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Abstract: n-Extended thiadiazoloquinoxaline (TQ) derivativesab-3ab, in which a
tetraalkoxyphenanthrene moiety is annulated with T®Q core and benzene rings are incorporated

via the ethynylene spacer, were synthesized. Tisptay absorption bands reaching into 750 nm
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and possess the electron-affinity comparable t¢fiBerene. The CE and OMe-substituents on
the benzene rings have moderate effects on modaladti the HOMO and LUMO levels.
Tetraalkoxyphenanthrene-fused TQsb-3a,b aggregate in the solid state and assemble inisolut
through—n stacking interactions. The self-assemblylafb—3ab into 1D superstructures was
confirmed, and the difference in the alkoxy gro@psl the solvents for self-assembly proved to
change their morphology. Comparison of the propefla and those of reference compourdds
and 5 clarified the effects of both the fusion of theephAnthrene moiety and the introduction of
ethynylene spacers on the properties.

Keywords: thiadiazoloquinoxalinen—r interactions self-assembly alkyne- phenanthrene

Introduction

The field of n-conjugated materials has recently gained sigmifiagenportance because of their
potential utility in future-generation electronievdces such as organic photovoltaics (OPVs), omani
light-emitting diodes (OLEDs), and organic fieldeft transistors (OFETS). In the molecular
design, it is important to control both the elentcostructure and the solid-state structure of
n-conjugated molecules appropriately to achievenagitifunction of the above mentioned deviées.
As a consequence, polycyclic aromatic hydrocarb@#sHs) were extensively studied over the
years® because they tend to show intriguing photophysirad electrochemical properties.g
strong fluorescence and multistep redox behaviod) farm a dense molecular packing due to their
planar and rigidt-frameworks. Among PAHS, oligoacenes with lineatynulated benzene units,
in particular, pentacene and its derivatives hawastituted important class at-electron-rich

materials® Although acenes are inherently susceptible tdatiie degradationthe incorporation
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of an alkynyl group efficiently enhances the oxidatstability® which enables them to be prominent
examples of p-type semiconducting materials fohrpgrformance devices. The replacement of
benzene rings with heteroaromatic rings in the adeamework is known to drastically change
electronic properties. Azaacenes, which contaotedn-deficient heteroaromatics such as pyridine
or pyrazine rings, possess electron-acceptingtyahitid thus have attracted considerable attenson a
promising candidates for n-type semiconducting nait’

[1,2,5]Thiadiazolo[3,4g]quinoxaline (TQ) is classified as an azaacene oudée with an
o-quinoid structuré. TQ possesses an outstanding electron-acceptility aloe to the presence of
electron-deficient thiadiazole and pyrazine rifigand has become one of the most important
building blocks for the construction aeffunctional materiald® For instance, the embedding of
electron-donating units at the 4- and 9-positiohsTQ unit has been recognized as the useful
approach to create compounds with low energy gapesihe pioneering work by Yamashita and
co-workers® Very recently, Salleo, Andersson, and co-workkesve synthesized alternating
TQ-thiophene polymers with the extremely low energp géca. 0.7 eV that is among the lowest
value reported to date and disclosed that thesgmaot can function as active materials in OFETs
and electrochromic devicé¥. Baumgarten and co-workers also reported analogd@sbased
semiconducting polymers, in which the TQ unit isirwected to the thiophene unit via an ethynylene
n-spacer, and demonstrated that the incorporatiothef-spacer allows for high planarity of the
polymer backbone and thereby provokes the strolidrstate packing®

The self-association behavior through effectizen stacking interaction ofr-conjugated
molecules is one of the key factors for achievihgirt morphological organization and structural
order at mesoscopic length scale by self-assethblin this context, extension of the conjugated

framework by fusing aromatic systems into the T@ffetd would be a rational design strategy to not
3
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only modulate electronic structures but also bratgput self-association properties in solution
originating from an enlargegtsurface, because-n stacking interaction is strongly associated with
the size of the conjugated aromatic surface. So@aealerivatives with extended fusaesystems
have been synthesized by several research groups;dor instance, TQ derivatives incorporating
triisopropylsilylethynyl groups were reported by UBagarten and co-worket&® However, the
elucidation of structurgroperty relationships of TQs with extended fusexystems still remains as
an important issue to give the guideline for theleoolar design of TQ-based-functional
materialst?® In addition, there is no report on self-assoorain TQs to the best of our knowledge,
although the formation of 1D superstructures of ¥@s demonstrated by Lee and co-workéfs.
It is considered that the lack of the self-assammaproperty of TQs in solution is mainly attribbta

to attached bulky substituents, which prevent ihsurfaces of the polycyclic molecules from
approaching each other to guarantee the solubility.

Here, we present the synthesis méxtended TQ derivative$ab-3ab and their electronic,
optical, and electrochemical properties and seéadling behavior (Chart 1). Compounds
lab-3ab possess both larger-surface and high planarity due to the fusion of a
tetraalkoxyphenanthrene moiety with the TQ scaffafdl the introduction of ethynylene spacers
between the TQ moiety and the benzene rtAgswWe envisaged that tetraalkoxyphenanthrene-fused
TQs 1ab-3ab not only show self-association behavior in solutiboroughn—n stacking interactions
but also form self-assembled 1D superstructuretd®ynterplay ofi—n stacking interactions and van
der Waals interactions stemming from the attachieakg chains!* The effects of the substituents
on the benzene rings€ H-, Cks-, and OMe-substituents) and the phenanthrene ynfiet linear
decyloxy and branched 2-ethylhexyloxy groups) andtierall properties dfa,b—3a,b are disclosed.

We also focused our attention on elucidation ofdfiects of the fusion of the phenanthrene moiety
4
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and the introduction of ethynylene spacers on ttopegrties of the resulting molecules from the
viewpoint of the structurgoroperty relationships, and thus the comparisothefproperties ofla

with those of reference compountiand5 is reported.

Chart 1. =-Extended Thiadiazologuinoxalines 1a,b—3a,b and Refence Compounds 4 and 5
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Results and Discussion

Synthesis The synthetic route of-extended TQd4ab-3ab is outlined in Scheme 1. First, we
investigated the condensation of 2,3,6,7-tetrakisytbxy)-9,10-dihydrophenanthrene-9,10-dione,
which was obtained by oxidative cyclization of biénz 6a'®  with
4,7-dibromo-2,1,3-benzothiadiazole-5,6-diami@g{in acetic acid under reflux to synthesize 3§
as a key intermediate (Table S1 in the Supportirigrination), but the desireg@h was obtained in
only 3% vyield; the starting materials were recodere ca. 90% even after 3 days. We then
examined the alternative synthetic route9af The condensation @a with diamine7 in acetic
acid gave8a (Scheme 1). Then, the intramolecular oxidativelizgtion of 8a by the treatment

5
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with vanadium (V) oxitrifluoride was carried out @H2Cl2 at room temperature, and gratifyingly we
obtained9a in 66% yield in two steps. In a similar manr@p, was obtained in 46% yield in two
steps from6b!’ via 8b. Such intramolecular cyclization was thought éodhallenging because the
electron-accepting TQ moiety would increase thedatkon potential which makes the oxidative
cyclization hard to occur to some extent. The Bgzed Sonogashira coupling reaction between
9ab and the corresponding ethynylbenzene derivativege dab-3ab in 3-38% yields; the
consideration of the reaction conditiomsy( Pd catalyst, reaction temperature, and reactituest
did not improve the product yields in our handshe Pparticularly low yield oRais attributed to the
severely low solubility, which leads to the substnoss of material. During the completion oéth
present work, Baumgarten and co-workers reportedethicient synthetic route of ethynylated TQ
derivatives'?91® Whereasla-3a having linear decyloxy groups are soluble in oohforinated
solvents,1b-3b having branched 2-ethylhexyloxy groups are reasblyble in various solvents such
as acetone, toluene, and THF. The synthesigl @ihnd 5 is shown in Schemes S1 and S2,

respectively, in the Supporting Informatith.

