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ABSTRACT

Supramolecular chemistry is a branch of chemistay focuses on chemical
systems that are made up of a discrete numbesefrdded molecular components held
together by various non-covalent interactions. Soqmlecular systems are rarely
designed from first principles. Rather, chemistgeha range of well-studied structural
and functional building blocks that they are ablei$e to build up larger functional
architectures. We have chosen tetraphenylethylBRE) as the supramolecular building
block in designing various functional materials dénese of interesting optical and
electronic properties of TPE derivatives. We hatilizad several intermolecular
interactions like hydrogen bonding, coordinate bongd@nd halogen bonding to obtain
materials with remarkable optical and electronigparties in the solid state as well as
solution phase that can have potential applicatiofiglds like crystal engineering,
material science and organic electronics.

TPE functionalized with four carboxylic acid groupas synthesized and
crystallized with various bis(pyridines) to yieldganic semiconducting materials. These
crystals have been characterized by single crystaly diffraction and conducting
properties have been studied using conducting patdraic force microscopy.
Semiconducting properties of these materials canfed based on bis(pyridine)
component.

Two different tetrapyridyl substituted TPEs havesynthesized and their
photoluminescent properties have been studiedlitign. Fluorescence emission was
found to be switchable as a function of solventtorix as well as pH. Both compounds
have been structurally characterized in their bage form as well as in their protonated
form as tetraperchlorate salts via X-ray diffraatio

These three compounds have been utilized as sufgeuar building blocks in

metal organic frameworks (MOFs) as well as orgaoicrystals mediated by hydrogen



bonding as well as halogen bonding. A fluorescemtgex of the tetraacid with zinc has
been obtained which crystallized in a non-centrasgtnic space group due to solvent
and water ligands on the zinc center. A coordimagiolymer has been obtained via
solvothermal synthesis using tetrapyridyl TPE aind zhloride. Lewis basicity of
tetrapyridyl TPE’s has also been utilized in orgaso-crystalline assemblies mediated by
halogen bonding interactions with iodoperfluoro@®rFinally, Halobenzoyl esters of
TPE based compounds have been synthesized ana&hdlogding properties of these

compounds have been exploited to achieve solid pt@us networks.
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ABSTRACT

Supramolecular chemistry is a branch of chemistay focuses on chemical
systems that are made up of a discrete numbesefrdded molecular components held
together by various non-covalent interactions. Soqmlecular systems are rarely
designed from first principles. Rather, chemistgeha range of well-studied structural
and functional building blocks that they are abbleise to build up larger functional
architectures. We have chosen tetraphenylethylBRE) as the supramolecular building
block in designing various functional materials dénese of interesting optical and
electronic properties of TPE derivatives. We hatilizad several intermolecular
interactions like hydrogen bonding, coordinate bongd@nd halogen bonding to obtain
materials with remarkable optical and electronigparties in the solid state as well as
solution phase that can have potential applicatiofiglds like crystal engineering,
material science and organic electronics.

TPE functionalized with four carboxylic acid groupas synthesized and
crystallized with various bis(pyridines) to yieldganic semiconducting materials. These
crystals have been characterized by single crystaly diffraction and conducting
properties have been studied using conducting patdr@ic force microscopy.
Semiconducting properties of these materials canfed based on bis(pyridine)
component.

Two different tetrapyridyl substituted TPEs havesynthesized and their
photoluminescent properties have been studiedlitign. Fluorescence emission was
found to be switchable as a function of solventtorix as well as pH. Both compounds
have been structurally characterized in their bage form as well as in their protonated
form as tetraperchlorate salts via X-ray diffraatio

These three compounds have been utilized as sufgeuar building blocks in

metal organic frameworks (MOFs) as well as orgaoicrystals mediated by hydrogen
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bonding as well as halogen bonding. A fluorescemtgex of the tetraacid with zinc has
been obtained which crystallized in a non-centrasgtnic space group due to solvent
and water ligands on the zinc center. A coordimagiolymer has been obtained via
solvothermal synthesis using tetrapyridyl TPE aind zhloride. Lewis basicity of
tetrapyridyl TPE’s has also been utilized in orgaso-crystalline assemblies mediated by
halogen bonding interactions with iodoperfluoro@®rFinally, Halobenzoyl esters of
TPE based compounds have been synthesized ana&hdlogding properties of these

compounds have been exploited to achieve solid pt@us networks.
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CHAPTER |

INTRODUCTION TO SUPRAMOLECULAR CHEMISTRY OF
TETRAPHENYLETHYLENE AND ITS DERIVATIVES

1.1 Supramolecular Chemistry

Supramolecular chemistry refers to ‘chemistry belytihe molecule’, and
involves investigating new molecular systems inahitthe most important feature is that
the compounds are held together reversibly by malent intermolecular forceés.
Significantly, proper positioning of individual cakently bonded molecular building
blocks via various intermolecular forces can créatetional architectures with desirable
bulk properties.

The existence of intermolecular forces between oubds was first postulated by
van der Waals in 1873. In 1920, Latimer and Rodeiust proposed hydrogen
bonding? Since then, the importance of hydrogen bondingdeas established in many
biological systems like enzyme-substrate complexesthe DNA double heliXA
breakthrough in gaining control over non-covaldtraations came in 1960 when crown
ethers for binding alkali metal ions were synthediby PedersohCran? and Lehf
were also pioneers in synthesizing shape and ieaifspreceptors. The importance of
supramolecular chemistry was recognized in the '5388en Cram, Lehn and Pederson
were awarded the Nobel Prize in Chemistry in 1@87Heir contributions toward host-
guest chemistry.

Non-covalent interactions that are at the dispok#ie supramolecular chemist
are not limited to hydrogen bonding. They alsoudel electrostatic interactionss
interactions, halogen bonding, dispersion forcad, @ordination bonding. All these
interactions are much weaker as compared to aalypiawvalent bond.

The principles of supramolecular chemistry ara@zagd in self-assembly,

molecular recognition and template directed syngh@gents. They also provide a basis



for design of molecular machines and biomimetit¢esys. They have been applied in
materials science (e.g., organizing motifs in eétat and magnetic materials), catalysis,
green chemistry, and molecular sensing. Supramialesystems are rarely designed
from first principles. Rather, chemists have a mofywell-studied structural and
functional building blocks that they are able te ts build up larger functional
architectures. Many of these exist as whole fasitiesimilar units, from which the
analog with the exact desired properties can bsahdVNe have chosen
tetraphenylethylene (TPE) as a primary buildingcklm designing various functional
materials. It is envisioned that TPE derivatives ba used for various applications in

materials chemistry according to functionality apged to the core framework.

1.2 Tetraphenylethylene

Tetraphenylethylene (TPE arl) represents the parent compound of a family of
polyaromatic compounds where an olefin is flankgddur arene rings. In the solid state,
TPE and its derivative adopt propeller like confatimns with the four benzene rings
roughly perpendicular to the central olefin. lrraenisylethylene, planar (dihedral)
angles between alkene and benzene rings are ~&timg in the characteristic propeller

shape of the molecule which is a characteristitufesof TPE derivative$.

1.1

Figure 1.1 Tetraphenylethylene (TPE)



1.3 Synthesis of tetraphenylethylene and its déviea

There are various routes available for the synshefsi PE and its derivatives.
The most common synthetic disconnection is therakatkene, although occasionally
alkyl-aryl C-C bonds are also constructed durirgdinthesis of TPE derivatives. The
first report of TPE can be traced back to 1888 édissieu who prepared the
compound by dry distillation of diphenylmethanetie presence of bromirt&Scheme 1
provides various synthetic routes described iditamture for preparation of TPE.

Several of these routes are also suitable for nactgin of functionalized TPE's.
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Wanget al. used a Knoevenagel like condensation reactiogrtthesize TPE
(Scheme 1.1a). Diphenylmetharie? was deprotonated using n-BuLi in THF at 0°C to
which benzophenone was added. The resulting teriaohol was dehydrated using
catalytic PTSA via azeotropic removal of water frastuene** This synthesis has
limitations in terms of substituents on diphenylhzgte as well as benzophenone
components. It cannot be utilized with electronatorg substituents on diphenylmethane
due to formation of unstable anion and electroplsilibstituents on benzophenone due to
competition with ketone group.

Another common reaction to synthesize TPE and dgvies is the McMurry
coupling. Ti(lll) and Ti(lIV) salts that are reduceallow valent titanium using Zn are
capable of mediating the reductive coupling ofzwgenonel(.3) to yield TPE
Symmetrically substituted TPE’s can also be prepagethis reaction is tolerant to alkyl,
halogen, ether, amine, alcohol, and phenol sulestitu This reaction has also been
extended to cross-coupling of two benzophenonds aviterent substituents to yield
unsymmetrically substituted TPE.

The reaction of selenobenzophenoried)(with diphenyldiazomethand ©) in
dichloromethane at -40°C resulted in formation BETas described in Scheme 1.1c. This
reaction is believed to proceed via a 1,3,4-seliezatine intermediate followed by
deselenization and evolution of nitrogen gas. Fhigtegy was also extended to afford
unsymmetrical TPE derivatives.

Diphenyldichloromethanel(6) was found to undergo an exothermic reaction with
stoichiometric copper metal in DMSO to yield TPE{8me 1.1d}? This reaction is
believed to proceed via a copper carbenoid intermedBarhadet al. developed similar
electrochemical coupling reactions of diphenyldicbimethane using nickel catalyst in
room temperature ionic liquids (Scheme 1fe).

Another common disconnection for the synthesisREE is an alkene-arene

bond. Sajnat al. developed a palladium catalyzed double arylatiodighenylacetylene



(1.7) in aqueous medium resulting in TPESimilarly Nadriet al. utilized Heck reaction
of di- and triarylethylenesl(8) to synthesize TPE and its derivatives. For tb&ction,
phosphapalladacycle bearing a biphenyl moiety vgasl as the catalyst.

Like any other electron rich aromatic ring, TPEoalmdergoes electrophilic
aromatic substitutions. The para position of edwngl ring is the most electron rich
location on the molecule. As expected, upon elgtitic substitution, TPE yields 4-
substituted TPE derivatives. As shown in SchemeTPE underwent Friedel-Crafts
acylation'* bromination'® iodinatiort® and nitratio? under electrophilic aromatic
substitution conditions. Halogenated TPE derivatiave been utilized as starting

materials for Pd catalyzed C-C bond formation rieast
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Scheme 1.2 Electrophilic aromatic substitution BET

Thus, the availability of several synthetic rout@sconstruction of TPE and
TPE’s substituted with different peripheral funcia groups facilitates the modular
synthesis of functional materials that have TPEhasore structure. In the following
sections, representative examples of supramolecafestructs based on

tetraphenylethylene building blocks are described.



1.4 Oxidation and reduction of tetraarylethylenes

Reduction of the central olefin in TPE does noktplace via hydrogenation due
to the presence of four bulky phenyl rings arourd propeller shape. Stryket al. have
shown that at 600 psi, hydrogenation of periphaitgl groups attached to the TPE core
in the presence of Pd/C can be performed withdattifig the central alkerf8.
Conversely, Fret al.have used hypophosphorous acid in the presencagali/tic iodine

to reduce TPE to the corresponding tetraphenyletimguantitative yield*

600 psi Hy, Pd/C

MeOH O

60%

H5POs3, I, cat.
AcOH, heat
NGRS

Scheme 1.3 (a) Catalytic hydrogenation of tetradinglene (b) Reduction of TPE

On the other hand, tetraphenylethylene and itdrelecich ring-substituted
analogues are bifunctional electron donors by gidtithe fact that both aromatic and
olefinic centers are susceptible to one-electradaiion. Chemical oxidation with
antimony (V) oxidants forms paramagnetic tetraahyene radical cations that can be

further oxidized to diamagnetic dications (Schem#&a)l The tetraanisylethylene radical



cation and dication prepared in this way were isoldy Rathoret al. and structurally
characterized via X-ray diffractichAmong the structural differences observed between
these three structures, two features were promifiésetlength of the C=C in the central
olefin elongated from 1.359 A ih16t0 1.417 A in1.17to 1.503 A in1.18 Similarly,

the dihedral ethylenic angles of central olefir@ased linearly from 3.8° ih.16to 30.5°

in1.17to 61.6° in1.18°

MeO OMe MeO OMe
O O SbClg Sbel O @ O
| —_— S (a)
DA® DN®
MeO OMe MeO OMe
1.16 117 1.18
R R R R R R
O ‘ DDQ, PTSA O O DDQ, PTSA O O
CH,CI,, 0°C CH,Cl,, 22°C
| —— —_— (b)
NORASE FOASS NOASE

1.20 1.21

R = H, Me, OMe, Br, Ph

Scheme 1.4 (a) Oxidation sequence of tetraanigytath (b) Oxidative transformation of
tetraarylethylene

The redox properties of substituted TPE’s may affgportunities to use these
materials in electron transfer catalysis. In additiRathorest al. have exploited the
redox reactivity of TPE’s in synthetic transfornaais leading to 9,10-

diarylphenanthrened 20 and dibenzo[g,p]chrysenek.21) using 1 and 2 equiv of
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DDQ, respectively, in CkCl, containing methanesulfonic acid, and products were

obtained in excellent yields, as shown in SchembZ.

1.5 Fluorescence properties of tetraarylethylenes

Extendedrt-conjugation imparts interesting optical propertied PE and its
derivatives. It is well known that tetraarylethyésnare generally non-emissive in solution
due to the rotations of the phenyl rings alongte-Ph axes and twisting of the C=C
bond in the excited state, both of which serveasnadiative relaxation channels for the
decay of the excited state. On the other handlid state or on addition of an anti-
solvent, photoluminescence of TPE derivativesiised on? It is believed that
restriction of molecular motions {feneCarenebond rotations) in solid or aggregated
states is responsible for this photo-luminescetivific(i.e., aggregation-induced
emission or AIEf> To illustrate, the fluorescence spectrum of TPB@N and ACN —
water mixture is shown in Figure 1.2. The additidnwvater (a poor solvent for TPE)

results in a much increased fluorescence at ~47¢ nm

CH,CN : H,0
1:99
- 100: 0

Emission intensity (au)

300 370 440 510 580 650
Wavelength (nm)

Figure 1.2 Fluorescence spectrum of TPE in ACNA&GH —water mixture
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This same phenomenon is observed for other sutestiitPE derivatives.
Depending on the electronic nature the substituamidsnumber of substituents attached
to the TPE core, emission maxima can be modifigen@et al. have shown that
combining small molecules with highly processall\@MRA can result in high-quality
polymer nanowires and meanwhile maintain or evdraroe the original functionality of
the small molecules. Thus, combination of the TRE WRMMA afforded fluorescent

polymer?*

1.6 Applications of derivatives of tetraphenyletng

The propeller shape of the TPE core, along withopgnsity for TPE derivatives
to self-assemble in the solid state to form stacgatamolecular constructs has been
widely utilized in designing functional materialaded on TPE frameworks. The
aggregation-induced emission properties of sulietiti PE’s have been widely exploited
in design of chemo- and biosensors for selectelyt@sa Fluorescent sensors for metals
as well as biomolecules have been reported. Thenedé behind the design is that TPE
derivatives show weak fluorescence in solution,they become strong emitters after
aggregation. By attaching binding groups onto taegpbhery of TPE, analyte binding can

be used to trigger aggregation leading to a flumese signal.

G- i-
ol g%i,?;%g
Q*’”l(
Weak Fluorescence %«))—%
o %@“

S

Aggregation-Induced Emission

Strong Fluorescence

Figure 1.3 Design principle of TPE based sensors



12

1.6.1 TPE derivatives as metal ion sensors

Adenine-substituted TPE derivatite€22was synthesized and found to exhibit
weak fluorescence in 5:1 THF:water mixtures. Howgeaéer addition of AgCI@ an
emission band at 470 nm emerged and its intensitgased gradually as displayed in
Figure 1.4b. The fluorescence difference for tHatsmn of 1.22before and after addition
of Ag” can be distinguished by the naked eye. The fleerese intensity of .22
increases linearly with the concentration of Aghis fluorescence enhancement can be
attributed to coordination of adenine moietiesld@?with Ag" ions leading to formation
of coordinate complexes that further aggregatetdwecreased solubility. As a result,
fluorescence intensity of TPE corelirP2increases. This enhancement in fluorescence

was independent of counterion for A&’
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Figure 1.4 (a) Compounti22used as fluorescent sensor for'Aans (b) Fluorescence
spectra ofL.22with increasing amounts of AgCJj@n THF:H,O 1:5 (c)
Solution of1.22(left) before addition of Agand (right) after addition of Ag
under UV light illumjnation at 365 nm (d) Plot déibresecnce intensity vs
concentration of Ag?

Similarly, a thymine-substituted TPE derivaty3was prepared and used as a
detector for H§' ions in aqueous acetonitrile:water solvent sys®imilar to1.22, this
sensor was selective to Hgons, even in presence of competing metal ions,tduhe

preference for thymine toward Bgons?®
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1467nm

0 50 100 150 200
d) Hg2* /106 m

Figure 1.5 (a) Compounti23used as fluorescent sensor forHgns (b) Fluorescence
spectra ofL.23with increasing amounts of Hg(CJlR in ACN:H,O 1:2 (c)
Solution of1.23(left) before addition of Hg and (right) after addition of
Hg?* under UV light illumination at 365 nm (d) Plot fifioresecnce intensity
vs concentration of Hg.?

