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This paper presents the morphological control of self-assembled structures derived from a novel T-shaped
bisphenazine containing cyanophenyl groups. The π-aggregation of the molecule in solution was verified
with 1H NMR at various concentrations. Self-assembly using a phase transfer method showed
morphological transformation from straight strands to flexible nanofibers with significant bundling and
coiling, and finally, flat nanofibers with less bundling as solution concentration increased, which was
extensively characterized by scanning electron microscopy (SEM). UV-vis spectroscopy in a binary
solvent and solid state showed red-shifted absorption with increased absorbance at the long wavelength
shoulder region when compared to that in the solution state. A variable temperature UV-vis experiment
verified that the spectral change was caused by π-aggregation. X-ray diffraction (XRD) and Fourier-
transform infrared (FT-IR) spectroscopy of the assembled structures showed that intermolecular cyano
interactions are the major driving force for the formation of the nanofibers while π-π interactions are
dominant for the straight strands. The increased water contact angle (WCA) of nanofiber films in
comparison to a spin-coated film is indicative of the nanoscale surface roughness and the hydrophobic
nature of the nanofibers. This report provides a useful design tool based on the rational utilization of
cyanophenyl groups in a large π-core to modulate assembly morphology.

Introduction

Self-assembly (SA) of π-conjugated materials through
various intermolecular interactions has been a particularly
useful bottom-up approach in preparing nanostructures with
a high level of supramolecular organization. One-dimension-
ally (1D) grown nanostructures have drawn much attention
for their potential applications in devices such as field effect
transistors (FET)1 and photovoltaics (PV)2 because of their
enhanced device performance. In addition, the ease of
preparation of these nanostructures compared to single
crystals offers an opportunity for facile device fabrications.1,2b-d

The control of the morphology of self-assembled nanostruc-
tures from π-conjugated materials is of particular interest
because many electro-optical properties including energy
transfer and fluorescence modulation are influenced by the

arrangement of π-cores.3 Such a morphological control has
been accomplished using strategic molecular design com-
bined with a modulation of assembly conditions. A typical
design approach has utilized the manipulation of side groups
bonded to π-cores through the alteration of factors including
the length,4 branching,5 and polarities.6 Long and branched
alkyl chains increase the solubility of large π-cores in
common organic solvents which increases the processability
by suppressing π-aggregation. However, selection of the
types of side groups through sole consideration of solubility
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Chem., Int. Ed. 2008, 47, 1703–1706.

2070 Chem. Mater. 2009, 21, 2070–2076

10.1021/cm8029455 CCC: $40.75  2009 American Chemical Society
Published on Web 05/01/2009



often hampers effective π-aggregation and fails to produce
well-assembled structures. Secondary interactions such as
hydrogen bonding,4c,7 dipole-dipole interaction,6e,7u,8 am-
phiphilic interaction,4a,b,6a-d etc., in conjunction with π-π
interaction have also been used to control the morphologies
of self-assembled structures. These interactions either com-
pete or cooperate with π-π interaction, which leads to the
variation of the assembled morphologies. Among the various
secondary interactions, classical hydrogen bonding has been
a common choice to aid π-π interaction by geometric
cooperation with limited morphology control because of its
high rigidity and spatial orientation. In contrast, weak
intermolecular interactions such as dipole-dipole interaction
and nonclassical hydrogen bonding between polar atoms and
aromatic protons are rarely studied for the purpose of SA.
However, weak interactions can assist π-π stacking and
control the morphologies by changing assembly conditions
such as assembly method, solvent polarity, and concentra-
tions.9 For example, in the 1D SA from [2-(p-dimethyl-
aminophenyl)ethenyl]-pheyl-methylene-propanedinitrile
(DAPMP), an intramolecular charge transfer compound with
two distinct directions of dipole moment showed controllable
nanostructures depending on assembly temperature, which
can control the direction of dipole resulting in different
molecular arrangement.8c Therefore, the introduction of weak
interactions could be an effective strategy for morphology

control because those interactions are very responsive to
external assembly conditions.

