt{ine)(dithiolate)

*Part of the data from this chapter is reprinted withnpssion from “Coarse and Fine Tuning of the
Electronic Energies of Triimineplatinum(ll) Square-Planamplexes”, 2006.Inorganic Chemistry45,
pgs. 2770-2772, Copyright 2006 American Chemical Society.
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molecules studied extensively by Eisenberg and coworkers,HOMO of these
molecules consists of a hybrid molecular orbital incampng contributions from the
atomic orbitals of both the metal and the ligand ®X”.The LUMO of these triimine
molecules, is dominated by contributions from the chejatitrogen-containing ligand.
The solid-state structures presented to date by Yam anorkens are all dominated by
divalent platinum atoms in a distorted square-planar emwiemt. This specific ligation
mode is caused by the bite angles of the tris(t-butykt&hpme) ligand, which causes
alteration of the typical angles of 90 and 180°. Yam eoworkers also provided a
benchmark for beginning to understand the electrochemistrihef[Pt(triimine)X]
family of compounds. According to their work, there wén® reversible reductions
attributed to the terpyridyl ligand, which showed littlento alteration in their respective
E.» values regardless of the substituents present onytigybrings.’® An irreversible
oxidation wave attributed to the Pt(Hy Pt(lll) process was also located and found to
depend on the fourth ligand in the coordination sphereeotahionic unit. The oxidation
wave for the complexes studied by Yam and coworkers ¥eened to occur at more
positive potentials for complexes with less electrach ralkynyl ligands. When
considering the research of McMillan and Yam who weterested in the spectroscopic
behavior and how these behaviors could be tailoredhifdogical studies, it is possible
that the spectroscopic response could be extended to ajppkcatich as solar energy
conversion, electrical conductivity, molecular magmetisonor-acceptor chemistry, and
supramolecular assemblies.

The previous chapter dealt with work from the combined grof@iise Prof. Kim

Dunbar at Texas A&M University and that of Prof. Mohaath©Omary at the University
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of North Texas where inorganic Pt(diimine)(dithiolate) oienwere combined with
organic donors to prepare potential photosensitizing dyesdlloidal semiconductors
composed of Ti@ Analysis of the conversion efficiencies of theaaled dyes showed
poor conversion and was attributed to a mismatch of tbetrechemical potentials
between the organic acceptor and the conduction bandeofdmiconductor. To
circumvent this problem, the [Pt(triimine)XTCNQ] family of salts were used to target
solar cells composed of SpOas the singly-reduced TCNQ acceptor necessary to
neutralize the cationic charge from the square-plandrexhibits a reduction potential
that is closer to the electrochemical potential ok teemiconductor. Through the
combined efforts of both research groups, the solid-statetures for a several members
of the [Pt(triimine)X] family have been obtained. Additionally, cyclic voltaetry has
been used to obtain the oxidation and reduction poteftiaésach of the members which
support the order of charge transfer bands observed w&repmpy conducted by the
Omary group. Due to the fact that my responsibilities i@ jhint effort did not focus on
the preparation and spectroscopic data, limited discussiated to these topics will be
presented. A discussion of the solid-state structurdssame of their corresponding
electrochemical properties will be presented in order tmodetrate the systematic

variation of both the X and Y ligands and counterianthis family of salts.

Experimental Section
All solvents used in the growth of X-ray quality singlgstals were dried and
freshly distilled prior to use. Dichloromethane and auétite were dried over s and

3A molecular sieves, respectively. Hexanes and diaithdr were passed through an
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MBRAUN solvent purification system prior to use. Calgirowth was carried out under
a nitrogen atmosphere employing standard Schlenk-line te@migoless otherwise

noted.

X-ray Crystallographic Details and Structure Solution

X-ray data for salt4, 2, 4, 5,and 6 were collected on a Bruker SMART 1000
CCD diffractometer at 110+2 K. SalBs 7, and 8 were collected on a Bruker SMART
APEX diffractometer also at 110+2 K. All X-ray data five above listed salts were
collected using graphite monochromated MoK = 0.71073 A) radiation. Due to the
small size of the crystals, structures @61 were determined from data collected on a
Bruker D8 GADDS system at 110+2K with graphite monochromaedka (A =
1.54178 A) radiation. The data were corrected for Lorentzalatization effects. The
Bruker SAINT software package was used to integrate theefaand the data were
corrected for absorption using the SADABS progfafii. Space groups were
unambiguously assigned by analysis of symmetry and systeafestnces determined by
XPREP® The structures were solved by direct methods by thefuge SHELXS-97
program in the Bruker SHELXTL v5.1 software packa4€. The final refinements were
carried out with anisotropic thermal parameters fonal-hydrogen atoms. Figures for

the crystallographic structures were generated using tEERSrogrant.
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Other Physical Measurements

Cyclic voltammetry experiments were carried out atansrate of either 100 or
200 mV/s on a CH Instruments Electrochemical Analyne@.L or 0.2 M solutions of
doubly-recrystallized TBAPFin CH,Cl, at a Pt disk working electrode with a Ag/AgClI

reference and a Pt counter electrode.

Results and Discussion
[Pt(tbtrpy)CI[CI] (1), [Pt(tbtrpy)(4-mbt)][BF] (5), and [Pt(tbtrpy)OH][TCNQ]
(9-2H;0)

The syntheses df, 2, and9 were performed in collaboration with researchers at
the University of North Texas and were reported previotfslyellow and red blocks of
1 and 2 respectively were grown by layering concentrated, @ solutions of the
solutions with an isomeric mixture of hexanes. Dark mgmesedles 09 were grown by

slow evaporation of a concentrated L solution in air.

[Pt(tbtrpy)CI][BF 4] (2) and [Pd(tbtrpy)CI][BF] (3)

The syntheses &f and3 were prepared by metathesis of the starting materials
with potassium or sodium salts of [§Fwith the starting materials [Pt(tbtrpyCI][CI] and
[Pd(tbtrpy)CI][CI]. Pale yellow blocks of the salts negorepared by diffusion of hexanes

into concentrated CHl, solutions o2 and3 respectively.
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[Pt(tbtrpy)NCS][BF] (4+CHCly), [Pt(tbtrpy)(2,5-dmeobt)][BH] (6),
[Pt(tbtrpy)(snap)][BF] (7H20), and [Pt(tbtrpy)(SGph)][BF4] (8)

The salts4 and 6-8 were prepared via slight modifications of the preparative
procedure for5. Red blocks for all of the salts were prepared by lage@€HCl,
solutions with an isomeric mixture of hexanes. Thedssthte structure 08 is an

oxidation by-product of the intended synthetic target ey (sph)][BR].

[Pt(tbtrpy)CI|[TCNQ] (11:2CH,Cl,), and [Pt(tbtrpy)CN][TCNQ] 12:2CHCN)
Compoundsl1 and12 were found to be the result of ligand substitution itite
coordination sphere of [Pt(tbtrpy(4-mbt)][TCNQ]. Darlegn needles & were grown
by slow evaporation of Cil, solutions of the title compound. Dark green needldd of
and 12 were grown by vapor diffusion of H? into solutions of [Pt(tbtrpy)(4-

mbt)][TCNQ] in CH.Cl, and CHCN respectively.
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X-ray Crystallography

A unifying feature present in the structures is the presehcistorted square-
planar geometry around the platinum or palladium mstaters due to the presence of
the tris-chelating trig{butylterpyridine ligand which occupies three of the four metal
coordination sites. When looking at all of the crysall tris(-butylterpyridine salts,
the coordination of this heteroatomic ligand forces twohe angles to become acute,
while the remaining angles adopt obtuse values. t-Buyl groups on the pyridyl rings,
added to enhance solubility, display typical angles i¥9:5°, indicative of tetrahedral

groups possessing a’spybridized carbon atom.