Along the same lines, imidazole-substituted TPEvdére 1.24was synthesized
by Bianet al. This material was non-luminescent in pure THF,lpdn addition of
water, fluorescence was observed centered at ~#7 Time intensity of fluorescence
increased with increasing amount of water in THEhwa maximum at 99:1 water:THF
mixture. As compared to a blank sample, the flumease intensity does not change
much upon addition of metal ions, except whet Res added, which caused

fluorescence quenching, presumably due to formati@soluble complex. This
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phenomenon was observed visually as well under dad\p. In this case, fluorescence

quenching was selective for¥even in the presence of other metal iths.
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Figure 1.6 (a) Compouri24used as fluorescent sensor fof Hens (b) Fluorescence
spectra ofL.24in THF:H,O mixtures (c) Fluorescence bR4in presence of
different metal ions (d) Fluorescence spectra.@#iwith increasing amounts
of FE" in THF:H,0 1:99%°

1.6.2 TPE derivative for detection of explosives
An inorganic-organic hybrid polymdr.25was synthesized from dihydroxy TPE
and cyclotriphosphazene through one-step polycasatem?’ 1.25was found to be
fluorescent in the solid state as well as in 9:1ew@HF mixtures. As shown in Figures
1.7b and 1.7c, significant fluorescence quenchiag abserved upon addition of 2,4,6-
trinitrotoluene (TNT) and 2,4,6-trinitrophenol (picacid or PA). The main mechanism

of fluorescence quenching was presumed to be efetriansfer from electron-rich



polymer systeni.25to electron-deficient nitroaromatic compounds. §iu25has a

potential to be a chemosensor for explosives coimginitroaromatic units’

19
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Figure 1.7 (a) Organic-inorganic hybrid polynie5used as explosive sensor
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Fluorescence spectra b25in prsence of (b) trinitrotoluene and (c) picric

acid in aqueous solutions.
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1.6.3 TPE derivatives as biosensors
TPE derivatives have not only been used as chemmosgrbut also as sensors for
biomolecules. For example, Katb al. prepared a TPE derivative bearing lactose
moieties via click chemistryl(26).® This compound was non-fluorescent in buffered
solutions, but upon addition of influenza virus AAW/33, enhancement in fluorescence
was observed centered at 450 nm. It is postul&iztdite lactose groups interact with the
surface of the virus leading to TPE aggregatiomddecompound.26has potential to

be used as a probe for influenza vittis.
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Figure 1.8 (a) Fluorescence biosenk@6with lactose unit as detecting functionality for
influenza virus (b) Fluorescence spectrd @6in presence of i mcreasmg
amounts of influenza virus A/AWSN/33 in 10mM Tris-HPH 7.6)2®

1.6.4 Liquid crystalline materials from TPE derivas
Schultzet al. prepared tetrakis[4-(trisalkyloxybenzoyloxy)phdetthenel.27

from the corresponding tetrahydroxy TPE derivatiigeesterification. In this compound,
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C5-C10 and C12 alkyl chains were attached to timedie acid derivative. Despite the
twisting of the central tetraphenylethene moidtgse compounds displayed hexagonal
columnar mesophases according to polarizing miomgas shown in Figure 1.9b. It was
proposed that the molecules stack on top of edwdr @tith very disordered alkyl chains
forming the hydrophobic periphery of the columnselo the propeller-shape of the
tetraphenylethene, two neighboring molecules withgolumn are presumably rotated by
90° with respect to each other in order to achmgwénal space filling of the central core

as shown in Figure 1.9¢.
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(b)

(©)

Figure 1.9 (a) TPE esters used in the study (gr2ahg microscopy image df.27
showing fan shaped texture (c) Possible arrangeofdn®7in the hexagonal
columnar mesophage.
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1.6.5 TPE derivative in metal organic frameworkd an
complexes

Geometrical features inherent to the TPE core eaexploited for crystal
engineering applications to design organic as a&linetal organic assemblies. Stahg
al. designed a tetragonal prism via multicomponentdioation-driven self-assembly as
illustrated in Figure 1.10. Tetra(4-pyridylphenyhg@ene incorporating four pyridine
groups along the TPE periphery was designed tasatiie faces of a tetragonal prism
during the self-assembly event, while the linearats 4,4bipyridine ortrans-1,2-di(4-
pyridyl)ethylene and platinum triflate were selectes pillars and corners of the
tetragonal prism, respectively. When the threeding blocks are reacted in a
stoichiometric ratio of 1:2:4, the formation ofreggonal prism was expected as shown in

Figure 1.10%

16°OTf

Figure 1.10 Multicomponent coordination driven sedsembly of tetragonal prisrifs.
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31p and'H NMR multinuclear analysis of the reaction mixtimdicated the
formation of single and discrete assemblies wightsymmetry. ESI-mass spectra of
assemblies provided further evidence of formatibtine desired tetragonal prisms by the
appearance of molecular ion peak for tetracatiom&dh assemblies along with the

expected isotopic distribution.
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Figure 1.11 (a) Na salt of TPE dianion (b) Yb coexpbf TPE dianion (c) Lu complex of
of TPE dianion.
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Finally, the TPE skeleton is also subject to reductand TPE dianion can be
generated via electron transfer from sodium ntet@he X-ray structure of the THF
solvated sodium salt of TPE dianion is shown iruFégl.11a. These salts can undergo
transmetallation with lanthanides resulting in fatian of inner transition metal salt.
Two such complexes have been prepared, one witbijan?* and one with lutetiufd

by Minyaevet al. These structures are shown in Figures 1.11b and c.

1.7 Summary

Supramolecular functional materials have been designd synthesized using
various core structures surrounded by known funeligroups with required chemical
and/or physical characteristics. One such intergstamework that has been utilized in
this context is tetraphenylethylene. Functionalidedvatives of TPE are readily
available via various straightforward synthetios®mrmations, rendering TPE
derivatives attractive building blocks in supranoolar chemistry. Incorporation of
functional groups along the periphery of TPE fraraekg provides means to direct self-
assembly events mediated by non-covalent interatioorder to construct functional
materials with desirable redox and/or coordinapovperties

TPE’s possess exciting optical and electronic pitogsethat are unique. TPE and
its derivatives are usually non-emissive in orgaalutions, but when aggregated in
solution or in the solid state, fluorescence isiégron which can be explained by
restriction in molecular motion. This property Heesen exploited in design of fluorescent
sensors with TPE cores for metal ions and biomdscu

Additionally, electron rich TPE derivatives havevloxidation potentials and can
be chemically oxidized in two sequential stepsldyig radical cation and dication
products. This property may prove useful in desifiPE based electroactive materials.

The relative rigidity and characteristic propelige shape of TPE derivatives provide
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well-defined geometric parameters that furtherease the utility of these compounds in
supramolecular chemistry.

The syntheses of several new TPE derivatives aerithed in the following
chapters. These functionalized TPE’s were targetestudy due to their likely ability to
participate in selected non-covalent interactiongartant in supramolecular synthesis.
Initial efforts aimed at constructing functional teials around these TPE core structures

are also described.
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CHAPTER Il

SEMICONDUCTING ORGANIC ASSEMBLIES FROM
TETRAPHENYLELTHYLENE TETRACARBOXYLIC ACID AND
BIS(PYRIDINE)S

2.1 Introduction

An organic semiconductor is an organic materiahwiectrical conductivity due
to electrori® flow intermediate in magnitude between that obaductor and an insulator.
Unlike conventional inorganic semiconducting matis;iwhich are composed of
covalent bonds between neighboring atoms, orgamsc®nductors are formed by
weaker non-covalent interactions between molecilesse weak intermolecular
attractions imbue organic semiconducting matervigtls greater flexibility and allow
their use in novel electronic devices which carbetabricated using conventional brittle
inorganic semiconductors. Organic semiconductongbéxdistinct advantages over their
inorganic counterparts in terms of performancet,cogiaturization and mechanical
flexibility. There are two major overlapping class# organic semiconducting
compounds, cofacially stacked polyacenes-polyarandscharge transfer organic
complexes.

The first class of compounds includes polycyclienaatic systems like pentacene
(2.19* or various conjugated oligomeric and polymericdays like polyacetylerié
(2.1b) and its derivatives such as poly(p-phenyleneleimg) @.19.%® Compounds like
polythiophenes2.1d)®’ can become conducting when electrons are addesimmved
from the conjugated-orbitals via doping, a process in which impuritee intentionally
added to pure material.

Organic semiconductors involving charge transfenglexes are dominated by
derivatives of tetrathiafulvalen@.(le or TTF). Wudlet al. demonstrated that the salt

[TTF']CI" is a semiconductdf. Subsequently, various charge transfer salts of TTF
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especially with quinone-based anions like TCNKQL{) have been prepared and
characterized® Solid state studies of [TTETCNQ'] have revealed stacks of partially
oxidized TTF molecules with anionic stacks of TCNQis segregated stacking motif is
responsible for the electrical properties. Varianalogues of TTF like
tetramethyltetrathiafulvalerf@ tetramethylselenafulvalen&sand
bis(ethylenedithio)tetrathiafulvaleHenave also been utilized for organic semiconducting

applications.

OO0 e Il AT
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n
Pentacene Polyacetylene Polythiophene

Poly(p-phenylene vinylene)

NC CN
| (@]
S S Cl CN NC CN
L= —
s S | cl CN NG  CN
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2.1e 2.1f 219 2.1h
Tetrathiafulvalene (TTF) TCNQ DDQ TCNE

Figure 2.1 Some commonly used organic semicondyctiaterials

Analogous to conventional inorganic semiconducligessilicon and germanium,
the performance of organic semiconductors is direetated to their molecular packing,
crystallinity, growth, mode and purity. Typical cent carriers in organic semiconductors
are holes and electronszrbonds. Almost all organic solids are insulatorsvelien their
constituent molecules have conjugated systemdyehsccan move via cloud overlap,

especially by hopping, tunneling, and related meigmas. In order to achieve the best
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possible performance, it is important to understaedtron or hole transport. Apart from
TTF derivatives and various polyarenes (includititylene diimides), semiconducting

properties of other organic compounds have not batnsively examined.

2.2 Objective

In connection with efforts aimed at utilizing tgihenylethylenes (TPES) as
organic scaffolds for various crystal engineeripglecations, we became interested in
exploring the solid state redox activity of electmich derivatives. Specifically, we
envisioned constructing ordered solid state chaegesfer complexes via the
combination of TPE donors and suitable electrorpimrs, each incorporating elements
of molecular recognition (e.g., H-bond donor andegtors). While this original plan
failed to yield tractable results, a series of gearansfer complexes was successfully
prepared when a carboxylic acid functionalized TeEvative was crystallized with
several bis(pyridine)s. Significantly, computatibaad microscopy studies revealed

these composites to possess semiconducting pregerti

2.3 Results and Discussion

CO,H CO,H
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| N Il
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CO,H CO,H N
2.2 23 24 25 26
(TCA) (BPE) (Bpy) (BPEY) (BPA)

Figure 2.2 Components used for crystallization.
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An electron rich TPE derivative functionalized withur carboxylic acid groups
was identified as a suitable initial target for kexation of solid state charge transfer
behavior. The synthesis of this compound is show&cheme 2.1. Commercially
available 4,4’-dimethoxybenzophenor2egj served as starting material. Ketéhé
underwent McMurry reaction in the presence of Ti&ld Zn to yield tetraanisylethylene
2.72° Demethylation with BBy gave the tetraphen@l82° Phenol2.8 was then alkylated
with ethyl bromoacetate to produce tetrae2tBrSaponification of the ester groups using
KOH and re-acidified with 50% aqueous HCI affordissired tetraacidCA (2.2) as a

pale yellow solid*?

MeO OMe

0 TiCly, Zn O O
Pyridine, THF | BBr;, DCM
_— = _ =
L - :
MeO OMe 0 O O 66%
MeO OMe
26 27
(Ii)zEt j:ozEt
HO OH 0 0
Ethyl bromoacetate O ‘ 1. KOH, 1:1 THF:H,0
K,COs, THF 2. 50% Aq. HCI
| _— | TCA
(J - O -
HO OH rO OW
CO,Et CO,H
2.8 2.9

Scheme 2.1 Synthesis of tetraatidA.

With TCA in hand, we first attempted to prepare crystaliamposites with

recognized electron acceptors, such as TCNQ, DRIT&NE. Ultimately, these efforts



33

failed to produce single crystals. Moreover, visesdtence for charge transfer
interactions was also not apparent. Given thedatlilfies encountered in attempting to
combineTCA and various quinones within crystalline networks,decided to examine
the structure oT CA itself in order to gain insight into important sbétate features of
this putative supramolecular building block. Untorately, we have been unable to grow
single crystals oT CA, despite repeated attempts under various condittat included
a variety of solvent combinations (a limiting fagtbowever, is the low solubility of
TCA in solvents other than methanol and DMSO) andatbérmal crystallizations. We
also tried to capitalize on acidic propertied&fA via crystallization in the presence of
various alicyclic, aliphatic and aromatic diaminBgposition of crystalline ammonium
carboxylate salts, however, was not observed. @rsatcess was realized when we
switched to pyridine based bases as crystallizorgponents, and several ordered
crystalline composites were obtained using varlmagyridine)s as described below.
TCA was crystallized with four different bis(pyridireBPE, Bpy, BPA* and
BPEt (Figure 2.1). Unlike previous efforts to obtailystals ofTCA, formation of
bis(pyridine) composites were easily accomplishgdixing an acetone solution of
bis(pyridine) with a methanol solution ®CA in a 2:1 molar ratio. After thoroughly
mixing, the solution was allowed to slowly evapertd yield crystals suitable for X-ray

diffraction after 3-4 day¥’
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Contrary to expectations and starting molar ratogstals that were obtained

exhibited a 1:1 stoichiometry betwe€C@A and bis(pyridine). Examination of crystal

structures (discussed below) revealed that twbefaur carboxylic acid groups on each

TPE were deprotonated by bis(pyridine) reagentsTthe remaining carboxylic acids

may experience a decrease in acidity, in turn dauting to the observed

TCA :bis(pyridine) stoichiometry. The structure EA- BPE shown in Figure 2.3a

illustrates many features common to all four suues.
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Figure 2.3 (a) Repeating unit of pyridinium dicaxblate inTCA-BPE (b) Stacking of
TCA mediated by CgH- - -O,C hydrogen bonding.

Molecules ofTCA adopt a propeller-like conformation which is commo many
TPE-containing molecules in the solid stafevo geminal carboxylic acid residues (with
respect to the central olefin) are deprotonatedbartid nitrogen atoms the BPE units are
protonated, resulting in bis(pyridinium) dicarboatg as the repeating unit. This is
concluded from the position of hydrogen atoms (Wwhi@re crystallographically located)
and similar C-O bond lengths in carboxylate ressdlie addition, the C-N-C angle in
each pyridine ring experiences a slight flattenipgn protonation, and the observed

values for this angle (~120°-121°) are slighthgkrthan corresponding free base
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(~116°-117°)* Thus, both carboxylate residues are engaged iyetessisted hydrogen
bonding with pyridinium N-H groups as indicatedthg black dashed lines (Figure
2.3a). The two remaining carboxylic acid residuesach TPE are involved in hydrogen
bonding interactions with carboxylate units of agjat layers as shown in Figure 2.3b.
One carboxylic acid residue interacts with a malealove and the other interacts with a
molecule below also resulting in head-to-tail staglof individual molecules of CA.

All four structures have disordered solvate molesimethanol and acetone, location
indicated in Figure 2.4a) within the crystallinetmg but these do not appear to

participate in any interactions with eithBCA or bis(pyridine)s.
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Figure 2.4 (a) 2D layers formed via charge assisyeilogen bonding inCA-BPE (b)
Stacking of 2D layers mediated by ¢ -O,C hydrogen bonding in
TCA-BPE (c) Edge to face arene contacts in columnB@A. Disordered
solvates omitted for clarity.
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In the crystal structure GfCA-BPE, each molecule oFCA bridges two
molecules oBPE. This results in generation of 2D layers thatrasgliated by charge
assisted hydrogen bonding interactions as shovgimre 2.4a. Hydrogen bonding
interactions between carboxylate anion groups andloxylic acid residues helps to
mediate stacking of these 2D layers (Figure 2.3b)s stacking motif is further
reinforced by edge-to-face arene stacking@A molecules (Figure 2.4c). Solvent
molecules occupy void space between two adjacelgaules ofTCA as indicated in

Figure 2.4a.

(b)

Figure 2.5 (a) View oT CA:BPE illustrating segregated columnsTCA andBPE (b)
Stacking oBPE molecules inTCA-BPE.

As a consequence of these stacking interactiodsjictual 2D layers are aligned
180° in slightly offset fashion to produce apabtype pattern. This results in well-

defined segregated columnsT®@A andBPE as shown in Figure 2.5a. Individual
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molecules oBPE are arranged in a cofacial fashion with centradtooid distance of
4.646 A (Figure 2.5b). This cofacial alignment niagicate the presence ofstacking
interactions betweeBPE arenes. As will be discussed later, these interEimay play
an important role in defining the conducting prasrof theTCA-BPE crystalline

assembly.

Figure 2.6 (a) Packing aifCA:BPEt (b) BPEt layers inTCA:- BPEt.