The cyano moiety has been an attractive functional group
among other polar groups because of its 2-fold utility. It can
be used to generate n-type semiconductors because of its
strong electron-withdrawing nature,10 and it has the ability
to interact with either other cyano groups11 or other atoms
such as halogen,12 sulfur in thiophenes,10h and hydrogen in
aromatic rings.10c,13 Although the former utility has been
extensively studied, most of the latter utility has been
narrowly focused on either strengthening molecular packing
in crystal form10c,h,11-13 or assembly behavior at the
solid-vacuum interface.14 In a surface-based assembly of
cyanophenyl substituted porphyrins using ultra high-vacuum
deposition, it has been demonstrated that the molecular
arrangements such as dimer, trimer, tetramer, or linear chain
can be induced by altering the position of the cyanophenyl
group. For example, when two cyanophenyl groups are
substituted at the trans position of the porphyrin, linear chain
propagation on a Au substrate surface was observed because
of hydrogen-binding interactions between cyanophenyl
substituents.14a,e Despite such applications of cyano interac-
tion, only a few examples15 are related to solution-based 1D
SA inducing free-standing nanostructures through cyano
interaction.

A sensible molecular design can take advantage of all of
the properties afforded by the cyano group to generate 1D
nanostructures of n-type semiconductors with controllable
assembly morphologies. We recently reported the initial SA
behavior of a novel T-shaped asymmetric bisphenazine
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containing cyano groups which were introduced to increase
electron-affinity.16 T-shaped aromatic cores are interesting
π-platforms for SA, especially when they are functionalized
with proper side groups as demonstrated previously.17 With
the T-shaped bisphenazine system, we found a dramatic
morphological change from rigid microstrands to flexible
nanofibers by the introduction of the cyano group to the same
T-π-core, indicating that the morphological change was
presumably induced by intermolecular cyano interaction. This
result has inspired us to investigate the SA of the compound
1 under various assembly conditions to control morphology
through the competition between π-π interaction and cyano
interaction. In this paper, we present a detailed spectroscopic
investigation of the morphological transformation of the self-
assembled structures as a function of the assembly conditions
with various instrumental analyses. To the best of our
knowledge, this work is the first example of such a study.

Experimental Section

Characterizations. 1H NMR spectra were measured using a
Varian Gemini 400 MHz NMR spectrometer at room temperature.
Deuterated chloroform (CDCl3) containing TMS as intrareference
was used as the solvent for concentration-dependent 1H NMR study.
Absorption spectra were obtained with a Shimadzu UV-2450
UV-visible spectrometer in solution and solid state. SEM images
were obtained by JSM-5600, JEOL SEM operating at 15 kV. The
assembled structures obtained from different concentration solutions
were transferred onto a gold/mica substrate, followed by air drying.
The dried samples were coated with gold prior to SEM imaging.
XRD powder patterns were collected on a Pananalytical X’Pert PRO
X-ray diffractometer, for which a Cu KR radiation (λ ) 1.54 Å,
40 mA, 40 mV) was used. The sample was drop cast in a zero
background plate for analysis. FT-IR measurement for a solution
of 1 was performed using an IRPrestige-21 Shimadzu spectrometer.
A solution of 1.8 × 10-5 M in CCl4 was measured in a KBr cell
with 1 mm spacing at room temperature. All FT-IR measurements
for solid samples were performed using a Varian FTS-7000
spectrometer using attenuated total reflectance (ATR) crystal (Ge)
and single point absorption micro reflectance FT-IR microscopy.
A total of 500 scans at a 4 cm-1 resolution were collected for each
sample. The assembled structures obtained from different concen-
tration solutions were dispersed on a glass slide prior to ATR and
absorption reflectance FT-IR measurements. The measurement of
WCA was carried out using a contact angle goniometer (Dataphys-
ics OCA15) at room temperature. A droplet of water (5 µL) was
placed on surface coated with compound 1 and WCA was measured
after 30 s. The average WCA was obtained by the measurement at
ten different positions of each sample.