Scheme 1. Synthesis af-Extended Thiadiazologuinoxalines 1a,b3a,b?
RO OR (o]
(iii) 1a (15%)

R OR
o G

RO, OR 7\ 77N\ 1b (15%)

NN N N
RO O O R 0 (i) . . ™ _ 2a@%)
—— Br Br — r r —— 2b (18%)

I I

o o0 N_ N N. _N

5

) 3a (29%)

3b (38%) aR

6a 8a 9a (66%) b: R

6b 8b 9b (46%) \ﬁcsz
Cy4Hg

=-(CH3)oCH3

a2 Reagents and conditions: (i) 4,7-dibromo-2,1,3-béradiazole-5,6-diamine7), AcOH, 80 °C; (ii) vanadium (V)
oxitrifluoride, CHClz, RT; (iii) ethynylbenzene, [Pd(PBE, Cul, RT; (iv) 1-ethynyl-4-(trifluoromethyl)benre,
[Pd(PPh)4], Cul, RT (for2a) or 0 °C (for2b), (v) 1-ethynyl-4-methoxybenzene, [Pd(BRh Cul, RT (for3a) or 0 °C
(for 3Db).
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Electronic and Optical Properties In the electronic absorption spectra in CHQ@igure 1),
la-3adisplayed broad absorption bands reaching intor'b0 Compound&b-3b showed almost
the same spectra of the correspondiag3a (Figure S5 in the Supporting Informatici: The
longest absorption maximunined® of 1ais red-shifted relative to those 4fand5 by 84 nm and

54 nm, respectively (654 nrid), 570 nm 4), 600 nm §)), clearly indicating that combination of the
fusion of the phenanthrene moiety with the TQ canel the introduction of ethynylene spacers
between the TQ core and the benzene rings effégtesdendn-conjugation inla. Considering
that theima@ and the absorption onsebrse) of 5 are red-shifted compared to the corresponding
values of4, the phenanthrene moiety may have a larger affethe extension of-conjugation inla
than the ethynylene spacers. Whereasi#ag"s value of2a is almost the same as thatlaf, the

mafSvalue of3ais apparently red-shifted relative to thatlaf(660 nm a), 684 nm 8a)).

&/103 L mol-' cm-!

Figure 1. Electronic absorption spectrald-3a, 4, and5 in CHCE at RT.

We conducted density functional theory (DFT) cadtions of 1'-5', where the decyloxy or
2-ethylhexyloxy groups i1-5 were replaced with the methoxy groups, at the P&BQG(d) level
to obtain further insight into the electronic prajes?? The optimized structure df is highly

planar, and thus the TQ moiety and the benzens attgched to the TQ moiety via the ethynylene
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spacer lie in the same plane (Figure 81)The planarity o## and 5 is apparently lower thad’.
Thus, in4’ the dihedral angle between the dimethoxybenzemgand the TQ moiety is 34°, and in
5 the angle between the benzene ring and the TQtynas 46° (Figure S1); there exist steric
repulsions between the two dimethoxybenzene ringsand between the benzene rings and the TQ
moiety in5'. This finding indicates that the efficient ext@on of z-conjugation inl relative to4
and5 observed in the electronic absorption spectrdtigated to the high planarity together with
the large conjugated frameworkin

Figure 2 shows the HOMOs and LUMOs B£5.2* The HOMO of1’ is delocalized over the
n-conjugated framework, whereas its LUMO is reldfivéocalized in the TQ and ethynylene
moieties. The HOMO off' has almost no contribution from the dimethoxybemz rings. This
manifests that the fusion of the phenanthrene maiesults in the effectiver-conjugation inl
compared to4. The ethynylene spacers are found to enable th&lHOMO and LUMO to be

delocalized and thus extenetonjugation inl relative to5.
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23 (d)

29 (e) ¢

31 ‘¢®
shgkae

34 -5.32 eV —2.89 eV

36 Figure 2. Molecular orbital plots of (a}l’,

37 (b) 2°, (c) 3, (d) 4’, and ()5 at the
PBEO0/6-31G(d) level of theory. The left plots
40 represent the HOMOs, and the right plots
41 represent the LUMOs.

46 Compoundsl-3 and5 are nonfluorescent, whereéss fluorescent. The fluorescence maximum
48 (JmaX") of 4 is 640 nm in CHGl at the diluted regime (Figure S6), and its absofliorescence
51 quantum yield ¢r) is 0.122° This result suggests that the fluorescence quieqdh 1-3 and5 is
attributable to the phenanthrene moiety. Althotlyh reason for the nonfluorescent naturd-¢3

56 and 5 is not clear at present, similar fluorescence qhey is observed in

59 quinoxalinophenanthrophenazine derivatites.
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Electrochemical Properties We first performed cyclic voltammetry (CV) expeents onl-5 in
o-dichlorobenzene (0.1 molt nBwNPFs, standard Fé¢Fc) to investigate their electrochemical
properties (Figure S7). Compountiss showed two TQ-centered 1eeduction steps. The first
and second reduction processes of the TQ derigatve reversible or quasi-reversible in general,
the second reduction process @& is exceptionally irreversible.  This illustratedat
electrochemically generated anionic species ofpitesent TQs are essentially stable. WheEeas
showed one reversible "1exidation stepl—4 displayed irreversible oxidation steps, indicatihgt
the cationic species df4 are unstable, and their instability comes fromdtig/nylene spacers.

We further conducted differential pulse voltammegtpPV) measurements a5 to determine
their redox potentials, ionization potentials (IB)d electron affinity (EA) (Figure S8); DPV afferd
better sensitivity than CV and results in sharpsakponsets due to the sharper current response. As
summarized in Table 1, the first reduction potér{fized of 1a is positively shifted as compared to
those o4 and5 (—1.13 V (&), —1.21 V @), —1.34 V b)), and the difference of the firEted values of
laand5 is larger than that dfaand4. This result demonstrates that both the phenanéhmoiety
and the ethynylene spacers effectively increaseelibetron-accepting ability, and the latter has the
more marked effect than the former. The oxidagmmential Eox) of la is negatively shifted
relative to that ot and almost the same as thabdD.63 V (La), 0.75 V @), 0.61 V §)), indicating
that the phenanthrene moiety exclusively increases donor ability., The electrochemical
HOMO-LUMO gap (AEredoy) Of 1ais smaller than those dfand5 (1.76 V (La), 1.96 V @), 1.95 V
(5)), which is consistent with the finding that thexsvalue oflais red-shifted relative to those of

4 andb.

10
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Table 1. Oxidation and Reduction Potentials, lonization Potatials (IP), and Electron Affinity (EA) of
la-3a, 4, and 5 by DPV ino-Dichlorobenzene (0.1 mol ' nBusNPFg)2, Theoretically Calculated
HOMO and LUMO Levels,” and Electrochemical QAEredox),° Theoretical (AEcacd),” and Optical Gaps
(AEopy)®

EolV  ErdV HOMO/eV?  LUMO/eV®  AEredolV  AEcacd€V AEop/eV
(IP/eV) (EA/eV)

la 063 -1.13,-1.58 -5.21 -3.11 1.76 2.10 1.89
(-5.86) (~4.10)
2a 072 -1.08,-1.50 -5.50 -3.39 1.80 2.11 1.87
(-5.95) (-4.15)
3a 048 -1.15-1.62 -4.96 —2.95 1.63 2.01 1.81
(-5.71) (~4.08)
4 075 -1.21,-172 -5.23 —2.94 1.96 2.29 2.17
(-5.98) (-4.02)
5 061 -1.34,-1.89 -5.32 —2.89 1.95 2.43 2.06
(-5.84) (~3.89)
Ceo ~1.08,-1.48 —6.33 -3.30
(~4.15)

aAll potentials are given versus the™Fec couple used as external standard. Pulse widihl s in a period of
0.2 s. IP and EA were determined using a work-foncvalue of —5.23 eV for FtFc. P Calculated by the
PBEO0/6-31G(d) level fod'-5', where the decyloxy or 2-ethylhexyloxy groups 1n5 were replaced with the
methoxy groups. ¢Electrochemical gap\Eqox is defined as the potential difference betweenfittst oxidation
potential and the first reduction potential Theoretical gapAE:acq is defined as the energy difference between
the HOMO and the LUMO calculated by the DFT methotiOptical gap,AEqy, is defined as the energy
corresponding to the longesta®S The data forlb-3b are summarized in Table S14 in the Supporting
Information.