The single crystal structure ®CA-BPEt was found to be isostructural with
TCA-BPE. Similar toTCA-BPE, TCA:BPEt al.so displays formation of 2D layers of
anionic carboxylate and bis(pyridinium) compondatslitated by charge assisted
hydrogen bonding. These 2D layers are stacked meedey CQH- - -O,C hydrogen

bonding interactions (Figure 2.6a) as well as edgixce arene interactions. This results
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in segregated regions BPEt andTCA. Individual molecules oBPEt are aligned
cofacially as shown in Figure 2.6b. The only diffiece betweeiCA-BPE and

TCA- BPEt structures is the presence af bond linking the two pyridinium rings. In
other words, pyridinium groups IRCA:BPEt are not conjugated, and this appears to
exert a significant influence over the conductivfythe material (which will be

discussed in a later section).



(b)

Figure 2.7 (a) View oT CA-Bpy (b) View of TCA-:Bpy illustrating columns of CA
flanked by layers oBpy.

The structure oT CA-Bpy possesses features simila©A- BPE and
TCA-BPEt but differs in the overall packing arrangementhaf components. Once

again, bis(pyridinium) units bridge moleculesI&@A via charge assisted hydrogen

41
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bonding. Additionally, CGH- - -O,C hydrogen bonding interactions are also evident
(Figure 2.7a). However, in this case, moleculeBmf andTCA are arranged in step-like
fashion, rather than distinct layers as was the ocatheTCA-BPE andTCA-BPEt

crystals (Figure 2.7b). Despite the different pagkarrangement, segregated columns of
Bpy andTCA are clearly evident. These columns are separatéaybrs ofBpy

molecules oriented with their long axis roughlygied to TCA stacking direction. This
packing results in cofacial stacking of bis(pyridim) rings that are separated by 4.366
A. Bpy stacks run through the crystalline matrixgesdicular to the charge assisted
hydrogen bond network betwe&CA andBpy (Figure 2.8). As will be discussed later,
this cofacial stacking dpy arene rings may play an important role in detemgjthe

conducting properties of this crystalline assembly.

Figure 2.8 (a) Partial packing ®CA-Bpy showing cofacial arrangement of pyridinium
(b) Bpy layers inTCA- Bpy. Methanol solvates omitted for clarity.
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The single crystal structure ®CA-BPA was found to be isostructural to
TCA-Bpy. Similar toTCA-Bpy,in the structure of CA-BPA individual molecules of
TCA andBPA are arranged via charge assisted hydrogen bondldditionally,

CO.H- - “O,C hydrogen bonding interactions are also evidesgr&ated columns of
BPA andTCA are seen. This packing results in cofacial stagkinbis(pyridinium) rings
that are separated by 3.386 A.

Figure 2.9 (a) View oT CA-BPA illustrating columns oT CA flanked by layers oBPA
(b) Partial packing of CA-BPA showing cofacial arrangement of
pyridinium. Solvate molecules omitted for clarity.

Interestingly, the color of these crystals variexhf pink forTCA-BPE, to
orange folTCA-Bpy to yellow forTCA-BPEt to red forTCA-BPA as compared to

colorless or pale yellow starting materials. ThHiarge in color indicates some type of
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charge-transfer phenomenon occurring, presumaliydaa electron-rici CA and
electron deficient bis(pyridine). These chargedfaninteractions are expected to be
enhanced by proton transfer which result$@A being converted to a dicarboxylate and
the bis(pyridine)s being converted to bis(pyridmjucations. However, this charge
transfer was not apparent from crystal structuta.deor example, iTCA acquires

radical cation character, the central olefin isestpd to elongate, which did not happen.
In all four crystals, this bond length ranged beswé.358 and 1.363 A, which was
comparable to the C=C bond length reported foasetisylethylene (1.359 A) but
significantly shorter than bond length reportedtfae corresponding radical cation (1.417

A).°
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Figure 2.10 DOS calculations for (BCA-BPE (b) TCA-Bpy and (c)TCA-BPEt.
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The color changes observed during crystallizatibthe composites prompted us

to examine the apparent charge transfer interactromore detail. The X-ray diffraction

structure data obtained folCA -BPE, TCA-BPA, TCA-BPEt, andTCA -Bpy were

subjected to further quantum chemical refinemehesg DFT calculations were

performed by our collaborator Dr. Jonas BaltrusaRieriodi@ab initio solid state

program suite CRYSTAL’09 was used in all calculagt® This program uses the
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functions localized on atoms as the basis for esipanof the crystalline orbitals via the
linear combination of atomic orbitals (LCAO) techue.

For these calculations, one molecule @A and one molecule of bis(pyridine)
was considered as a unit and geometry was optim@etimized atomic positions were
subjected to density of state (DOS) calculationslémtify crystalline orbitals involved in
the charge transfer process. Calculated atom daddensity of states fofrCA -BPE,

TCA -Bpy, andTCA -BPEt are shown in Figure 2.10a, 2.10b and 2.10c, relspéctin
these figures, Fermi energydis defined as the top of the topmost occupiete(uze)
band with the bandgap defined as the energy difteréetween the topmost occupied
and bottom virtual (conduction) crystalline banéifomic projections of densities of
states shown in the figures represent a sum ofibatibns of: (1) all carbon atoms, (2)
C=C bonds, (3) -O-C-, and (4) -COO- functional grein acid moleculesTCA) and (5)
nitrogen, (6) carbon atoms in bis(pyridine) ringsl 47) —C-C- or —C=C- (except for
Bpy) functional groups in bis(pyridine) moleculestlms way, the charge donors (e.g.,
atoms or functional groups in a certain moleculetgbuting to the topmost occupied
crystalline bands) and charge acceptors (e.g.,satyrfunctional groups contributing to
the bottom virtual crystalline bands) can be idexdi Hydrogen atom contributions were
found to be negligible in the -8 to 1 eV region dhds are not shown. In all four
compounds, major contributors to the top of theweé bands were carbon atoms in
aromatic rings of CA, as well as —C=C and —O-C- functional groups @dhbid
molecules. Ein all cases was located at ~-4.5 eV. The bottbtheoconduction band
and its main contributors, however, varied betwaéfour compounds. ITCA -BPEt
andTCA -Bpy major contributors were nitrogen and carbon ataniss(pyridine) rings.
The sp hybridized —C-C- bond iiCA -BPEt did not affect the position of the bottom of
the conduction band. A very different picture o tiottom conduction band emerged
from TCA -BPE projected density of states, wheréIsybridized —C=C- bond facilitated

charge transfer by shifting bottom of conductiondbéo ~ -3.5 eV. This effect was also
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readily seen from the calculated bandgap values@#-BPEt, TCA -Bpy and
TCA-BPE of 2.47, 1.99, and 1.28 eV, respectively. Thusgapgnce of conjugation and
emptyr orbitals in the —C=C- functional group significanthanged the magnitude of
the crystal bandgap. Preliminary calculations pentad onTCA-BPA indicate an even
smaller band gap of 0.77 eV, but this materialiatsbeen further characterized due to

difficulties encountered in preparing bulk crystel samples.
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Figure 2.11 Comparision of calculated and expertalggowder XRD pattern obtained
from bulk samples of (a) CA-BPE (b) TCA-Bpy and (c)TCA-BPEt.

The calculated band gaps of our composites are a@hfe to the band gaps
found in established semiconductors (like 1.11 eVSi and 0.67 eV for Ge). Given this
situation, we wondered if these composites wowdd akhibit semiconducting behavior.
In order to investigate conducting properties, rarnystalline materials were prepared by
mixing equimolar solutions ofCA and bis(pyridine)s and allowing the solvent to

evaporate slowly. Samples prepared in this maneee vound to be homogeneous and
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colors of bulk samples matched the colors of threesponding single crystals where
TCA-BPE sample was pinkTCA-Bpy sample was orange am@€A-BPEt sample was
yellow. An exception was encountered in the caseGA- BPA. A stable bulk sample of
this material has not been successfully prepared)tise procedure outlined above. The
morphologies of bulk samples were compared to sioglstals by powder XRD, and
were found to be identical in each case as showgure 2.11. In the case CA-Bpy
PXRD, slight differences in the two spectra ardlaited to loss of included solvent. In
general, crystals ofCA:Bpy were more fragile than the other two samples ayithglin

air or brief exposure to vacuum resulted in padaiversion to amorphous material.

25 125 225 325 425 25 75 125 175 25 275 35 37

5 125 475
( a) Temperature (°C) ( b) Temperature (c) (C)

25 125 225 325 425
Temperature (°C)

Figure 2.12 TGA trace of (&)CA-BPE (b) TCA-Bpy and (c)TCA-BPEt.

Thermal stability of the bulk samples was determiibg thermogravimetric
analysis (TGA). TGA traces for all three samplessirown in Figure 2.12. In the case of
TCA:BPE, the percentage of sample mass remaining at 20343%) corresponds to

complete loss of methanol and acetone solvatesdtedi in the single crystal X-ray data.
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Similarly, solvent loss in samples BCA-Bpy andTCA:BPEt was found to occur at

245 °C (89.1%) and 179 °C (94.8%) respectively.

(a) (b)

Figure 2.13 Representative 3D crystal image foil (8- BPE (b) TCA-Bpy and (c)
TCA:-BPEt.

The electrical properties of these crystalline add&es were then measured using
conducting probe atomic force microscopy (CP-AFWM)is was performed by our
collaborators Dr. Alexei Tivanski and Ms. Lindsaitdler. The sample substrates were
prepared by thermally depositing Au on mica. Crigsteere suspended in hexanes and
deposited on the Au substrate. Samples were alloovddy for 20 minutes to allow
solvent to evaporate and then immediately usethioconductivity measurements. All
measurements were performed in an insulating botyotyl solution to reduce water
contamination and decrease the adhesion forcesddyscapillary forces between the
AFM probe and sample due to water layer formationhe tip-surface interface. Crystals
were imaged to obtain height of individual cryst@gure 2.13). Crystals with heights
between 20 and 300 nm were used forltiemeasurements. For these experiments the
force of the AFM tip upon the crystals was heldstant at 50 nN. This force was found
to be sufficient to ensure a stable electrical @ontesulting in reproducibleV
measurements without physically damaging the cig/sténe voltage was swept over
various ranges, depending on the crystal thickrfessthinner crystals, a smaller

volatage range was used to prevent saturatioreafuhrent. A combination of large
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applied forces and high current density sometirasslted in irreversible changes in
crystal morphology. For that reason, crystals vieiaged after the conductive
measurements to be sure that the crystals remaiteexd throughout the experiment.
Representative |-V curves are shown in Figure 2otZCA-BPE, TCA:Bpy,
andTCA-BPEt. It is important to note that the I-V curve fB€A:-BPE has been divided
by a factor of 100 to be displayed on the sameeszsthe curves for the other two
samples. From the representative data shown irré-@d 4, it is clear that crystals of
TCA-BPE are highly conductive, whil€CA-Bpy is moderately conductive and
TCA-BPEt showed no measurable current throughout the velégs range of the

measurement considering detection limits of th&umsent (10 pA).
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Figure 2.14 Representative |-V curves T@A-BPE (red crosses)CA:-Bpy (blue
circles) andTCA:- BPEt (black squares). The TCA-BPE is scaled down by a
factor of 100 as indicated.

The resistivity p) of TCA-BPE andTCA: Bpy was calculated using the slope of
the near linear Ohmic region of the I-V curves ¢hiange +0.15V). These values, along
with crystal height (measured directly from AFM iges) and estimated contact area,

were used to calculate resistivify) (sing the formula=R(a/h) where a is contact area
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and h is height of the crystal. The Hertzian etastintact model was used to estimate the

AFM tip-surface contact aréé.

p \ 2
, | Fr %
a = -

K
Here, a is contact area, r is radius of tip (150, s the loading force (50 nN),

and K is an effective modulus equaling

¥ 4 1
K_I{l Vﬁp N 1— VEJI—
Eﬁp E.‘S

-
where E, vs, Erip andvrj, are the Young's modulus and Poisson'’s ratio of the

2

sample and the AFM tip respectively. The Poisstio far most materials is between
0.25 and 0.5° and thus assuming;, =~ vs ~ 0.33, an effective modulus can be
approximated as K = 1.8BE¢/(Erip+Es). The elastic modulus of the diamond tip is 1220
GPa?’ The E; for similar organic materials was assumed to l®NPa’® Using the
parameters above, the contact area between dianuatdd AFM tip and crystal is

estimated to be 1850 +50 Am
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Figure 2.15 Plot of resistivity vs. crystal heigbt (a) TCA-BPE and (b)TCA-Bpy.

The distribution of resistivity values as deterntiradove as a function of crystal
height forTCA-BPE andTCA: Bpy are shown in Figure 2.15a and 2.15b respectively.
Each data point in Figure 2.15 represents a crifséalwas subjected to electrical
measurements. The error bars indicate the rangesistivity determined from 15
separate |-V measurements. The deviations in |-dsuements can be due to
orientation of the crystals and differences in nhofpgy of the crystals resulting in
varied degree of contact with the tip surface. @igsof TCA:-BPEt showed virtually no

current over the bias range scanned, hence measutemere performed on a relatively
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lower number of samples. Conductivity, (he reciprocal of resistivity) was calculated
for each sample and this data is shown in Table 2.1

An important parameter in semiconductors is theatiffe mobility, which is a
measure of how fast electrons (or holes) move tiirdhe material. In general, higher
effective mobilities mean better semiconductorsnirthe data in hand, we initially
attempted to calculate effective mobilites by apmythe space charge limited current
model?®*°In this model, a plot of I vs.3&hould be approximately linear and the charge
mobility (1) can be calculated from the slope. In the cas®tfTCA-BPE and
TCA-Bpy plots of I vs \f were significantly nonlinear, rendering the SCLGd®l
inappropriate for mobility determination. Instead walculated charge mobilites using a
simple empirical model developed by Broetal.that relates charge mobility to

conductivity (1 = 6*9.5**2Data for effective mobilities is also shown inleB.1.

Table 2.1 Physical and electrical properties of TB&(pyridine) crystals.

Crystal Color Band gap p o Heft

(eV) (Q-cm) (S-cm) (cn?IV-s)
TCA-BPE Pink 1.28 3.610.9 0.28+0.06 0.38+0.05
TCA-Bpy Orange  1.99 213+70 (4.7+1.3)x310 (1.7+0.4)x1C
TCA-BPEt  Yellow 2.47 >2.4x10 not calculated not calculated
TCA-BPA Red 0.77

The results obtained from CP-AFM conductivity measwents clearly show that
TCA-BPE andTCA-Bpy function as crystalline organic semiconductorsergas
TCA:-BPEt acts as insulator. Effective mobilities for theotaonducting samples are
comparable to known organic semiconducting crys&lnaterials like thiophene and
TTF.>*>*Moreover, our results also demonstrate an atdityine the conducting

properties as a function of bis(pyridine) compon&iie most conjugated bis(pyridine)
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reagent BPE) afforded crystals witmfCA exhibiting a conductivity approximately 2
orders of magnitude greater than that for crysibtained fronBpy, while crystals

derived fromTCA and non-conjugateBPEt were comparatively non-conducting. These
conducting properties correlate nicely with thedgaps obtained via quantum chemical
calculations.

Currently the relative contributions 8CA and the bis(pyridine) moieties in
governing charge mobility are not known. The highauctivity exhibited byrf CA-BPE
and the absence of conductivity€A- BPEt despite their isostructural crystalline
networks suggests a vital role for the bis(pyridliaeits as principal charge carriers. In
the case of CA:-BPE as well asTCA- Bpy, pyridinium rings are arranged in cofacial
orientations and-conjugation between these rings may facilitateg@haransport across
layers. AlternativelyTCA may also contribute in some degree to the conagicti
properties of these assemblies as a consequeintemnolecular arene edge-to-face
interactions and/or participation in extended Hbeohnetworks. In order to study charge
transport in detail, the sample must be connectéxhnsistor configuration and then

AFM measurements have to be performed.

2.4 Conclusion

Principles of crystal engineering have been appbedrd construction of
supramolecular assemblies between an acid fundtzedaetraphenylethylenECA and
four different bis(pyridine)sBPE, Bpy, BPA andBPEt. Each assembly was structurally
characterized by X-ray diffraction. Charge transféeractions were observed and were
studied in detail by quantum chemical calculatidesnsity of state (DOS) calculations
were performed on experimental X-ray data aftemagation of geometry. These
calculations determined crystal band structurelmam gap. Changes in crystal color and
in conjugation of the bis(pyridine) component botinrelated with calculated band gap

energies. Conducting properties of these matesiale investigated by conducting
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probe-AFM. Two of these crystals displayed chameying capacity and conductivities
as well as effective mobilities in the range obédished organic semiconductors.
Conducting properties of these crystals can be tatehlias a function of bis(pyridine)
component where mobilities increased with increasegugation in bis(pyridine). This
study not only opens exciting opportunities for stoaction of new tunable electroactive
organic materials but also illustrates the potéwfigetraarylethylenes as attractive

supramolecular building blocks.
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CHAPTER III

AGGREGATION-INDUCED EMISSION PROPERTIES AND SOLID
STATE STRUCTURES OF TETRAPYRIDYL
TETRAPHENYLETHYLENES

3.1 Introduction

Fluorescence is a form of photoluminescence in whtoms or molecules are
excited to a singlet excited state by absorptioalettromagnetic radiation. The excited
species then relax back to the ground state, giwntheir excess energy as photons
emitted at longer wavelengths than the initiallg@ibed light® In 1954, Férster and
Kasper discovered that the fluorescence of pyreaseweakened with an increase in its
solution concentratiot. It was soon recognized that this was a generalqgghenon for
many aromatic molecule&>° This concentration quenching effect was foundeo b
caused by formation of sandwich-shaped excimerseaoiplexes aided by collisional
interactions between the aromatic molecules inted@nd ground staté$The
ubiquitous concentration quenching effect has fresearchers to study and utilize
fluorophores as isolated single molecules in vétel solutions. Even in dilute
solutions, concentration quenching can still o@siaggregation can increase local
fluorophore concentration. This problem is evenermonounced in the solid state as
molecules are located in immediate vicinity. Thas @roduce intermolecular interactions
(such ar-n stacking interactions) that result in excitedestétcay via non-radiative
pathways. This phenomenon is sometimes referrad agmgregation-caused quenching
(ACQ) (Figure 3.1).

