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ABSTRACT

Substituent Effect on the Electronic and Assembling Properties of
Asymmetric Phenazine Derivatives

by
Bin Cao

Dr. Dong-Chan Lee, Exam Committee Chair
Assistant Professor of Chemistry
University of Nevada, Las Vegas

Currently, one-dimensiona (1-D) nanostructures have drawn much interest because
of their potential applications for nanoscale optoelectronic devices. Self-assembly (SA)
based on w-conjugated systems through various intermolecular interactions has been
widely used to produce 1-D nanostructure. Morphology of the assembled structures can
be modified by incorporating substituents, which provide additional secondary
interactions. Meanwhile, those substituents aso influence the el ectronic properties of the
molecules. Previous studies have made little effort to systematically study subsistent
effects on both electronic and SA properties.

The primary objective of this research is to generate controllable 1-D structures
through SA, and to provide a fundamental understanding of how different peripheral
substituents bonded to a n-core influence the electronic and assembling properties of the
molecules. A series of asymmetric phenazine derivatives containing different functional
groups were designed and synthesized in order to investigate the halogen effect, position

effect and the alkoxy chain length effect. The electronic properties were studied by UV-



vis spectroscopy, fluorescence spectroscopy, and cyclic voltmynni€V). The

experimental results of the systems’ electronic properties campared with the
theoretical calculations. The SA properties were extensivelystigated by polarized
optical microscopy (POM), scanning electron microscopy (SEMhsmission electron

microscopy (TEM), single crystal X-ray crystallography, anda}(-diffraction (XRD).
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CHAPTER 1

SYNTHESES AND PHY SICAL PROPERTIES OF ASYMMETRIC
PHENAZINE DERIVATIVES
1.1. Genera Introduction

Most of electronic devices such as field effect transistors (FETSs) and photovoltaic
(PV) cells are based on inorganic semiconductors, and their organic counterparts have
been relatively rare. However, organic semiconductors possess many advantages over
their inorganic counterparts, such as optimizing their electronic structures by facile
structure change, high flexibility, and low cost of device fabrication. One-dimensional
(1-D) nanostructures such as nanofibers, nanobelts, nanotubes, etc., have gained
increasing interest in both science and technology due to their potential applications in
nanoscale optoelectronic devices.? The electronic properties and self-assembly (SA)
abilities are the two important features if these materials are to be useful organic
semiconductors. These two properties are the mgor focuses of this research.

SA based on w-conjugated systems through various intermolecular interactions has
been widely used to induce 1-D structures.®*> SA is a spontaneous process by which
molecules adopt well-defined superstructures through various noncovalent interactions
such as hydrogen bonding (HB), halogen bonding (XB), n-r interactions, van der Waals
forces, dipole-dipole interactions, etc. Previous studies of large macrocyclic aromatic

molecules®” such as hexabenzocoronene indicated that self-assembly through z-n



stacking could be an effective approach to 1-D nanostructures for,pleyné organic
molecules. However, in most cases different kinds of interactions asicHB, n-n
interactions, and van der Waals forces exist simultaneduslg system and they
cooperate with each other to assist SA. Consequently, rationatutaslelesign is very
important for successful growth of 1-D structures.

Due to the electron-withdrawing property of imine nitrogens, it hasn
demonstrated that the introduction of pyridine, pyrazine, or triazaetaining
heterocyclic moietié€s! could impart n-type character into the systems while tieir
aromaticr core helps enhancing SA. The introduction of heteroaromatics stovakl be
a reasonable approach to achieve both electron-deficiency satfdassembly
simultaneously. A number of imine containing heterocycles such as igeinahd
guinoxaline have already been used as electron transporting ahatearganic light-
emitting diodes (OLEDS).

Another important issue is how to successfully control both elecipomperties and
morphologies with different substituents. It has been reported thaporeting electron-
withdrawing substituents such as cyano (CN) and fluorine (F) itypgsemiconductors
can create new n-type structural analogdesAlso, manipulating the side grodfé*
connected to tha-core can provide additional secondary interactféns,which is a
good way to accomplish the morphology control.

Published works from our lab shows that two kinds of heteroaronsgticnaetric
bisphenazine derivatives demonstrate excellent self-assemblyrtjgsfe’’ Therefore,
to provide further understanding on the SA of heteroaromatic compounds, ssswiile

focus on substituent effect on the electronic and assembling pegpeftiasymmetric



phenazines derivatives. A total of eight molecules will be predeartd their electronic
characters and assembling morphologies will be discussed. Moéseules are designed
based on a heteroaromatic phenaziw®re that can easily be substituted peripherally to

further tune its assembly and electronic properties.

1.2. Molecular Design

In this research, phenazine was chosen as a platform forataldisg ability and
electron-deficiency. It has been reported that the substitutbaxigphenazine exhibits
gelling properties and shows potential as an acid-séh$tevious studies on other
system have corroborated the fact that slight modification of@nadic ring can have a
remarkable influence on both physical properties and molecutangament, and may
further change the morphology of the assembled structé8**However, to the best
of our knowledge, the effect of substituents on phenazine has notelearsively
studied. Due to its SA ability and better electron-dificientgture compared to
anthracene, further investigation of the phenazine moiety, a pditepti@amising n-type
semiconductor: requires a facile synthetic route and a sensible molecular design.

Eight asymmetric phenazine derivatives were designed and syethés study both
electronic character and 1-D SA (Figure 1.1). Three majoictsiral features are of
importance in this design. First, phenazine is a planar heterd@azaon@ecule that may
assist self-assembly through-n interactions. Compared to previous reported
system>*?*?"phenazine has a smaltercore which may provide less efficiemtorbital

overlap. Howeverg-n stacking is not the only driving force to induce SA, and the



additional interactions including HB, XB, and van der Waals intenagstwill support SA.

In addition, the presence of two imine nitrogens makes the system electimendef

Long alkoxy side chains: to promote
solubility and assembly
AN

Y 4 N
Halogen substituents (X, Y): X N« O~
controlling electronic property ar :@:
. . : _
giving secondary interactions X N o M R g g N
Y
|

Planar phenazine core fort
interactions and electron-deficiency

Figure 1.1. Design principle of asymmetrically substituted phenazines

Then-core is substituted asymmetrically by two different typesubstituents. Long
alkoxy chains with variable length are attached to one sid&eof-core to promote
solubility and assembly through cooperative van der Waals intemactiThe halogen
substituents added to the other side vary in size, position, and elewindrawing
ability. These substituents will further tune the electronic pt@sesuch as electron-
deficiency and HOMO-LUMO energy gap while modulating the morpholofy
assembly. Overall, this design strategy will allow for & through cooperation of
different intermolecular interactions while tuning the electroproperties of the
molecule by changing the peripheral substituents.

The first chapter will focus on the synthesis and physical pliepesf the molecules
including optical and electrochemical characters. The subsequenérchalptfocus on
the molecular packing and assembly morphology of the final compoumdsgikha study

of cast film and solution based 1-D assembly using a phase transfer Bibdm



1.3. Instrumentation

Nuclear magnetic resonance (NMR) spectra were obtained & 2% a Varian
Gemini 400 MHz spectrometer. Deuterated chloroform (GP®@Ith tetramethylsilane
(TMS) as an internal standard was used as the solvent fongllesa Mass spectrometry
(MS) data was collected at the University of North Carolihage! Hill and University
of lllinois at Chicago. UV-vis absorption spectra of the final potsluvere collected on a
Shimadzu UV-2450 UV-vis spectrophotometer from solutions inGIH Fluorescence
emission spectra were obtained on a Horiba Flourescencemigigrausenon lamp for
excitation. Data was obtained from much diluted solutions inGGHvith excitation at
different wavelengths. Cyclic voltammetry (CV) was perfodnan a CH Instrument
660C potentiostat using a 3-electrode cell with a platinum diskimgpelectrode (2 mm
diameter), a nonaqueous Ag/Ageference electrode (Agis 10 mM AgNQ solution in
anhydrous acetonitrile), and a platinum plate as the counteroglecttV measurements
for all compounds were obtained from a methylene chloride solutidreafdmpound in
0.1 M tetrabutylammonium hexafluorophosphate (TBARIS the supporting electrolyte.
The electrolyte solution containing the sample was purged witloAt3 - 20 minutes
before each experiment and a blanket of Ar was used during the eraasts. The scan
rate was adjusted to 100 mV for all experiments. All potentiese calibrated to the

ferrocene/ferrocenium (Fc/Peredox couple.