When compared tta, both theEox andEred values of2a are positively shifted, and the values of
3a are negatively shifted (Table 1), and thus thected@-accepting C& and electron-donating
OMe-substituents on the benzene rings were fouradi¢o the redox potentials. The positive shift
of the Eox values fromla to 2a is roughly similar to that of the firéed values, while the negative
shift of theEox values fromla to 3a is more pronounced than that of the fiEsds values. As a

11
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consequence, theEredox value of2a becomes almost the same as thédtapfand theAEredox value of
3a becomes moderately smaller than thatlaf(1.80 V @a&), 1.63 V @a)).?’ These phenomena
might be explained by the FMO plots &fand 3. The Ck-substituents ir2’ have almost no
contribution to both the HOMO and LUMO (Figure 2bihd hence the Gfsubstituents are likely to
stabilize the HOMO and LUMO to almost the same dedwy the inductive effect. Although the
OMe-substituents 13’ have also almost no contribution to the LUMO asthe case witl2’, the
noticeable contribution to the HOMO is observedy(ffé 2c), and thus the OMe-substituents are
considered to markedly destabilize the HOMO retativthe LUMO by the resonance effect.

A good correlation exists between the optical HOMOMO gaps @AEopy) estimated from the
electronic absorption spectra and #&edox values in1-5. Noticeably, the electron affinity df-3
are comparable to that4.15 eV) of [60]fullerene (&), which is the benchmark of n-type organic

semiconductor materiafé.

Aggregation Properties in the Solid State We first investigated aggregation propertied-€8 in
the solid state by MALDI-TOF mass spectrometry. siles the molecular ion peaks Bf3, the
peaks ascribed to their aggregated species wesetddt (Figures 3 and S9). For example, as
shown in Figure 3, the peaks faa were seen am/z 2326 and 3489, which correspond to the
assemblies of two and three molecules, respectiwrelgddition to the parent iomz 1163). This

apparently illustrates the aggregation tendency-8fin the solid state.

12
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Figure 3. MALDI-TOF-MS spectrum ofiLa (dithranol, positive).

Next, the electronic absorption spectra of the dragted films ofl-3 were measured (Figures 4
and S10). Thémaf ™ values ofl-3 in the solid state are red-shifted compared witis¢ in CHG
solution byca. 30-70 nm (Table S15), strongly supporting marked $tmat organization in the film
by intermoleculatt—r stacking interactions. The absorption bands énrédgion of 400600 nm of
la-3a are broader than those of the correspondimgb, suggesting that the aggregative nature of
la-3ais stronger thatdb-3b, respectively, and thus the linear alkoxy chamthe former enable the
neighboring molecules to come closer resultinghia $trongem—n stacking interactions than the

branched alkoxy chains in the latterdg infra).

N I o
» [e)] [e]
1 1

o
[N

Normalized absorbance

0

250 350 450 550 650 750 850
Alnm —>

Figure 4. Electronic absorption spectra & in
CHCIlz (dashed line) and the drop-casted film
(solid line) at RT.
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Self-Association Properties in Solution We measuretH NMR spectra of present TQs except for
2ain CDCk at various concentrations to investigate theif-agtociation properties; the extremely
low solubility of 2a hampered the spectral measurements at a high mioaigen. The'H NMR
signals oflab, 2b, 3ab, and5 in CDCk were concentration dependent, and the aromatiaksig
shifted upfield upon increasing the concentratibigres 5 and S1516); the upfiled shifts of the
phenanthrene protons are particularly remark&bi®. Such shifts illustrate that they associate by
n—7n stacking interactions in CDg&land thereby the aromatic protons are placed enstiielding
regions produced by the neighboring aromatic ring3n the other hand, the aromatic signalg of
were independent on concentration, indicating thate is almost no self-association occurring.
The lack of self-association property ©thould be attributed to its smaltesplane tharl-3 and5

and/or lower planarity thah-3.

A 163 A A l
1 0.813 A A”
| 0.407 I | ﬂ “
| 0.204 A | ,l J
i 00508 4 1 ! N
1 oo I
90 86 82 78 73T

Figure 5. H NMR spectra oflain CDCk in various
concentrations at RT. The small amount of impurity
included in CD{{ is labeled with asterisk.

The diffusion constantd)) of 1a proved to be almost independent on concentratioD®SY
NMR experiments (Table S16), suggesting that a mmawedimer equilibrium predominantly exists
in a CHCE solution of1a3' Therefore, we determined association constafds)(of 1a,b, 2b,

3ab, and5 on the basis of a monomeimer model by nonlinear least-squares fitting lodit
14
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concentration-dependett NMR chemical shifts (Table 2f. TheKadm value oflais significantly
higher than that df (111 + 2 mot* L (1a), 15 + 2 mot! L (5)), clearly indicating that the ethynylene
spacers enhance the planarity of theconjugated framework and thereby increase the
self-association ability efficientlwide supra). The lowerKdim value (11 + 3 mot L) of 1b thanla
should derive from the sterically bulky 2-ethylh&o®y groups inlb. Although the difference of
the Kdim values amondb-3b seems insignificant, the higher self-associatibititg of 2b than1b
and3b is supported by the pronounced upfield shiftshefdaromatic protons @b as compared tbb
and3b in the region of 0.008 mmol L (Figures S12, S13, and S15). This observatiotidates
that the CB-substituents have the electronic and/or steriecésfon enhancement ofn stacking

interactions®®

Table 2. Self-Association ConstantsKgim) in CDCl3 at RT Determined by'H NMR Spectroscopy

Kaim/L mol™ Kaim/L mol™
la 111 = 2 1b 11 = 3
2a N.D.2 2b 38 =1
3a 138 £ 4 3b 22 £ 4
4 N.DP 5 15 £ 2

2Not determined due to insolubility.” AlImost no self-association.

We measured the electronic absorption spectrdads, 2b, and 3ab in CHCk at various
concentrationd* In the absorption spectra b and 3a, upon increasing the concentration the
values around 72070 nm increased and those around -850 nm decreased with a
quasi-isosbestic point (Figures 6 and S17). Thecewtration regionca. 0.052 mmol L?) in
which the absorption spectral changedafind3a arise is almost consistent with that in which the

pronounced chemical shift changes for their aramaidtons occur in th#H NMR spectra described

15
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above. Thus, it is reasonable to assume thatlikereed absorption spectral change$aand3a
originate in their self-association behavior. Walila and 3a, the absorption spectra db-3b
proved to be almost independent on the appliederdration. These results are in accordance with
the finding that th&dim values ofla and3a are higher than those &b-3b as demonstrated by the

H NMR spectral measuremerifs.

[mmol L-"]
2.08
-------- 1.04
0.438

(o]
1
]

.............
S

[e)]
1

N
© o
o
>
o

&103 L mol' cm™! —»
N

0

600 650 700 750 800
AInm —

Figure 6. Electronic absorption spectra b in
CHCls in various concentrations at RT.
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To obtain insight into the structure of the sel$erabled dimers df-3 in solution, we performed

the DFT calculations fol’-3'. Becausel’-3 have the dipole moments of 1.64 D, 2.20 D, ard 0.