In 2001, Tanget al.discovered a system involving 1-methyl-1,2,3,4,5-
pentaphenylsilole, where luminogen aggregationgaas constructive role in the light
emission proces¥:®? A series of silole molecules were observed todrelnminescent

in solution phase but became emissive in aggregades, either as nanoparticle
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suspensions in poor solvents or as thin films endhlid state (Figure 3.1). As non-
luminescent silole molecules were induced to emidpgregate formation, the term

‘aggregation-induced emission’ (AIE) was coirféd.

n-n stacking AGGREGATION
interactions CAUSED
QUENCHING
(ACQ)
Emissive in Non-emissive
dilute soliutions

O Q AGGREGATION
Restriction of INDUCED

intramolecular EMISSION
/ \ rotations . (AIE)
o eV :
AN
@ Emissive

Non-emissive in
dilute solutions

Figure 3.1 Phenomenon of aggregation caused quenthACQ) and aggregation-
induced emission (AIE).

Tetraphenylethylenes have been observed to flueneben aggregated as solids
or in solutions in which the TPE’s are sparingljude. It is believed that restriction of
intramolecular motion, principally aryl-alkene borafations, provide the physical basis
for the observed photoluminescefit®erivatives of TPE have been incorporated into
organic polymers and oligomers with the resultirgemials displaying fluorescence
profiles that can be perturbed according to thesitigiof TPE units within the

polymer/oligomer and the environment surroundireglihlk materiaf* Alternatively,
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discrete fluorescent sensors for biomolecules agidinons have been prepared by

attachment of specific ligands to TPE scaffoldsigdlexible spacer®

3.2 Objective

We are interested in harnessing AIE propertieso0EhTPE derivatives based on
organic and metal-organic precursors. Ultimatelg,aim to utilize the fluorescence
response of these materials to signal supramoleftuiations ranging from chemical
sequestration to catalysis. As a first approaaindtecules that fit this design criteria, two

rigid tetra(pyridyl)-substituted TPE derivativ@sl and3.2 have been preparéd®®

Figure 3.2 Compounds used in this study.

The AIE properties of both compounds have been eatrin the solid state as
well as in organic/aqueous solution mixtures. Thevis basic residues lining on
periphery of these compounds potentially offer ansesto modulate the fluorescence
response of these materials in agqueous solutioagwasction of pH. Additionally, both
3.1and3.2 have been structurally characterized by X-rayrddfion. An attempt to
crystallize these TPE derivate with Fe(GIH,0 resulted in conversion of these
compounds to their respective tetrapyridinium t@ieachlorate salts. These salts were

isolated as single crystals and their structuragwetermined by X-ray diffraction.
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3.3 Results and discussion

A straightforward route was used for preparatio.@fand3.2 as shown in
Scheme 1. Tetra(bromophenyl) ethyl®84 was prepared from TPE by bromination
with neat bromine as described by Schudtzal. The key transformation involved four
fold Suzuki coupling betwee®i4 and either 3- or 4-pyridyl boronic aciiBoth products
proved to be readily soluble in organic solvents puarification was easily accomplished

by flash column chromatography to proviglé and3.2 as pale yellow solid®

O O (T Rk
Aq N32CO3 0,
Br2 DME, reflux 3.1(47%)

(50% B 3.2 (43%)
| —JB(OH)
Br

N

3.3

Scheme 3.1 Synthesis ®fl and3.2

3.3.1 Aggregation-induced emission propertie8.afand
3.2
Both 3.1 and3.2were markedly fluorescent in the solid state asaked
gualitatively using a hand-held UV lamp. Both pytidPE’s 3.1 and3.2 were dissolved
in dichloromethane and deposited on a glass shiderm films which were subjected to
solid state fluorescence using an excitation wangtle of 375 nm. The solid state spectra
of 3.1and3.2were found to be virtually identical with each quound displaying a
broad emission centered at ~510 nm as shown ind-g3. The emission maxima
correspond to green color which agrees with viguspection of the compounds under a

hand held UV light.
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Figure 3.3 (a) Solid state fluorescence spectrutibénd (b)3.2 Excitation wavelength
=375 nm.

In THF solution 3.1 was completely non-luminescent. Gradual additiowater

(a solvent in whicl8.1is insoluble) had little effect on fluorescencedpa until 9:1
H,O:THF was obtained (Figure 3.4a). In this mixt@a@ronounced fluorescence signal
was observed centered at ~510 nm, identical tsdhé state fluorescence. This is
attributed to the formation of nano-aggregate absiemcaused by the decreased
solubility of 3.1in the predominantly agueous environment, simiddsehavior observed
by other organic compounds that display AIE prdpsft In the case 08.2, weak
fluorescence was observed in THF and aqueous THhiE@Ts up to 80 vol% water. This

emission was significantly enhanced and slighttyskifted on going to 90 vol% water in
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THF. Here the emission maxima is positioned at ~#®5as shown in Figure 3.4b which
is slightly blue shifted from the emission obseruwethe solid state (~510 nm). The
origin of the blue shift observed in solution phaggregates .2 relative to the solid
state is not known with certainty, but likely invek formation of distinctly different
aggregate assemblies arising from variation irmmédecular contacts between pyridyl
and phenyl rings. These studies imply that bothdyyiTPE’'s 3.1 and3.2 are AIE active

compounds, similar to TPE and other AIE compourmigaining TPE core¥.
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Figure 3.4 (a) Fluorescence spectr8.dfin THF and THF:HO mixtures (vol %).3.1] =
15.9uM (b) Fluorescence spectra®®in THF and THF:HO mixtures. B.2]
= 8.7uM. Excitation wavelength = 375 nm.

In order to utilize peripheral Lewis basic sites3ohand3.2, fluorescence
response was investigated as a function of pH. Bdthnd3.2 were found to be soluble
in dilute agueous HCI solutions of pH ~1.6. In #asslutions, pH was increased by

addition of small aliquots of concentrated NaOHuiohs. As expected starting acidic



62

solutions were non-luminescent. At low pH, a sudint number of pyridyl residues are
protonated so as to render these compounds cotydetable in water. For both pyridyl
TPE’s3.1and3.2, fluorescence response was not observed until4bland reached
maxima at pH ~10 (Figure 3.5). In both cases, aonawaxima was situated at ~510 nm
which is similar to the emission maxima in the daliate. Thus, emission of b@&ll and

3.2was found to be switchable as a function of pH.
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Figure 3.5 (a) Fluorescence spectr8.dfin aqueous solutions as a function of pBi1]
= 35uM. (b) Fluorescence spectra®® in agueous solution as a function of
pH. [3.2] = 48 uM. Excitation wavelength = 375 nm.

3.3.2 Solid state structuresdfL and3.2
Two different single-crystal samples&tfl from ethyl acetate (EtOAc) and N,N-

dimethyl formamide (DMF)/ N,N-dimethyl acetamideMIA) and one sample &.2
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from N-methyl pyrrolidinone (NMP) were obtained $lpw evaporation of the indicated

solvents.

"!.l . ..?.Ti.--"". e
®. 0 e 0

=

(b)

Figure 3.6 (a) Three unique molecules3dfin the unit cell grown from EtOAc. (b)
Extended packing 8.1 Disordered EtOAc omitted for clarity

Crystals 0f3.1 obtained from slow evaporation of EtOAc solutioara/found to
contain three unique molecules®1 in the unit cell along with a disordered solvate
molecule (Figure 3.6a). All of the molecules exteldia propeller like conformation of

the TPE core as is typically found in tetraarylémes’ Differences in the three
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molecules were slight and involved the torsion esddetween the phenyl and pyridine
rings. Pyridine rings on periphery were not petfeptaner, and the C-N-C angle in all
pyridine rings was found to be ~116°. Extended pagrkownb reveals distinct helical
arrangement d3.1 (Figure 3.6b) mediated by edge-to-face areneanteEms. In this
structure, disordered EtOAc solvates were alsogptgzarticipating in O---H polar

interactions with8.1
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(@) (b)

Figure 3.7 (a)Molecular structure 8flin crystals obtained from DMF/DMA solution.
(b) Favorable local dipolar alignment in layers3ak (c) Offset stacking of
adjacent layers iB.1 via H-bonds. Solvents omitted for clarity.
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In the crystals 08.1 obtained from a mixture of DMF and DMA, a single
molecule of3.1is found in the unit cell along with disordered BMolvate. As
expected, the molecule also features a propekerdonformation of the TPE core. Here
vicinally disposed pyridine rings (with respectcentral olefin) are oriented with their
pyridine nitrogen atoms facing in opposite diregti@Figure 3.7a) and geminally located
pyridine rings have nitrogen atoms facing in satnection. Pyridine rings on periphery
were not totally flat, and the C-N-C angle in altidyne rings was found to be ~116°.
Individual molecules 08.1 are arranged in 2D layers that are mediated leyrimdlecular
arene interactions between pyridine rings (Figuvd)B Adjacent pyridine rings are
aligned co-facially with ~4.0 A separation with ithiecal dipole moments opposed. The
propeller shape of the TPE core results in offsetking of adjacent layers to produce an
ababarrangement down theeaxis (Figure 3.7c). Stacking interactions appedret

reinforced by aryl C-H- - -jy hydrogen bonding (H- - -N distance — 2.45 A).

(b)
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(d)

Figure 3.8 (a) Molecular structure £ (b) Bifurcated H- - -, hydrogen bonding
interactions along with edge-to-face arene stackitegactions (c) Helical
arrangement of molecules 82 (d) Two non-interpenetrating helices2
moving in same direction.

Crystals of tetrapyridyl TPB.2 were obtained from slow evaporation of N-
methyl pyrrolidinone (NMP) and EtOAc. The unit cetintained one unique molecule of
3.2 with three molecules of NMP solvate. NMP solvat@enules occupy void space in
between molecules. Along with edge-to-face stackinarene rings and polar
interactions between individual molecules3d2 and NMP solvate, aryl H- - p|N
hydrogen bonding interactions were observed. Twagatally opposite nitrogen atom on
the molecule 08.2 participate in C-H- - -}y hydrogen bonding interactions. One nitrogen

atom participates in bifurcated hydrogen bondingraxctions shown as black dotted lines
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in Figure 3.8b whereas edge-to-face arene interastire shown as red dotted lines.
Non-bifurcated hydrogen bonding interactions resuitarrangement of individual
molecules oB.2 arranged in helical fashion (Figure 3.8c). Two4ueterpenetrating

helices of3.2 move in same direction as shown in Figure 3.8d.

3.3.3 Generation and characterization of tetrajyitdch
perchlorate salts §.1and3.2

Both tetrapyridyl TPE derivatives1 and3.2 were found to form stable
pyridinium perchlorate sal%.5 and3.6 upon treatment with highly acidic ferric
perchlorate hydrate (Scheme 2). Combining thepgtrdyl TPE with four equivalent of
Fe(ClQy)s-xH,0 in methanol at room temperature, followed by séwaporation of the
solvent resulted in formation of crystalline s&ft3he crystal structures revealed that all
four pyridine moieties were protonated under thes®litions resulting in inclusion of
four perchlorate counterions per each TPE in tlgstal structure. In addition, water
molecules of hydration and, in the cas@& a methanol of solvation, were also
detected in the crystalline lattice and appeaidy pnportant roles as hydrogen bonding
linkers between pyridinium cations and perchloet®ns. The tetraphenylethylene core
adopts a propeller like arrangement, as has bessenadd in other TPE crystal

structures.
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(CIO4)4

Fe(ClO)3xH,0

MeOH, rt

(ClO4)4

3.6

Scheme 3.2 Generation of tetrapyridinium salfsand3.6 from tetrapyridyl TPE'S3.1
and3.2

Crystals of3.5were obtained as hydrates along with a metharheésbmolecule
(Figure 3.9). Pyridinium C-N-C angles (~120°) dighgly flattened with respect to the
free base form (~116%).All four pyridinium N-H groups ir8.5 are engaged in hydrogen
bonding interactions. Two of these interactionlag direct hydrogen bonds to
perchlorate ions while the remaining two N-H groaps connected to perchlorate ions
via water bridges. The methanol solvate is also@sated to one of the perchlorate

anions via H-bonding.
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Figure 3.9 Molecular structure and principal pymidm N-H hydrogen bonding
interactions ir8.5.

Individual molecules ir8.5 are connected in helical stacks via hydrogen bandi
bridges composed of two perchlorate anions andaater (Figure 3.9). One dimensional
stacks are connected to adjacent helical bundéeaddlitional solvate/hydrate hydrogen
bonds to N-H pyridinium moieties so as to extenckpay in two dimensions (Figure
3.10a). These linked helical stacks are then afigngarallel in the three dimensional
lattice (Figure 3.10b). The net result is the pneseof tetrapyridyl tetraphenylethylene

stacks surrounded by perchlorate anions and masailhydration/solvation.
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Figure 3.10 (a) Helical stacking arrangement abtridinium cations ir8.5 viewed
perpendicular to the helical axis. (b) View of exded packing ir8.5.

In the crystal structure &.6, in addition to perchlorate anions, 2.17 molecoles
water were also detected in the unit cell (Figudel8). The pyridinium N-H groups are
all engaged in hydrogen bonding interactions invg\wne water molecule and five
perchlorate ions. Two geminally placed pyridineugp® (with respect to the central

olefin) engage in bifurcated hydrogen bonding vl separate perchlorate anions. The
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final pyridinium participates in a single hydrogeonding interaction with a perchlorate

anion.

(b)

Figure 3.11 (a) Molecular structure ®b. (b) 2-D layer arrangement of tetrapyridinium
cations in3.6.
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Individual molecules 08.6 are arranged in tHg cplane via an extensive
hydrogen bonding network involving pyridinium N-Hogips, water molecules of
hydration and perchlorate anions. Geminally disggseidyl groups (with respect to
central alkene) are connected by complementaryoggar bonding network involving
two water molecules and a perchlorate anion. THesers are color coded in Figure
3.11b. Dimeric units are further connected via addal bridging perchlorate ions
resulting in formation of 2D layers. This layer mad further reinforced through face to

facen-n stacking interactions.

(b)

Figure 3.12 (a) Offset stacking of tetrapyridinigations in3.6. (b) Extended packing of
3.6.
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The two dimensional layers are linked in the thinthension through additional
pyridinium-H,O-perchlorate hydrogen bonding which results iclstey of TPE
derivatives in a slightly offset manner (FigureZal Overall, the combination of
tetrapyridinium cations and perchlorate anionsdpoes stacks of tetrapyridinium units
surrounded by perchlorate anions along with wattérydration (Figure 3.12b).

Both these structures have many features in commost notably the presence
of helical tetrapyridyl cations. Along with structis other tetraphenylethylene
derivatives, these structures indicate a geneogdausity of for adoption of this general
motif*> where the stacks of hydrophobic TPE's are surredrzy hydrophilic

components of pyridinium cations along with percate anions.

3.4 Summary

Two tetrapyridyl tetraphenylethylene derivatives@&successfully prepared and
characterized. A four-fold Suzuki coupling betwéetnabromo TPE and pyridyl boronic
acids provided the key step in the synthesis. Tregluminescence properties of both
pyridyl TPE’s were investigated in the solid statewell as in solution. Fluorescence of
these compounds in solution was found to be turedbke function of solvent mixture
(THF and HO) and pH where emission was turned on between ahti34.