1.4. Synthesis Procedures

All chemicals and solvents were purchased from chemical soaro® used as
received. The target moleculek -(8) were prepared by the procedure shown in section
1.5.1 (Scheme 1). All the compounds were confirmedrbiMR, **C-NMR and mass
spectrometry.

Compound 1

1,2-Diaminobenzene (100 mg, 0.93 mmol) was dissolved in 20 mL absolute ethanol. 2,5
Dihydroxyl-1,4-benzoquinone (130 mg, 0.93 mmol) was added at once and tleemixt
was refluxed for 24 hours under a positive fidw. The reaction mixture was cooled
slightly. Without purification of the intermediate, after evapoigtihe solvent, the crude
solid was dissolved in 20 mL dimethylformamide (DMF), followedabgition of KCO;
(447 mg, 3.23 mmol). Then bromodecane (616 mg, 0.58 mL) was added and tive mixt
was maintained at 60 °C for 24 hrs with continuous stirring. Theungixtvas cooled
down to room temperature and poured into 200 mL ¢D,Hfiltered and washed
thoroughly with HO. It was then dried over anhydrous sodium sulfate. The product was
purified by silica gel column chromatography (&&Hb/Hexane 1/2 v/v). The pure product
was obtained as a yellow solid. (Two-step yield: 58%).
'H NMR (CDCE) & 8.14 (m, 2H), 7.73 (m, 2H), 7.35 (s, 2H), 4.23 (t, 4H; 6.6 Hz),
1.96 (m, 4H), 1.54 (m, 4H), 1.5-1.2 (m, 24H), 0.89 (t, 6H,6.8 Hz).
13C NMR (CDCE)  154.48, 142.01, 141.84, 128.81, 105.54, 69.30, 31.92, 29.62, 29.58,
29.37, 29.36, 28.73, 26.05, 22.70, 14.12. (1 aromatic peak not seen due to overlapping
signals)

[M+H]": Calcd 493.37; Found 493.3.



Compound 2

1,2-Diamino-4,5-diflurobenzene (50 mg, 0.35 mmol) was dissolved in 7 mL absolut
ethanol. 2,5-Dihydroxyl-1,4-benzoquinone (49 mg, 0.35 mmol) was added at once and
the mixture was refluxed for 24 hours under a positivéldWw. The reaction mixture was
cooled slightly. After evaporating the solvent, without purificatiortha intermediate,
the crude solid was dissolved in 8 mL DMF, followed by addition g2® (168 mg,
1.23 mmol). Then bromodecane (231 mg, 0.22 mL) was added and the mixture was
maintained at 60 °C for 24 hrs with continuous stirring. The méxiuas cooled down to
room temperature and poured into 80 mL eDHfiltered and washed thoroughly with
H,0. It was then dried over anhydrous sodium sulfate. The productusiéiegby silica
gel column chromatography (GEl,/Hexane 1/6 v/v). The pure product was obtained as
a white solid. (Two-step yield: 68%).
'H NMR (CDCL) & 7.84 (dd, 2H,) = 9.6 Hz), 7.30 (s, 2H), 4.22 (t, 4Bi= 6.6 Hz), 1.96
(m, 4H), 1.54 (m, 4H), 1.5-1.2 (m, 24H), 0.89 (t, 6k 7 Hz).
¥C NMR (CDCE) & 154.75, dd (153.56, 153.37, 151.00, 150.80), 141.88, t (139.02,
138.96, 138.91), q (113.65, 113.58, 113.52, 113.45), 105.28, 69.39, 31.93, 29.62, 29.58,
29.36, 28.72, 26.04, 22.70, 14.12. (1 aliphatic peak not seen due to overlapping signals)
[M+H]™: Calcd 529.35; Found 529.3.

Compound 3
1,2-Diamino-4,5-dichlorobenzene (177 mg, 1 mmol) was dissolved in 25 mL absolut
ethanol. 2,5-Dihydroxyl-1,4-benzoquinone (140 mg, 1 mmol) was added at ondeeand t
mixture was refluxed for 24 hours under a positivefldw. The reaction mixture was

cooled slightly. After evaporating the solvent, without purificatiortha intermediate,



the crude solid was dissolved in 20 mL DMF, followed by addition #3® (493 mg,
3.5 mmol). Then bromodecane (676 mg, 0.64 mL) was added and the nmwdsre
maintained at 60 °C for 24 hrs with continuous stirring. The méxiuas cooled down to
room temperature and poured into 200 mL gDHfiltered and washed thoroughly with
H,0. It was then dried over anhydrous sodium sulfate. The productusiiegby silica
gel column chromatography (GEl,/Hexane 1/3 v/v). The pure product was obtained as
a yellow solid. (Two-step yield: 44%).
'H NMR (CDCh) & 7.94 (s, 2H), 7.00 (s, 2H), 4.10 (t, 4Hs 6.6 Hz), 1.94 (m, 4H), 1.54
(m, 4H), 1.5-1.2 (m, 24H), 0.89 (t, 6Hi= 6.8 Hz).
13C NMR (CDCE) 6 154.98, 142.16, 139.81, 132.75, 128.90, 105.10, 69.31, 31.96, 29.68,
29.64, 29.45, 29.41, 28.80, 26.08, 22.73, 14.14.
[M+H]": Calcd 561.29; Found 561.5.

Compound 4
1,2-Diamino-4,5-dibromobenzene (500 mg, 1.88 mmol) was dissolved in 40 mL absolute
ethanol. 2,5-Dihydroxyl-1,4-benzoquinone (260 mg, 1.88 mmol) was added at once and
the mixture was refluxed for 24 hours under a positivldw. The reaction mixture was
cooled slightly. After evaporating the solvent, without purificatiortha intermediate,
the crude solid was dissolved in 40 mL DMF, followed by addition #3@ (910 mg,
6.5 mmol). Then bromodecane (820 mg, 0.77 mL) was added and the nwesre
maintained at 60 °C for 24 hrs with continuous stirring. The méxiuas cooled down to
room temperature and poured intgCH filtered and washed thoroughly with®l It was

then dried over anhydrous sodium sulfate. The product was purifieddaygl column



chromatography (CHCl,/Hexane 1/1 v/v). The pure product was obtained as a yellow
solid. (Two-step yield: 57%).
'H NMR (CDCh) & 8.45 (s, 2H), 7.27 (s, 2H), 4.22 (t, 4Hs 6.6 Hz), 1.95 (m, 4H), 1.54
(m, 4H), 1.5-1.2 (m, 24H), 0.88 (t, 68i= 6.8 Hz).
13C NMR (CDCk) & 155.28, 142.58, 140.72, 132.59, 124.97, 105.32, 69.44, 31.92, 29.63,
29.58, 29.36, 28.71, 26.03, 22.70, 14.12. (1 aliphatic peak not seen due to overlapping
signals)
[M]™: Calcd 648.19; Found 648.3.