©CoO~NOUTA,WNPE

11 D, respectively, from the thiadiazole ring to thggzine ring (PBE0/6-31G(d)), they are expected to
13 form the dimers in an antiparallel manner, whee dipole moment should be canceled out. The
16 optimization of the self-assembled dimers16+3 based on this assumption gave the plausible
structures, in which the TQ moiety is located abdhe phenanthrene moiety of the adjacent
21 molecule in an offset arrangement (Figures 7 andf®S3 These optimized structures suggest that
o4 the shielding effect for the phenanthrene protansnore pronounced than that for the benzene
26 protons and thus reasonably explain the fact ti@fphenanthrene protons show the greater upfield

29 shifts than the benzene protons in tHeNMR spectra with increasing the concentration.

X

32 @)
33 %‘
34 “&‘ﬁ 9

48 Figure 7. (a) Top and (b) side view of
49 the plausible structure of self-assembled
S0 dimer of 1' optimized at the
PBE0/6-31G(d) level.

56 Moreover, we compared the HOMODUMO gaps of the self-assembled dimers16f3’ with
59 those of the corresponding monomers by the DFTutations (PBEO0/6-31G(d)) to investigate the

change in the electronic structures upon formatbrthe dimeric structures (Table S3). The
17
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estimated HOMOLUMO gaps of the dimers df' -3’ are smaller than those of the corresponding
monomers by 0.06.10 eV, which is consistent with the finding tiia¢ absorption onset Gf3 in
the electronic absorption spectra are red-shiftétl imcreasing the concentratidh. Overall, the
experimental and theoretical results strongly supfie formation of the dimers in an antiparallel

manner upon self-association in solution.

Formation of Self-Assembled Structures Becausel-3 show assembling properties in both the
solid state and the solution, we expected the dabion of micro- and nanometer-sized
superstructures df-3 through self-assembly by phase transfer method avitlixed solvent system,
in which the molecules in solution experience stilybchange during a slow diffusion of a poor
solvent into the solution, thus initiating the fation of self-assembled clustéfs. To CHCk
solutions ofla-3a, MeOH was slowly addelf. The resulting mixtures were allowed to stand at
0 °C, and purple fibrous materials formed (FiguE9)S To investigate the morphology of the
materials obtained, we carried out SEM experimemikjch confirmed the construction of
well-defined structures froma-3a with high aspect ratio (Figure &). Compoundsla and 3a
formed long 1D nanobelts with the length up to i@®and the thicknesses of ED0 nm (Figure
8a,c). Meanwhile2a provided more flexible nanofibers with narrowerdtihis of about 3680 nm

(Figure 8b).
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16 (b)

39 Figure 8. SEM images of self-assembled clusters
40 of (a) 1a, (b) 2a, and (c) 3a obtained from
41 CHCIly/MeOH solvent system.

46 We also attempted to fabricate self-assembled tstes of 1b-3b in CHCk/MeOH solvent
48 system, but higher solubility dfb-3b thanla-3a hampered the formation of precipitates. On the
51 basis of the finding that the solubility ®b-3b in CH:Cl2 is somewhat lower than that in CHClve
applied CHCI2/MeOH solvent system fotb-3b, which afforded the purple, fibrous materi&ds.
56 The SEM measurements confirmed the significant malqgical differencej.e. shape, size, and
59 appearance, in the self-assembled clusters bethae&a and1b-3b, respectively. Compoundd

and3b produced mictometer-sized 1D whiskers with a rosigtiace (Figure 9a,c), and the widths of
19
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these clusters were non-uniform. Compouid exhibited flexible globular morphology, which
were entangled into complicated networks, with agerwidths of around 250 nm (Figure 9b). The
difference of the alkoxy chains is considered ttecifthe degree and balance of intermolecular
noncovalent interactions, nametyn stacking interactions between theconjugated frameworks
and van der Waals interactions between the alktyayns, as the driving force for self-assembly of
lab-3ab. Therefore, it is likely that the structural éifence of the alkoxy chains in the
phenanthrene moiety betwedm-3a and 1b-3b is responsible for the observed morphological
difference, although the effect of the chlorinatealvents used on the morphology cannot be
excluded at all. The result that the morphologyhef clusters oRab markedly differed from that

of 1a,b and3a,b may stem from large hydrophobicity of the&3tbstituents irRa,b.

20
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39 Figure 9. SEM images of self-assembled clusters
40 of (@) 1b, (b) 2b, and (c) 3b obtained from
41 CH:Cl,/MeOH solvent system.

46 Solvent is an important factor for molecular sed§@mbly in the solution-based process. We
48 performed the fabrication of self-assembled clgster 1b-3b by replacement of the good solvent
51 from CH:Cl2 to acetone; compounds-3a are almost insoluble in acetoffe. The morphology of
the self-assemblies dfb-3b formed in acetone/MeOH proved to be different fridrat formed in

56 CH2Cl2/MeOH (Figure 10), and the morphological change essecially pronounced b. Thus,

59 1b-3b formed 1D nanowhiskers, whose surfaces are marlszdboth, with widths of 2550 nm.

The observed morphological change depending osdlvents used may be associated with the facts
21
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that acetone is a hydrophilic solvent, while L1 is a hydrophobic one and/or the solubility of

1b-3bin acetone is lower than that in &&..4

(b)

(c)

J . X <
Figure 10. SEM images of self-assembled
clusters of (a)lb, (b) 2b, and (c)3b obtained from
acetone/MeOH solvent system.

The powder X-ray diffraction (PXRD) patterns of thelf-assembled clusters db-3b obtained
from CH.CIlo/MeOH and acetone/MeOH were recorded to examineeffast of the solvents for

self-assembly on the molecular arrangements instiperstructures (Figure 1%). There are two
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distinct 2 regions where the characteristic reflection peaksobservable; one is the smaller angle
region (2 = ca. 4-7°) and the other is the larger angle regiof €2ca. 23-30°). For the latter
larger-2 region, the correspondingrspacing values are ranging from 3.0 to 3.8 A. s@ugring
that the distance between a pairmetonjugated frameworks in Figure 7 is estimabld@o3.4 A,
such larger-2 region surely contains the peak reflecting the stacking periodicity® There are
multiple peaks in this large@2egion, but the strong peaks similarly locate atb@h= ca. 26° for

all the clusters oflb-3b, independent of used solvefifs. A desirable agreement between the
calculated d-spacing value and the estimategn stacking distance supports our structural
assignment discussed above. Thus, the commowdlitye peaks at2= ca. 26° corresponding to
n—n stacking periodicity forlb-3b indicates that the interaction between theonjugated
frameworks is the key for the self-assembly of P@epared in this study.

The other smallerfreflections of the clusters @b—3b also give us the valuable information for
the effects of substituents attached to the bendage on the packing and stacking arrangement of
the clusters because the peak appearances aretehati in1b-3b. The strong peaks around 2
= ca. 5° are observable for all the self-assembled dlsistELb-3b, independent of the used solvents.
However, the peak shape is quite differemt, the single peak fatb, the two peaks fo2b, and the
other lower-2 peaks are accompanied 5. Among these peak features, the single peakbjas
basically understandable because it contains nostisugnt on the benzene rings. The
correspondingl-spacing is 18 A, which is attributable to the tatelimension of the smallest unit of
the cluster, namely, the self-assembled dimer asishn Figure 7. The split peaks 2b and3b
are likely to be due to the substituent effect. ekpected from Figure 7, the substituents on the
benzene rings ikb and 3b should overlap with the 2-ethylhexyloxy groups tbe phenanthrene

moiety. The CEk group in2b is bulky and hydrophobic, and hence it is congdethat the
23
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repulsion between the @Rnd 2-ethylhexyloxy groups occurs and partly sajear the packing
distance between a lateral pair of the clustersngithe slight peak shift into the loweé-3ide; a
combination of original peak position and partiabf shift is ascribed to the characteristic pedik sp
in 2b. In the case 08b, the similar alkyl families of the OMe and 2-ethgkyloxy groups are
easily conjugated, which restricts the periodiafylateral arrangement of the clusters, resultimg i
the remarkable intensity decrease ¢f 2 ca. 5° peak. In turn, the strong peak newly appears
around the further lowerg2of ca. 4°, corresponding td-spacing value of 22 A. Perhaps, the OMe
groups displace the parallel stacking of the clusameworks, and the resulting slip-off separates
the lateral arrangement of the frameworks. Thear&able intensity decrease of the peaksfat 2
ca. 5° is coincident with such slip-off arrangement mlod