Both tetrapyridyl TPE’s were characterized in thédsstate via X-ray diffraction.
Crystal structures reveal extensive edge-to-faeeeanteractions along with C-H- N
hydrogen bonding interactions. Both tetrapyridyEl$?were converted to their
respective perchlorate salts upon exposure to Bgj§; MWhich were structurally
characterized. In both cases, extensive hydrogadibg was observed involving
pyridinium N-H groups, perchlorate anions and ideld water molecules. Additionally,
both structures feature hydrophobic regions forimgdtacking of tetraarylethylene
cations in helical fashion and polar pyridinium Ngkbups are directed away from these

stacks in hydrophilic regions formed by perchlo@t@ns and water molecules of
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hydration. Coupled with the switchable aggregatmhiced emission properties of

pyridyl TPE’s, a variety of photoluminescent mattsimay be available via this strategy.
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CHAPTER IV

INFLUENCE OF HALOGEN BONDING INTERACTIONS IN
CRYSTALLINE NETWORKS OF TETRAARYLETHYLENE
HALOBENZOYL ESTERS

4.1 Introduction

Halogen bonding is a non-covalent interaction thkes place between halogen
atoms, functioning as electrophilic species, andmaéor anionic electron donot5%8In
organic halides, halogen atoms feature an anisetdigtribution of electron resulting in
a region of positive potential called the ‘sigmaehtncated along the axis of the C-X
bond® It is this region of positive electrostatic poiahthat imparts electrophilic
character upon halogens in organohalides. Halogadibg interactions are weaker than
hydrogen bonds but they are highly directional. $tiength of halogen bonding
interactions can be altered by modifying nearbyssitieents on the carbon skeleton to
increase the electrophilicity of halogen atomsultésy in greater propensity to form
halogen bond§’ Halogen atoms show ‘amphiphilic character’ i.eytfunction as
electron deficient sites when they form contacthatpole but can also function as
electron rich sites on forming contacts at the &p/a Experimental data from solid,
liquid, and gas phases confirm theoretical predingtithat the strength of halogen bond
donors increases in the order of Cl<Bf&Hybridization of the carbon atom to which the
halogen is attached also plays a role due to éffiteelectronics. Hence the order C(sp)-

X>C(spf)-X>C(sp)-X is followed.?
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H304® &+ polar

Figure 4.1 lllustration of sigma hole along C-X ldon

Halogen bonding has an impact on all researchdiefgere control of
intermolecular recognition and self-assembly preesss important. In a molecule
halogens can effectively function as ‘sticky sitésit direct molecular association in a
supramolecular assembly. Coupled with their presahang the periphery of organic
molecules, halogens engaged in bonding may plasnpartant role where the design
and manipulation of aggregation phenomena are itapbr~or example, halogen
bonding interactions have been exploited in meaesiolid state assemblies of
supramolecular architecturésliquid crystals’* organic semiconductof8 magnetic
materials’® NLO materialé’ and as templates for solid state synthEsitalogen
bonding has also been observed in solution phatbeioontext of synthetic molecular
receptors? Halogen bonding interactions have also been iragitin certain biological

systemg?

4.2 Objective

Despite their significance, there are many funddailespects of halogen
bonding that are currently poorly understood. F@meple, the relative importance of
various halogen bonding interactions in polyfunatiborganohalides have not been
established. In order to gain insight into thisiesswe designed a series of tritopic and

tetra-topic haloarenes connected via conformatipfiaixible ester linkages. We
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envisioned that these substrates would allow aetermine the relative preference of
X---Xvs. X---0O=C vs. X% halogen bonding interactions via single crystakX-
diffractometry®-®2Moreover, the conformational flexibility of thelsstrates would allow
energetically significant non-covalent interactidase maintained within a series of

organohalides despite differences in the relatize sf halogen atoms.

4.3 Results and discussion

The first family of multitopic and flexible haloares we prepared were based on
a trimesic acid platform, and the synthesis of4ri®dophenoxy) trimesoate is shown in
Scheme 4.%3 The triiodo substraté.2 possesses an attractive element of C3 symmetry

and is structurally similar to halogenated triabeylizenes previously examined in our

81,82

group:

HO. fe) o
cocl \©\
|

[:l o o
cloc cocl EtsN, DMAP, CH,Cl,

~

I

4.1 4.2 (IPTM)

Scheme 4.1 Synthesis of 4-iodophenoxy trimesoate.

Crystals of4.2 obtained from CHGlexhibited a hexagonal morphology and the
structure was found to be an inclusion complextathiometry4.2:- (CHCL)s.
Molecules of4.2 adopt an approximately symmetrical conformatidme Tost striking

feature of the structure is the manner in whiclkeéhbdophenoxy ester moieties from
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three independent molecules come together inaguiar array seemingly facilitated by
roughly trigonal symmetry of.2, templating effects of the included solvent and
bifurcated I--- O and I« -interactions (Figure 4.2a). This triangular megfves to
position adjacent molecules 412 laterally to form 2D layers. These 2D layers stsigkh
that the central 1,3,5-tricarbonylbenzene ringspastioned above and below the
bifurcated halogen bonding moieties. This arrangegmeoduces large hexagonal
channels (distance across openings ~13 A) thdill@ewith included chloroform
solvates as shown in Figure 4.2b. The porosithefrietwork was determined to be
37.4%%

Compound4.2was also crystallized via slow evaporation of giyre solution,
which again resulted in a channel type inclusiomglex of stoichiometry.2- (py}.
Here4.2 self-assembles to form two dimensional layers skeatk in arababpattern
resulting in generation of hexagonal channels whiehfilled with pyridine solvate
(Figure 4.2c). Here this motif is reinforced byurdated I--- O and Iw interactions.
While there is considerable precedent for pyridyl-Nhalogen bonds, no such halogen
bonding interactions were observed. The porosityisfstructure was determined to be
39.7%. A similar structure was obtained from berezeith disordered benzene

molecules taking place of pyridine solvates in¢hannels.
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Figure 4.2 (a) 2D layers #h.2- (CHCk)s. Triangular motif mediated by bifurcated I--- O
and |- -x interactions (b) Extended packingdr®- (CHCL); (c) Honeycomb
network of4.2- (py} mediated by bifurcated I- - - O and#: -interactions (d)
Close-packed structure 4f2
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Extensive characterization of these channel-typkigion complexes proved
difficult due to their fragility when removed frothe crystallization solvent. In fact,
continued contact with the mother liquor resultedransformation of the large blocks
characteristic of the inclusion complexes into ed#e crystals. These crystals were
characterized by X-ray diffraction and found toitéentical to crystals grown from
dichloromethane and other solvents like methandlaa®tone. This modification df2
exists as a close-packed structure of as showigurd-4.2d. Molecules in the
asymmetric unit are part of helical chains thagitwine to achieve close packing. It
appears that the hexagonal inclusion complexesr@utare metastable products which
are eventually replaced by the thermodynamicalNgfed close-packed form.

Halogen bonding, though generally recognized askergthan conventional
hydrogen bonding, may be capable of exerting aainmfluence over the crystallization
process. In the system described above, the cotrimrat trigonal host.2 and
appropriate solvent guests produced inclusion cexas with nanometer-sized channels
mediated by mutually reinforcing halogen bondind agmmetry interactions.
Spontaneous conversion of this solid state netwadka solvate-free close-packed
structure provides evidence that the open por@mdwork is thermodynamically less
stable. One can envision, however, that in thegoras of stronger halogen bonding
interactions the thermodynamic preference for cfzmeking may be inverted in favor of
porous architectures (analogous to hydrogen bondedorks). Consequently, as the
phenomenon of halogen bonding becomes better unddrdhe engineering of strong
and directional halogen bonding interactions sheuhérge as valuable design elements

in the fabrication of functional organic materialech as porous solids.
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Figure 4.3 Tetraarylethylene halobenzoyl estersnéxed for halogen bonding.

As an extension of our investigations into tritopaloarenes and consistent with
our desire to exploit tetraarylethylenes in supriazdar chemistry (including
applications in crystal engineering), we next prefa series of halobenzoate estérs (
to 4.7) arrayed on a TPE scaffold. The synthesis of teabstrates is illustrated in
Scheme 4.2. The TPE derivative8to 4.7 feature haloarene substituents symmetrically
appended to the periphery of a common TPE corester linkages. Thus, these
compounds allow us to explore the halogen bondietgpences in structurally similar
but electronically different substrates. It is aiptated that the ester group will activate
halogens at the 4- and 2- positions toward haldgening while halogens at 3-position

will remain unactivated.

HO OH ~-COC! N 0NN,
, o S
oUe £ J S OYS e
O O Et,N, THF, 1t z AN
HO OH X X

48 4.3 4Br (69%)
4.4 41 (79%)
4.5 3Br (57%)
4.6 2Br (64%)
4.7 21 (76%)

Scheme 4.2 Synthesis of tetraarylethylene halohgreaters4.3t04.7.
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The TPE esterd.3-4.7 were all prepared from the known tetrapheh8lvia
acylation with a halobenzoyl chloride in THF (Scleem?). All products were found to
be sparingly soluble in common organic solventstargicharacteristic initially
hampered efforts to obtain X-ray quality cryst&gentually, nine different crystals were
obtained from slow evaporation of DMF or pyridir@dutions. Of the nine crystalline
samples, seven were found to contain included mt#ds®f solvation. Analysis of these
structures (described below) led to identificatadrvarious halogen bonding motifs
operative in this system, and the parameters sktir@eractions are summarized in Table

4.1.
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Table 4.1 Selected halogen bonding contact distaacd angles i4.3-4.7

Crystal
4.3-(py)

4.4-(py)

4.3-(DMF),

4.4-(DMF),

4.4-(py}

4.5-(py)

4.5-(DMF)
4.6

4.7

Contact
Br--- O

Br--m
Br---Br
Br---O
Br--m
Br---Br

Length (A)
3.302
3.623
3.401
3.574
3.526
3.595
3.522
3.552
3.380
3.564, 3.649
3.795
3.458
3.751
3.407
3.510
3.607
3.322

3.976, 3.332,
3.563

Contact
C-Br---0O
C-Br-=
C-I---O
C-l--m
C-Br---0O
C-Br-x
C-I---O
C-l-m
C-I---O
C-l-m:
C-Br-x
C-Br---Br
C-Br---0O
C-Br-=
C-Br---Br
C-I---O
C-l--

Angle (°)

166.22
141.05

163.68
142.88

125.71
160.48

126.91
160.10

152.49
154.15, 171.11,

168.24, 96.73
151.73

135.39

163.60
164.73

89.11, 158.98

149.53

134.92, 170.40,
146.78

The inclusion complexe4.3- (py)and4.4- (py)obtained from slow evaporation of

pyridine solutions were found to be virtually isostural. In each case TPE molecules

adopt propeller like conformations typical of tgtanylethylenes in the solid stdte.

Individual molecules o#.3and4.4 are engaged in two types of halogen bonding

interactions resulting in formation of 1D chains ghown in Figures 4.4a and 4.4b, these

chain motifs are mediated by complementary X: --@a€X- -x halogen bonding. In the

case of halogen-interactions, the closest Xasrencinteraction is to the midpoint of an

arener bond rather than the arene centfBitf One dimensional chains are extended into

2D layers via a combination of arene edge-to-fateractions between adjacent

halobenzoyl moieties and additional X eontacts as shown in Figure 4.4c. Disordered

pyridine solvate molecules are housed within casiformed at the chain-chain interface.
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As mentioned previously, there is considerable guteat for pyridyl N- - - X halogen

bonds®”®®"*however pyridine solvates appear to be servimgpassfilling role instead of

participating in any intermolecular interactionghese structures.

(@)
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N
S \,/S/L//‘/ NN
P /\0’\ J e

(€) o

Figure 4.4 (a) 1D chains presentdii3- (py)(b) 1D chains present #4- (py)(c) 2D
layers formed from interdigitation of 1D chainsradowith pyridine solvate
molecule ind.4- (py)
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While halogen bonding appears to play an impontaletin 2D organization of
4.3-(py)and4.4- (py) stacking of individual layers in the third dimesis mediated by
an extensive network of edge-to-face arene congacshown in Figure 4.5. In these
structures, 2D layers are stacked iraabpattern. Arene rings in the TPE core interact
with arene rings from adjacent TPE cores, whilegheral halobenzoyl rings interact

with peripheral halobenzoyl rings in adjacent layer

Figure 4.5 Stacked 2D sheetslid- (py)(b) Two different layers of.4-(py)

Single crystals o#.3 and4.4 obtained from slow evaporation of DMF exhibited a
similar arrangement of 1D chains organized intosBBets with included solvent
molecules occupying cavities at the inter chaieriiaice as shown in Figure 4.6a. A linear
network of I---O=C and Iegenehalogen bonding interactions similar to those thim
the pyridine solvates result in ribbon like chaifisndividual molecules. These chains
are arranged in 2D layers via edge-to-faegacking of aromatic rings. Additional polar
interactions with DMF solvates appear to furthénfagce this layered structure. The 2D

layers stack imbabpattern mediated by edge-to-facstacking interactions. As a
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consequence of these interactions, individual 3@raare aligned in slightly offset
fashion producing rhomboid channels of 13 x 7 fedilwith DMF solvates as shown in
Figure 4.6b. The presence of these channels preducsatively porous network with
approximately 41% solvent accessible void spa@xamined using PLATON
calculation$® The DMF inclusion complex obtained frofr8 exhibited a similar overall
network architecture with Br---O=C and Bisyeneinteractions similar to the inclusion

complex with iodo analogué4.

(@)

(b)

Figure 4.6 (a) 2D sheets formed by parallel aligntmef chains i.4- (DMF), (b)
Rhomboid channels ih.4- (DMF), occupied with DMF molecules.
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An attempt was made to prepare co-crystalline nedsvavith 4.4 and various
compounds with two halogen bond acceptor groupsdtliyl malonate, methyl
nicotinate, diethyl maleate and several bis(pyagkh in DMF or pyridine solvents.

While no co-crystals were obtained, a new pyridinodusion complex off.4 was

obtained with stoichiometry @f.4- (py}. This structure was unique in the way that all
four haloarene groups #H4- (py} were engaged in some form of halogen bonding
resulting in linking of each molecule 4f4 to five other molecules as shown in Figure
4.7a. Two iodo groups are involved in distinctiareneinteractions with two different
molecules i#4.4 whereas a third iodine participates in a halogamdito a carbonyl group
and the fourth iodine functions as a halogen batbdtoward another iodine on
adjacent molecule @f.4. TGA analysis o#l.4- (py)and4.4- (py} could not be performed
due to the fragility of the crystals, but baseccatculated densities it appears that the
4.4.(py)is the more close packed structure,fs 1.775 vs. 1.663). It is possible that
4.4-(py)} complex represents a metastable state along theqé4- (py)complex and
halogen bonding interactions4d- (py} are displaced by edge-to-face arene contacts in
4.4 (py) This would indicate that disruption of the halod®mnding network observed in
4.4.(py} is offset by other intermolecular attractions€ldédge-to-face arene contacts) to

produce a more favorable solid state assembly.
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@)

(b)

Figure 4.7 (a) Halogen bonding interactiong - (py} (b) Extended packing in
4.4-(py)-

In order to investigate the effect of substitutpattern on halogen bonding
interactions, TPE derivativelsh, 4.6 and4.7 were synthesized and characterized. As was
case withd.3and4.4, two different inclusion complexes 4f5were obtained from DMF
and pyridine solutions. 1A.5-(DMF), only one halogen bond between a bromine and the

carbonyl group of DMF is observed as shown in FeguBa. Apart from this halogen
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bond, edge-to-face arene contacts are also obséfrliede interactions generate 2D
sheets as shown in Figure 4.8b. The structude{py)also features 2D sheets that
stack in arababpattern as shown in Figure 4.8c. This structuse &atures inversion
related Br- - - Br contacts (Type | halogen bondihg)yever these contacts are not
attractive interactions. Thus, moving the brominkestituents in the peripheral arene
rings from the electronically activated para-pasis to unactivated meta-positions
appears to have dramatic effects in the propefmityolid state halogen bonding. While
steric factors may also play a role, the obseruatiat o-halobenzoate esters display
halogen bonding interactions reminiscent of thesubstituted analogues (as discussed

below) further indicates the influence of electomin this system.
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Figure 4.8 (a) Halogen bonding interactions betwk&mand DMF solvate id.5- (DMF)
(b) Extended packing i4.5- (DMF) (c) Extended packing ih.5- (py)

The final set of compounds examined in this studyuded TPE frameworks with
ortho-substituted bromo or iodobenzoyl rings. Agaiystals of4.6 and4.7 were

obtained from slow evaporation of pyridine or DMi#futions. In this instance each
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compound gave the same close-packed structurewrigimy included solvate
irrespective of crystallization solvent.

In the structure o4.6, two types of halogen bonding interactions appee
significant. Individual molecules @f.6 are organized into 1D ribbons via attractive Type
Il halogen bonding between aryl bromides as shawFigure 4.9a. To achieve close
packing, each 1D ribbon is connected in slightfgef manner to adjacent ribbons via
Br-- & contacts along with C-H- - - O interactions. Thisiitean one bromine in each
molecule being engaged in amphiphilic bifurcateldép@an bonding by acting as a
halogen bond donor toward an arergystem and a halogen bond acceptor in a Type Il

Br-- - Br interactiofi’

Figure 4.9 (a) Type Il halogen bondingdiré (b) Stacked sheets 4f6.

Compound4.7 adopts a slightly different packing arrangemenwimch ribbons
are aligned to form sheets. Along withd halogen bonding, C-H- - - O interactions are
observed as shown in Figure 4.10a. In one ribbdifuacated halogen bonding
interaction is observed wherein iodine acts as@gea bond donor simultaneously to O
from an ester and an arene ring. These sheetsaaieed in arababpattern with

additional inter-layer |- winteractions as shown in Figure 4.10b.
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(b) o o

Figure 4.10 (a) 2D sheets4n7 (b) Stacked sheets 4f7 with ababpattern.

The substrates in this study were designed to ptebeterplay between specific
types of halogen bonding interactions and molecsttarcture in similar but
electronically distinct systems. Six basic halogending synthons were observed as
shown in Scheme 4.2. Table 4.3 provides a sumnfdiglogen bonding synthons
observed in compounds3-4.7 Although all the structures (excepd- (py}) exhibited
similar extended stacks of 2D layers, consistamntds in halogen bonding as a function

of halogen or substitution pattern were not obsgr@nly in 1:1 solvent inclusion
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complexes of 4-halobenzoyl esters were similarderidonding motifs present
irrespective of structure. However, the halogenduagpinteractions in all these structures
were all confined to 2D sheet assemblies formewh fparallel alignment of 1D ribbons.