Recrystallization. A methylene chloride solution (2 mL) of 1
(25 mg, 0.02 mmol) was prepared, followed by standing without
disturbing for a few days to grow crystals upon a slow evaporation
of the solvent, which initially formed after 24 h.

Self-Assembly. SA of 1 was performed through a phase transfer
method with a methylene chloride/methanol binary solvent system.
Methylene chloride solutions (5 mL) of 1 with various concentra-
tions (between 0.1 and 8 mM) were prepared in a 20 mL vial. Then,
4 mL of methanol was slowly added to the vial so that two phases

were maintained. The mixture was left undisturbed at room
temperature for 12 h to induce SA.

Results and Discussion

The T-π-core in compound 1 adapts a planar geometry,
with cyano groups being placed in the same plane as the
T-core according to the theoretical calculation (Figure 1).
This indicates that the planar structure of the molecule can
stimulate effective intermolecular π-orbital overlap.

The molecular aggregation behavior of compound 1 was
studied using 1H NMR spectroscopy as a function of the
concentration (Figure 2). For the peak assignments, the NMR
spectrum of the 1 mM solution was used. The doublets at
δ ) 9.85 and 9.80 were assigned to Hd and He, respectively,
whereas singlets at δ ) 8.12 and 7.63 were assigned to Hc

and Hf in the bisphenazine unit, respectively. The protons
Ha and Hb in the cyanophenyl showed doublet peaks at
δ ) 7.78 and 7.94. The four aliphatic protons (Hg) in the
alkoxy side groups were observed at δ ) 4.34 as a triplet.
As the concentration was increased from 1 to 20 mM, the

(16) Lee, D.-C.; Jang, K.; McGrath, K. K.; Uy, R.; Robins, K. A.; Hatchett,
D. W. Chem. Mater. 2008, 20, 3688–3695.
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2007, 46, 6807–6810.

Figure 1. Molecular structure of 1 (top) and optimized geometry by B3LYP/
6-31G* calculations (bottom; hydrogen atoms were omitted for clarity).

Figure 2. Concentration-dependent 1H NMR spectra of 1 in CDCl3.
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chemical shifts of all aromatic protons showed upfield shift
by a range of 0.12-0.33 ppm. Among them, Hd and He

showed an interesting trend. From 1 to 8 mM, Hd showed a
larger upfield shift than He, merging to be a singlet at
δ ) 9.68 at 8 mM. At concentrations higher than 8 mM, the
splitting pattern of those two protons resumed. In addition,
from 8 to 20 mM, He showed a larger upfield shift than Hd.
This interesting observation suggests that Hd experiences
more π-shielding than He at concentrations up to 8 mM, and
vice versa beyond 8 mM. In the case of aliphatic protons,
only Hg showed a slight upfield shift as the solution
concentration increased. The upfield shift of all aromatic
protons and the aliphatic protons nearby the aromatic core
is due to the shielding effects of the aromatic ring above the
respective protons and indicative intermolecular π-π inter-
action. It should be noted that peak broadening was observed
as the concentration increased because of restricted molecular
motion. The most pronounced shift (∆ ) 0.33 ppm) was
observed from Hc, suggesting that the proton is the nearest
to the neighboring molecules in concentrated solution leading
to the highest shielding effect.

The self-association constants (Ka) of each proton was
estimated from the experimentally obtained, concentration-
dependent NMR spectra for a quantitative comparison.18 As
described above, Hc has the highest Ka of 30.2 L/mol among
other protons (Figure 3). This result indicates that spontane-
ous assembly through π-π interaction is expected. Never-
theless, the Ka value is still lower than structurally similar
pyrazine-containing fused aromatic compounds without t-
butyl groups,19 implying that extensive π-aggregation was
suppressed by bulky t-butyl groups to some extent.