Compound 5
1,2-Diamino-4,5-diiodobenzene (366 mg, 1.02 mmol) was dissolved in 25 mL a&bsolut
ethanol. 2,5-Dihydroxyl-1,4-benzoquinone (143 mg, 1.02 mmol) was added at once and
the mixture was refluxed for 24 hours under a positivldWw. The reaction mixture was
cooled slightly. After evaporating the solvent, without purificatiortha intermediate,
the crude solid was dissolved in 20 mL DMF, followed by addition #3® (493 mg,
3.5 mmol). Then bromodecane (676 mg, 0.64 mL) was added and the nmwdsre
maintained at 60 °C for 24 hrs with continuous stirring. The méxiuas cooled down to
room temperature and poured into 200 mL gDHfiltered and washed thoroughly with
H,0. It was then dried over anhydrous sodium sulfate. The productusiiegby silica
gel column chromatography (GEl,/Hexane 1/2 v/v). The pure product was obtained as
a yellow solid. (Two-step yield: 54%).
'H NMR (CDCh) § 8.64 (s, 2H), 7.18 (s, 2H), 4.20 (t, 4Hs 6.6 Hz), 1.95 (m, 4H), 1.54

(m, 4H), 1.5-1.2 (m, 24H), 0.88 (t, 68I= 6.8 Hz).



13C NMR (CDCE)  155.28, 142.46, 141.17, 138.84, 107.33, 105.34, 69.41, 31.92, 29.63,
29.58, 29.37, 29.36, 28.72, 26.04, 22.70, 14.12.
[M+H]*: Calcd 745.16; Found 745.1.

Compound 6:
1,2-Diamino-3,6-dibromobenzene (676 mg, 2.54 mmol) was dissolved in 55 mL absolut
ethanol. 2,5-Dihydroxyl-1,4-benzoquinone (356 mg, 2.54 mmol) was added at once and
the mixture was refluxed for 24 hours under a positivldWw. The reaction mixture was
cooled slightly. After evaporating the solvent, without purificatiortha intermediate,
the crude solid was dissolved in 50 mL DMF, followed by addition 2@ (1.23 g,
8.89 mmol). Then bromodecane (1.13 g, 1.06 mL) was added and the mixture was
maintained at 60 °C for 24 hrs with continuous stirring. The méxiuas cooled down to
room temperature and poured into 500 mL gDHfiltered and washed thoroughly with
H,0. It was then dried over anhydrous sodium sulfate. The productusiéiegby silica
gel column chromatography (GEl,/Hexane 1/2 v/v). The pure product was obtained as
a yellow solid. (Two-step yield: 56%).
'H NMR (CDCh) § 7.93 (s, 2H), 7.48 (s, 2H), 4.25 (t, 4Hs 6.6 Hz), 1.97 (m, 4H), 1.54
(m, 4H), 1.41-1.28 (m, 24H), 0.89 (t, 68= 6.8 Hz).
13C NMR (CDC})  155.64, 142.78, 139.51, 131.57, 123.20, 105.45, 69.63, 31.92, 29.60,
29.57, 29.36, 29.33, 28.73, 26.00, 22.70, 14.13.
[M+H]": Calcd 651.19; Found 651.1.

Compound 7:
1,2-Diamino-4,5-diiodobenzene (400 mg, 1.11 mmol) was dissolved in 25 mL absolute

ethanol. 2,5-Dihydroxyl-1,4-benzoquinone (156 mg, 1.11 mmol) was added at once and
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the mixture was refluxed for 24 hours under a positivéldw. The reaction mixture was
cooled slightly. After evaporating the solvent, without purificatiortha intermediate,
the crude solid was dissolved in 22 mL DMF, followed by addition 83® (537 mg,
3.89 mmol). Then bromohendecane (783 mg, 0.75 mL) was added and the mixure wa
maintained at 60 °C for 24 hrs with continuous stirring. The méxiuas cooled down to
room temperature and poured into 250 mL gDHfiltered and washed thoroughly with
H,0. It was then dried over anhydrous sodium sulfate. The productusiiegby silica
gel column chromatography (GEl,/Hexane 1/2 v/v). The pure product was obtained as
a yellow solid. (Two-step yield: 71%).
'H NMR (CDCh) & 8.70 (s, 2H), 7.24 (s, 2H), 4.21 (t, 4Hs 6.6 Hz), 1.95 (m, 4H), 1.54
(m, 4H), 1.5-1.2 (m, 28H), 0.88 (t, 6BI= 6.4 Hz).
3¢ NMR (CDCB) 6 155.58, 142.82, 141.55, 139.14, 107.59, 105.60, 69.67, 32.16, 29.87,
29.84, 29.60, 29.57, 28.91, 26.23, 22.92, 14.34. (1 aliphatic peak not seen due to
overlapping signals)
[M]*: Calcd 772.20; Found 772.3.

Compound 8:
1,2-Diamino-4,5-diiodobenzene (400 mg, 1.11 mmol) was dissolved in 25 mL absolute
ethanol. 2,5-Dihydroxyl-1,4-benzoquinone (156 mg, 1.11 mmol) was added at once and
the mixture was refluxed for 24 hours under a positivldWw. The reaction mixture was
cooled slightly. After evaporating the solvent, without purificatiortha intermediate,
the crude solid was dissolved in 22 mL DMF, followed by addition #3® (537 mg,
3.89 mmol). Then bromohendecane (1.02 g, 1.02 mL) was added and the mixture was

maintained at 60 °C for 24 hrs with continuous stirring. The méxiuas cooled down to
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room temperature and poured into 250 mL gDHfiltered and washed thoroughly with

H,0. It was then dried over anhydrous sodium sulfate. The productusiiegby silica

gel column chromatography (GEl,/Hexane 1/2 v/v). The pure product was obtained as

a yellow solid. (Two-step yield: 60%).

'H NMR (CDCh) & 8.72 (s, 2H), 7.25 (s, 2H), 4.22 (t, 4Hs 6.6 Hz), 1.95 (m, 4H), 1.54

(m, 4H), 1.5-1.2 (m, 48H), 0.88 (t, 6BI= 6.8 Hz).

3C NMR (CDCk) & 155.38, 142.63, 141.37, 138.95, 107.39, 105.40, 69.46, 31.94, 29.73,
29.71, 29.68, 29.62, 29.38, 29.35, 28.69, 26.02, 22.70, 14.13. (4 aliphatic peaks not seen
due to overlapping signals)

[M]*: Calcd 912.35; Found 912.3.
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1.5. Results and Discussion

1.5.1. Synthesis

Y HOI;/[O Y
X NH, o OH X N OH

>
/
>
P
i/é
o
I

EtOH £~
NH; 24 hr, reflux
Y Y

a b
C1oH24Br Y 1: X=H, Y=H, R=C;gH>
or CqqHa3Br X Ny OR 2: X=F, Y=H, R=C,oHy,
or CieHasBr Qi 3: X=Cl, Y=H, R=C;gHy,
K2CO3, DMF X N/ OR 4. X=Br, Y=H, R=C10H21
60 °C, 24 hr 5:X=l, Y=H, R=CyoHy
Y 6: X=H, Y=Br, R=CyoH2;
7: X=l, Y=H, R=CyqHys
8: X=I, Y=H, R=CgHs3

Scheme 1. Sequential synthetic route to compolirdd

The route to synthesis of final compoundd8 is described in Scheme 1, following
the literature repof As mentioned in the previous section, for the first step of
synthesizing title compound4d-8), the dihydroxyphenazine intermediate was yielded
after a cyclization. Due to the presence of hydroxyl groups inpoamd b, column
chromatography could not be used for purification owing to the strongn@¥actions
with the silica gel. The crude product was subjected to aanition Ether Synthesis to
yield the final product. Except for compould good yields (two steps overall yield)

above 50% were obtained for all other compounds.
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1.5.2. UV-vis absorption spectroscopy
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Figure 1.2. Normalized UV-vis spectra for final compoubhéds

The UV-vis spectra for compoundis are shown in Figure 1.Zhe spectra have
been normalized at the absorption maxima of each compound for compatisointhé
final compounds showed absorption maxima around 380 to 410 nm arising from the
aromatic phenazine core. The absorption edge is gradually sfoiftedger wavelengths
as the substituent is changed fromIjito F @) to Cl 3) to Br @) to | (5). As a result,
the HOMO-LUMO energy gap calculated from the tangent of therptien edgé

decreases in the same order (Table 1). The UV-vis absorptialisrebow that the
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electronic properties of this series of phenazine derivativasbea modulated with

different halogen substituents.
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Figure 1.3. Normalized UV-vis spectra for final compouhdsd6.