In all structures, extensive arene edge-to-facéacts appear to dominate over halogen
bonding interactions. Given the abundance systems in all substrates, perhaps it is not
surprising that when halogen bonding was obsevaldgen- & synthon Il was the most
common, followed by X --O=C synthon I. Moreoverniast of the structures, not all of
the four peripheral halogens participate in halogemding interactions. Presumably this
can be attributed to other competing interacticlesent in the system, most commonly

edge-to-face stacking of arene rings.

(Type | XB)
e o1 eo )
X :
IV C
(Type Il XB) v vi

Scheme 4.3 Halogen bonding synthons exhibitetd3m.7
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Table 4.2 Summary of solid state halogen bonditgractions (synthons I-VI) observed
in the TPE derivatives.

I I " v \% VI
4.3 (py) +++ +++ — -— — -
4.4-(py) +++ +++ — -— — -
4.3-(DMF) +++ +++ — -— — -
4.4-(DMF) +++ +++ — -— — -
4.4-(py} — +++ - — +++ -
4.5-(py)  +++
4.5-(DMF) --- +++ +++
4.6 +++ +++ +++
4.7 +++ +++

Tetraphenylethylene and many TPE derivatives ekhigregation-induced
emissior?? In dilute solutions TPE’s are generally non-fliswrent, but upon addition of
poor solvent aggregation occurs which resultsfln@escence signal. The physical
reason behind this phenomenon is restriction ramolecular motion in solid or
aggregated states. Sold state samples of TREt® 4.7 were fluorescent as seen with a
hand-held UV light. Single crystals 4f3 and4.4 were further examined using confocal
microscopy (Figure 4.11). As seen, the wavelenfdolid state emission appears to be
independent of halogen or solvent used for crysglbn. This may indicate that AIE in
this system is a molecular phenomenon that isigaotfeantly influenced by extended

solid state packing.
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Figure 4.11 Solid state fluorescence confocal nsicope image of (8).3- (py)(b)
4.3-(DMF), (c) 4.4- (py)(d) 4.4- (DMF),.

Solution phase fluorescence studies were alsopeebin DMF and DMF water
mixtures. All compound4.3-4.7were found to be non-emissive in DMF solution. A
change in fluorescence was observed as a fundtignad water in solution. Fot.3, 4.4
and4.5, fluorescence was turned on upon addition of 2G%ewand reached maxima at
60% water in DMF. Emission maxima for all these poomds were observed at ~470
nm. For4.6and4.7, no or little fluorescence was observed until Bohs reached 80%
(vol) water and a strong fluorescence signal waeoked in of 90% water/DMF with

maxima centered at ~500 nm.
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Figure 4.12 Fluorescence spectra of4(&)(b) 4.4 (c)4.5(d) 4.6 (e)4.7in DMF-water
solvent system.

The differences in fluorescence and aggregatiofilpsamf4.3-4.5as compared
to 4.6-4.7 can be attributed to different solubilities in aqus DMF. Difference in
emission maxima can be attributed to positioningalbgen resulting in difference in

aggregation.

4.4 Conclusion
This study was designed to assay the importanspegdific halogen bonding
interactions in conformationally flexible tritopand tetratopic haloarenes. Bifurcated
X---0=C and X-halogen bonds in haloareAe assist in formation of unique iodo-
arene trimers leading to nanoscale hexagonal ckeimehloroform, pyridine and

benzene inclusion complexes. These inclusion careplevere found to be metastable
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state en route to thermodynamically favored claseked structure displaying both
X:--O=C and X-minteractions.

Halogen bonding was also examined in substéateg.7which lacked strong
hydrogen bonding groups in order to maximize tlili@mce of halogen bonding
interactions. However, only the 4-halobenzoyl stistd compoundd.3 and4.4
displayed a high correlation between molecularcstme and preferred halogen bonding
motifs (X---O=C and X-z). In general, halogen bonding interactions obstindg.3-4.7
appear to reinforce a common stacked-sheet packatd in cooperation with edge-to-
face arene interactions and C-H- & @ydrogen bonding. Compared4@ (and other
tritopic haloarenes), compounds3-4.7 display much less tendency to form X--- X type

halogen bonds.
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CHAPTER V

APPLICATION OF TETRAARYLETHYLENES AS
SUPRAMOLECULAR BUILDING BLOCKS IN METAL ORGANIC
FRAMEWORKS AND ORGANIC CO-CRYSTALS

5.1 Introduction

Crystal engineering is the design and synthesmsalécular solid-state structures
with desired properties, based on an understaratidgxploitation of non-covalent
interaction<® Two widely used strategies in crystal engineegrgbased on applications
of hydrogen bonding and metal-ligand coordinatedimg® Thus, supramolecular
assemblies can be prepared from purely organic onens or by combination of
inorganic and organic precursors.

The terms metal-organic framework (MOF) or coortorapolymer are often
used to describe crystalline compounds consistimgetal ions or clusters coordinated to
often rigid organic molecules. A metal-organic feamork is composed of two major
components: a metal ion or cluster of metal iordsamorganic molecule called a linker.
The organic units are typically di-, tri-, or tetedent ligands® The choice of metal and
linker has significant effects on the dimensiolyadihd properties of the MOF. For
example, the metal's coordination preference inites the size and shape of pores by
dictating how many ligands can bind to the metal imrwhich orientatiofi* Many
MOFs prepared are porous and this property haswielaty exploited in design of
functional materials, especially materials for gamage (e.g. i CO, CQ).***" Fewer
studies have targeted alternative applications OHs!such as chemical sensing or

catalysis’® 1%
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5.2 Objective
Three different TPE derivativésl, 5.2 and5.3 have been synthesized as

described in Chapter 2 and®° Compounds.1 has carboxylic acid groups on the
periphery whereas.2 and5.3 have pyridine rings on the periphery. Here outeugs on
all three compounds have the potential to actgastis for metal ions or metal clusters.
There is also precedent for pyridines to act asdead bond acceptors due to their Lewis
basicity. Thus, the TPE derivatives shown in Fidudeall have possible applications as
linker in organic co-crystals as well as in metgamic frameworks. Moreover,
crystalline assemblies prepared frérit-5.3 should be photoluminescent due to the AIE
phenomenoR® Frameworks with luminescent properties are enmiioto be well suited
for applications related to chemical sensing andlgsis*®*°* Consequently, a study was
initiated to test the feasibility of using theseET@erivatives as metal ligating linkers in
new MOF structures. Additionall.2 and5.3were examined as halogen bond acceptors
in combination with polytopic halogen bond dondrke aim in each case was to use the

bulk and rigidity of TPE components to fashion ogenrdination and halogen bonding

networks.

CO,H CO,H
- [ g

|
o) ‘ ‘ o)
¢ D
CO,H CO,H
5.1 52 53

Figure 5.1 TPE derivatives used as supramolecuiiéibg blocks
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5.3 Results and discussion

5.3.1 Chiral complex 06.1with zinc (II)

Although the molecular flexibility of the ackl1 complicates rational design of
coordination polymers, we nonetheless envisidnéas a roughly square-planar
tetratopic ligand toward appropriate metal i6h&inc was first examined as a potential
metal component, and we were able to obtaiff Zamplex5.4 as colorless plates simply
by mixing5.1 with Zn(ClQy),- 6H,O in 1:2 molar ratio in methanol and allowing the
solvent to evaporate slowly at room temperaturent@oy to expectation, the
stoichiometry of the isolated complex was 1:1, Ento the semiconducting assemblies
obtained fronb.1and bis(pyridine)4Z Each octahedrally-coordinated zinc ion is ligated

by carboxylate units frore.1 along with methanol and water solvates.

Q Q

CO,H CO,H CKOZ )COZ
kO O) (0] (0]

O O Zn(ClOy),6H,0 O O

| > | Zn?

O O MeOH, rt, 4-5 days O O
° ™ ° ™
CO,H CO,H CO,H CO,H

51 54

Scheme 5.1 Synthesis of compkeA

In the complexs.4, Zr** ions link individual molecules d&&.1 via monodentate
carboxylate/carboxylic acid coordination. The oYlestaucture is complex due to its non-
centrosymmetric nature with space group && the presence of coordinated and

included solvent molecules (water and methanolghEan center is surrounded by 0.5
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molecules of methanol and 2.5 molecules water tigdahat are not only disordered but
also have partial occupancy. The last coordinatitenon the octahedral Zncenter is

occupied by free carboxylic acid residue frérihas a neutral ligand.

(b)

Figure 5.2 (a) Structure of compl&x4 (b) Extended packing iB.4.

In the extended packing 6f4, it is observed that each moleculexdt bridges
two Zr’* ions. This results in segregated regionS.afand Zn with individual molecules
arranged in step like fashion (Figure 5.2b). Seapesdjcolumns db.1and Zn are clearly
evident. These columns are separated by layers airs oriented with their axial
ligands roughly parallel to tHe 1 stacking direction. Attempts to grow similar coees
from other metal salts such as Ni(G)&) Cu(CIQy),, Fe(ClQ)s, Co(CIQy), were not

successful under similar crystallization conditions
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Figure 5.3 (a) Solid state fluorescence spectrubIfb) Confocal fluorescence
microscopy image d.1 (c) Solid state fluorescence spectrun®d @f(d)
Confocal fluorescence microscopy imagédi For all measurements,
excitation wavelength is 405 nm.

As is the case with many TPE derivatives, both &ddind Zn comple%.4 were

found to be fluorescent in the solid state underitsatiation®* Solid state fluorescence
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on crystalline samples was performed using confthgaiescence microscopy and image
of each sample along with the spectrum was obtaitedeen in Figure 5.3a, addl

gives broad fluorescence spectrum centered ~49%mnthe other hand, emission
maxima blue shifts in case of the Zn compekwhere spectrum is centered at ~475 nm
(Figure 5.3c). This phenomenon can also be vissalgn by the images obtained from

this study (Figures 5.3b and 5.3d).

5.3.2 Porous metal organic framework prepared f5din
and ZnC}
Compoundb.2was envisioned to be a planar tetradentate ligatidfour

pyridine nitrogen atoms located in the same plana central alkene as observed in the
crystal structure 0b.2described in Chapter 3. Compl®¥% has been synthesized under
solvothermal conditions by mixing tetrapyridyl TBR with ZnCl in a mixture of DMF
and DMA. The reaction was heated to 135 °C in gm@ummable oven at 1 °C/min and
maintained at this temperature for 24 hours, foddwy cooling to room temperature at

0.1 °C/min. X-ray quality crystals &.5were obtained as colorless bars.

ZnCl,
DMF, DMA

Solvothermal
> Complex 5.5

5.2

Scheme 5.1 Synthesis of compke’
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An X-ray diffraction study on the compléx5 reveals the expected topology. An
ababtype layered structure was obtained with octalHdeaordinated zinc centers. The
four equatorial positions of each zinc ion are @ied by pyridine residues from four
different molecules 05.2, and axially ligated chloride ions complete théZn
coordination sphere (Figure 5.4a). As shown in fFagu4b, all four pyridine units &.2
coordinate to Zff ions. The co-planar geometry of the pyridine gsoind.2 with
respect to the central alkene coupled with octaieatinc centers results in formation of
2D layers as shown in Figure 5.4c. The coordinagmere surrounding the invidual zinc
ions is similar to that encountered in classicalivée complexes of general formula
M(py)sX2 where X is halide or pseudohalide anion, and Bl dévalent metal ioh®
Molecular complexes of this type are interestinghey frequently crystallize with
specific solvates (so-called Werner clathrates)fane: been investigated for selective
solid state guest inclusion. Examples of tetrapyidX , complexes are very scartg.
MacGillivray et al. have reported a metal organic framework of Zn{N@ith a
tetrapyridyl ligand tpcb (1,2-tetrakis(4-pyridyldgbutane) which binds metal atoms via
the two different pyridyl groups to give a 2D MO&ded exclusively on 4-connected
nodes’®> Metal organic networks.5 can be viewed as a polymeric array of Werner

complexes and may represent the prototype for dyfarhstructurally related metal ions.
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Figure 5.4 (a) Octahedrally coordinated Zn centér.% (b) Four pyridine groups &.2
ligating to Zn centers in the compl& (c) 2D layers of the complex5.
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The 2D layers irb.5are arranged is ababtype stacking pattern with interlayer
interactions featuring chloride ligands positiontetctly above and below the central
alkene of.2 at a distance of ~3.49 A as shown in Figure 5IBa.absence of
interpenetration and the layered structure resulggeneration of large channels with 2D
openings of ~17 x 14 A (Figure 5.5b). These voiesfidled with disordered DMA
solvates as shown in Figures 5.5¢ and 5.5d. Thwesbimolecules participate in polar
interactions with pyridine rings 5.2 The calculated solvent-accessible void space in

this crystal was found to be 42% using PLATON
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(d)

Figure 5.5 (a) 2D layers stackedard (b) Extended packing i5.5 showing channels
with dimension of of ~17 x 14 A (c) Extended packin 5.5 showing
presence of DMA solvent in channels (d) Solvenupging interlayer space
in5.5

As is the case with many TPE derivatives, the doatthn polymers.5was
found to be fluorescent under UV irradiation. Alprgnary TGA study showed that the
sample loses DMA solvates between ~150 °C to ~T8t ‘afford thermally stable
species up to ~350 °C. We have not yet been aldbtton bulk sample to determine
crystal morphology after solvent evacuation orttalg porosity and gas adsorption of the
sample. Nonetheless, the successful preparatibrbshtisfies one of the main objectives
of this study as the feasibility of incorporatingtal-ligating TPE’s into topologically
intriguing coordination polymers has been demotesdraNotably, exposure of 3-pyridyl

TPES.3to ZnCh under identical reaction conditions failed to prod crystalline
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material. Thus, the geometry B2 may be crucial for coordination polymers modeled
after Werner clathrate hosts. It is anticipated #ualitional examples of similar
coordination networks should be available frr®and other M* halides. It is further
expected that the presence of a suitable ‘solterdtt as a template for clathrate
assembly will be important as well. Applicationssofvothermal conditions to prepare
crystals from same ligand with other metal dihaidach as CugINiCl,, CdC} and

CoCb were not successful.

5.3.3 Organic co-crystals prepared from tetrapyrid3E
5.3 and iodoperfluorobenzenes

Halogen bonding interactions between pyridine aslddrenes are well
precedented in the literatuteToward this end, we utilized both tetrapyridyl T®E.2
and5.3to form co-crystalline assemblies with iodoperflomrenes. Two different
iodoperfluoroarenes were used in this study; lidddietrafluorobenzene and 1,2-
diiodotetrafluorobenzene. The fluoro groups (whdchnot participate in halogen
bonding interactions) serve to activate the iodoaubstituents for halogen bonding by
virtue of their electron withdrawing ability. Both2 and5.3 were subjected to
crystallization with these two iodoperfluorobenzeaad two different single crystalline
samples were obtained. Both structures featured 6Rb - - N,y halogen bonds and both
were obtained as close packed co-crystals, in etbeds, solvents were not included in
5.6 0r5.7. Both structures also bear remarkably similar haflologies, despite

differences in individual packing motifs.
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EtOAc, MeOH, rt

53 5 56

Scheme 5.2 Synthesis 916

Compoundb.6was obtained via slow evaporation of solutions.8fand 1,4-
diiodotetrafluorobenzene in methanol and ethylateetolvent mixture (Scheme 5.4). As
envisioned, a 1:2 stoichiometry betwée8 and 1,4-diiodotetrafluorobenzene was
observed with C-I- - -\ halogen bond interactions being present (Figufa)SEach
molecule of5.3interacts with 4 molecules of 1,4-diiodotetraflobenzene. The |---N
distances were 2.768 A to 2.959 A which are inrtmge of some of the shortest I---N

halogen bonds reported in neutral compleXés.
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Figure 5.6 (a) C-I--- N halogen bonds observedsr6 (b) Stacks of 1,4-
diiodotetrafluorobenzene 6 (c) (d) Extended packing B6.



113

In this structure, diiodotetrafluorobenzene molesidre cofacially stacked with
centroid distances ranging between ~3.6 A to ~3(Bidure 5.6b). Adjacent arene rings
are rotated with respect to one another such tleaydifth arene is in the same
orientation. Individual molecules 6f3 are oriented in such a way that both molecules in
contact with one iodoarene are arranged in mutyedfpendicular directions. This results
in propagation of molecules 6f3in two different directions, ultimately resultiiy
rhomboid channels as shown in Figure 5.6¢. Thenebetg packing illustrated in Figure
5.6d shows that these rhomboid channels extendghout the crystalline matrix and

house the cofacially stacked iodoarenes.