Prior to SA, the crystals of compound 1 formed from a
slow evaporation of methylene chloride solution were
characterized with XRD to gain insight in the molecular
packing. As shown in Figure 4, the XRD pattern obtained
from the crystal exhibited well-resolved diffraction patterns
including a strong peak at 2θ ≈ 24° corresponding to

d ≈ 3.7 Å, which is characteristic of an effective π-π
stacking distance, indicating that the π-π interaction is one
of the driving forces for the formation of the crystal.

SA of 1 was accomplished through a phase transfer
method. To varying concentrations of 1 in methylene chloride
from 0.1 to 8 mM was very slowly added methanol to
maintain two phases. Thereafter, the slow diffusion of the
two phases initiated the molecular assembly. In all cases,
the volume ratio between methylene chloride, and methanol
was kept constant (1:0.8). The morphological study as a
function of the concentration was first carried out with SEM.
As shown in Figure 5, a clear morphological transformation
was observed when the concentration of methylene chloride
solution was increased. At 0.1 mM, short and straight strands
were found (Figure 5a), whereas at higher concentrations,
fibrous structures were formed. Some systems such as
perfluoroarene-substituted oligo(p-phenylenevinylene) have
also shown a morphological change from short to long fibers
as the concentration increased.20 The transition from the
straight strands to flexible fibers were clearly observed at
the concentration of 0.3 mM by the coexistence of the two
distinctively different assembled structures (Figure 5b). From
0.5 to 2 mM, the morphologies revealed entangled flexible
nanofibers of approximately 150 nm in width, leading to
twisted bundles of fibers as shown in Figure 5c-e. In some
cases, extreme coiling of fibers was also observed. SA from
more concentrated solutions (above 4 mM) of 1 had a dense
packing of flatter fibers with less bundling (Figure 5f and
the Supporting Information). It should be noted that SA from
concentrations above 4 mM showed partial gel-like behav-
iors. The morphological transformation from straight strands
to nanofibers was further supported by transmission electron
microscopy (TEM) and polarized optical microscopy (POM)
(see the Supporting Information).

The molecular aggregation of 1 was further evaluated by
UV-vis spectroscopy (Figure 6). Compound 1 in chloroform
exhibited two λmax at 400 and 421 nm with a broad shoulder(18) (a) Horman, I.; Dreux, B. HelV. Chim. Acta 1984, 67, 754–764. (b)

Shetty, A. S.; Zhang, J.; Moore, J. S. J. Am. Chem. Soc. 1996, 118,
1019–1027.

(19) Gao, B.; Wang, M.; Cheng, Y.; Wang, L.; Jing, X.; Wang, F. J. Am.
Chem. Soc. 2008, 130, 8297–8306.

(20) Babu, S. S.; Praveen, V. K.; Prasanthkumar, S.; Ajayaghosh, A.
Chem.sEur. J. 2008, 14, 9577–9584.

Figure 3. Concentration-dependent 1H NMR data of 1 in CDCl3 (symbols),
fitted with the dimerization model (solid lines).

Figure 4. X-ray diffraction patterns of crystal of 1 obtained from 10 mM
methylene chloride solution. Inset represents polarized optical micrograph
(scale bar: 100 µm).
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around 450 nm which is due to intrinsic molecular properties
rather than aggregation confirmed by Beer’s law. When a
poor solvent (methanol) was added to the methylene chloride
solution slowly to decrease the solubility, the peaks at 400
and 421 nm were gradually red-shifted to new λmax at 406
and 426 nm, respectively. In addition, the overall spectrum
became much broader with increased absorbance at 450 nm.
We also performed UV-vis on a cast film of 1. The
absorption of the cast film of 1 showed almost the same
behavior as that in methylene chloride/methanol binary
solvent, indicating that the spectral change upon the addition
of methanol to the methylene chloride solution was caused
by molecular aggregation rather than solvent polarity change.
In the case of self-assembled structures from 0.1, 0.5, and 1
mM solutions, the absorptions were similar to that of the
cast film with further red-shifted λmax up to 409 and 429 nm
with more pronounced absorbance at the shoulder region.
The spectral change in the binary solvent, cast film, and self-
assembled structures indicates that intermolecular π-π
interactions are involved in the molecular aggregation. For
SA from concentrations of 2 mM and beyond, we were
unable to conduct UV-vis because thin films of fibers were
not obtained.