The UV-vis spectra comparison of compoua@nd6 are shown in Figure 1.3he
absorption edge is shifted to longer wavelengths as the brominétiserist switched
from 2,3- to 1,4-position. As a result, the HOMO-LUMO energy gapewdecreased in
the same order.

The absorption spectra of compougsy and 8 were nearly identical. This was
expected because changing the alkoxy chain length of the side dpesmot affect the

molecules chromophore.
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1.5.3. Fluorescence spectroscopy

Intensity (Normalized)

OO T | | | |
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Figure 1.4. Normalized fluorescence spectra for final compol#glExcitationk: 375
nm (1), 376 nm ), 385 nm §), 387 nm 4), and 391 nmy).

|
500

The fluorescence emission spectra for compoirisiare shown in Figure 1.4. The
fluorescence spectra have been normalized at the emission anfaxicomparison. The
reduction of the optical energy gap seen in the UV-vis spectrasstimrsame trend in
fluorescence. As the HOMO-LUMO gap becomes smaller, thesoni maxima in the
fluorescence spectra were shifted to longer wavelengths whichecalearly seen in the

spectra.
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Figure 1.5. Normalized fluorescence spectra for final compotiadsl6. Excitationi.:
387 nm &), and 399 nm§g).

The fluorescence emission spectra comparison of compdusu$6 are shown in
Figure 1.5.The Anax was shifted from 438 nn¥) to 454 nm §), so the energy gap of
compounds (1,4-disubstituted) was smaller than compodr(d, 3-disubstituted).

There were still no differences in the emission spectra gb@analss, 7 and8. This
was due to the same effect observed in UV-vis; changingetigth of the alkoxy side

groups has no effect on its optical properties.
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The electrochemical properties of all eight compounds were studliledcyclic
voltammetry (Figure 1.6). Our primary concern was the fesguction potential which
can be directly related to the LUMO level of the moleculdsisTthe onset of the first
reduction wave was measured to calculate the LUMO energy (Table 1.1).

In this series of compounds, the LUMO level was continuoustyedsed as the
electron-withdrawing ability of the substituent increased:2<3<4<5=7=8and as
the position of bromine substituents changed from 2,3- to 1,4-positluese results
demonstrate that increasing the electron-affinity of a whgétem can be accomplished
by introducing proper peripheral substituents to the phenazine moiety.

The onset of the first oxidation wave can similarly be used tollatd the HOMO
level of the molecules; however, we were not able to obtain the aaecakidation
potentials of those compounds because of overlap with the solvent backgfbusd
HOMO levels could not be directly estimated from CV. Instedd@MO energies
associated with the molecules with different functional group® wstimated from the
LUMO energies in combination with the HOMO/LUMO energy gapsved from the
UV-vis spectroscopy (Table 1.1).

Theoretical calculations were performed to compare with tperiexental LUMO
levels obtained from CV and energy band gap results obtained fromdBpectroscopy.
Optimum geometries were calculated with the density functidvedry (DFT) at the
B3LYP/6-31G* level and HOMO and LUMO energies were predidigdsingle point
calculation (B3LYP/6-31+G*//B3LYP/TD-DFT 6-31G*). Time-dependermensity

functional theory (TD-DFT) was also employed for the energy gampatation
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(B3LYP/6-31+G*). These values are summarized and compared witlriregpéal

results in Table 1.1.

Table 1. Electronic properties of compourdds8 from experimental data and theoretical
calculations.
d [d] [d]

Ered peak EredOnset ELUMO[a] EHOMO[b] Egap[C] ELUMO[ ] EHOMO ap
[Vl N [eV] [eV] [eV] [eV] [eV] [eV]
-1.97 -1.81 -2.99 -5.91 2.92 -2.27 -5.52 3.25

nd®  -1.73 -3.07 -5.99 2.92 -2.52 577 3.25
1.77  -162 -318 -609 291  -262 575 3.13
nd? -158 -322 612 290 -264 -577 3.13
nd? -152 328 606 278 @'  npd? n/dl
169 -154 -326 609 283  -266 -565  2.99
nid?  -152 328 606 278 qnd?"  npd? o/l

8 nd¥ 152 328 -6.06 278 npd'  nd? nd
fal E umo= '(Ered onsety 4.8 eV),le Enomo=ELumo - Egap optlcal’ Lc] OptiC&' HOMO-LUMO
energy,! Theoretical calculatiod® Peak potentials fa2, 4, 5, 7 and8 were not clearly
resolved,[” Theoretical treatments fd&, 7 and 8 were not carried out, owing to
limitations in suitably packaged basis sets for iodine.

~N o oA W DN P

It is important to note that the CV results illustrate theadref lowering LUMO
levels which is in the same order as energies predicted frarettoal calculations. The
result of lowering energy gap obtained from UV-Vis experimerds also in the same

order as the theoretically predicted values.

1.6. Conclusions
A straightforward synthetic route to asymmetrically substitghenazine derivatives
1-8 was successfully establishetH and **C NMR and mass spectrometry analyses

confirmed that the correct molecules were obtained. It was rshivam UV-vis
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spectroscopy that by changing the type (from H to F to @rtto ) or position (from

2,3- to 1,4-) of halogen, th@olarizability is increased and the absorption edge is pushed
to longer wavelengths, which results in a decrease of the egapgyhis decrease of the
energy gap is consistent with fluorescence spectra whiohshlswed a red shift in the
same order.

Cyclic voltammetry and theoretical calculations further corrdbdrahat the
electronic properties of the molecule, the electron affinity and HONMO®H energy gap,
can be modulated by changing different type or position of halogen substituents.

The length of alkyl group has no effect on the molecules’ chromopboréggt the

electronic properties were almost the same among compb&urnasds.

1.7. References

1. Hu, J.; Odom, T. W. and Lieber, C. M. “Chemistry and Physics in bmension:
Synthesis and Properties of Nanowires and Nanotubas’Chem. Res. 1999, 32, 435-
445.

2. Xia, Y.; Yang, P.; Sun, Y.; Wu, Y.; Mayers, B.; Gates, B.; Yin,im, F.; Yan, H.
“One-dimensional nanostructures: Synthesis, characterization, anidatippk” Adv.
Mater. 2003, 15, 353-389.

3. Wu, J.; Pisula, W.; Muellen, K. “Graphenes as potential materialéctronics'Chem.
Rev. 2007, 107, 718-747.

4. Schenning, A. P. H. J.; Meijer, E. W. “Supramolecular electron@spwires from
self-assembled-conjugated system£hem. Commun. 2005, 3245-3258.

5. Nguyen, T. Q.; Martel, R.; Avouris, P.; Bushey, M. L.; Brus, Muckolls, C.
“Molecular interactions in one-dimensional organic nanostructutegim. Chem. Soc.
2004, 126, 5234-5242.

6. Wang, Z.; Medforth, C. J.; Shelnutt, J. A. “Porphyrin nanotubes by ionic selfilalsse
J. Am. Chem. Soc. 2004, 126, 15954-15955.

21



7. Shirakawa, M.; Fujita, N.; Shinkai, S. “A stable single piece omalacularly n-

stacked porphyrin aggregate in a thixotropic low molecular weight gel: A onesional
molecular template for polydiacetylene wiring up to several tEnsicrometers in
length”J. Am. Chem. Soc. 2005, 127, 4164-4165.

8. Kulkarni, A. P.; Tonzola, C. J.; Babel, A.; Jenekhe, S. A. “Electrcemsport
Materials for Organic Light-Emitting Diode€hem. Mater. 2004, 16, 4556-4573.

9. Karastatiris, P.; Mikroyannidis, J. A.; Spiliopoulos, I. K.; Kulkarni,RA; Jenekhe, S.
A. “Synthesis, Photophysics, and Electroluminescence of New Quinox&lorgaining
Poly(p-phenylenevinylene)dlacromolecules 2004, 37, 7867-7878.