[Pt(tbtrpy)CI][CI] (1), [Pt(tbtrpy)CI][BF4] (2), and [Pd(tbtrpy)CI][BF] (3)

As stated abovel-3 show distorted square-planar geometry where the acute
angles adopt intermediate values between 80 and 81°, whilebthee angles display
values ranging from 99-101°. Sdltcrystallizes in the monoclinic space groBg./c
while the structures fo2 and3 are isostructural, crystallizing in the monoclinic space
groupP2/n. The bond distances between the transition metakc and nitrogen atoms
in 1 and3 are similar in distance for all of the salts. Hothe bond distances for Pt(1)-
N(1) and Pt(1)-N(3) are 2.031(4) and 2.028(2) A respectivelysalis2 and3, the bond
distances show values of 2.017(4) A/2.037(2) A and 2.016(2) A/2.032@&pkctively,
maintaining the similarity between these experiméntdetermined bond distances

which was initially described ih.
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Unlike the bonding between the nitrogen atoms and transi@tal center, which
resulted in the formation of bonds of equivalent distaimnans to one another, the bond
distances between nitrogen 2 and the metal is shbgerthose involving nitrogen atoms
1 and 3. In the former bonding scenario, the bond existingeleat nitrogen 2 and the
platinum/ palladium center is located trans to theafehlorine bond. Due to the
enhanced electronegativity of the chlorine atom, theeeshortening of the metal-N(2)
bond distance, a characteristic observed in all of #fis svith distances of 1.936(4),
1.938(4), and 1.922(2) A respectively fd¥3. The latter two salts contain [EF to
neutralize the charge of the square-planar cationic utfieisalts. For those systems, all
tetrafluoroborate B-F bond distances are approximatetp0 A in length with bond
angles of ~109.5°, characteristics of this tetrahedr@na Crystallographic parameters
for 1-3are listed in Table 62. The X-ray crystal structureslf@raredepicted in Figures

104-106. The corresponding bond distances are presentedl@s 68-65.

Table 62. X-ray crystallographic and refinement data Te8.

Compound [Pt(tbtrpy)CI][CI] (1) [Pt(tbtrpy)CII[BF,] (2) [Pd(tbtrpy)CI][BF] (3)
Formula PtCLN3Cy7H3s PtCINGC,7H3sBF, PACIN,C,7H3sBF,
formula weight 666.19 718.22 629.16
Space group P2/c P2/n P2/n

a A 15.874(3) 12.651(9) 12.670(3)
b, A 13.128(26) 16.572(11) 16.570(3)
c, A 17.699(4) 13.217(8) 13.290(3)
o, deg 90 90 90

B, deg 112.61(3) 92.07(2) 92.17(3)
v, deg 90 90 90
volume, & 3404.98 2769 2788.43
Z 4 4 4

n, mm™ 431 407 0.89
Temp. 110(2) 110(2) 110(2)
Reflns. collected 8146 6867 3979
Reflns. 1>2¢ 7194 4771 3791
Parameters 370 344 343
Restraints 0 0 0

R1? 0.0631 0.0432 0.0263
WwR2" 0.2033 0.1111 0.1043
Goodness-of-fif 1.019 1.080 0.950

aR1 =Y|F| - IRIIEIFol. PWR2 = [ W(Fo2-Fcd)2)/ ¥ w(Fo?)311/2
¢ Goodness-of-fit =Y w(|Fol-IF))%/(NobsNparametel /2
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Figure 104. X-ray crystal structure of [Pt(tbtrpy)CI|[CI]1)J. Interstitial solvent
molecules have been eliminated for the sake of clarity.

Table 63. Bond distances for [Pt(tbtrpy)CI|[CIILY in A.

Pi(1)-CI(1) 2.299(2) C(8)-C(9)  1.403(9
Pt(1)-N(1) 2.031(4) C(8)-C(20) 1.526(2
Pt(1)-N(2) 1.936(4) C(9)-C(10) 1.378(3
Pt(1)-N(3) 2.028(2) C(10)-C(11) 1.489(4
N(1)-C(1)  1.337(3) C(11)-C(12) 1.376(3
N(1)-C(5)  1.369(7) C(12)-C(13) 1.411(5
N(2)-C(6) 1.348(2) C(13)-C(14) 1.389(7
N(2)-C(10) 1.342(2) C(13)-C(24) 1.532(6
N(3)-C(11) 1.367(3) C(14)-C(15) 1.389(5
N(3)-C(15) 1.339(2) C(16)-C(17) 1.532(3
C(1)-C(2) 1.386(3) C(16)-C(18) 1.541(2
C(2)-C(3) 1.394(4) C(16)-C(19) 1.533(5
C(3)-C(4) 1.402(3) C(20)-C(21) 1.536(3
C(3)-C(16) 1.528(8) C(20)-C(22) 1.530(7
C(4)-C(5) 1.378(8) C(20)-C(23) 1.533(8
C(5)-C(6) 1.483(2) C(24)-C(25) 1.521(4
C(6)-C(7) 1.387(2) C(24)-C(26) 1.530(3
C(7)-C(8) 1.407(5) C(24)-C(27) 1.532(8
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Figure 105. X-ray crystal structure of [Pt(tbtrpy)CI|[BF (2). Hydrogen atoms and
interstitial solvent molecules have been eliminatedte sake of clarity.

Table 64. Bond distances for [Pt(tbtrpy)CI|[BF(2) in A.

Pt(1)-CI(1)
Pt(1)-N(1)
Pt(1)-N(2)
Pt(1)-N(3)
B(1)-F(1)
B(1)-F(2)
B(1)-F(3)
B(1)-F(4)
N(1)-C(1)
N(1)-C(5)
N(2)-C(6)
N(2)-C(10)
N(3)-C(11)
N(3)-C(15)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(16)
C(4)-C(5)
C(5)-C(6)

2.295(2)
2.017(4)
1.938(4)
2.016(2)
1.390(8)
1.407(2)
1.379(6)
1.378(6)
1.356(3)
1.354(7)
1.336(2)
1.343(2)
1.388(3)
1.323(2)
1.367(3)
1.391(4)
1.416(2)
1.538(8)
1.372(8)
1.489(2)

C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(8)-C(20)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(13)-C(24)
C(14)-C(15)
C(16)-C(17)
C(16)-C(18)
C(16)-C(19)
C(20)-C(21)
C(20)-C(22)
C(20)-C(23)
C(24)-C(25)
C(24)-C(26)
C(24)-C(27)

1.386(2
1.384(5
1.393(9
1.537(2
1.373(3
1.471(4
1.372(3
1.386(5
1.384(7
1.534(6
1.381(5
1.534(3
1.524(2
1.531(5
1.506(3
1.540(7
1.527(6
1.540(4
1.507(3
1.489(8
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Figure 106. X-ray crystal structure of [Pd(tbtrpy)CI|[BF(3). Hydrogen atoms and
interstitial solvent molecules have been eliminatedte sake of clarity.

Table 65. Bond distances for [Pd(tbtrpy)CIJ[BF(3) in A.