To confirm that the red-shifted shoulder in the solid state
was originated from π-aggregation, we performed a variable-
temperature UV-vis experiment (Figure 7). First, a suspen-
sion of 1 in N,N-dimethylformamide (DMF) was prepared
by sonication. The absorption of the DMF suspension showed
a red-shifted shoulder at ca. 462 nm with increased absor-
bance compared to that in the chloroform solution. When
the suspension was heated to 50 °C, the absorption at the
shoulder was blue-shifted to 450 nm with lower absorbance
that was identical to the absorption in the solution state. This
result verifies that the spectral change in the DMF suspension
at room temperature (which was similar to UV-vis in the
solid state presented in Figure 6) was due to π-aggregation.
The UV-vis recorded upon cooling showed an increase
in the absorbance at the shoulder region. It should be noted
that the absorption at 20 °C after cooling was different from
that of as-prepared DMF suspension. This is due to the fact
that the π-aggregates formed from the cooling process are not
identical to those in the as-prepared DMF suspension.

XRD measurements were used to investigate molecular
packing of assembled structures observed by SEM measure-
ment. The XRD patterns obtained from the assembled
structure of 1 induced at various concentrations are shown
in Figure 8. As expected, the assembled structures having
different morphologies resulted in different XRD patterns.
A similar XRD pattern as that of the crystal of 1 with a peak

Figure 5. SEM images of assembled structures of 1 obtained from (a) 0.1, (b) 0.3, (c) 0.5, (d) 1, (e) 2, and (f) 8 mM methylene chloride solution.

Figure 6. UV-vis absorption spectra of 1: (a) chloroform solution, (b)
methylene chloride/methanol binary solvent, (c) cast film, (d) SA from 0.1
mM methylene chloride solution, (e) SA from 0.5 mM methylene chloride
solution, and (f) SA from 1 mM methylene chloride solution.

Figure 7. Variable-temperature UV-vis absorption spectra of 1 (dotted
line, as-prepared suspension in DMF at 23 °C; solid lines, DMF suspension
at 50, 30, 25, and 20 °C, from bottom to top).
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at 2θ ≈ 24° corresponding to π-π stacking distance was
observed from short and straight strand assembled from 0.1
mM solution. In contrast, flexible nanofibers obtained from
higher concentrations from 0.5 mM to 8 mM showed an
amorphous character with a broad peak centered at
2θ ≈ 19° corresponding to d ≈ 4.6 Å, which was frequently
observed from well-organized π-conjugated polymers.21 It
is interesting to note that the peak for π-π stacking distance
was not observed.

To explore the role of cyano interactions in the morpho-
logical changes, the assembled structures were characterized
by ATR or absorption-reflectance FT-IR spectroscopy focus-
ing on cyano stretching region. First, a very dilute solution
(1.8 × 10-5 M) in CCl4 was subjected to transmission FT-
IR to identify free cyano stretching. As shown in Figure 9a,
free cyano stretching appeared as a single sharp peak at 2230
cm-1. In the case of self-assembled structures, significant
changes in the cyano stretching region were noticeable
(Figure 9b-e). A broad peak centered at 2230 cm-1 and a
small peak at 2210 cm-1 were observed for the straight
strands assembled from 0.1 mM solution. When the con-
centration was increased to 0.5 mM, the peak at higher
frequency was slightly shifted to 2228 cm-1 and the
frequency of other peak at 2210 cm-1 remained unchanged.
The peak at 2228 cm-1 showed a broad and asymmetrical
shape which could be resolved into two different bands at
2230 and 2225 cm-1. FT-IR spectrum of nanofibers as-
sembled from 1 mM showed further shift of the higher-
frequency peak to 2225 cm-1 while maintaining the other
peak at 2210 cm-1. The intensity of the lower frequency peak
was gradually increased from 0.1 mM and became almost
equal to that of the higher frequency peak at 1 mM. At