The solvents used remarkably affect the broadniesge@bove mentioned reflection peaks. The
clusters of1b-3b obtained from CECI2/MeOH gave moderately sharp peaks. The diffraction
patterns of the clusters @b and2b obtained from acetone/MeOH presented significabttyader
peaks than those ofb and 2b obtained from CECI2/MeOH, respectively. This apparently
indicates that the crystallinity of assembldzland2b decreases upon changing a good solvent from
CHzCI2 to acetone. It is noticeable that unlike in cask&b and2b, the cluster of8b obtained
from acetone/MeOH displayed the quite similar diftion pattern to that obtained from
CH2Cl2/MeOH in spite of the drastically different morpbgy depending on the solvents used.
Thus, the cluster ab possesses both uniform morphology and moderasgatlipity, although the
reason for this finding is not clear at presentvefi@ll, it is considered that the substituents o t
benzene rings inb-3b dominate the packing and stacking arrangemeri@ftusters in A level.
In contrast, the solvents for self-assembly plapanant roles in control over the crystallinity and

morphology of their clusters in the nanometer stéle
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Figure 11. PXRD patterns of superstructures of (&), (b) 2b, and (c)3b obtained from CkCl,/MeOH
solvent system (black lines) or an acetone/MeOMestlsystem (gray lines).

Conclusion

We have designed and synthesizesktended thiadiazoloquinoxaline (TQ) derivatiiegb—3a,b, in
which the tetraalkoxyphenanthrene moiety is fuseth whe TQ core and the benzene rings are
introduced via the ethynylene spacer, by oxidati@asannular cyclization and Sonogashira coupling
with ethynylarenes as key steps, and demonstrated intriguing electronic, optical, and
electrochemical properties and self-assemblingyieha The compounds in this work would be of
interest ast-functional materials owing to their appealing pedpes, such as the light absorption up
to 750 nm, the strong electron-accepting abilitynparable to [60]fullerene, and the aggregation and
self-association properties throughn stacking interactions. By investigating the pmbies of 1a
and the reference compountisind5, it can be concluded that the combination of tedn of the
phenanthrene moiety and the introduction of ethgmglspacers effectively extengisonjugation
and enhances the acceptor potency and the selffatiso ability. The substituents on the benzene
rings proved to modulate the electronic propertiesderately. Compoundsab-3ab produced
nano- and microscopic 1D self-assembled clustetis mgh aspect ratios, and the difference in the

alkoxy groups on the TQ moiety and the solvents deif-assembly was found to influence the
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morphology of the clusters. We believe that thespnt study will provide a valuable guideline for

the creation of TQ-based materials in organic ebeats.

Experimental Section

Preparation of 4,7-dibromo-2,1,3-benzothiadiazole;6-diamine (7). To a solution of
4,7-dibromo-5,6-dinitro-2,1,3-benzothiadiazol®) (1.00 g, 2.60 mmol) in acetic acid (15 mL) was
added in small portions iron powder (1.76 g, 31rbatf) at 100 °C. After the mixture was stirred at
100 °C for 1.5 h, EtOH (4.0 mL) was added to thetore. After the resulting mixture was heated
for another 1.5 h, the precipitate was collectedilsation and washed with MeOH. The residue
was extracted by Soxhlet’s extractor with EtOAc 3odays, and the extract was concentrated under
reduced pressure to afford(0.42 g, 1.30 mmol, 50%) as brown needles; thgirtal procedure for
purification was modified to obtain an analyticalpure sample. ThéH NMR data are in

agreement with those previously reportéd.*H NMR (300 MHz, DMSO#k): § 6.39 (4H, s).

Preparation of 9a. A mixture of6a (260 mg, 0.31 mmol) and(100 mg, 0.31 mmol) in acetic acid
(30 mL) was heated at 80 °C for 22 h. After adaditof water (30 mL), the mixture was extracted
with CHCl2 (15 mL x 3). The combined organic phase was whsht water (20 mL x 5), dried
over anhydrous MgSQ and concentrated under reduced pressure. Tidueewas subjected to
column chromatography (S¢Otoluene/hexane 3:1) to afford cru@a as red solids containing
inseparable impurities. To a solution of cri@#e(0.31 g) in CHCI2 (20 mL) was added vanadium
(V) oxytrifluoride (0.15 g, 1.21 mmol) in two pootis in a period of 2 h at room temperature under
an argon atmosphere. After the mixture was stiatedom temperature for 5 h, aqueous citric acid

(10%, 50 mL) was added to the mixture. The orgphi@se was separated, and the aqueous phase
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was extracted with CHEI(50 mL x 4). The combined organic phase was wahstith water (10
mL x 2), dried over anhydrous Mgs@nd concentrated under reduced pressure. Tiieieesas
subjected to column chromatography (8i@H:Clz2/hexane 1:2), and the collected material was
washed with hexane (20 mL) to affoda (0.23 g, 0.21 mmol, 66% in two steps) as browmdsol
An analytically pure sample was obtained by reeyglGPC eluting with CHGl  M.p. 212-214 °C;

IH NMR (500 MHz, CDG4, 40 °C):d 7.84 (2H, s), 7.06 (2H, s), 4.12 (4H)t 6.5 Hz), 4.00 (4H, t,

J = 6.3 Hz), 1.97-1.88 (8H, m), 1.63-1.57 (8H, mh2+1.35 (48H, m), 0.93 (6H, 3,= 7.0 Hz),
0.92 (6H, t,J = 7.0 Hz);3C NMR (125 MHz, CDCJ, 40 °C):5 152.8, 151.3, 149.0, 144.1, 137.7,
127.4, 122.0, 112.6, 109.1, 106.1, 69.4, 68.6,(8232.18, 30.06, 30.00, 29.97, 29.91, 29.8, 29.65,
29.63, 26.55, 26.52, 22.9, 14.2 (25 signals ouB®fexpected); UWis (CHCE): imad® (¢) 260
(38600), 282 (40000), 310 (50500), 476 (27200), 607 (sh, 2300); MALDI-TOF-MS (Dith,
positive): m/z 1121.7 [(M + HJ]; anal. calcd for @HssBraN4OsS: C, 64.27; H, 7.91; N, 5.00%,

found: C, 64.09; H, 8.00; N, 4.96%.

Preparation of 9b. A mixture of6b (0.78 g, 1.08 mmol) and (0.35 g, 1.08 mmol) in acetic acid
(20 mL) was heated at 80 °C for 21 h. After additof water (50 mL), the mixture was extracted
with CHCl2 (20 mL x 3). The combined organic phase was whsht water (20 mL x 5), dried
over anhydrous MgSQ and concentrated under reduced pressure. Tidueewas subjected to
column chromatography (S#>CH:Cl2/hexane 1:2) to afford crud&b as red solids containing
inseparable impurities. To a solution of cr@ke(0.84 g) in CHCI2 (20 mL) was added vanadium
(V) oxytrifluoride (0.40 g, 3.23 mmol) in two pootis in a period of 2 h at room temperature under
an argon atmosphere. After the mixture was furgtered at room temperature for 5 h, aqueous

citric acid (10%, 100 mL) was added to the mixtur&@he organic phase was separated, and the
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aqueous phase was extracted with CGHB0 mL x 3). The combined organic phase was whshe
with water (20 mL x 2), dried over anhydrous MgS@nd concentrated under reduced pressure.
The residue was purified by column chromatogra@i®f, CH:Clz/hexane 1:3) and recrystallization
from acetone/MeOH to affor@b (0.50 g, 0.50 mmol, 46% in two steps) as browndsol An
analytically pure sample was obtained by recyc®RC eluting with CHGl  M.p. 206-207 °C*H
NMR (400 MHz, CDC}): 6 8.36 (2H, s), 7.42 (2H, s), 4.17 (4H,X& 5.6 Hz), 4.13 (4H, d] = 5.6
Hz), 1.94-1.91 (4H, m), 1.71-1.39 (32H, m), 1.08,(6 J = 7.6 Hz), 1.06 (6H, ) = 7.6 Hz), 0.98
(6H, t,J = 7.0 Hz), 0.97 (6H, tJ = 7.0 Hz);3C NMR (75 MHz, CDC{): 6 153.6, 151.4, 149.5,
144.9, 138.1, 127.9, 122.2, 112.8, 109.4, 106.07,721.3, 39.8, 39.4, 30.93, 30.88, 29.42, 29.39,
24.2, 23.39, 23.30, 14.38, 14.33, 11.6, 11.5 (gBads out of 26 expected); UVis (CHCE): Amafs

(¢) 261 (40100), 282 (42100), 311 (52700), 480 (248607 nm (sh, 2200); MALDI-TOF-MS (Dith,
positive):m/z 1008.2 (M); anal. calcd for €H72BraN4O4S: C, 61.90; H, 7.19; N, 5.55%, found: C,

61.83; H, 7.02; N, 5.48%.