Pd(1)-N(1) 2.037(2) C(6)-C(7)  1.533(p)
Pd(1)-N(2)  1.922(2) C(6)-C(8)  1.536(p)
Pd(1)-N(3)  2.032(3) C(6)-C(9)  1.523(p)
Pd(1)-CI(1)  2.275(9) C(10)-C(11) 1.372(4)
F(1)-B(1) 1.392(4) C(11)-C(12) 1.399(})
F(2)-B(1) 1.379(4) C(12)-C(13) 1.390(})
F(3)-B(1) 1.386(4) C(12)-c(15) 1.527(})
F(4)-B(1) 1.394(4) C(13)-C(14) 1.373(})
N(1)-C(19)  1.365(4) C(14)-C(19) 1.479(})
N(1)-C(23)  1.331(4) C(15)-C(16) 1.541(b)
N(2)-C(10)  1.340(4) C(15)-C(17) 1.516(b)
N(2)-C(14)  1.339(4) C(15)-C(18) 1.520(})
N(3)-C(1)  1.337(4) C(19)-C(20) 1.373(})
N(@3)-C(5)  1.360(4) C(20)-C(21) 1.398(})
C(1)-C(2)  1.368(5) C(21)-C(22) 1.386(})
C(2)-C(3)  1.383(5) C(22)-C(23) 1.378(b)
C(3)-C(4)  1.396(4) C(21)-C(24) 1.523()
C(3)-C(6)  1.536(5) C(24)-C(25) 1.538(5)
C@)-C(5)  1.377(4) C(24)-C(26) 1.515(5)
C(5)-C(10)  1.481(4) C(24)-C(27) 1.510(5)
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[Pt(tbtrpy)NCS][BF,] (4¢CH:Cl,)

The solid-state structure of+CH.CI,) crystallizes in the triclinic space gro&p
1 and displays structural features similar to those seéine previously discussed salts.
One of these characteristics is the presence oftarthd square-planar coordination
environment around the platinum metal center. As atda@ensequence of this distorted
geometry, imposed by the titidfutyl)terpyridine ligand, two of the angles become acute
with values of 80.91° and 81.63° respectively. While thegéearecome acute, in order
to maintain the required 360° among the four constituegteanthe remaining angles
become obtuse with values of 97.62° and 99.89°. Closer inspext the platinum-
heteroatom bond distances reveal a behavior similtroge observed in salls3. The
bonds which formed between platinum and nitrogen atoms 13anad distances of
2.004(4) A and 2.018(4) A respectively illustrating the presenteequivalent
electronegativity between the platinum and these nitrog®ms. Contrary to this
observed behavior, the bond between platinum and nitregemmuch shorter, having a
distance of 1.936(4) A. Other features of this salt include doordination of the
ancillary thiocyanate ligand, present in this salthe isothiocyanate coordination mode.
This particular linkage, indicating ligation to the metabugh the ligand’s nitrogen atom
versus its sulfur has been observed in several cooahinabmpounds including the
photoactive compound Ru(dcbpy)(NG&) As its charge compensating anidnytilizes
the tetrahedral anion [BF. All B-F bond distances (~1.400 A in length) and angles
(~109.5°) are equivalent with reported values for this an@nystallographic parameters
for 4 are listed in Table 66. The X-ray crystal structure anadbdistances fo# are

depicted in Figure 107 and Tables 67.
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Table 66. X-ray crystallographic and refinement data for [PtpNCS][BF]*CH.Cl,
(4'CH20|2).

Compound [Pt(tbtrpy)NCS][BF]*CH,CI, (4CH.,CI,)
Formula PtN,C,qH5/BF,Cl,
formula weight 793.21
Space group P-1

a, A 13.455(1)
b, A 15.008(1)
c, A 17.165(1)
a, deg 65.65(4)
B, deg 82.83(5)
v, deg 979.96(4)
volume, A3 3104.1(4)
Z 2

p, mm* 10.299
Temp. 110(2)
Refins. collected 8377
Reflns. 1>2¢ 6620
Parameters 748
Restraints 0

R1% 0.0265
wR2 0.0595
Goodness-of-fit 0.935

aR1 =Y|F| - IRI/EIFol. PWR2 = [ W(Fo2-Fcd)2)/ 3 w(Fo?)31/2
¢ Goodness-of-fit =Yw(|Fol-IF))?/(NobsNparametel /2
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Figure 107. X-ray crystal structure of [Pt(tbtrpy)NCS][BFCH.Cl, (4*CH.CIy).
Interstitial dichloromethane molecules have beeniséted for the sake of clarity.



Table 67. Bond distances for [Pt(tbtrpy)NCS][BFCHCl, (4*CH,Cl.) in A.

Pt(1)-N(2)
Pt(1)-N(4)
Pt(1)-N(3)
Pt(1)-N(1)
Pt(2)-N(6)
Pt(2)-N(8)
P(2)-N(7)
Pt(2)-N(5)
S(1)-C(28)
S(2)-C(56)
N(1)-C(1)

N(1)-C(5)

N(2)-C(6)

N(2)-C(10)
N(3)-C(11)
N(3)-C(15)
N(4)-C(28)
N(5)-C(29)
N(5)-C(33)
N(6)-C(34)
N(6)-C(38)

1.936(4)
2.009(4)
2.009(4)
2.018(4)
1.924(4)
1.996(4)
2.008(4)
2.022(4)
1.634(6)
1.627(5)
1.339(5)
1.369(6)
1.345(6)
1.353(5)
1.371(6)
1.343(6)
1.130(6)
1.332(5)
1.372(5)
1.349(5)
1.355(6)

N(7)-C(39)
N(7)-C(43)
N(8)-C(56)
F(1)-B(1)
F(2)-B(1)
F(3)-B(1)
F(4)-B(1)
F(5)-B(2)
F(6)-B(2)
F(7)-B(2)
F(8)-B(2)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(16)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(8)-C(20)

1.376(5
1.345(5
1.136(6
1.374(6
1.396(6
1.390(6
1.388(6
1.387(6
1.395(6
1.401(6
1.385(7
1.380(6
1.398(6
1.415(6
1.507(6
1.362(6
1.480(6
1.387(6
1.406(6
1.401(6
1.533(6
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Table 67. Continued.

C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(14)-C(15)
C(16)-C(17)
C(16)-C(18)
C(16)-C(19)
C(20)-C(21)
C(20)-C(22)
C(20)-C(23)
C(24)-C(25)
C(24)-C(26)
C(24)-C(27)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(31)-C(44)
C(32)-C(33)

1.383(6)
1.483(6)
1.387(6)
1.394(6)
1.396(6)
1.385(6)
1.385(6)
1.537(6)
1.532(6)
1.539(7)
1.533(6)
1.524(6)
1.548(6)
1.532(7)
1.550(6)
1.524(6)
1.366(6)
1.392(6)
1.404(6)
1.528(6)
1.379(6)

C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(36)-C(37)
C(36)-C(48)
C(37)-C(38)
C(38)-C(39)
C(39)-C(40)
C(40)-C(41)
C(41)-C(42)
C(42)-C(43)
C(44)-C(45)
C(44)-C(46)
C(44)-C(47)
C(48)-C(49)
C(48)-C(50)
C(48)-C(51)
C(52)-C(53)
C(52)-C(54)
C(52)-C(55)

1.476(6)
1.376(6)
1.395(6)
1.401(6)
1.527(6)
1.385(6)
1.475(6)
1.375(6)
1.405(6)

1.383
1.373
1.511
1.545
1.520
1.540
1.523

6)
6)
7)
7)
7)

6)
6)

1.539(6)
1.536(6)
1.525(6)
1.535(6)

225



226

[Pt(tbtrpy)(4-mbt)][BF4] (), [Pt(tbtrpy)(2,5-dmeobt)][BE] (6), [Pt(tbtrpy)(snap)]
[BF4] (7H20), and [Pt(tbtrpy)(S@ph)][BF ] (8)