concentrations higher than 1 mM, the peak at 2210 cm-1

was shifted to 2208 cm-1. The FT-IR spectrum of the crystal
of 1 obtained from a 10 mM methylene chloride solution
also exhibited an asymmetrically shaped peak at 2228 cm-1

and a small peak at 2210 cm-1 (Figure 9f), implying the
existence of cyano interactions.

In summary, the SA of 1 in various concentrations resulted
in three different peaks at 2230, 2225, and 2208 cm-1. In
light of the FT-IR experiment in CCl4 solution, we assign
the peak at 2230 cm-1 as free cyano stretching. For the self-
assembled structures, the free cyano peak gradually shifted
to 2225 cm-1 as the solution concentration increased from
0.1 mM to 1 mM, and no further change was observed at
the concentrations above 1 mM. This indicates that the
contribution of intermolecular cyano interaction becomes
more significant as the solution concentration increases from
0.1 mM to 1 mM. As for the peak at the lower frequency
(2208 cm-1), there may be two possible interpretations: (1)
additional cyano stretching from different modes of interac-
tion because cyanophenyl can engage in various interaction
modes, including CN · · ·HC interaction and CN · · ·CN
dimerization,11,13 which have shown different shifts in
frequency;22 (2) CtC stretching due to the more asymmetric
environment when cyano groups are engaged in intermo-
lecular interactions. Although we are unable to assign the
exact origin of the lower frequency peak, it is clear that both
possibilities are the result of cyano interaction.

Compound 1 can have three intermolecular interactions;
π-π, cyano, and van der Waals. The directions of π-π and
cyano interactions are perpendicular to each other. Presum-
ably, at low concentrations (0.1 mM), straight strands are
grown via π-π interactions, whereas lateral organization is

(21) (a) Chen, S.-A.; Chang, E.-C. Macromolecules 1998, 31, 4899–4907.
(b) Blouin, N.; Michaud, A.; Gendron, D.; Wakim, S.; Blair, E.; Neagu-
Plesu, R.; Belletête, M.; Durocher, G.; Tao, Y.; Leclerc, M. J. Am.
Chem. Soc. 2008, 130, 732–742.

(22) Hori, K.; Kuribayashi, M.; Iimuro, M. Phys. Chem. Chem. Phys. 2000,
2, 2863–2868.

Figure 8. X-ray diffraction patterns of assembled structures of 1 obtained
from (a) 0.1, (b) 0.5, and (c) 8 mM methylene chloride solution.

Figure 9. FT-IR spectra in the CN stretching region for (a) solution in
CCl4, and assembled structures obtained from (b) 0.1, (c) 0.5, (d) 1, and
(e) 8 mM solution and (f) crystal of 1. FT-IR mode: (a) transmission, (b)
absorption-reflection, (c-f): ATR.
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facilitated by cyano interactions. In this case, the π-π
interaction between oligo(p-phenyleneethynylene)s in com-
pound 1 may play an important role.7n,o Meanwhile, the
growth of the flexible nanofibers may be driven by cyano
interactions, whereas π-π interactions exist in the lateral
direction. However, the π-π interactions are not as well-
defined as in the case of the crystals or microstrands lacking
typical diffraction for π-π stacking distance in XRD. The
steric effect of t-butyl groups in the T-π-core must influence
the formation of nanofibers significantly at high concentra-
tions.