Preparation of la. A suspension oPa (108 mg, 96.6umol) in THF/EgN (8:1, 90 mL) was
bubbled with argon with stirring for 30 min aBd was dissolved by heating ed. 50-60 °C. The
resulting solution was allowed to cool to room temgture, and ethynylbenzene (30 mg, 0.30 mmol),
Cul (3 mg, 15umol), and [Pd(PPf] (18 mg, 15umol) were added to the solution. The resulting
mixture was stirred at room temperature for 19 deuran argon atmosphere. £CHp (45 mL) was
added to the mixture. The resulting mixture wésred through a bed of silica gel, and the figrat
was concentrated under reduced pressure. Theueesids purified by column chromatography
(SiOz; toluene) to affordla (17 mg, 15umol, 15%) as purple solids. An analytically puenple

was obtained by recycling GPC eluting with CEICIM.p. 201 °C (decomp.}H NMR (600 MHz,
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CDCh): 5 8.81 (2H, s), 7.87—7.86 (4H, m), 7.58 (2H, s)52A44 (6H, m), 4.26 (4H, 3,= 5.4 Hz),
4.25 (4H, tJ = 5.1 Hz), 1.99-1.95 (4H, m), 1.92-1.87 (4H, mp0L1.29 (56H, m), 0.90 (6H,d,=

6.9 Hz), 0.89 (6H, tJ = 6.9 Hz);:*C NMR (150 MHz, CDGJ, 50 °C):6 153.8, 153.0, 149.5, 144.2,
141.4, 132.3, 128.9, 128.5, 127.8, 124.1, 123.3,111109.5, 106.8, 105.2, 86.5, 69.7, 68.8, 32.2,
29.97, 29.94, 29.91, 29.89, 29.84, 29.75, 29.6F1LP6.54, 26.45, 22.9, 14.2 (31 signals out of 36
expected); UVvis (CHCh): Zmaf®s () 265 (40700), 313 (52500), 323 (52500), 499 (216686
(7100), 654 nm (7800); MALDI-TOF-MS (Dith, positiyem/z 1162.9 (M); HR-FAB-MS (NBA,

positive):m/z calcd for GeHosN4O4S™ 1162.7309, found 1162.7316 (M

Preparation of 1b. A solution of9b (100 mg, 99.1umol) in THF/EtN (8:1, 30 mL) was bubbled
with argon with stirring for 30 min.  Ethynylbenze(40 mg, 0.40 mmol), Cul (4 mg, génol), and
[Pd(PPh)4] (23 mg, 20umol) were added to the solution at 0 °C. The tesyimixture was stirred
at room temperature for 9 h under an argon atmaespheéCHCl2 (20 mL) was added to the mixture.
The resulting mixture was filtered through a bedib€a gel, and the filtrate was concentrated unde
reduced pressure. The residue was purified bynoolchromatography (SEQEtOAc/hexane 1:19)
and recrystallization from acetone/MeOH to affald(15 mg, 15umol, 15%) as purple solids. An
analytically pure sample was obtained by recyc®RC eluting with CHGL M.p. 155-156 °C*H
NMR (600 MHz, CDC4): § 8.84 (2H, s), 7.87—7.86 (4H, m), 7.61 (2H, s)6#2A44 (6H, m), 4.18
(4H, d,J = 6.0 HZ), 4.16 (4H, d] = 5.4 Hz), 1.93-1.89 (2H, m), 1.81-1.77 (2H, m§6+1.30 (32H,
m), 1.03 (6H, t) = 7.5 Hz), 0.94 (12H, f] = 7.2 Hz), 0.89 (6H, t] = 6.9 Hz);3C NMR (150 MHz,
CDCls): 6 153.8, 153.5, 149.9, 144.7, 141.4, 132.2, 129.8,61228.1, 123.7, 123.2, 113.1, 109.3,
106.3, 105.4, 86.0, 71.8, 70.9, 40.1, 39.8, 303@083, 30.81, 29.44, 29.39, 24.18, 24.13, 23.28,

23.22, 14.3, 11.6 (31 signals out of 32 expectet)vis (CHCE): imad® (¢) 267 (43100), 316
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(55800), 505 (23300), 653 nm (7100); MALDI-TOF-M®ith, positive): m'z 1050.7 (M)

HR-FAB-MS (NBA, positive):m/z calcd for GsHs2N404S™ 1050.6057, found 1050.6055 (M

Preparation of 2a. A suspension ofa (120 mg, 107umol) in THF/E&N (8:1, 120 mL) was
bubbled with argon with stirring for 30 min aBd was dissolved by heating ed. 50-60 °C. The
resulting solution was allowed to cool to room temgure, and
1-ethynyl-4-(trifluoromethyl)benzene (57 mg, 0.3&oi), Cul (3 mg, 15umol), and [Pd(PPdu] (18
mg, 15umol) were added to the solution. The resultingtorx was stirred at room temperature for
23 h under an argon atmosphere. CHG60 mL) was added to the mixture. The resultingtune
was filtered through a bed of silica gel, and tiieate was concentrated under reduced pressure.
The residue was purified by column chromatograp8iOf toluene) and reprecipitation from
CH:Cl2/MeOHto afford2a (5 mg, 3umol, 3%) as purple solids. M.p. 203 °C (decomi)NMR
(300 MHz, CDC}4, 50 °C):6 8.63 (2H, s), 7.91 (4H, d,= 8.1 Hz), 7.69 (4H, d] = 8.1 Hz), 7.50
(2H, s), 4.23 (4H, t) = 6.5 Hz), 4.17 (4H, t) = 6.5 Hz), 2.01-1.83 (8H, m), 1.65-1.27 (56H, m),
0.93-0.87 (12H, m%*3C NMR: Not available due to low solubility; UVWis (CHCE): ima®s (¢) 255
(38400), 312 (48500), 506 (22000), 628 (5700), &80 (sh, 5700); MALDI-TOF-MS (Dith,
positive):m/z 1298.7 (M); HR-FAB-MS (NBA, positive)m/z calcd for GsHoeFeN4O4S"™ 1298.7056,
found 1298.7055 (N); anal. calcd for @HesFeN4O4S: C, 72.08; H, 7.45; N, 4.31%, found: C, 71.76;

H, 7.31; N, 4.18%.