The solid-state structures for s&bts6, (7°H>0), and 8 show strong similarity in
their cationic units as all are dominated by the cooriinaif tris(t-butyl)terpyridine to a
divalent platinum metal center. All salts displaydiatorted square-planar environment
around the platinum metal center. This distortioailifated by the tris-chelating ligand,
forces two of the surrounding angles to adopt acutgesaln the range 81-82°. In order
to maintain the prerequisite 360° bond angle environmeeatrdamaining angles adopt
obtuse values around 99-102°. In a manner similar to the previ@ported salts, bonds
between platinum and nitrogen atoms 1 and 3 are similength (~2.020(6) A) fos-8.
The platinum-nitrogen 2 bond is much shorter in all s4s&.960(5) A), authored by the
presence of a net dipole caused by the enhanced electiivingd the ancillary ligand
trans to nitrogen 2. As their charge compensating abi@njtilize the tetrahedral anion
[BF4]". All B-F bond distances (~1.400 A in length) and an@€€9.5°) are equivalent
with reported values for this anion. All pyridyl rings thile heteroatomic ligand show
common aromatic bond distances while the t-butyl graopthe para position reveal
bond angles indicative of this group’s centratkpbridized carbon atom. Despite these
structural similarities, salts, 6, (7sH.O), and 8 possess different arylthiolate ancillary
ligands, which leads to different space groups for the compousdks5 and {7<H,0)
crystallize in the orthorhombic space groupsa2 and Pbca respectively. Sal6
crystallizes in the monoclinic space groRg/c and8 crystallizes in the triclinic space
groupP-1 The bond distances for the various Pt-S bond distaare ~2.3 A for all

systems, displaying values similar to measured bond dedant the well-known
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Pt(diimine)(dithiolate) family of compounds. All aronatrings in these arylthiolate
ligands display C-C bond distance values of ~1.4 A, amtib established values for
bonds in aromatic rings. Among the most interestewjure observed in the structural
elucidation o, 6,(7+H,0), and8§, is presence of two S=0 bonds8in Initially prepared
with benzenthiolate as its ancillary ligand, the ligandalnee oxidized to the sulfinate via
oxygen exposure in either its initial preparation or ctygtawth. This is not unusual
and has been documented by Cocker and Bachman in thegsstidhe photochemical
and chemical oxidation of M(bpy)(bdt) [M = Ni, Pd, and Btlt = benzenedithiolate]
complexes? In the presence of ambient light and atmosphericitond, mono- and
disulfinate complexes were generated and crystallogralbhicharacterized. Similar
products were also generated by reacting the diimine-ditotomplexes with strong
oxidants such as concentrateddsl The formation of the sulfinate complex from the
[Pt(tbtrpy)(sph)][BR] salt illustrates that the observed photochemicadation of metal
diimine-dithiolene complexes can be extended to thepyarylthiolate salts.
Crystallographic parameters f&r 6, (7¢H,0O), and 8 are listed in Table 68. The X-ray
crystal structure and bond distances for these struchmeaepicted in Figure 108-111

and Tables 69-72 respectively.



Table 68. X-ray crystallographic and refinement data3p6,(7+H,0), and8.
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Compound [Pt(tbtrpy)(4-mbt)][BR](5) [Pt(tbtrpy)(2,5-dmeobt)][BH (6) [Pt(tbtrpy)(snap)][B&]*H.O (7) [Pt(tbtrpy)(SQph)][BF,] (8)
Formula PtSNiC34H4BF, PtSN;O,C35H44BF, PtSNOCs;H43BF, PtSNO,C33H40BF4
formula weight 806.28 852.28 859.28 824.25
Space group Pcaz P2/c Pbca P-1

a, A 20.910(12) 13.382(2) 18.535(4) 9.989(4)
b, A 19.829(13) 13.976(3) 17.508(4) 13.459(6)
c, A 15.930(9) 19.235(4) 24.488(5) 13.559(6)
a, deg 90 90 90 94.702(9)
B, deg 90 105.19(3) 90 105.465(9)
v, deg 90 90 90 111.55((8)
volume, A 6604.7¢ 3473.5¢ 7946.6( 1600.8(

z 4 4 4 2

n, mm™ 436 5.23 4.93 451
Temp. 110(2) 110(2) 110(2) 110(2)
Reflns. collected 13346 7963 5712 7712
Reflns. 1>26 10224 6894 4876 6592
Parameters 809 435 541 403
Restraints 1 0 0 0

R1? 0.0427 0.0362 0.1013 0.0507
WR2” 0.098: 0.0767 0.215% 0.112%
Goodness-of-fit 1.056 1.001 1.114 1.079

aR1 =Yl - IRIIXIF0l. PWR2 = ¥ W(Fo?-Fcd)2l! ¥ [w(Fo?)?21/2

¢ Goodness-of-fit =Yw(|Fol-IF))?/(NobsNparametel /2
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Figure 108. X-ray crystal structure of [Pt(tbtrpy)(4-mbt)][BR5).



Table 69. Bond distances for [Pt(tbtrpy)(4-mbt)][BR5) in A.

Pt(1)-N(2)
Pt(1)-N(1)
Pt(1)-N(3)
Pt(1)-S(1)
Pt(2)-N(5)
Pt(2)-N(6)
Pt(2)-N(4)
Pt(2)-S(2)
S(1)-C(55)
S(2)-C(62)
F(1)-B(1)
F(2)-B(1)
F(3)-B(1)
F(4)-B(1)
F(5)-B(2)
F(6)-B(2)
F(7)-B(2)
F(8)-B(2)
N(1)-C(1)
N(1)-C(5)
N(2)-C(10)
N(2)-C(6)
N(3)-C(15)
N(3)-C(11)
N(4)-C(32)
N(4)-C(28)
N95)-C(37)
N(5)-C(33)

1.95(1)
2.02(7)
2.04(8)
2.31(3)
1.98(8)
2.02(9)
2.04(8)
2.32(3)
1.77(9)
1.77(1)
1.45(2)
1.43(2)
1.34(2)
1.26(2)
1.29(2)
1.38(1)
1.40(2)
1.39(1)
1.36(1)
1.40(1)
1.35(1)
1.36(1)
1.34(1)
1.40(1)
1.35(1)
1.35(1)
1.31(1)
1.36(1)

C(16)-C(18)
C(16)-C(17)
C(20)-C(23)
C(20)-C(21)
C(20)-C(22)
C(24)-C(27)
C(24)-C(26)
C(24)-C(25)
C(28)-C(29)
C(29)-C(30)
C(30)-C(31)
C(30)-C(43)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(35)-C(47)
C(36)-C(37)
C(37)-C(38)
C(38)-C(39)
C(39)-C(40)
C(40)-C(41)
C(40)-C(51)
C(41)-C(42)
C(43)-C(46)
C(43)-C(44)
C(43)-C(45)

1.52(2)
1.53(1)
1.50(1)
1.51(1)
1.55(1)
1.52(1)
1.53(2)
1.55(1)
1.36(1)
1.37(2)
1.40(1)
1.53(1)
1.38(1)
1.47(1)
1.40(1)
1.38(1)
1.42(1)
1.55(1)
1.37(2)
1.52(1)
1.37(2)
1.39(1)
1.39(1)
1.53(1)
1.37(2)
1.51(1)
1.54(1)
1.55(1)
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Table 69. Continued.

N(4)-C(32)
N(4)-C(28)
N95)-C(37)
N(5)-C(33)
N(6)-C(42)
N(6)-C(38)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(16)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(8)-C(20)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(13)-C(24)
C(14)-C(15)
C(16)-C(19)

1.35(1)
1.35(1)
1.31(1)
1.36(1)
1.35(1)
1.36(1)
1.41(1)
1.40(1)
1.39(1)
1.53(1)
1.35(1)
1.49(1)
1.36(1)
1.40(1)
1.42(1)
1.54(1)
1.36(1)
1.48(1)
1.36(1)
1.39(1)
1.39(1)
1.53(1)
1.36(1)
1.52(1)

C(41)-C(42)
C(43)-C(46)
C(43)-C(44)
C(43)-C(45)
C(47)-C(49)
C(47)-C(50)
C(47)-C(48)
C(51)-C(54)
C(51)-C(53)
C(51)-C(52)
C(55)-C(60)
C(55)-C(56)
C(56)-C(57)
C(57)-C(58)
C(58)-C(59)
C(58)-C(61)
C(59)-C(60)
C(62)-C(63)
C(62)-C(67)
C(63)-C(64)
C(64)-C(65)
C(65)-C(66)
C(65)-C(68)
C(66)-C(67)

1.37(2
1.51(1
1.54(3
1.55(1
1.50(2
1.53(2
1.55(1
1.50(1
1.52(1
1.55(2
1.36(1
1.44(1
1.38(1
1.37(1
1.40(1
1.51(1
1.38(1
1.35(
1.43(]
1.38(1
1.35(1
1.39(2
1.50(2
1.41(]

e’ e e N e N N e N N N N N N N N N N N N N N N N
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Figure 109. X-ray crystal structure of [Pt(tbtrpy)(2,5-dmeobt)]BFE6).