10. Kulkarni, A. P.; Zhu, Y.; Jenekhe, S. A. “Quinoxaline-Containing Polyfines:
Synthesis, Photophysics, and Stable Blue Electroluminescémaedmolecules 2005,
38, 1553-1563.

11. Tonzola, C. J.; Alam, M. M.; Jenekhe, S. A. “A New Synthetic Raut8diuble
Polyquinolines with Tunable Photophysical, Redox, and ElectrolumineBcepérties”
Macromol ecules 2005, 38, 9539-9547

12. Granstrom, M.; Petritsch, K.; Arias, A. C.; Lux, A.; Andersson, N HRend, R. H.
“Laminated fabrication of polymeric photovoltaic diod@&iture 1998, 395, 257-260.

13. Halls, J. J. M.; Walsh, C. A.; Greenham, N. C.; Marseglia, EFdend, R. H.;
Moratti, S. C.; Homes, A. B. “Efficient photodiodes from interpenigtgapolymer
networks”Nature 1995, 376, 498-500.

14. Peng, Z.; Galvin, M. E. “Polymers with High Electron Affiest for Light-Emitting
Diodes”Chem. Mater. 1998, 10, 1785-1788.

15. Bao, Z.; Lovinger, A. J.; Brown, J. “New Air-Stable n-Channel Oxgdiiin Film
Transistors’J. Am. Chem. Soc. 1998, 120, 207-208.

16. Heidenhain, S. B.; Sakamoto, Y.; Suzuki, T.; Miura, A.; Fujikawa, H.; ,Mari
Tokito, S.; Taga, Y. “Perfluorinated Oligo(p-Phenylene)s: ght n-Type
Semiconductors for Organic Light-Emitting Dioded3” Am. Chem. Soc. 2000, 122,
10240-10241.

17. Sakamoto, Y.; Komatsu, S.; Suzuki, T. “TetradecafluorosexithiophenefFifte
Perfluorinated Oligothiophene. Am. Chem. Soc. 2001, 123, 4643-4644.

18. Pisula, W.; Tomovic, Z.; Simpson, C.; Kastler, M.; Pakula, T.; Mullén,

“‘Relationship between Core Size, Side Chain Length, and the Suprnisol
Organization of Polycyclic Aromatic HydrocarborShem. Mater. 2005, 17, 4296-4303

22



19. Yagai, S.; Kinoshita, T.; Higashi, M.; Kishikawa, K.; Nakanishi, Raratsu, T.;
Kitamura, A. “Diversification of Self-Organized Architectsrén Supramolecular Dye
Assemblies’d. Am. Chem. Soc. 2007, 129, 13277-13287.

20. Kastler, M.; Pisula, W.; Wasserfallen, D.; Pakula, T.; Mullerf|i€luence of Alkyl
Substituents on the Solution- and Surface-Organization of Hexa-peri-
hexabenzocoronened” Am. Chem. Soc. 2005, 127, 4286-4296.

21. Balakrishnan, K.; Datar, A.; Naddo, T.; Huang, J.; Oitker, R.; Yen, M.; Zhao, J.; Zang,
L. “Effect of Side-Chain Substituents on Self-Assembly ofyleee Diimide Molecules:
Morphology Control”J. Am. Chem. Soc. 2006, 128, 7390-7398.

22. Jancy, B.; Asha, S. K. “Hydrogen-Bonding-Induced Conformational CHamgeJ
to H Aggregate in Novel Highly Fluorescent Liquid-Crystallineryfenebisimides”
Chem. Mater. 2008, 20, 169-181.

23. van Gorp, J. J.; Vekemans, J. A. J. M.; Meijer, E. W. “C3-Synakt
Supramolecular Architectures: Fibers and Organic Gels fromofiés@risamides and
Trisureas”J. Am. Chem. Soc. 2002, 124, 14759-14769.

24. Lee, D. C.; Jang, K.; McGrath, K. K.; Uy, R.; Robins, K. Aatchett , D. W. “Self-
Assembling Asymmetric Bisphenazines with Tunable Electronigpd?ties” Chem.
Mater. 2008, 20, 3688-3695.

25. Lee, D. C.; McGrath, K. K.; Jang, K. “Nanofibers of asynmcally substituted
bisphenazine through organogelation and their acid sensing prop&tias.” Commun.,
2008, 3636-3638

26. McGrath, K. K.; Jang, K.; Robins, K. A.; Lee, D. C. “Substituefiedt on the
Electronic Properties and Morphologies of Self-Assembling Bisptieaderivatives”
Chem. Eur. J. 2009, 15, 4070-4077

27. Jang, K.; Kinyanjui, J. M.; Hatchett, D. W.; Lee, D. C. “Morpholabi€Control of
One-Dimensional Nanostructures of T-Shaped Asymmetric Bisphendzesi. Mater .,
2009, Article ASAP.

28. Pozzo, J. L.; Clavier, G. M. and Desvergne, J. P. “Rational designmofcid-
sensitive organogelatorg’ Mater. Chem. 1998, 8, 2575-2577.

29. Bartholomew, G. P.; Bazan, G. C.; Bu, X.; Lachicotte, R. JcKiRg Modes of
Distyrylbenzene DerivativesChem. Mater., 2000, 12, 1422-1430.

30. An, B. K.; Gihm, S. H.; Chung, J. W.; Park, C. R.; Kwon, S. K.; Park, Solor-

Tuned Highly Fluorescent Organic Nanowires/Nanofabrics: EasysiMa Fabrication
and Molecular Structural OriginJ. Am. Chem. Soc. 2009, 131, 3950-3957.

23



31. Zhu, Y.; Gibbons, K. M.; Kulkarni, A. P.; Jenekhe, S. A. “Polyfluorenast&ning
Dibenzo[a,c]phenazine Segments: Synthesis and Efficient Bluetr@ieninescence
from Intramolecular Charge Transfer Stat®kicromolecules 2007, 40, 804-813.

32. Bundgaard, E.; Krebs, F. C. “Low-Band-Gap Conjugated Polymers Based on

Thiophene, Benzothiadiazole, and Benzobis(thiadiazolitromolecules 2006, 39,
2823-2831.

24



CHAPTER 2

ASSEMBLY
2.1. Introduction

Due to the potential applications in nanoscaled optoelectronic détiees;D SA of
n-conjugated organic semiconductors into nanofibérsanobelts;” and nanotub&s®
with high aspect ratios has been one of the most active fields of research.

The morphological control of self-assembled nanostructure is woftparticular
interest because it will directly influence the devicesfqenance''™® There are several
ways to control the morphology based on a rational molecular detsagegy. First, we
can manipulate the side groups bondedr-tores such as altering the len§th? and
branching:®*’ Secondly, we can control the assembly conditfsych as the assembly
method, the concentration and polarities of the solvent, or we can cth@reécondary
interactions>%

Organic supramolecular self-assemblies are often based on anatombiof
noncovalent interactions, including van der Waals forcesmamdstacking, as well as
hydrogen bonding (HBJ**? HB interactions have been used to control the growth and
microstructure of films used in a variety of applications includnmplinear optics,
sensors, and transistdrs* Interestingly, halogen bonding (XB) exhibits characteristics
similar to HB in directionality and strength. XB is an interewllar interaction involving

a halogen atom (frequently iodine and bromine, but also chlorine and even fluorine) and a
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neutral or anionic Lewis bag&?® Most of the previous research shows that XB plays an
important role in natural systeMisand has been used for crystal engineering, liquid
crystals, and template synthe¥i$? However, to the best of our knowledge, XB as one of
driving forces to control the morphology in solution based 1D self-asgemall never
been accomplished.

In the first chapter, it has been demonstrated that the peripla&ygen substituents
were effective at modifying the electronic properties of thmles system. In addition,
those substituents are expected to influence the morphology of theahdtructures
even with their trivial size. This chapter will focus on the phmamlogical control through

halogen effect, position effect, and alkyl length effect.