SA at low concentrations or the slow recrystallization
process allows for the optimum molecular packing geometry
that accommodates the steric t-butyl group while maintaining
well-defined π-π stacking. At high concentrations, cyano
interactions may grow faster than π-π interactions because
t-butyl groups do not interfere with cyano interactions. Such
steric effects of bulky t-butyl groups on π-aggregation were
observed from the concentration-dependent 1H NMR study.
The morphological transformation is well-manifested by the
coexistence of two different assembly morphologies at 0.3
mM. When the fibers assembled at the transition concentra-
tions (higher than 0.1 mM and lower than 1 mM) were left
undisturbed, they rearranged to form straight strands in a
few days, indicating that the microstrands are thermodynamic
products. However, at concentrations equal to and higher
than 1 mM, the morphology of the fibers did not show any
time dependence. This result complies with the observation
from FT-IR that showed fully developed cyano interactions
at 1 mM. At concentrations beyond 4 mM, bundling of small
fibers, which was dominant at lower concentrations, was
absent. A relatively higher density of small fibers due to
higher nucleation and branching produces three-dimensional
entanglements while trapping solvent, which prevents further
bundling exhibiting partial gel-like behavior at high concentra-
tions.

The surface properties of the film covered with nanofibers
were analyzed by WCA measurement. As a reference, a spin-
coated film was prepared using methylene chloride solution
of 1 on a cover glass substrate. The WCA of spin-coated
film was found to be 99° (( 1°) as presented in Figure 10.
The value increased significantly to 139° (( 1°) in the case
of the film composed of nanofibers assembled from 0.5 mM
solution. Interestingly, the WCA remained constant for the
nanofibers from concentrations beyond 0.5 mM. For ex-
ample, WCA of fibers from 8 mM was 140° (( 1°).

Typically, the surface hydrophobicity can be tuned by
modifying surface roughness or functional groups.23 There-
fore, an increase in hydrophobicity from spin-coated film to
nanofiber film could be attributed to the nanometer scale
roughness. In addition, fibers grown along the cyano interac-
tion direction may be decorated by hydrophobic alkyl chain
making nanofibers hydrophobic, which supports the mech-
anism of formation of flexible nanofibers.

Conclusions

We have demonstrated the utility of the cyanophenyl group
in T-shaped asymmetric bisphenazine containing a large
aromatic core to induce 1D assembly and manipulate
assembling morphology. The molecule tends to aggregate
in solution through π-π stacking due to a large and flat
aromatic core, which was evident in the concentration-
dependent 1H NMR and UV-vis absorption spectra. The
SA using the phase transfer method with methylene chloride/
methanol binary solvent system showed that assembled
morphologies are easily changed from straight strands to
nanofiber bundles with substantial coiling and to flat nanofi-
bers with less bundling and coiling as solution concentration
increased. The SEM, XRD, and FT-IR analyses were utilized
to identify the driving forces for the morphological trans-
formation. Although the XRD patterns for the straight strands
exhibited the evidence of π-π stacking at d ≈ 3.7 Å, this
diffraction was absent for the nanofibers. In addition, the IR
spectrum obtained from the strands showed major cyano
stretching peak at 2230 cm-1, representative of the free cyano
group. However, the IR spectrum for nanofibers suggested
intermolecularly interacted cyano groups. As a result, two
different intermolecular interactions, π-π and cyano interac-
tion, competitively induced different assembled structures
depending on the solution concentration. The presence of
steric t-butyl groups in the π-core must have a significant
influence in the competition of the two driving forces. In
conjunction with our previous report with respect to the
cyano group’s ability to tune the electronic properties of the
T-core,16 the results of this research demonstrate the unique
utilization of the cyano group in regard to molecular
assembly by providing a simple and convenient methodology
to manipulate the assembly morphology.
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Figure 10. Images of water droplet on surface of (a) spin-coated film and
nanofiber films of 1 obtained from (b) 0.5 and (c) 8 mM solution.
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