Table 70. Bond distances for [Pt(tbtrpy)(2,5-dmeobt)|#BEs) in A.

Pt(1)-S(1)
Pt(1)-N(1)
Pt(1)-N(2)
Pt(1)-N(3)
B(1)-F(1)
B(1)-F(2)
B(1)-FB3)
B(1)-F(4)
N(1)-C(1)
N(1)-C(5)
N(2)-C(6)
N(2)-C(10)
N(3)-C(11)
N(3)-C(15)
S(1)-C(28)
0O(1)-C(30)
O(1)-C(34)
0(2)-C(33)
0(2)-C(35)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(16)
C(4)-C(5)
C(5)-C(6)
C(6)-C(V)

2.316(2)
2.033(4)
1.962(4)
2.029(2)
1.364(8)
1.349(2)
1.387(6)
1.392(6)
1.347(3)
1.379(7)
1.337(2)
1.343(2)
1.371(3)
1.343(2)
1.742(2)
1.367(2)
1.424(3)
1.383(2)
1.405(2)
1.384(3)
1.395(4)
1.400(2)
1.525(8)
1.381(8)
1.475(2)
1.387(2)

C(7)-C(8)
C(8)-C(9)
C(8)-C(20)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(13)-C(24)
C(14)-C(15)
C(16)-C(17)
C(16)-C(18)
C(16)-C(19)
C(20)-C(21)
C(20)-C(22)
C(20)-C(23)
C(24)-C(25)
C(24)-C(26)
C(24)-C(27)
C(28)-C(29)
C(28)-C(33)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(32)-C(33)

1.398(5
1.404(9
1.527(2
1.381(3
1.475(4
1.386(3
1.394(5
1.398(7
1.525(6
1.370(5
1.538(3
1.531(2
1.524(5
1.535(3
1.535(7
1.536(8
1.522(4
1.533(3
1.536(8
1.384(4
1.424(3
1.390(8
1.393(7
1.371(6
1.392(6
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Figure 110. X-ray crystal structure of [Pt(tbtrpy)(snap)][BfH2O (7-H20). Interstitial
water molecules have been eliminated for the sak&ofyc



Table 71. Bond distances for [Pt(tbtrpy)(snap)][BfH.0 (7¢H.0) in A.

Pt(1)-N(2)
Pt(1)-N(1)
Pt(1)-N(3)
Pt(1)-S(1)
S(1)-C(28)
N(1)-C(1)
N(1)-C(5)
N(2)-C(6)
N(2)-C(10)
N(3)-C(11)
N(3)-C(15)
F(1)-B(1)
F(2)-B(1)
F(3)-B(1)
F(4)-B(1)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(16)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(8)-C(20)
C(9)-C(10)

1.98(1)
2.00(1)
2.01(1)
2.31(6)
1.71(3)
1.35(2)
1.39(2)
1.35(2)
1.35(2)
1.39(2)
1.32(2)
1.34(3)
1.42(3)
1.33(4)
1.29(3)
1.34(3)
1.40(3)
1.39(2)
1.56(2)
1.39(2)
1.47(2)
1.37(2)
1.39(2)
1.39(2)
1.56(3)
1.35(2)

C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(13)-C(24)
C(14)-C(15)
C(16)-C(17)
C(16)-C(18)
C(16)-C(19)
C(20)-C(21)
C(20)-C(22)
C(20)-C(23)
C(24)-C(25)
C(24)-C(26)
C(24)-C(27)
C(28)-C(29)
C(28)-C(37)
C(29)-C(30)
C(30)-C(31)
C(30)-C(35)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(36)-C(37)

1.50(3)
1.33(9)
1.41(3)
1.35(3)
1.55(3)
1.42(3
1.51(3
1.49(3
1.50(3
1.47(3)
1.54(4)
1.51(3
1.47(3)
1.49(3
1.51(3
1.36(4
1.48(3
1.42(3
1.35(3
1.46(3
1.40(4
1.43(3
1.38(4
1.44(4
1.39(4
1.35(4

P

e N N N N N N N N N N N
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Figure 111. X-ray crystal structure of [Pt(tbtrpy)(Sgh)][BF4] (8).
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Table 72. Bond distances for [Pt(tbtrpy)(SgEh)][BF4] (8) in A.

Pt(1)-N(1)
Pt(1)-N(2)
Pt(1)-N(3)
Pt(1)-S(1)
S(1)-O(1)
S(1)-0(2)
S(1)-C(28)
B(1)-F(1)
B(1)-F(2)
B(1)-F(3)
B(1)-F(4)
N(1)-C(1)
N(1)-C(5)
N(2)-C(6)
N(2)-C(10)
N(3)-C(11)
N(3)-C(15)
C(1)-C(2)
C(1)-C(12)
C(2)-C(3)
C(3)-C(4)
C(3)-C(16)
C(4)-C(5)
C(5)-C(6)
C(6)-C(V)

2.039(5)
1.962(5)
2.041(5)
2.2709(18)
1.438(7)
1.457(6)
1.799(5)
1.344(10)
1.388(9)
1.360(9)
1.364(10)
1.343(8)
1.363(8)
1.353(8)
1.355(8)
1.368(8)
1.344(8)
1.376(9)
1.375(9)
1.384(9)
1.391(8)
1.526(8)
1.368(8)
1.480(8)
1.367(9)

C(7)-C(8)
C(8)-C(9)
C(8)-C(20)
C(9)-C(10)
C(10)-C(11)
C(12)-C(13)
C(13)-C(14)
C(13)-C(24)
C(14)-C(15)
C(16)-C(17)
C(16)-C(18)
C(16)-C(19)
C(20)-C(21)
C(20)-C(22)
C(20)-C(23)
C(24)-C(25)
C(24)-C(26)
C(24)-C(27)
C(28)-C(29)
C(28)-C(33)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(32)-C(33)

1.402(8
1.416(8
1.524(9
1.364(9
1.485(8
1.397(9
1.397(1
1.517(9

2

0)

1.374(1
1.538(9
1.544(

1.513(9
1.516(9
1.542(1

1.534(9)

1.531(1]
1.524(1
1.537(1]
1.390
1.390
1.390
1.390
1.390
1.390

D)

1)
1)
1)
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[Pt(tbtrpy)(OH)][TCNQ]*2H,O  (9+2H;0),  [Pt(tbtrpy)(Cl)]  [TCNQ]*2CHCI,
(10°2CH,Cly), and [Pt(tbtrpy)(CN)][TCNQ]*2CHCN (11+2CHCN)