2.2. Experiments
2.2.1. Drop casting film
2.2.1.1. Drop casting film on cover glass
Cast films of compound$-8 were made as follows. First, each compound was
dissolved in CHCIy; the solution was transferred with a pipette and drop-cast anto
clean cover glass surface. Then it was left undisturbed foradewenutes, until the
solvents evaporated. A raw crystalline structure of each compounéinaly formed on
top of the cover glasses. The castfilm experiment wasedaout twice and the data is
reproducible.
2.2.1.2. UV-vis absorption spectroscopy
The intermoleculan-n interactions in solid state were investigated with UV-vis

spectroscopy. The UV-vis absorption spectra of the solid state esofptompounds —
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8 (drop casted thin films on cover glasses) were collected onn@a8hu UV-2450 UV-
vis spectrophotometer and compared with those in the solution state.
2.2.2. Phase transfer (PT) self-assembly
2.2.2.1. Phase transfer (PT) self-assembly in bisolvent system

The solution based SA was performed using a phase transfer @9dmrin a
CH.Cl,/methanol binary solvent system. All solvents were filtered throagd.2um
PTFE filter before each PT experiment. A homogeneous solution @othpound was
prepared in a “good” solvent (GAl,) and was filtered through a Qutn PTFE filter into
a clean 20 mL screw-cap vial. The “poor” solvent (methanol) waslgladded to the
CH.CI; solution so that two phases could be maintained. The binary solventenxas
then left undisturbed overnight to induce 1-D assembly. The volume ratio of
CH.Cl,/methanol was kept constant (1/5 v/v).

2.2.2.2. Scanning electron microscopy (SEM)

The assembled product by PT was drop casted onto gold mica asulvére was
evaporated under ambient conditions. SEM images of the 1-D asserabiptbs were
obtained on a Jeol JSM-5600 scanning electron microscope. Before imalfsamples
were sputter-coated (50 mA, 60 sec.) with a thin layer of gold égept charging.
Accelerating voltages and working distances are specified with eagjeim

2.2.2.3. Single crystal X-ray crystallography

Single crystal X-ray crystallography was carried out witm@ound3. Crystals were
prepared in 5 mM C¥Cl, (2 mL) and MeOH (10 mL) binary solvent system. Single
crystal diffraction data were collected on a microcrystHtatition beamline (11.3.1) at

the Advanced Light Source (supported by the Director, Office ohSejeOffice of Basic
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Energy Science, of the US Department of Energy under ContractDHACO02-
05CH11231). Needles were examined in paratone in a polarizing microscapa,flat
needle was selected that appeared to be unbent. Attempts td daltacat 100 K
produced poor peak profiles and low quality data, indicating stresploase transition
accompanying cooling. As a result, higher quality data wereeatell at room
temperature. A full sphere of data was collected, and the structure was ssitvg direct
methods and refined within the SHELXTL routitfeHydrogen atoms were generated
using the riding model, but no other restraints/constraints weressageto refine the
structure to afk; value of 4.09%. Statistics from the refinement are presentedbie T
2.1.

2.2.2.4. Transmission electron microscopy (TEM)

The assembled product by PT was drop casted onto a 3 mm dieanbter-coated
copper grid using a pipette. A TECNAI-G2-F30 transmission eleatricroscope with a
300 KeV Schottky field emission gun was used to characterizentrphology and
atomic structure of the molecules under the conventional diffractiotnast (bright-field,
BF) and Z-contrast (scanning transmission electron microscope, STEM$mode

2.2.2.5. X-ray diffraction (XRD)

The assembled product by PT was drop casted onto a zero backgedarahdlthe
solvent was evaporated under ambient conditions. X-ray diffractionsasalyere carried
out on an X'Pert PRO PANalytical diffractometer at 25 °C ushgKo radiation § =
1.54 A, 40 KV, 40 mA).

2.2.2.6. High-resolution transmission electron microscopy (HRTEM)
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The assembled sample by PT was drop casted onto a 3 mm dzarigba film. The
samples were left undisturbed for half an hour and ready fit dliservation. The same
instrument was used as described in section 2.2.2.3. Many-beam condiiarseato

characterize the atomic structure under the phase-contrast (HRTEM) mode.

2.3. Results and Discussion

2.3.1. Drop casting film

2.3.1.1. UV-vis absorption spectroscopy

Absorbance (Normalized)

320 360 400 440 480

Wavelength (nm)

Figure 2.1. Normalized UV-vis spectra comparison of cast films (dashrés) and
solutions (solid lines) of final compoundgA), 2 (B), 3 (C),4 (D) and5 (E).

The UV-vis absorption spectra of cast films of compoundswere recorded and

compared with those in the solution state as shown in Figurén2gkeneral, cast film
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samples showed significantly red-shifted absorption maxima aechpavith the
absorptions in the solution state. This result strongly supports witoatar n-n

interactions in the solid state.

Absorbance (Normalized)

330 360 390 420 450 480

Wavelength (nm)

Figure 2.2. Normalized UV-vis spectra comparison of cast films (dashaés) and
solutions (solid lines) of final compound$B) and6 (A).

While comparing the UV-vis spectra of cast filmsAaind6, the appearance of an
additional shoulder around 435 nm in the casé sifiggests more effective molecutar
aggregation in solid state. It is reasonable to assume thatcimbers between compound
6 through XB were geometrically more favored to induce a tight entde packing due
to 1,4-disubstitution, leading to more effectiverbital overlapping. Thus it has stronger
n-n interactions between neighboring molecules than compaurathd showed an

additional shoulder at the higher wavelength.
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Figure 2.3. Normalized UV-vis spectra comparison of cast films (dashrés) and
solutions (solid lines) of final compoun@gA), 7 (B) and8 (C).

All three iodine substituted compounds 7 and 8 showed similar behavior in both
solution and solid state. The absorption maxima were significahifiied to a longer

wavelength from those of solution to cast films. All three spestre nearly identical to
each other. Therefore, the alkyl length has no influence togteal properties of those

compounds in both solution and solid state.
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2.3.1.2. Polarized optical microscopy (POM)

The halogen effect on the morphology control of the

1-D nanoclusters formed on castfilms

Figure 2.4. POM images of cast flmslofA), 2 (B), 3 (C), 4 (D) and5 (E).
Scale bars: 2(0m.

Polarized optical microscopy (POM) was performed with thasefiim sampled-5
on cover glasses, as shown in Figure 2.4. Compodndsd 5 showed 1-D grown
structures which means both of these two compounds have strong oletariar
interactions and produce a 1-D growth during the solvent evaporatiorspréc¢he case
of compoundl, the driving force could be HB while XB between iodine and th@emi
nitrogen might be the reason for compo@ndompound showed random growth with
a torn-paper like structure. Although fluorine has no XB, bothadAB=-n interactions
would be the major driving force and lead the molecules to grawadrdirections. From

images C and D, we can see the similar crystalline textatfreompound and4. In both

32



cases, the rate of nucleation could be much faster than that dfb&iDgrowth, both
compound3 and4 showed spherulites structure.

The position effect on the morphology control of the

1-D nanoclusters formed on castfilms

Figure 2.5. POM images of cast films4fA) and6 (B).
Scale bars: 2(0m.

POM comparison of cast films from compouhdnd 6 are shown in Figure 2.5. By
changing the bromine group from the 2,8} {0 1,4-position §), the cast film showed

long 1-D grown microfibers instead of spherulites. This implies fillatompoundé,

interactions between neighboring molecules is geometricallye nfavorable in one

direction than compoundl resulting in the long fiber growth.
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The alkyl length effect on the morpholoqgy control of the

1-D nanoclusters formed on castfilms

Figure 2.6. POM images of cast flmsofA), 7 (B) and8 (C).
Scale bars: 20m.