EtOAc, MeOH, rt

53 5.7

Scheme 5.3 Synthesis Bf7

Compoundb.7 was obtained via slow evaporation of solution§.8fand 1,2-
diiodotetrafluorobenzene in methanol and ethylateetolvent mixture (Scheme 5.4). As

envisioned, a 1:2 stoichiometry 13 1,2-diiodotetrafluorobenzene was observed with
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C-1---Nyy halogen bond interactions being present (Figufa)SSimilar to the situation
encountered in co-crystal6 each molecule d.3 interacts with 4 molecules of 1,2-
diiodotetrafluorobenzene. The I---N distances w&r@ A to 3.1 A. Once again,
diiodotetrafluorobenzene molecules are cofacidalgleed with centroid distances ~3.6 A

to ~3.8 A, Figure 5.7b).
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Figure 5.7 (a) C-I-- - halogen bonds observedsiv (b) Color coded stacks of 1,2-
diiodotetrafluorobenzene 7 (c) (d) Extended packing b7

The overall structure d&.7 consists of two distinct non interpenetrating reeks
that include haloarenes along with moleculeS.8f(Figure 5.7c). Alternate molecules of
iodoarenes are part of alternate networks as showigure 5.7b. Interestingly, these
networks pack in such way so as to produce rhomtiwaehnels in which layers of
iodoarene halogen bond donors reside. Thus, agfaece5.6 and5.7 appear to have
virtually identical solid state structures eventbb there are significant differences in

individual network architectures.
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The extent of halogen bonding5m6 and5.7 emphasizes the fact that
electrophilicity of the iodo halogen bond donor bagn enhanced by presence of more
fluorine atoms on the arene rings. This resuligarticipation of both iodine atoms in
each arene in halogen bonding interactions wittogén atoms of pyridine. We briefly
examined whether halogen bonding was operativelutien using fluorescence
spectroscopy. We speculated that halogen bondtegaictions may lead to
multimolecular aggregates that might be fluores¢emt AIE). In the event, however, we
found no indication of fluorescence in THF solusarf5.3 and diiodoarenes at
concentrations as high as @ll. Only upon addition of KD was fluorescence was

observed and this is attributed to aggregatiomeftPE derivative in aqueous solutfén.

5.4 Summary

The three TPE derivativésl, 5.2 and5.3 have been successfully used as
supramolecular building blocks in construction atat-organic frameworks and organic
co-crystals via coordinate bonds and halogen bdddspound$.1 are5.2 have been
used as linkers in metal organic frameworks. Th& Zamplex5.4 formed from
tetraacids.1 and Zn(ClQ), displays structural characteristics similar toaoig
semiconducting assemblies obtained ffarhand various bis(pyridine)s in that
segregated regions of TPE stacks antf Bms are present. Additional coordination of
water and methanol as exchangeable ligands onrtleezters results in a non-
centrosymmetric structure. This property can padiytoe exploited in application of
5.4 as asymmetric catalyst.

In the MOF5.4 obtained from solvothermal crystallization®® with ZnCh, a
layered structure is observed with generation @fdahannels with 2D openings of
~17x14 A which were occupied by solvent molecufegure work includes performing
solvent exchange experiments as well as gas abmogitidies on this material and

inspecting the effect of solvent on fluorescencalogen bonded assembli&$ and5.7
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display seemingly strong N- - - | halogen bondingatigons as judged by the short N- - - |
contact distances. All four pyridines ®f3 and both iodine atoms of 1,4- or 1,2-
diiodotetrafluorobenzene participate in halogendmog interactions. Both structures
show the presence of cofacially stacked haloarsaesunded by a square grid network
of 5.3 This results in formation of rhomboid channelsvimch stacks of

diiodotetrafluorobenzene reside.
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CHAPTER VI
SUMMARY AND FUTURE DIRECTIONS

6.1 Summary

The initial objective of the research describethmprevious chapters was to
utilize tetraphenylethylene (TPE) derivatives asramolecular building blocks for
functional materials. Toward this end, synthesis applications of various TPE
derivatives was described.

Principles of crystal engineering were applied tahthe construction of
supramolecular assemblies between an acid-fundizedaetraphenylethylene derivative
and four different bis(pyridine)s. Each assemblyg wi&ucturally characterized, and
charge transfer interactions within each sampleeweually apparent. Quantum
chemical calculations were used to determine drisstad structure and band gap
magnitude, and electrical properties of the matenare measured using conducting
probe atomic force microscopy (CP-AFM). The crystéikplayed charge-carrier
capability, and the magnitude of semiconductividyi®d systematically as a function of
conjugation in the bis(pyridine) component. Crysiacorporating 4,4'-
bis(pyridyl)ethylene and 4,4’-bipyridine displayednductivities comparable to those of
established organic semiconductarss(= 0.38 and 1.7 x T0cnf/V-s, respectively).

Two tetrapyridyl-substituted tetraphenylethylenesevprepared via Suzuki
coupling between tetrabromo tetraphenylethylene3arat 4-pyridine boronic acid. Both
compounds exhibit aggregation-induced emissioreéerchined by solid state
fluorescence spectroscopy and solution phase 8uereee measurements performed in
agueous/organic solvent mixtures. Solution phasadlscence was also found to be
switchable as a function of pH. Both compounds vetmecturally characterized by X-ray
crystallography. Upon treatment with Fe(G)$9xH,O, these compounds were converted

to their tetraperchlorate salts. These tetra-peralgs were isolated as single crystals and
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their structures were determined by X-ray diffracédry. In both cases extensive
hydrogen bonding networks were observed involvipgdinium N—H groups,
perchlorate anions, and included water moleculeslithonally, both structures feature
hydrophobic crystalline regions formed from stagkat tetraarylethylene cations in
helical fashion.

Solid state halogen bonding interactions have legamined in structurally
similar tetratopic haloarenes bearing a commoapéenylethylene core. This study was
designed with the aim of providing insight into tie¢ative importance of fundamental
solid state halogen bonding interactions. A tofaline crystal structures from five
different tetraarylethylene substrates were obthil¢hile distinct and unique X---O and
X---mhalogen bonding interactions were identified inhestructure, all structures
displayed nominally similar packing arrangementsegally consisting of 1D ribbons
aligned to generate non-interpenetrating 2D shéaéis.feature may be a consequence of
extensive edge-to-face arene-arene interactiomslfoueach structure and may indicate
a greater structure-determining role for aryl iat#ions relative to halogen bonding
contacts in this system.

The last part of this work involved utilizing difient TPE derivatives as building
blocks in metal organic frameworks and organic gatalline assemblies. Tetraacid
derivative of TPE was treated with Zrio yield a zinc complex which crystallized in a
non-centrosymmetric space group. Two differentafgtridyl derivatives of TPE were
used as building blocks in a porous metal orgamaiméwork with ZnGl and an organic
co-crystalline assembly with diiodotetrafluorobemze mediated by N- - -1 halogen
bonding interactions. In each system intriguingdess were evident. ZhMOF
possesses relatively large channels that may peateittive solvate ingress and egress
while the halogen bonded co-crystals exhibitedlated columnar stacks of iodoarene
components. These initial findings establish adfmsi future work aimed at capitalizing

upon these unique structural features for desigrowél functional materials.
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6.2 Future directions

We have demonstrated that TPE is an attractiveasugecular building block
and TPE derivatives can be used as functional ratgdor variety of applications. To
extend this study, a variety of TPE derivatives lbarprepared and used in design of

functional materials.

6.2.1 Organic semiconducting assemblies based & TP

framework

1. nBulLi
2. 4,4'-dimethoxy

benzophenone R R R R
3. PTSA, toluene

6.1 6.2 6.3

Scheme 6.1 Synthesis of dicarboxylic a@idl

There are two variables in our design of organmisenducting assemblies; the
carboxylic acid component and the bis(pyridine)e Tinportance of four carboxylic acid
residues and the effect of electron donating graupthe acid molecule can be examined
by synthesis of diacifl.3 from previously known phenol intermedia@&'°® as shown in
Scheme 6.1. Additionally, other variants in thgfysidine) can be examined by use of
various previously known bis(pyridine§s4-6.7.°°%Compoundb.7 is of particular

interest due to presence of electronically actiphthalene diimide group as the core.



6.4 6.5 6.6 6.7

Figure 6.1. Examples of other bis(pyridine) unitdbe synthesized and used.

A different approach is to combine both participgtunits on the same molecule.
Scheme 6.2 displays synthesis of two such compoaloag this approach. One side of
the TPE core is functionalized with pyridine uratsd the other side has carboxylic acid
residues. The bifunctional TPE derivatv® can potentially form a ribbon-like network

with similar electroactivity as the dual componassemblies previously described.

6.8 6.9

Scheme 6.2 Synthesis of bifunctional TPE derivaige

6.2.2 Halogen bond donors based on TPE core
As it was described in previous chapters, halobgresters of TPE derivatives
have a propensity to be involved more in areneacteons than participate in halogen
bonding interactions. Electron deficiency of halogan be enhanced by addition of

fluorine substituents on an arene ring. Toward ¢nid, an ested.11can be prepared
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from previously reported starting materfais°via one step esterification. This
compound will not only participate in halogen barglinteractions with same molecules,
but it has potential to be co-crystallized withigas electronically active Lewis base
moieties that can result in formation of neutralctloactive complexes mediated by

halogen bonds.

F F F F
GO F F F F
F F
HO OH 0~ © o "0
O YT L
|
T e - |
O O DCC, DMAP O O
HO OH Ox© 0. ©
F F F F
F F F F
| |
6.10 6.11

Scheme 6.3 Synthesis of iodoperfluorobenzoyl estéPE6.11

6.2.3 TPE based linkers for metal organic framework
Apart from pyridine groups, carboxylic acid ligarnus/e been widely used as
linkers in metal organic frameworks. Two rigid getrarboxylic substituted TPEG12
and6.13can be prepared and crystallized with various hsetiéss. Compoun@.12may
be conveniently prepared from previously knownatetylethylené™ and compound

6.13may be prepared from previously known cyano dékieaby hydrolysis®



HO,C COLH
HO,C ‘ g CO,H O ‘ g O
® l ® I

HO,C COH O O
HO,C CO,H

6.12 6.13

Figure 6.2 Other fluorescent linkers for MOFs

Coupled with accessibility of the TPE derivativeishwheir interesting opto-
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electronic properties at the molecular level, wpénto utilize TPE derivative in variety

of supramolecular functional materials.
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CHAPTER VII

EXPERIMENTAL

7.1 General experimental details

All commercially available starting materials wersed as received unless
otherwise noted. All reactions were performed uradgon atmosphere. Solvents were
dried and purified by passage through activatechala columns. Proton nuclear
magnetic resonancéH-NMR) spectra and carbon nuclear magnetic resan@re-

NMR) spectra were recorded at 300 MHz and 75 MEigpectively. Chemical shifts are
recorded a8 values in parts per million (ppm) relative to &trethylsilane fofH-NMR
and™*C-NMR in CDC} and residual undeuterated solvent for all othecsp. High
resolution mass spectra were obtained using elsptay ionization (ESI). Melting

points were recorded using a capillary melting papparatus and are uncorrected. Infra-
red spectrum were collected Diffraction data werkected on a Nonius-Kappa CCD
diffractometer. Fluorescence spectroscopy was pegd on a Horiba Jobin Yvon
Fluoromax 4 fluorospectrometer in a 1 cm quartza@d commercially available
spectroscopy grade solvents were used. Slit waltkexcitation and emission were 1 nm
each and integration time was 0.1 s. Thermogravimanhalysis (TGA) was performed
on TA Instruments Q500. Approximately 5-10 mg cf #ample in an open aluminum
pan was heated in the TGA from room temperatudsS@5C at 5°C/min under nitrogen
purge. Topographic height imaging and I-V measurégmeere performed using a
commercially available atomic force microscope (MBEP, Asylum Research, Santa
Barbara, CA) with a conducting probe module (OR®@8ylum Research, Santa Barbara,
CA). Samples were first imaged using AC mode teweine crystal morphology. All
imaging and measurements were collected usingnacaid coated tip

(NANOSENSORS, Switzerland) with a tip radius ofvature of 150 + 50 nm and spring
constant of 0.02-0.77 N/m.
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SHELXTL was used for processing of X-ray data. @lsgraphic data were
processed using full matrix least squares refinerBF against all reflections. The
weighted R-factor (WR) and goodness of fit S arsebzon E, conventional R-factors (R)
are based on F, with F set to zero for negativd ke threshold expression of ¥ 26(F?)
is used only for calculating R-factors(gt) etc.d asmnot relevant to the choice of
reflections for refinement. R-factors based dmfe statistically about twice as large as

those based on F, and R-factors based on all dkhtaeveven larger.

7.2 Experimental data for Chapter 2

Tetramethoxy TPR.7 and tetraphend.8 were synthesized according to the

29
l:

procedure published by Schuéizal = Bis(pyridyl)acetylene BPA was synthesized

according to the procedure published by Coe %t al.

7.2.1 Synthesis and characterization of tetra@sger

Under argon, tetraphenl8(0.25 g, 0.63 mmol), ¥CO; (1.05 g, 7.57 mmol) and
ethyl bromoacetate (0.7 mL, 6.31 mmol) were mixedHF (20 mL) and heated to
reflux for 72 h. The reaction was diluted with waaed extracted with EtOAc (3 x 25
mL). The organic layers were combined and washéd 1% ag. NaOH solution (50
mL) and brine (50 mL). After drying over anhydrddgS0O, the solvent was removed
under vacuum and the residue was purified by sgaldlash column chromatography
(1:1 EtOAc:Hexanes) to yield.9as a yellow semi-solid (0.32 g, 68%).
'H NMR (300 MHz, CDC}, 298 K):5 6.90 (d,J = 8.76 Hz, 8H), 6.63 (dl = 8.76 Hz,
8H), 4.54 (s, 8H), 4.25 (§,= 7.14 Hz, 8H), 1.28 (= 7.14 Hz, 12H).
13C NMR (75 MHz, CDCY, 298 K)& 168.8, 156.1, 138.4, 137.4, 132.4, 113.8, 65.2,61
14.0.
IR (neat) (crit) 1756.
HRMS (ESI) calculated for £SH4401- Na [M+Na] 763.2730, found 763.2706.
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7.2.2 Synthesis and characterizatior & (TCA)

Tetraeste?.9(0.25 g, 0.23 mmol) and 0.27 g (6.75 mmol) NaOHenaymbined
in a 1:1 solution of THF:water (20 mL) and the mid was heated to reflux for 4 h. The
volume of solvent was then reduced under vacuunttedemaining aqueous residue
was diluted with HO to a volume of 30 mL. The solution was acidifigdaddition of
50% aq. HCI to pH ~2 which resulted in precipitataf the desired tetraacid as a pale
yellow solid. The solid was collected by vacuurntrédition, washed with 4O (50 mL),
and dried in air to giv@.2(0.17 g, 82%).

'H NMR (300 MHz, DMSOd6, 298K)$ 6.81 (d,J = 8.75 Hz, 8H), 6.62 (d] = 8.75 Hz,
8H), 4.45 (s, 8H).

13C NMR (75 MHz, DMSOd6, 298K)& 171.2, 156.3, 138.7, 132.1, 115.6, 114.7, 65.9.
IR (neat) (crit) 1756, 3460.

HRMS (ESI) calculated for £H,70,2 [M—H]  627.1503, found 627.1500.

Melting Point 208-210°C (dec).

7.2.3 Preparation afCA- bis(pyridine) single crystals

Single crystals were grown in 4 mL sample vials.alsolution ofTCA in
methanol (1 mL) was added a solution of bis(pyedlifeitherBPE, BPEt, Bpy or BPA)
in acetone (1 mL) at room temperature. The mol@o f TCA to bis(pyridine) was 1:2
in each case. The solutions were thoroughly mixeddmtly swirling the reaction vial.
The solution was allowed to slowly evaporate atmdaemperature to yield crystals
suitable for X-ray diffraction after 3-4 days.
TCA-BPE: 20 mgTCA and 6 m@BPE. Yield of single crystals (pink): 4.3 mg (19%).
TCA-BPEt: 20 mgTCA and 6 m@PEt. Yield of single crystals (yellow): 6.2 mg
(27%).
TCA -Bpy: 20 mgTCA and 5 m@Bpy. Yield of single crystals (orange): 5.1 mg (23%).
TCA-BPA: 20 mgTCA and 5 m@BPA. Yield of single crystals (orange): 5.1 mg (23%).
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7.2.4 Preparation ofCA- bis(pyridine) bulk sample

To a solution ofTCA in methanol (10 mL) was added a solution of bis(bge)
in acetone (10 mL) at room temperature. The maiao Of TCA to bis(pyridine) was 1:1
in each case. The solution was thoroughly mixedthad allowed to evaporate to near
dryness over 5-6 days. The solid residue which éaraturing this time was collected by
filtration and washed sequentially with methanadl acetone. Solid samples were then
dried under vacuum at room temperature for 3 heldaynicrocrystalline materials which
were characterized by PXRD, TGA, and CP-AFM.
TCA-BPE: 200 mgl and 58 md@BPE. Yield of pink powder: 124 mg (60%).
TCA-BPEt: 200 mgl and 59 m@BPEt. Yield of yellow powder: 180 mg (88%).
TCA -Bpy: 200 mgl and 50 m@Bpy. Yield of orange powder: 164 mg (80%).

We were not able to obtain a bulk sampld GfA -BPA using this procedure.