The solid-state structures for sal@@2aH,0), (10-2CH,Cl,), and (11-2CHs;CN)
crystallize in triclinic, orthorhombic, and monoclingpace groups. Sall@2CH,CI,)
crystallize in the triclinic space group-1, while (©<2H,O) crystallizes in the
orthorhombic space groupbcn and (1-2CH;CN) crystallizes in the monoclinic space
groupP2/c. The cationic platinum unit possesses a distorted squanar environment
with angles ranging from 80.4-102.3°. As with the otherstediographically
characterized salts, the distances between the yntatinetal center and nitrogen atoms 1
and 3 are approximately equivalent in distance at ~2.00 A.n th®r initial preparation,
salts @+2H,0), (10-2CH,CI,), and (11-2CH;CN) were prepared by Joyce Chen at the
University of North Texas with arylthiolate ancillarigdnds. During the course of
crystallization, these ligands were replaced by ,08lI, and CN in (9°2H;0),
(102CHxCly), and (11-2CHsCN) respectively. Platinum is known to undergo an
associative mechanism, forming a five-coordinate triamsitate before returning to its
standard four-coordinate environment. It is uncertain vengtkatinum undergoes an A
or Il mechanism, but this metal is known to form five-coorginatermediates. Beside
the presence of solvent fragments in the platinumdioation sphere, another interesting
feature of 9+2H,0), (10-2CHyCl;), and (11.2CHCN) is the use of the reduced
organocyanide acceptor TCNQ as the charge-compensating ahli@nultimate goal of
these salts has been to target them for use in sgllar dn an initial attempt to prepare
photosensitizing dyes with neutral diimine/dithiolate denoand organocyanide

acceptors, poor photoconversion efficiencies were addaipresumably due to reduced
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electron injection into the T¥conduction band due to fact that the first reduction
potential of the acceptor is lower than the semicondumiaduction band. Ultimately,
incorporation of the pre-reduced acceptor as the charge-ceatpgnanion in each salt
would allow these systems to be useful as dyes far s@lls composed of the semi-
conductor Sn@as its conduction band lies at a potential lower thenfitst reduction
potential of the stable organocyanide radical. Inspedfaime quinone and exocyclic
bond distances were used by Kistenmacher and coworkerstabli€h an empirical
relationship to calculate the overall valence of theN\QCacceptor and its derivatives.
Close inspection of these crystallographically-determidisthnces suggest the further
reduction of the acceptor to a @)+state*?® Unlike the other TCNQ salts, the structure
for (9+2H,0) is dominated by a 1:1 stack of donors and acceptors alorgahkis with
close interplanar distances of 3.502 A. Crystallogragidcameters for 9%2H,0),
(102CH,CI,), and(11-2CHsCN) are listed in Table 73. The X-ray crystal structure and
bond distances for these structueee depicted in Figure 112-114 and Tables 74-76

respectively.
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Table 73. X-ray crystallographic and refinement data @2H,0), (10.2CH,Cl,), and
(11-2CHsCN).

Compound [Pt(tbtrpy)(OH)][TCNQ]*2H0 (9-2H,0) [Pt(tbtrpy)(C)][TCNQ]*2CHCI, (10-2CHCl,) [Pt(tbtrpy)(CN)][TCNQ]*2CHCN (11-2CH,CN)
Formula PtO,N;CsgHas PtN,ClsCyqHa3 PtN;oCasHas
formula weight 837.32 1027.17 920.35
Space group Pbcn P-1 P2/c

a A 13.84(3) 11.706(2) 12.556(3)
b, A 23.17(4) 13.591(3) 13.827(3)
c, A 23.38(4) 13.748(3) 23.500(5)
a, deg 90 72.31(3) 90

B, deg 90 84.92(3) 92.31(3)
v, deg 90 66.13(3) 90
volume, A2 7498.67 1903.98 4076.54
z 8 2 4

p, mm™* 3.79 4.16 3.89
Temp. 110(2) 110(2) 110(2)
Refins. collected 6625 7136 6574
Refins. 1>26 4357 5849 5124
Parameters 457 394 498
Restraints 7 2 0

R1% 0.1008 0.0523 0.0791
WR2" 0.1949 0.1167 0.1625
Goodness-of-fit 1.243 1.096 1.104

aR1 =Y|F| - IRIIEIFol. PWR2 = [ W(Fo2-Fcd)2)/ 3 w(Fo?)311/2
¢ Goodness-of-fit =Y w(|Fol-IF))%/(NobsNparametell /2
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Figure 112. X-ray crystal structure of [Pt(tbtrpy)OH][TCNQ]*28 (9+2H,0).
Interstitial water molecules have been eliminatedHersake of clarity.



Table 74. Bond distances for [Pt(tbtrpy)OH][TCNQ]*28 (9+2H.0) in A.

Pt(1)-O(1)
Pt(1)-N(1)
Pt(1)-N(2)
Pt(1)-N(3)
N(1)-C(1)
N(1)-C(5)
N(2)-C(6)
N(2)-C(10)
N(3)-C(11)
N(3)-C(15)
N(4)-C(37)
N(5)-C(36)
N(6)-C(38)
N(7)-C(39)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(16)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(8)-C(20)
C(9)-C(10)

2.236(2)
1.987(4)
1.956(4)
2.004(2)
1.351(3)
1.359(6)
1.342(5)
1.335(6)
1.354(7)
1.357(8)
1.136(9)
1.133(2)
1.155(2)
1.134(2)
1.354(3)
1.382(4)
1.409(3)
1.547(5)
1.361(7)
1.549(4)
1.337(2)
1.378(5)
1.405(9)
1.564(2)
1.316(3)

C(10)-C(11) 1.499(7)

C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(13)-C(24)
C(14)-C(15)
C(16)-C(17)
C(16)-C(18)
C(16)-C(19)
C(20)-C(21)
C(20)-C(22)
C(20)-C(23)
C(24)-C(25)
C(24)-C(26)
C(24)-C(27)
C(28)-C(29)
C(28)-C(38)
C(28)-C(39)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(32)-C(35)
C(35)-C(36)
C(35)-C(37)

1.451(3
1.296(5
1.353(8
1.553(4
1.346(3
1.570(3
1.508(3
1.436(5
1.465(3
1.353(7
1.428(7
1.483(2
1.510(3
1.482(8
1.426(3
1.448(8
1.403(3
1.443(8
1.352(5
1.405(6
1.419(8
1.353(4
1.441(8
1.394(6
1.406(5

242
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Figure 113. X-ray crystal structure of [Pt(tbtrpy)CI|[TCNQ]*2CBL> (10.2CH,CIy).
Interstitial dichloromethane molecules have beenieséted for the sake of clarity.



Table 75. Bond distances for [Pt(tbtrpy)CIJ[TCNQ]+2G8El, (102CH,CI,) in A.

Pt(1)-CI(1)
Pt(1)-N(1)
Pt(1)-N(2)
Pt(1)-N(3)
N(1)-C(1)
N(1)-C(5)
N(2)-C(6)
N(2)-C(10)
N(3)-C(11)
N(3)-C(15)
N(4)-C(28)
N(5)-C(30)
N(6)-C(38)
N(7)-C(39)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(16)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(8)-C(20)
C(9)-C(10)

2.276(2)
1.980(4)
1.847(4)
2.101(2)
1.364(3)
1.306(7)
1.407(2)
1.237(2)
1.370(3)
1.159(2)
1.117(2)
1.113(2)
1.201(2)
1.263(2)
1.497(3)
1.289(4)
1.463(3)
1.587(8)
1.4058)

1.381(2)
1.395(2)
1.407(5)
1.434(9)
1.597(2)
1.391(3)

C(10)-C(11) 1.554(4)

C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(13)-C(24)
C(14)-C(15)
C(16)-C(17)
C(16)-C(18)
C(16)-C(19)
C(20)-C(21)
C(20)-C(22)
C(20)-C(23)
C(24)-C(25)
C(24)-C(26)
C(24)-C(27)
C(28)-C(29)
C(29)-C(30)
C(29)-C(31)
C(31)-C(32)
C(31)-C(36)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(34)-C(37)
C(35)-C(36)
C(37)-C(38)
C(37)-C(39)

1.318(3
1.402(5
1.451(7
1.476(6
1.639(5
1.570(3
1.483(2
1.595(5
1.637(3
1.615(7
1.556(8
1.709(4
1.591(3
1.532(8
1.508(3
1.413(8
1.341(8
1.532(5
1.532(8
1.482(3
1.412(6
1.333(4
1.468(2
1.190(8
1.278(6
1.263(9
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Figure 114. X-ray crystal structure of [Pt(tbtrpy)CN][TCNQ]J*2GEN (11+2CH;CN).
Interstitial acetonitrile molecules have been elimeddor the sake of clarity.