Preparation of 2b. A solution of9b (200 mg, 0.20 mmol) in THF/BEN (8:1, 50 mL) was bubbled
with argon with stirring for 30 min. 1-Ethynyl-4rfluoromethyl)benzene (135 mg, 0.79 mmol),
Cul (8 mg, 40umol), and [Pd(PPu] (46 mg, 40umol) were added to the solution at 0 °C. The
resulting mixture was stirred at 0 °C for 6 h underargon atmosphere. €& (20 mL) was
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added to the mixture. The resulting mixture wésred through a bed of silica gel, and the figrat
was concentrated under reduced pressure. Theueesids purified by column chromatography
(SiOz; EtOAc/hexane 1:40) and recrystallization fromtane/MeOHo afford2b (42 mg, 35umol,
18%) as purple solids. An analytically pure sampls obtained by recycling GPC eluting with
CHCL. M.p. 134-136 °C!H NMR (300 MHz, CDCY): § 8.75 (2H, s), 7.95 (4H, d, = 8.1 Hz),
7.71 (4H, dJ = 8.1 Hz), 7.58 (2H, s), 4.17 (4H, 8= 5.7 Hz), 4.10 (4H, d] = 4.8 Hz), 1.93-1.88
(2H, m), 1.80-1.76 (2H, m), 1.64-1.32 (32H, m),31(6H, t,J = 7.4 Hz), 0.97-0.89 (18H, m¥C
NMR (150 MHz, CDC4): ¢ 153.8, 153.7, 149.9, 145.0, 141.6, 132.3, 128.3,312125.6, 125.6,
122.9, 112.8, 109.4, 106.2, 103.5, 87.9, 71.8,,401®, 39.7, 30.9, 30.8, 29.9, 29.37, 29.31, 24.15
24.05, 23.3, 23.2, 14.30, 14.23, 11.6, 11.4;-U¥ (CHCh): ima? () 255 (47200), 312 (60300),
506 (29000), 628 (6300), 660 nm (sh, 6500); MALODF-MS (Dith, positive)m/z 1186.7 (M);

HR-FAB-MS (NBA, positive)n/z calcd for GoHsoFsN4O4S* 1186.5804, found 1186.5801 (M

Preparation of 3a. A suspension d®a (54 mg, 48.umol) in THF/E&N (8:1, 40 mL) was bubbled
with argon with stirring for 30 min an@ia was dissolved by heating @. 50-60 °C. The resulting
solution was allowed to cool to room temperaturej &-ethynyl-4-methoxybenzene (16 mg, 0.12
mmol), Cul (1 mg, 6umol), and [Pd(PPfu] (7 mg, 6 umol) were added to the solution. The
resulting mixture was stirred at room temperatorelfl h under an argon atmosphere. 2Clk(20
mL) was added to the mixture. The resulting migtwas filtered through a bed of silica gel, and
the filtrate was concentrated under reduced pressufhe residue was purified by column
chromatography (Si§) toluene) to afford3a (17 mg, 14umol, 29%) as purple solids. An
analytically pure sample was obtained by recycl®@§C eluting with CHGl M.p. 207 °C

(decomp.)H NMR (400 MHz, CDCY): 5 8.63 (2H, s), 7.76 (4H, dd,= 2.0 & 8.8 Hz), 7.48 (2H, s),
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6.94 (4H, ddJ = 2.0 & 8.8 Hz), 4.22 (4H, ) = 5.6 Hz), 4.21 (4H, t) = 5.8 Hz), 3.89 (6H, s),
1.97-1.90 (8H, m), 1.59—1.29 (56H, m), 0.92-0.88H(1m); 1*C NMR (75 MHz, CDC4, 50 °C):6
160.4, 153.6, 152.7, 149.3, 143.9, 141.1, 133.9,612123.4, 116.4, 114.3, 112.9, 109.3, 106.6,
105.4, 85.8, 69.6, 68.7, 55.4, 32.2, 30.0, 29.9,220.6, 26.6, 26.5, 22.9, 14.2 (28 signals oB7f
expected); UWvis (CHCE): Amad™ (¢) 266 (52700), 325 (61700), 449 (14200), 504 (2)0660
(12100), 684 nm (13000); MALDI-TOF-MS (Dith, posit): m/z 1222.6 (M); HR-FAB-MS (NBA,

positive):m/z calcd for GsH102N4OeS" 1222.7520, found 1222.7521 (M

Preparation of 3b. A solution 0of9b (51 mg, 4Qumol) in THF/E&N (8:1, 30 mL) was bubbled with
argon with stirring for 30 min.  1-Ethynyl-4-methdenzene (53 mg, 0.40 mmol), Cul (2 mg, 10
umol), and [Pd(PP¥u] (12 mg, 10umol) were added to the solution at 0 °C. The tegyimixture
was stirred at 0 °C for 2 h under an argon atmagpheCHCl2 (20 mL) was added to the mixture.
The resulting mixture was filtered through a bedib€a gel, and the filtrate was concentrated unde
reduced pressure. The residue was purified bynmolohromatography (SEQEtOAc/hexane 1:3)
and recrystallization from acetone/MeOH to aff@l(21 mg, 18umol, 38%) as purple solids. An
analytically pure sample was obtained by recyc®RC eluting with CHGl M.p. 139-141 °C*H
NMR (400 MHz, CDC4): 6 8.79 (2H, s), 7.80 (4H, dd,= 2.0 & 9.0 Hz), 7.59 (2H, s), 6.96 (4H, dd,
J=2.0&9.0 Hz), 4.17 (4H, d,= 5.6 Hz), 4.16 (4H, d] = 4.4 Hz), 3.89 (6H, s), 1.92-1.88 (2H, m),
1.82-1.79 (2H, m), 1.68-1.32 (32H, m), 1.04 (6H,%,7.4 Hz), 0.96 (6H, ] = 7.4 Hz), 0.94 (6H, t,
J=7.2 Hz), 0.89 (6H, t] = 7.0 Hz);**C NMR (75 MHz, CDCJ): § 160.3, 153.6, 153.3, 149.7, 144.3,
141.2, 133.8, 127.9, 123.2, 115.9, 114.2, 112.9,11A06.1, 105.7, 85.4, 71.7, 70.9, 55.4, 40.17,39
30.88, 30.78, 29.43, 29.37, 24.1, 23.29, 23.253,141.65, 11.57 (31 signals out of 33 expected);

UV-vis (CHCE): Zmaf® (£) 266 (52700), 325 (61700), 449 (14200), 504 (21680 (12100), 684
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nm (13000); MALDI-TOF-MS (Dith, positive)/z 1110.9 (M); HR-FAB-MS (NBA, positive):nvz

calcd for GoHseN4OeS™ 1110.6268, found 1110.6263 (M

Preparation of 4: A mixture of6a (26 mg, 31umol) and7 (10 mg, 31umol) in acetic acid (10 mL)
was heated at 80 °C for 22 h. After addition oftarg30 mL), the mixture was extracted with
CHzCl2 (15 mL x 3). The combined organic phase was whshth water (20 mL x 5), dried over
anhydrous MgS@ and concentrated under reduced pressure. Thilieesas subjected to column
chromatography (Si£) toluene/hexane 3:1) to afford crufla as red solids containing inseparable
impurities. A solution of crud8a (30 mg) in THF/EN (2:1, 30 mL) was bubbled with an argon
with stirring for 30 min.  Ethynylbenzene (13 mgl® mmol), Cul (1 mg, @mol), and [Pd(PP]

(7 mg, 6umol) were added to the mixture under an argon gthere. After the mixture was stirred
at room temperature for 30 min, @2 (15 mL) was added to the mixture. The resultingtune
was filtered through a bed of silica gel, and tiiieate was concentrated under reduced pressure.
The residue was purified by column chromatograi8i@4 toluene) to affordt (9 mg, 8umol, 25%

in two steps) as purple solids. An analyticallrgopgample was obtained by recycling GPC and
reprecipitation from CkClo/MeOH.  M.p. 120-122 °C*H NMR (400 MHz, CDC{): 6 7.82-7.79
(4H, m), 7.58 (2H, dJ = 2.2 Hz), 7.43-7.42 (6H, m), 7.29 (2H, ddks 2.2 & 8.4 Hz), 6.82 (2H, d

= 8.4 Hz), 4.04 (4H, t) = 6.6 Hz), 3.95 (4H, ) = 6.6 Hz), 1.89-1.81 (4H, m), 1.80-1.73 (4H, m),
1.52-1.27 (56H, m), 0.89 (6H,d= 7.2 Hz), 0.88 (6H, t] = 7.0 Hz);33C NMR (150 MHz, CDGJ):