POM comparisons of cast flms from compoubdZ and 8 are shown in Figure 2.6.
Both compound$ and7 showed similar short needle-like structures, while comp&und
with the longest alkoxyl chains (hexadecyloxy) in this seriasakcules showed a cell-
like structure with numerous micro circles of various sizeswaund the surface of the
cover glass. Although not clear, solvent trap followed by evaparatay be the reason

for the formation of the network structure.
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2.3.2. Phase transfer (PT) self-assembly
2.3.2.1. Phase transfer (PT) self-assembly
The 1-D SA of compounds8 were studied using both recrystallization from,CH
and a phase transfer (PT) method using two different binary solsgstems:
CH.Cl,/methanol and CkCl,/hexane. The CHl,/methanol binary solvent system was
found to be more suitable for the assembly. Compdusitlowed no assembly due to its
high solubility under the condition used. For the other compounds, a concenstatly
was carried out. To a homogeneous,CHsolution with a certain concentration (varying
from 1 mM to 10 mM), methanol was added very slowly to maintaingiaases. In all
cases, the volume ratio between methylene chloride and methasdkept constant
(CH,Clo/MeOH 1/5 viv).
2.3.2.2. Scanning electron microscopy (SEM) Section |

The halogen effect on the morphology control of the

1-D nanoclusters formed through PT

The halogen substituent effect on the self-assembly prop@tiessymmetric
phenazinesl-5 was examined by comparing the morphologies of the assembled
structures obtained using SEM. Samples were prepared usingtRddchwith all 5 mM

concentration of CECl, solution.
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Figure 2. SEM images of PT assemblies of compoRiid}, 3 (B), 4 (C), ands (D).
Scale bars: 50m.

CompoundL did not form any assembled structure using the PT method dug to it
high solubility in the binary solvent system. As shown in the Skisiges (Figure 2.7),
fluorine containing phenazin®)(showed morphology similar to torn-paper. It was the
most randomly assembled microstructures. Because of the small sizdélobtime atom,
both n-n interactions and HB could be major driving forces, and theircties are
perpendicular to each other. The fact that the structures canigrowo directions
indicates the two interactions may have similar strength. dhborine substituted
phenazine J), it formed large crystals, with the milimeters’ Iémgand width about 50
um. From the single crystal X-ray crystallography (gecf.3.3.1), we confirmed that in

the case of compour}] the major driving forces are HB;=n interactions, and van der
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Waals interactions. The detailed molecular packing will be déseclim the later section.
Furthermore, both Br4) and | 6) substituted phenazines showed a more 1-D character
and the possible HB and the XB between halogens (typically Bramd imine nitrogens
in 4 and5 may exist simultaneously, serving together as the major driairce in these
cases. The coexistence of HB and XB might be the reason that@nfyoundst and5
formed twisted microbelts. Compared to the large crystal formdédosmpound3, the
width of microbelts from both compoundsand5 was much narrower, because the large
size of bromine and iodine may hinder the lateral growth drivetiibinteractions.
2.3.2.3. Single crystal X-ray crystallography

Suitable crystals of compoun8 for single crystal X-ray crystallography
measurements were obtained through the PT method at room tempeCatmEound3
forms in the Triclinic space group P-1 with the following urell dimensions:a =

5.421(2),b = 9.800(4), and = 29.833(13) A.
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Figure 2.8. Crystal packing of compouf3d shown as a ball and stick model, viewed
along hydrogen bonding direction and showing short intermolecular contadeshed
lines. Colors of atoms: carbon, grey; hydrogen, dark grey; nitrogen, blue; chlorine, green;
oxygen, red.

The short intermolecular contacts are shown in Figure 2.8. In yisislcplane, both
nitrogen and chlorine are involved in a HB interactions with hydroffem the
heteroaromatic ring of a phenazine moiety. Interestingly, thandistbetween iodine and
a hydrogen from the alkoxy chain was only 2.92 A, so there may be scak
interactions. Furthermore, in a single molecule, two alkylshare not in the same
direction, one is mostly stretching in the same plane while anistipeinting out of the

plane.
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Figure 2.9. Crystal packing of compouf8dviewed along hydrogen bonding direction
and showing as two layered structure. Colors of atom&onargrey; hydrogen, dark
grey; nitrogen, blue; chlorine, green; oxygen, red.

As shown in Figure 2.9, it was confirmed that the molecule ha#-face stacking.
Based on face indexing from single crystal X-ray crystaipgy, we conclude the
direction was mostly parallel to the long axis of the molecliis direction is the less
favored direction for self-assembly because van der Waasations between alkyl
side groups are relatively weak. Strong HB interactionsoisec to thea direction while
n-n interactions would drive molecular growth in the direction closértiich is clearly

manifested in Figure 2.10.
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Figure 2.10. Crystal packing of compouBdshown as a ball and stick model viewed
along [210] direction. Colors of atoms: carbon, grey; hydrogen, dayk igiteogen, blue;
chlorine, green; oxygen, red.

A

Parallel aligned molecular planes are illustrated fronj2b@] direction, as shown in
Figure 2.10. The distance between the parallel planes is about 3viciA is closer to
typical n-n stacking distanc& 3 Although the distance is short enough far stacking,
as mentioned earlier, off-face stacking may produce weaknteractions. As a result,
the overall 3-D structure consists of continuous parallel molepldaes. HB, which is
the strongest interaction in this case, drove the molecules to align side lyrewiag in

the major [210] direction and formed the long axis of the single crystal.
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2.3.2.4. Scanning electron microscopy (SEM) Section |l

The position effect on the morphology control of the

1-D nanoclusters formed through PT

Br

N, OCqgH 2
=
N CC1gH 2

Figure 2.11. SEM images of PT assemblies of compodigdsB) and6 (C, D).
Scale bars: A, C are 5@@n. B, D are 5Qum.

To verify the existence of XB, SA structure #fand 6 were compared. Both
compoundsgt and6 produced assembled structures in the@HMMeOH binary solvent
system with a 3 mM CHCl, solution. However, the morphologies were quite different
from each other. In the case of compodnthin and short microbelts were formed. Belt

bundles varied in width from2 pm to 10um. Compounds formed ultra long, straight

microfibers rather than the short, twisted microbelts. Comparedotopound 4,
compound6 may have a more regular and stronger XB caused by a mamlite

geometrical contact between bromine and imine nitrogen in neighboratgcutes,
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resulting in a better side by side molecular packing. In the chsompound!, halogen
bond angles make it difficult to generate long fibers.

The alkyl length effect on the morphology control of the

1-D nanoclusters formed through PT
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F). Scale bars: A, C, E are jth. B, D, F are lum.

Compound$ and 7 produced fairly homogeneous microbelts by PT method from
CH.CIl,/MeOH system. Due to the poor solubility of compo@d nice whole twisted
structure was only found in a very low concentration (0.1mM of@Hsolution) while
in higher concentrations it showed a partially twisted structiseshown in Figure 2.9,

both compoundS and7 formed 1-D structures by PT with a 1 mM &H, solution. The
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width of the microbelts and the proportion of twisting obtained frompound8 were
much bigger and more numerous than those from compduadd?7. The widths of the

microbelts obtained from compourtdvaried from~800 nm to 2um while those o8

varied from 3um to 10um. It is important to notice that the pitch of twisted structsre
smaller going fronb to 7 to 8. It has been reported that slower precipitation processes
may result in larger pitch distance, and the driving force fastimg may derive from the
imbalance of the growth rate between the edge and ¢&nfbe fact that compound
produced the most twisted microbelts with smallest pitch distaragebe attributed to its
longest alkyl side group$,and they may cause less favored longitude fiber growth.

Further investigation of this alkyl chain length effect is in progress.
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2.3.2.5. Transmission electron microscopy (TEM)
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Flgure 2.13. TEM images of PT assemblies of compodrids B), and5 (C, D).
Scale bars: A, C areign. B, D are Jum.