Table 76.
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Bond distances for [Pt(tbtrpy) CN][TCNQJ*2GEN (11+2CH:CN) in A.

Pt(1)-C(4)
Pt(1)-N(1)
Pt(1)-N(2)
Pt(1)-N(3)
N(1)-C(19)
N(1)-C(23)
N(2)-C(10)
N(2)-C(14)
N(3)-C(1)
N(3)-C(5)
N(5)-C(29)
N(6)-C(31)
N(7)-C(40)
N(8)-C(39)
N(28)-C(4)
C(1)-C(2)
C(2)-C(3)
C(3)-C(6)
C(3)-C(28)
C(5)-C(10)
C(5)-C(28)
C(6)-C(7)
C(6)-C(8)
C(6)-C(9)

1.980(2)
1.964(4)
1.949(4)
1.999(2)
1.411(3)
1.343(6)
1.324(5)
1.323(4)
1.340(3)
1.340(7)
1.158(2)
1.161(2)
1.139(5)
1.193(4)
1.161(2)
1.352(8)
1.396(7)
1.506(4)
1.403(5)
1.495(3)
1.400(9)
1.595(2)
1.498(3)
1.535(7)

C(10)-C(11) 1.390(7)
C(11)-C(12) 1.446(8)

C(12)-C(13)
C(12)-C(15)
C(13)-C(14)
C(15)-C(16)
C(15)-C(17)
C(15)-C(18)
C(19)-C(20)
C(20)-C(21)
C(21)-C(22)
C(21)-C(24)
C(22)-C(23)
C(24)-C(25)
C(24)-C(26)
C(24)-C(27)
C(29)-C(30)
C(30)-C(31)
C(30)-C(32)
C(32)-C(33)
C(32)-C(37)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(35)-C(38)
C(36)-C(37)
C(38)-C(39)
C(38)-C(40)

1.419(5
1.571(3
1.375(7
1.499(8
1.540(4
1.455(9
1.373(5
1.366(3
1.410(7
1.524(2
1.396(8
1.570(2
1.545(3
1.534(3
1.420(8
1.450(6
1.352(5
1.446(8
1.424(3
1.342(4
1.374(6
1.434(2
1.416(9
1.399(6
1.473(2

1.313(5
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Electrochemical Studies

Cyclic voltammetry experiments were carried out atansrate of either 100 or
200 mV/s on a CH Instruments Electrochemical Analyzeitimer 0.1 or 0.2 M solutions
of doubly-recrystallized TBAP§in CH,Cl, at a Pt disk working electrode with a
Ag/AgCl reference and a Pt counter electrode.

The electrochemical properties b{Figure 115) show a ligand centered reduction
ascribed to the tbtrpy ligand. The first cathodic cowgleurs at -0.9 V and appears to be
reversible. The second cathodic couple occurs at -laBbdvis irreversible. There is no
anodic response upon scanning indicating that, unlike tr& of Yam and coworkers,
who first presented electrochemical studies on the ttielipg family of salts, there are no
metal centered oxidations. There are expected to ligamd-centered oxidations as the
chloride ligand in the coordination sphere of platinumasteochemically innocent.

Upon closer inspection of the cyclic voltammogram4{CH,Cl,) (Figure 116),
only ligand centered cathodic waves are observed at -@.91a8 V respectively. The
former cathodic couple appears to be reversible whiléather appears to be irreversible.
As in the case of, there are no ligand- or metal-centered oxidations atihg that the
isocyanate ligand, much like the ancillary chloride Idyam1 is also electrochemically
innocent. Considering the attributes of voltammogram& &nd @+CH,Cl,), salts2 and
3 should show only terpyridine-based reductions as b&thand 3 possess
electrochemically-innocent ligands and counter anions.

The voltammograms for salt (Figure 117) 6, and (7°H,0O) (Figure 118) are
interesting because for the first-time ligand centeredatixins are seen. Also, the cyclic

voltammogram for the salt [Pt(tbtrpy)(sph)][BFs presented (Figure 119).
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Figure 115. Cyclic voltammogram for [Pt(tbtrpy)CI][CI]1) performed in a 0.1 M
TBAPFs solution prepared from CKEl, at a scanning potential of .2 V/s against

Ag/AgCI reference electrode using a Pt disk working electatk a Pt wire counter
electrode.
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Figure 116. Cyclic voltammogram for [Pt(tbtrpy)(NCS)][BF(4*CH.Cl,) done in a 0.1
M TBAPFs solution prepared from GEl, at a scanning potential of .2 V/s against

Ag/AgCI reference electrode using a Pt disk working electatk a Pt wire counter
electrode.
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Figure 117. Cyclic voltammogram for [Pt(tbtrpy)(4-mbt)][BF(5) done in a 0.1 M
TBAPFs solution prepared from CKEl, at a scanning potential of .2 V/s against

Ag/AgCI reference electrode using a Pt disk working electatk a Pt wire counter
electrode.
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Figure 118. Cyclic voltammogram for [Pt(tbtrpy)(snap)][8H7<H.O) done ina 0.1 M
TBAPFs solution prepared from CEl, at a scanning potential of .2 V/s against
Ag/AgCI reference electrode using a Pt disk working electatk a Pt wire counter
electrode.
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Figure 119. Cyclic voltammogram for [Pt(tbtrpy)sph][BFdone in a 0.1 M TBAP§
solution prepared from GiEl, at a scanning potential of .2 V/s against Ag/AgCI
reference electrode using a Pt disk working electrode ahaveidPcounter electrode.
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Much like the previously described salts, these four shtisvdigand centered
cathodic couples at -0.9 and -1.5 V respectively. In @asitmanner to the previously
described voltammograms, the former redox couple is siélerwhile the latter was
irreversible. Unlike the previous salts, there are im&lke oxidations at potentials
between +0.98 and +1.1 V attributed to the oxidation of ti@llary thiolate ligand.
These results are interesting upon considering the sestilfam and coworkers who
claimed that the irreversible oxidations observed at ~+1vweké caused by the Pt(#)
Pt(Ill) process. In the previously described salts winedex-innocent ancillary ligands
were incorporated into the coordination sphere of mlat, no metal-based oxidations
were observed. If the primary contributor to the obsgranodic waves was the metal
ion, a response would have been observed despite thenpeesf electrochemically
innocent ligands.

The cyclic voltammogram for [Pt(tbtrpy)NCS][TCNQ]i¢fere 120) presents a
rich electrochemical nature, as it incorporates tG&Q radical anion as the counterion.
This organic acceptor is known to exist as a free spetibe integral oxidation states of
-1 and -2 as well as in the non-integral oxidation stdteOcb in materials. Upon
inspection of the cyclic voltammogram for this saltpteidine-centered cathodic waves
were observed a -0.9 and -1.5 V respectively and like theegreg salts, the former
wave is reversible while the latter is irreversibl€he selection of the initial scanning
potential at 0.0 V was critical because this potentia between the first and second
reduction potentials of TCNQ. The cathodic wave olegrat -0.5 V is due to the
reduction of TCNQ from its radical anion to its dianiofhe first cathodic wave, also

reversible in nature at +0.20 V is caused by
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Figure 120. Cyclic voltammogram for [Pt(tbtrpy)(NCS)][TCNQ] de in a 0.1 M
TBAPFs solution prepared from CEl, at a scanning potential of .2 V/s against

Ag/AgCI reference electrode using a Pt disk working electatk a Pt wire counter
electrode.
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the reduction of neutral TCNQ to its radical anion. Naation waves due to ligand- or
metal-based processes are observed. Eventually, twpamation of TCNQ radicals into
salts containing arylthiolate ligands is the intended stthtarget. Based on the
knowledge obtained thus far with salts containing eleb&pucally innocent ancillary
ligands and counter ions as well as those salts involvingactove thiolate ligands, the
intended synthetic targets should show three separateoeleemical processes due to by
the terpyridine ligand, the thiolate ligand, and TCNQ sdpbta Unfortunately, the
TCNQ salts 922H,0), (10-2CH,Cl,), and (1-2CH;CN), obtained as by-products from
crystallization attempts involving arylthiolate/TCNQ sallo not contain thiolate ligands

and should show separate cathodic waves from the t@mpyliigand and TCNQ.