0 154.7, 154.1, 151.3, 149.0, 141.0, 132.3, 131.9,312128.6, 124.1, 123.4, 115.3, 113.4, 112.5,
105.6, 85.3, 69.37, 69.27, 32.10, 32.08, 29.8®29.77, 29.61, 29.56, 29.53, 29.40, 29.36, 26.24
26.20, 22.9, 14.3 (32 signals out of 36 expectetivis (CHCE): imaf® () 313 (42900), 528

(17100), 570 nm (sh, 12800); MALDI-TOF-MS (Dith, gitve): m'z 1164.8 (M); HR-FAB-MS
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(NBA, positive):nVz calcd for GeH10dN404S" 1164.7465, found 1164.7469 (M

Preparation of 5: To a solution of 5,6-dinitro-4,7-diphenyl-2,1,3rzethiadiazole 1)*° (120 mg,
0.32 mmol) in acetic acid (30 mL) was added ironvger (214 mg, 3.8 mmol) and the resulting
suspension was heated at 80 °C for 3 h. Aftertiaadof water (50 mL), the resulting mixture was
extracted with EtOAc (30 mL x 3). The combinedamg phase was washed with water (20 mL x
3), dried over anhydrous BB(:, and concentrated under reduced pressure to affarde
4,7-diphenyl-2,1,3-benzothiadiazole-5,6-diamif2) (@s orange solids. A mixture of crudi2 (100
mg) and 2,3,6,7-tetrakis(decyloxy)-9,10-dihydropdnahrene-9,10-dione (262 mg, 0.31 mmol) in
acetic acid (60 mL) was heated at 80 °C for 14 After addition of water (50 mL), the mixture was
extracted with CECl2 (30 mL x 3). The combined organic phase was wasglith water (20 mL x
5), dried over anhydrous Mg30Oand concentrated under reduced pressure. Thaueesvas
purified by column chromatography (SiQoluene/hexane 5:1) to affobd119 mg, 0.11 mmol, 34%
in two steps) as dark green solids. An analycplire sample was obtained by recycling GPC.
M.p. 192-194 °C*H NMR (600 MHz, CDCY): 5 8.42 (2H, s), 8.15 (4H, dd,= 1.2 & 7.8 Hz), 7.65
(4H, dd,J = 7.5 & 7.8 Hz), 7.56 (2H, dd, = 1.2 & 7.5 Hz), 7.53 (2H, s), 4.21 (4HJt= 6.6 Hz),
4.10 (4H, tJ = 6.9 Hz), 1.96-1.91 (8H, m), 1.58-1.53 (8H, m%7+1.28 (48H, m), 0.90 (6H, 1=

6.9 Hz), 0.89 (6H, tJ = 6.9 Hz);13C NMR (75 MHz, CDC4, 40 °C):6 152.7, 152.5, 149.7, 143.6,
137.4, 135.9, 133.5, 129.1, 128.1, 127.5, 124.0,990107.2, 70.0, 68.9, 32.1, 29.95, 29.86, 29.80,
29.75, 29.70, 29.60, 29.55, 26.3, 22.9, 14.2 (g6ads out of 34 expected); WVis (CHCE): Amad®s

(¢) 258 (49700), 308 (56400), 460 (25200), 480 (890D), 600 nm (sh, 4000). MALDI-TOF-MS
(Dith, positive): m/z 1114.6 (M); HR-FAB-MS (NBA, positive):m/z calcd for G2HosN4OsS*

1114.7309, found 1114.7302 (M
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Supporting Information
General experimental methods, photophysical datactrechemical data, theoretical data,
MALDI-TOF-MS spectra, concentration-depend@itNMR and UV-vis spectra, and GPC profiles

and'H and®*C NMR spectra of new compounds (PDF)
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characteristic was observed unfortunately.

The DFT calculations fold' -3 at the GIAO/PCM/WP04/6-31G(d)//PBE0/6-31G(d) leve
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where solvation was taken into account by usingsttré = (solvent = chloroform) keyword,
revealed that the singlet peaks in the high- amdfield regions are identified with the proton
signals at the 4,5- and 1,8-positions of the pheimane moiety, respectively (Figure S2).

It was reported that the GIAO in combination witle /WP04 functional and 6-31G(d) basis set
offers an excellent balance between computatioost ahd accuracy; see: Jain, R.; Bally, T.;
Rablen, P. RJ. Org. Chem. 2009 74, 4017.
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This speculation may be supported by the findireg the solubility of2a is extremely lower
thanlaand3a

We were not able to measure the absorption speta at various concentrations due to its
low solubility.

We also measured the absorption spectrdlef3b in acetone at various concentrations to
investigate the effect of solvent polarity on thef-sssociation. The spectral changes of
1b-3b in acetone are greater than those in GHEIgure S18), implying that the solvophobic
effect facilitates the self-association ability Df-3b in acetone relative to that in CHCI
however, we did not determine the association eotstflb-3b in acetone.

The optimized structures of the self-assembled dirfa 1'-3' resemble each other.

The plausible stacked structures are very simildhé crystal packing structuresméxtended
TQ derivatives synthesized by Baumgarten and cdevsr{Ref. 129].

We note that the distribution of the HOMOs and LUMGI the dimers is different from that in

the monomers (Figure S4), which is indicative @& thbital interactions in the self-assembled
41

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)
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dimer structures.

Zang, L.; Che, Y.; Moore, J. 8cc. Chem. Res. 2008 41, 1596.

The precipitate ofla-3a formed by addition of 460 vol.% of MeOH to the corresponding
CHCI solution ¢a. 1 mg mLEY). We did not examine the fabrication of the ppéate of4
and>.

We prepared the self-assemblieslaf 2a, and3a from CHCk/hexane solvent system. The
SEM measurements showed that the morphology adigkemblies were almost independent of
poor solvents (Figure S20); however, the widthstlted nanofibers fronRa obtained by
CHCls/hexane solvent system ata. 20-30 nm, which are narrower than those obtained by
CHCIs/MeOH solvent system.

The precipitate oflb—3b formed by addition of 780 vol.% of MeOH to the corresponding
CHCl2 solution €a. 1 mg mL?Y).

The precipitate oflb—3b formed by addition of 460 vol.% of MeOH to the corresponding

acetone solutiorcl. 1 mg mL?).

For the morphological control by the solvents usas: Nakanishi, TThem. Commun. 201Q
46, 3425.
The PXRD measurements for the clusterslef3a could not be conducted due to the

insufficient amount of materials.

(a) Schmidt-Mende, L.; Fechtenkdtter, A. F.; MU|l&n; Moons, E.; Friend, R. H.; Mackenzie,
J. D. Sience 2001, 293, 1119. (b) Xiao, S.; Tang, J.; Beetz, T.; Guo, Kemblay, N.;
Siegrist, T.; Zhu, Y.; Steigerwald, M.; Nuckolls, £ Am. Chem. Soc. 2006 128, 10700.

The assembledb, 2b, and3b obtained from CECI2/MeOH exhibited defined peaks at 23.5,

25.0, 26.2, and 27.3%(spacing 3.8, 3.6, 3.4, and 3.3 A), 23.7, 26.0, 28d° ¢ spacing 3.7,
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3.4 and 3.1 A), and 23.0 and 26.6%pacing 3.8 and 3.4 A), respectively.

(48) Baumgarten and co-workers have recently reported the pseudo dimers formed by

©CoO~NOUTA,WNPE

ethynylated TQs assemble in a brick wall packingdestith slight vertical offset [Ref. 12(].
12 On the basis of this finding, the present TQs mag assemble in a similar packing style in
their self-assembling clusters.

17 (49) Kato, S.-i.; Furuya, T.; Nitani, M.; Hasebe, N.; N; Aso, Y.; Yoshihara, T.; Tobita, S.;

20 Nakamura, YChem. Eur. J. 2015 21, 3115.
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