Samples were prepared using PT with a 3 mMQTHsolution. From the BF and
STEM mode images, we can sé#@and5 have similar 1-D microstructure, in terms of
width and length. The properties of bromine and iodine are similar to each otherrand the
is some structural equivalence of halogen-bonded iodine and brohsimeve expect that
the molecular packing mode might be same. However, the microbklisdine
substituted phenazirte looks thinner than the bromine substituted compoynitt may
because the size of iodine is bigger than bromine, and XB bevEemuch stronger

and the growth in the thickness direction is less favored compared with contpound
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2.3.2.6. X-ray diffraction (XRD)

Intensity

S} T U O )

5 10 15 20 25 30 35
20 (degree)

Figure 2.14. XRD patterns of PT assemblies of compo2rd&from CHCl,/MeOH.

2 (a),3 (b), 4 (c), 5 (d), 6 (e),7 (), and8 (g).

The XRD study was conducted on the self-assembled cluster of coraf@nd

Although XRD alone is not sufficient to deduce the molecular packmgthe

microclusters, the major purpose of this study was to determirgiffeent crystallinity

in these assembled samples.

The XRD patterns of the microstructuiz$ obtained from the PT method from

CH.Cl,/MeOH were compared to determine the effect of the periphesdgen

substituent on the 1-D self-assembly. All these five diffracppatterns show sharp,

intense peaks, indicating that good crystallinity was found in taesembled samples.
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Compounds3 and6, which exhibit the highly ordered 1-D growing structure fronMSE
showed the most well-defined diffraction pattern among the compointtisative of
high crystallinity. Bromine substituted phenazihshowed a similar diffraction pattern
as iodine substituted compoubdindicating similar molecular packing model which is
consistent with the result observed in SEM images. In compauheé XRD pattern was
less defined and was not similar to other compounds. This may fi@sulthe random
grown torn-paper like structure with a less order packing model.

In the case of compoundsand 8, they show similar patterns to compouid
However, compoun@& shows lower intensity because a lower sample amount was used
for XRD characterization.

2.3.3.7. High-resolution transmission electron microscopy (HRTEM)

el

Figure 2.15. HRTEM images of compourid), 4 (B), 5 (C), and6 (D).
Scale bars: 5 nm.
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To further study the molecular packing model, HRTEM was chot¢ to investigate
the molecular alignment. An electron diffraction pattern was natirdd because of
irreproducibility of the data.

In general, similar alignments were observed in the edgeod@anpoundsgt and6,
meanwhile compoun@ showed a less defined structure which is consistent with the
XRD result. Only compoun® showed a clear layered structure. At the edge area, it
showed better longitude alignment while in the center it wasdedered because of the
increasing thickness. Since the information from the HRTEM inmad¢jge accumulation
of information from all different layers, the molecules may haetter order in a single
layer and show good crystallinity. However, they may align in ihffedirections within

different layers, resulting in a less ordered or even an amorpéxtuset on a larger scale.

2.4. Conclusion

We have demonstrated the utility of the halogen substituents in eties f
asymmetric phenazine derivatives to induce 1-D assembly and mamiptia
morphology of the self-assembled structures in terms of shap@zan@&A using a phase
transfer method with a methylene chloride/methanol binary sobkyetém showed that
assembled morphologies are easily modified from 2-D torn-paker skructure to
microbelts by changing different halogen peripheral substitu€tifrine substituted
phenazine3, which has HB interactions as the major driving force, resultéueitongest
crystal structure among those five molecule$); By changing the bromine substituents
from 2,3- to 1,4-position, the ability to produce 1-D microfibers was resdth In

addition, the length of alkyl group also influenced the morphology signiliz As the

a7



alkyl length increased, the solubility was decreased, resuttimgwhole twisted, short
microbelt structure.

Combined analyses of SEM, TEM and XRD study identified the driarags for
the morphological transformation. The XRD patterns of all thesepounds showed
good crystallinity. In addition, the HRTEM result combined with tingls crystal X-ray
crystallography helped us to speculate the molecular packirdglmoAs a result,
collaboration of those different HB and XB interactions could be predomiaad
promote the molecules growing in a major direction. The restittss research illustrate
a rational way for manipulating the electronic properties asdnalsly morphology of

asymmetric phenazine, which has potential to be used in optoelectronic devices.
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APPENDIX CRYSTALLOGRAPHY DATA

Section 1. Crystal data and structure refinement for compound 3.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.77
Refinement method

Data / restraints / parameters
Goodness-of-fit o

Final R indices [I>2sigma(l)]
Rindices (all data)

Largest diff. peak and hole

GoH46Cl2N20,
561.61
293(2) K
0.77490 A
Triclinic
P-1
a=5.421(2) A
b =9.800(4) A
c=29.833(13) A
1571.6(12) A
2
1.187 Mgfm
0.294 mm
604
1.50 x 0.09 x 0.01 mm
3.19to0 26.77°.
-6<=h<=6, -11<=k<=11, -34<=I<=34
14611
516R(jnt) = 0.0393]
99.5 %
Full-matrix least-square$dn
5164 /0/ 343
1.020
R; = 0.0409WR, = 0.1089
R; = 0.0592WR; = 0.1200
0.187 and -0.252%.A

a= 90.125(6)
B= 91.359(6)
v= 97.340(6)
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Section 2. Atomic coordinates ( x*@&nd equivalent isotropic displacement parameters
(A% x 10°) for compound 3. U(eq) is defined as one thirdtloé trace of the
orthogonalized Utensor.

X y z U(eq)
CI(2) 9484(1) 2290(2) 1116(1) 68(1)
0(2) -295(2) 3614(1) -1799(1) 55(1)
Cl(2) 4806(1) 76(1) 1122(1) 65(1)
0(1) 3406(2) 5496(1) -1787(1) 54(1)
N(2) 6390(3) 3954(2) -376(1) 51(1)
N(1) 2154(3) 1901(2) -375(1) 52(1)
C(5) 3309(3) 4674(2) -1422(1) 47(2)
C(6) -3719(3) 2730(2) -2275(1) 53(2)
C(7) 5241(3) 1180(2) 670(1) 49(1)
C(8) 1193(3) 3610(2) -1427(1) 48(1)
C(9) 3546(4) 1095(2) 329(1) 52(1)
C(10) 7741(3) 3094(2) 325(1) 53(1)
C(11) -2299(3) 2510(2) -1846(1) 51(2)
C(12) 4685(3) 3841(2) -708(1) 46(1)
C(13) 3870(3) 2016(2) -36(1) 48(1)
C(14) 6002(3) 3039(2) -37(1) 48(1)
C(15) -9213(4) 606(2) -2932(1) 63(1)
C(16) -5760(4) 1556(2) -2379(1) 57(2)
C(7) -12616(4) -326(2) -3498(1) 69(1)
C(18) -10716(4) 873(2) -3353(1) 65(1)
C(19) 5484(4) 6567(2) -1809(1) 54(1)
C(20) 2560(3) 2805(2) -710(1) 47(1)
C(21) 5013(4) 7437(2) -2210(1) 65(1)
C(22) 4988(3) 4769(2) -1076(1) 50(1)
C(23) 851(3) 2713(2) -1081(1) 51(2)
C(24) 7375(3) 2197(2) 669(1) 49(1)
C(25) -7275(4) 1800(2) -2799(1) 60(1)
C(26) -14167(4) -73(2) -3911(1) 73(1)
C(27) 7308(4) 6310(2) -2826(1) 65(1)
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Section 2. (Continue)

C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)

11338(5)
6996(4)
4854(4)
8980(5)

-15996(5)
-17617(6)

9376(4)
10905(5)
13233(6)

4191(3)
5559(2)
6677(2)
4528(3)

-1299(3)
-1068(4)

5247(3)
3362(3)
3041(4)

-4144(1)
-3274(1)
-2657(1)
-3934(1)
-4050(1)
-4455(1)
-3479(1)
-4574(1)
-4789(1)

86(1)
72(1)
66(1)
79(1)
93(1)
120(1)
77(2)
98(1)
122(1)
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