Conclusions

New platinum-terpyridine salts have been prepared in octipn with the
laboratory of Dr. Mohammad Omary and his studentsetJhiversity of North Texas.
The compounds were crystallized and their electrochépioperties were analyzed via
cyclic voltammetry at Texas A&M. Among the salts gaeed are those which possess
thiolate ancillary ligands that display charge transi@nds red-shifted from those with
chloride. Additional salts have been prepared which contes reduced organocyanide
acceptor TCNQ that, based on bond distances, exhibiti@ditreduction to a (1)
oxidation state. The absorption spectra for these shttwr-n* transitions red-shifted

from the charge transfer bands of the salts.



256

CHAPTER VII

CONCLUSIONS

The preparation of compounds containing sulfur donors racéitte because, of
the level of electronic communication observed in comgdeuntegrating this element. In
this dissertation, the use of sulfur has been probedenpthparation of conducting
materials such as those which possess oxidized TTF-likeordo The use of
electrochemical and chemical oxidation pathways weee rttethods by which the
oxidation of sulfur or selenium containing donors were aeidito yield salts containing
the donors’ radical cation formi3. The use of sulfur-containing thiolate ligands have also
seen use in the materials realm for preparing materiadsena spectroscopic response at
lower energies is benefici&l.

Various salts containing the donors TT&-Me,TTF, TMTTF, BEDT-TTF,
BPDT-TTF, and TMTSF were prepared utilizing various aniov@uding spherical,
tetrahedral, octahedral, bimetallic, cyanometallatelygxometallate, and metal(bis-
dithiolene) anions. The primary method by which thesepoamds were characterized
was X-ray crystallography. All of these systems réaeatacking of the radical cations,
dominated by close intermolecular SeeeS contacts. hén dase of radical cation salts
obtained between TTF amdMe,TTF and the cyanometallate anions, ornate networks of
hydrogen bonds between interstitial water moleculestlb@ cyanometallate anions were
found to exist. The most interesting results existawédeno-Me,TTF and the anions
Cl, Br, I, [BF4], and [PE], and represent the first examples whereby salts were
electrochemically prepared with donors in non-integsadlation states. Among these

salts, the salts prepared between the halide and tetrdfluate anions offered an
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unprecedented packing of mixed-valemme®le,TTF donors. Based on crystallographic
symmetry, the stacks are uniform and one-dimensionah witermolecular SeeeS
contacts at distances <3.5A and show metallic conductivil10K. The salt with [RF
presents a structural motif seen in the Bechgaard fanfilysalts, where slight
dimerization of the donor molecules occur in the sddithte!®  Conductivity
measurements were also performed on salts containingeted-metal bond containing
dianion [ReClg]>* and the donors BEDT-TTF and TMTSF and reveal thasethe
compounds are weak semiconductors. In lieu of conductivdgsorements, molecular
magnetism was utilized as a qualitative means to obsénerant electron density
attributable to conducting electrons. In the caseshefotMe,TTF salts with the
polyoxometallate anions [M®:¢]> and [Ma;O1g)%, no TIP values were found, indicating
that these compounds were diamagnetic insulators. éimgsults were seen when
molecular magnetism was used to probe samplesve,TTF with [Co(CN)]*.

Soluble, radical cation salts of TTF and some ofdésivatives for use in
metathesis reactions were prepared by reacting soluioasimonium oxidizing agents
with solutions of neutral donors. The salts were attarized by mass spectroscopy,
UV-VIS spectroscopy, and X-ray crystallography and revwbat in the cases studied
between oxidant solutions and the donoosMe,TTF, TMTTF, TTF, and
TTF(SCHCH,CN),, stable, soluble salts could be prepared.

Compounds were also prepared between TTF and the thitetranitrofluor-
enone acceptors. A complex was also prepared betwe@ Hnd trinitrofluorenone.
These preparations served as a method to prepare sals 8anT TF-TCNQ by utilizing

chemical oxidation. Initial reports by Toscano and cowarke 1989 revealed that the
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dinitrofluorenone acceptor, with a first reduction potdnti-0.78 V was capable of
oxidizing TTF to an oxidation state of +0.20. In order tgopre a complex where more
facile redox reactions could occur between the donoraandptor, tetranitrofluorenone
with a first-reduction potential of +0.14V was reactedhwitTF. In order to further
probe reactions between TTF and its derivatives and ttelmorenone family, TTF and
TMTTF were reacted with trinitrofluorenone. Reactidigween TTF and-Me, TTF
with the organocyanide acceptors HAT-(GNgnd TCNB were also done. X-ray
crystallography revealed in all cases the presence eframtied stacks of donors and
acceptors. Infrared spectroscopy and revealed that Mdeytb no spontaneous redox
reactions occurred. Finally, molecular magnetismwatbno temperature independent
paramagnetism, showing that the systems were diamagmsuilators.

The concept of course and fine-tuning of the spectroscepmonse through the
use of ligand coordination and integration of organiceptrs has seen limited use in
materials applications. A second generation of hybridgeieic/organic charge transfer
systems were prepared utilizing Pt(dbbpy)(tdt) and the niwofhone family of
acceptors. Using a 2:1 ratio of donor:acceptor yielded a 22ephith dintrofluorenone,
a 1:1 phase with trinitrofluorenone, and a 2:1 phaseteithnitro-fluorenone. When the
ratio was switched to 1:1, only a variation in the amid stoichiometry of the
donor/acceptor complex with tetranitrofluorenone waens as another phase was
obtained where the donor and acceptor molecules existed.iib atio, instead of the
previously obtained 2:1 phase. Infrared spectroscopy afahmplexes suggests a partial
electron transfer between the donor and acceptor. ughroareful titration of solutions

of the acceptor into dilute solutions of the donor, déoilm constants were calculated
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and strong interactions were found to exist between th&ordoand the
tetranitrofluorenone acceptor. Also, solid-state diffiefeectance spectroscopy revealed
low energy transitions for the tri- and tetranitromplexes which make them suitable
choices for materials based applications, such as selis or organic photovoltaic
devices. Cyclic voltammetry measurements showed feaintesative of the pure
components.

Another class of compounds which could serve as anageeeration of
photosensitizing dyes are the platinum-terpyridinetssal Much like the hybrid
inorganic/organic supramolecular stacks, the spectroscepomse can be tuned to
lower energies through the incorporation of ancillarpnodentate thiolate ligands. In
order to balance the charge of the platinum, cationic spectroscopically innocent
anions such as Cand [BR] were used. The use of pre-reduced organic acceptors, such
as TCNQ, serves a two-fold purpose. First, the radical anidanicas the cationic
charge of the platinum-terpyridine unit. Secondly, seen in the case of the
supramolecular stacks utilizing organocyanide acceptors, démergy transitions
extending into the NIR-region result&l. The terpyridine compounds with platinum
showed a tunability level similar to that observed in plexes with
Pt(diimine)(dithiolate) compound. Electrochemical measwnts revealed reversible
ligand-based reductions and thiolate-based oxidations. ré&dbeimical processes

attributed to TCNQ were also observed.
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