7.2.5 Experimental procedure for DFT calculations

This work was performed by our collaborator Dr.@®Baltrusaitis. X-ray
structural data obtained féiICA -BPE, TCA-BPEt, TCA-Bpy andTCA -BPA was
subjected to further quantum chemical refinemeebr@etry optimization was performed
using a hybrid B3LYP Hamiltonidf? and all electron 6-31G(d) basis sets for C, N, C
and H atoms with H basis set having outer shelbagpts of 0.1613 and 1.1 bohr-2,
previously successfully used in urea electronigcstire calculations. Radial and angular
points of the grid were generated through Gausseh@e radial quadrature and Lebedev
two-dimensional angular point distributions witpprained grid of 75 radial and 974
angular points. Structure optimizations were penfed using analytical energy gradients
with respect to atomic coordinates, within a qudswton scheme combined with the
Broyden—Fletcher—Goldfarb—Shanno scheme for Hesgidating. Convergence was
checked on both gradient components and nuclepladesments and was signaled when

RMS gradient was 0.0003 and RMS displacement w1 Q. Only atom positions were



128

optimized while the unit cell parameters were Ke@d. Symmetry relationships were
fully exploited in these calculations. Truncatiatteria for bielectronic integrals were set
to 7,7, 7, 20 and 50 with shrinking factors ofér density of states (DOS) projection
calculations, shrinking factors of 6 were used@badenser grid and a more accurate
DOS representation. Periodib initio solid state program suite CRYSTAL’09 was used
in all calculations. It uses the functions locatizen atoms as the basis for expansion of

the crystalline orbitals via linear combinationaddmic orbitals (LCAO) technique.

7.3 Experimental data for Chapter 3

TetrabromoTPE.4was synthesized according to the modified procedur
published by Schultet al® In this case, after bromination, the reaction mmietwas
diluted with EtOAc and excess bromine was remowettdatment with 10% ag.

N&S,03 until the organic layer was almost colorless. dlganic layer was then washed
with water and dried over N80, and concentrated in vacuo to yi@d as yellow solid.
It was purified using silica gel flash column chraagraphy by 5% C¥Cl, in hexanes as

the eluent.

7.3.1 Synthesis and characterizatior3 df

To a 250-mL 3-neck flask was addad (1.00 g, 1.54 mmol), 3-pyridine boronic
acid (1.14 g, 9.26 mmol), dimethoxyethane (DMEn@0, and 2 M ag N&O; solution
(60 mL). The reaction mixture was deoxygenated udybting Ar through the solution for
20 min. Tetrakis(triphenylphosphine)-palladium(0)37 g, 0.33 mmol, 20 mol %) was
then added and the reaction was heated to refluldXd. After cooling to rt, water (100
mL) was added which resulted in formation of a pi&te. This solid was collected by
filtration and the filtrate was extracted with EtO& x 50 mL) and CkCl, (2 x 50 mL).
The combined organic extracts were dried over arduglNaSQO,, filtered, and
concentrated in vacuo. The residue remaining wasbgwed with the solid collected

from the reaction mixture and purified by silicd fiash column chromatography (10%
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MeOH in EtOAc) to afford.1(0.47 g, 47%) as a pale solid.

H NMR (CDCk, 300 MHz) d 8.83 (s, 4H), 8.55 (d, J = 4.1 Hz, 4HB5 (dt, J = 7.9 Hz,
1.7 Hz, 4H), 7.34 (dd, J = 7.9 Hz, 4.8 Hz, 4H) 27(d, J = 8.3 Hz, 8H), 7.23 (d, J = 8.3
Hz, 8H).

13C NMR (CDCE, 75 MHz) d 148.8, 148.4, 143.5, 140.9, 136.4, 23634.4, 132.5,
126.9, 123.8.

HRMS (ESI) Calcd for GsHasNa ([M+H]"), 641.2705; found 641.2700.

Mp >230 °C.

Tetrapyridine3.2 was prepared frorB.4 and 4-pyridine boronic acid in an analogous

fashion. Spectroscopic properties3o? matched those reported previoudly.

7.4 Experimental data for Chapter 4

7.4.1 Synthesis and characterization of tris(4-pigimoxy)
trimesoates.2

1,3,5-Benzenetricarbonyl trichloridiel (2.0 mmol, 0.53 g), BN (10 mmol, 1.4
mL), and DMAP (1.0 mmol, 0.12 g) were combined ichtbromethane (15 mL) and
cooled to 10 °C. To this reaction mixture, 4-iodepbl (6.6 mmol, 1.45 g) dissolved in
dichloromethane (10 mL) was added dropwise. Theticgawas allowed to gradually
warm to rt and maintained for 4 h. Water was adddtie reaction mixture and the layers
were separated. The aqueous phase was extracteddalitional CHCI, and the
combined organic layer was washed with 10% ag. $¢@ition, 5% ag. NaOH solution,
and brine, followed by drying over anhydrous,8@. Filtration and removal of the
solvent afforded crude product that was subjeatquiitification by flash column
chromatography (Si§ 1:1 hexanes:EtOAc) to afford2 (1.06 g, 65%) as a colorless
solid.
H-NMR (300 MHz, CDC}) § 7.05 (d,J = 4.5 Hz, 6H), 7.79 (d] = 4.5 Hz, 6H), 9.2 (s,
3H).
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13C-NMR (75 MHz, CDC}) § 90.8, 123.9, 131.2, 136.4, 138.9, 150.5, 163.1.
IR (neat) cm’ 1744, 1219.
Anal. Calcd. for G;H;51306: C, 39.71; H, 1.84. Found: C, 39.92; H, 1.89.

7.4.2 Synthesis and characterization of haloedt&to 4.7

Tetraphenot.&° (100 mg, 0.25 mmol) was dissolved in 10 mL THR] ar211
mL (1.50 mmol) EiN, 3.1 mg (0.025 mmol) DMAP and 4.5 molar equividesf
halobenzoyl chloride were added under argon at reonperature. Reactions were
maintained for 12 h, and then concentratedacuoto afford white solids. The solids
were combined with 10 mL 10% aq. NaOH solution aiggrously stirred for 15 min.
Stirring was stopped and the solids were alloweskttde at the bottom of the flask and
the NaOH solution was decanted. This procedurerg@sated twice with 10 mL ofJ@.
After the final treatment the remaining solids weodlected by vacuum filtration,
washed thoroughly with #D, and dried in air. Analytical samples were olediby
recrystallization from pyridine. Solubility issupgevented collection dfC NMR data.

4-Bromo ested.3 Mp > 220 °C.*H NMR (DMF-d;, 300 MHz):5 8.06 (d,J =
8.7 Hz, 8H), 7.93 (dJ = 8.4 Hz, 8H), 7.25 (s, 16H).

4-lodo ested.4 Mp > 220 °C.*H NMR (DMF-d-, 300 MHz):5 8.06 (d,J = 8.7
Hz, 8H), 7.93 (dJ = 8.4 Hz, 8H), 7.25 (s, 16H). HRMS (EBICalcd for G4Hs2l40s- Na
(IM+Na]"), 1338.8174; found 1338.8189.

3-Bromo estert.5 Mp > 220 °C.*H NMR (DMF-d;, 300 MHz):8 8.28 (s, 4H),
8.17 (d,J = 8.1 Hz, 4H), 7.98 (d] = 8.1 Hz, 4H), 7.62 (] = 7.95 Hz, 4H), 7.28 (s, 16H).
HRMS (ESI) Calcd for GsH3:BrsOg- Na ([M+Na]), 1148.8708; found, 1148.8710.

2-Bromo estert.6 Mp > 220 °C.*H NMR (DMF-d;, 300MHz):5 8.08 (m, 4H),
8.02 (m, 4H) 7.86 (m, 4H), 7.61 (m, 4H), 7.29 GHL HRMS (ESI) Calcd for
Cs4H3Brs0g([M™.]), 1123.8831; found, 1123.8840.
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2-lodo ested.7: Mp > 220 °C.*H NMR (DMF-d;, 300 MHz):5 8.15 (m, 4H),
8.04 (m, 4H), 7.82 (m, 4H), 7.63 (m, 4H), 7.2918H). HRMS (EST) Calcd for
CsaH32140g- Na ([M+Nal), 1338.8174; found 1338.8182.

7.5 Experimental data for Chapter 5

Syntheses of all three TPE derivatite$ 5.2 and5.3 are provided in

experimental section for Chapters 2 arfd%.

7.5.1 Synthesis of Zn complé&x4
20 mg of tetraaci®.1 was mixed with 24 mg of Zn(ClR-xH,0 in methanol.
Solvent was allowed to evaporate &dwas obtained as colorless crystals after 3-4

days. Crystallographic yield was not determined.

7.5.2 Synthesis of Zn complé&x5
20 mg Tetrapyridyl TPEKB.2was mixed with 9 mg Zngin a 1:1 mixture of DMF
and DMA (2 mL). The mixture was heated in a 10 ndsg sample vial to 135 °C in a
programmable oven at 1 °C/min and was maintaind@at’C for 24 hours, and then
cooled to room temperature at 0.1 °C/min. X-raylitparystals of5.5were obtained as

colorless bars. The crystallographic yield wasdetermined.

7.5.3 Synthesis d&.6and5.7
20 mg Tetrapyridyl TPEB.3was mixed with 25 mg 1,4-diiorotetrafluorobenzene
in 1:1 mixture of EtOAc and methanol (2 mL). Solteras allowed to evaporate abdb
was obtained as pale yellow needles after 3-4 dagsmilar procedure was used to
prepareb.7 with same amount &.3and 25 mg of 1,2-diiodotetrafluorobenzene. The

crystallographic yields were not determined.
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CCDC number
Formula

MW

Cryst. system
Space group
allA

b/A

cl/A

al°

pr/e

yl°

VA3

4

Dcalc

u (mm”)

T/K

No. of refins

No. of unique
reflns

No. of reflns | >
25(1)

Parameters
R1 [l > 20(1)]
wR; all reflns

TCA-BPE
pending

Q8.3H43.J\l 2013

859.75
monoclinic
C2/c

35.414(4)

12.6212(14)

9.2922(10)

90

95.497(5)

90

4134.2(8)

4

1.381

0.101

150(2)

24467

3160

2172

291
0.0574
0.1587

TCA-BPEt

pending

C47.4d_|45.5d\12013.40

857.50

monoclinic

C2/c

36.557(4)
12.5100(14)
9.2151(10)

90
96.781(5)
90
4184.8(8)
4
1.361
0.100
190(2)
22063

2719

1487

299
0.0572
0.1522

TCA-Bpy

pending

C47H4gN2O1s

880.87
triclinic
P-1
9.4628(10)
14.4930(15)
16.2100(17)
99.907(5)
98.249(5)
90.148(5)
2166.5(4)
2
1.350
0.101
150(2)
30930
6016

3505

590
0.1067
0.3246

TCA:-BPA
pending
CSO.Sd_I43.6d\IZOl4

900.91
ortth@mbic

9.4674(19)
28.214(6)
16.483(3)
90
90
90
4402.9(15)
4
1.359
0.100
190(2)
40294
2088

1755

605
0.0759
0.1755
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CCDC
number

Formula

MW

Cryst.
system

Space
group
allA

b/A
c/A

ol®
p/°
yl°
V/A3
Z

Dcarc

w (mm)
T/K

No. of
reflns

No. of
unique
reflns

No. of
reflns | >
25(1)

Parameter
S

R [l >
25(1)]

wR; all
reflns

3.1- (EtOAcC
)

CCDC-
811775
GoHaoN4O2

728.86
Monoclinic

P2/c
15.3307(16)
39.832(4)
19.455(2)

90
104.832(5)
90
11485(2)
12

1.265
0.078

150
203698

20210

12431

1600
0.0476

0.1274

3.1.(DMA) 3.2:(NMP) 3.5
CCDC- pending CCDC-823825
811776
CsoH4iNsO CseHsoNO,  CagHa0.38C1aN4O15 1
7

727.88 839.02 1081.77
Triclinic monoclinic  Monoclinic

P-1 P2 P2/n

10.8926(12 13.0349(14 8.8607(10)
)

12.9890(14 9.6770(11)  36.330(4)

12.2807(15 18.719(2)
)

14.7571(16)

97.369(5) 90 90
101.612(5) 102.804(5) 93.049(5)
94.508(5) 90 90
1951.4(4)  2302.5(4)  4743.7(9)
2 2 4
1.239 1.210 1.515
0.075 0.075 0.332
190(2) 210(2) 190(2)
22527 29971 42623
5741 2660 7273
3485 1565 4329
561 463 655
0.0544 0.1091 0.0578
0.1433 0.3354 0.1283

3.6
CCDC-823824
C47H46CliNLO,

0
1128.68

Monoclii
P2/n
19.689(2)
9.4722(10)
27.058(3)

90
.182(5)
90
4932.6(9)
4
1.520
0.325
210(2)
53649

5477

2678

567
0.0821

0.2259
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Table A3 Crystallographic data for Chapter 4.

4.3-(py) 4.3-(dmf)  4.4-(py) 4.4-(dmf)  4.4-(py)
CCDC number pending pending pending pending pending

Formula Gredssss  Csraddao1r  CosgsHaesd  CsgradHazon  Cesrdasrd
BrisNg70s BraN1160g1  4N0.910s 1la N1570g  aN2970g

6

MW 1189.80 1213.23 1388.11 1431.45 1549.54
Cryst. system triclinic triclinic triclinic triclirc triclinic
Space group P-1 P-1 P-1 P-1 B2
allA 10.543(4) 10.2173(1110.6242(12 10.2230(11 10.3097(11
) ) ) )
b/A 16.296(5) 16.4911(17 16.3746(17 16.4842(17 37.511(4)
) ) )
cl/A 17.040(6) 19.045(2) 16.9432(1819.0391(19 16.7490(18
) ) )
al® 112.180(16 65.831(5) 111.993(5) 65.799(5) 90
)
B/° 90.699(15) 85.161(5) 91.015(5) 85.211(5) 108(%)
v/° 106.481(19 73.224(5) 106.380(5) 73.177(5) 90
)
VA3 2576.0(16) 2801.0(5) 2596.8(5) 2798.9(5) 6188)%(11
z 2 2 2 2 4
Dcarc 1.534 1.439 1.775 1.698 1.663
u (mmh) 3.180 2.928 2.456 2.284 2.072
T/K 210(2) 190(2) 200(2) 200(2) 190(2)
No. of refins 12376 33797 27748 40387 69935
No. of unique reflns 3814 7279 8664 7290 11341
No. of refins | > &(1) 2715 5250 6397 4182 6764
Parameters 202 650 687 666 714
Ry [I > 26(1)] 0.1273 0.0748 0.0523 0.0589 0.0499

wR; all reflns 0.2879 0.2400 0.1189 0.1335 0.1047
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Table A4 Crystallographic data for Chapter 4.

45.(DMF)  4.5-(py) 4.6 4.7
CCDC number pending pending pending pending
Formula GH3BrsNO  CsH3BriNO  Cs54H3.Br,Og Cs4H301 405

9 8
MW 1201.53 1207.54 1128.44 1316.40
Cryst. system monoclinic triclinic monoclinic triicic
Space group Rth P-1 P2n P-1
allA 11.3913(12)  11.9174(13)  22.073(3) 10.2588(11)
b/A 14.9677(16)  15.3574(16)  8.6817(10) 15.302%(16
cl/A 29.896(3) 16.0001(17)  23.886(3) 30.704(4)
al® 90 65.224(5) 90 96.614(5)
B/° 93.341(5) 70.717(5) 94.603(5) 90.414(5)
yl° 90 77.858(5) 90 95.087(5)
VA3 5088.7(9) 2500.8(5) 4562.5(10) 4768.4(9)
4 4 2 4 4
Dcaic 1.568 1.604 1.643 1.834
u (mmh) 3.222 3.277 3.586 2.669
T/K 190(2) 190(2) 190(2) 190(2)
No. of reflns 45136 29682 54032 46871
No. of unique reflns 6649 8967 5974 16697
No. of refins | > &(1) 4033 5412 3415 8161
Parameters 642 677 595 1189
Ry [I > 26(1)] 0.0519 0.0478 0.0597 0.0563

wR; all reflns 0.1124 0.0886 0.1178 0.0938




Table A5 Crystallographic data for Chapter 5.

CCDC number
Formula

MW

Cryst. system
Space group

allA

b/A

cl/A

al°

pr/e

yl°

v /A3

4

Dcaic

w (mmnt)

T/K

No. of reflns

No. of unique reflns
No. of refins | > &(1)
Parameters

Ry [1> 20(1)]

wR; all reflns

5.4 5.5
pending pending
C36.55H38.2 Csg76d15353dC  CsgHaoFelaN4
1017.45Zn  1,NgO4Zn
822.05 1093.89
P2 1222
monoclinic orthorhombic
9.3642(10) 11.8883(13)

11.1788(12)
18.1526(19)
90
101.359(5)
90
1830.0(3)
2
1.465
0.738
150(2)
51730
6540
5917
530
0.0502
0.1356

14.3578(15)
17.3070(18)
90
90
90
2954.1(5)
2
1.230
0.557
210(2)
17558
2706
2239
208
0.0479
0.1303

5.6

pending

1444.48

P1

triclinic
14.1443(15)
14.3491(15)
15.0776(16)
109.334(5)
105.904(5)
99.933(5)
2657.6(5)

2
1.805
2.415
210(2)
27749
16688
9093
1334
0.0831
0.1912

5.7

pending
CsgHaoFglaN4

1444.48

P2c

moliaic

136

14.407p(15

16.007p(1
22.228(3)

90

93.266(5)

90

5118.2(10)

4
1.875
2.508
210(2)

89655
12179
9637
753
0.0341
0.0779




(1)
(2)
3)
(4)
(5)
(6)
(7)

(8)

(9)

(10)
(11)

(12)

(13)

(14)
(15)

(16)

(17)
(18)
(19)
(20)

(21)
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