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Since the physical properties of electronic and biological molecules strongly depend on the nature of
molecular self-assembly and organization, it is essential to control their molecular packing structure
and morphology on the different length scales. In this aspect, a programmed amphiphilic
tetrathiafulvalene (TTF) molecule (abbreviated as amph-7TTF14) was newly designed and synthesized.
Differential scanning calorimetry (DSC) combined with one-dimensional (1D) wide angle X-ray
diffraction (WAXD) techniques revealed that a highly ordered crystalline phase emerged below the
isotropic phase. From the 2D WAXD pattern of the macroscopically oriented amph-7TTF14 film, the
crystal structure was identified to be a monoclinic unit cell. The face-to-face 7—7t interaction between
TTF groups and the nanophase separation between rigid TTF groups and flexible hydrophobic alkyl
and hydrophilic tri(ethylene oxide) tails were the main driving forces for the self-assembly of amph-
7TTF14. The morphological observations using transmission electron microscopy (TEM), atomic force
microscopy (AFM), and polarized optical microscopy (POM) indicated that the amph-7TTF14 formed
not only flat ribbons but also scrolls and helixes, in which the ribbons further aggregated to create the
fibrous hierarchical structures. Based on the experimental results and careful analyses, it was realized
that the scrolls and helices were induced by the unbalanced surface stresses generated during the
crystallization process. When the macroscopically oriented fibrous hierarchical structure is properly

applied to the electrooptical and bio-mimetic devices, the targeted physical properties may be
significantly improved and tuned for the specific practical applications.

Introduction

Self-assembly is a spontaneous molecular organization process
utilizing the programmed physical interactions, such as hydrogen
bonding, electrostatic (ion—ion, ion—dipole, and dipole-dipole)
interaction, 7w-orbital overlapping, van der Waals interaction, and
hydrophobic-hydrophilic effects, along with the possible
involvement of growth kinetics."” Formation of hierarchical
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architectures from biological molecules on the different length
scales may be a good example of self-assembly.®*¢ Most bioma-
terials possess atomic configurational chirality (the primary
chirality) on the sub-nanometer scale, which makes them integrate
the biological information in the limited space.®'® Through the
noncovalent interactions, the configurational chirality of the
chemical structures often forces them to form helical conformers
(the secondary chirality) on a nanometer scale.®*'® The nonparallel
and cooperative packing of the helical conformers can result in the
formation of phase chirality (the tertiary chirality) on a microm-
eter scale.**® Finally, the phase structures further aggregate to
form object chirality (the quaternary chirality) on a macroscopic
micrometer length scale.®'¢

The design and synthesis of chiral molecules as well as the
control of chirality transfer on the length scale from sub-nano-
meter to micrometer are critical for the achievement of macro-
scopic properties desired for specific bio-mimetic and optical
applications. Through the systematic research, scientists and
molecular engineers have realized that, without establishing the
links for the chiral transfer across the hierarchical length scale, it
is impossible to correlate the primary, the secondary, the tertiary
and the quaternary chiralities.'” ' Recently, it was reported that
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a series of specifically designed chiral polyesters [PET-(R*)-n,
where 7 is the number of methylene units; n = 7-11] formed
helical single crystals.?*=° Based on the systematic experiments
and careful analyses, it was realized that the handedness of the
helical sense was determined by the configurational chirality as
well as by the number of methylene units.*3® Therefore,
configurational chirality is not necessary requirement for the
formation of hierarchical chiralities. A parallel and noncooper-
ative molecular packing blocks the chiral transfer from the
primary/secondary chirality to the tertiary chirality.?>*° On the
other hand, as reported in the polyethylene twisted lamellae
crystals, phase chirality originates from a collective tilt of the
achiral molecules with respect to the layer normal.>7° The
formation of phase chirality from achiral molecules is mainly
driven by the unbalanced surface stresses generated between the
two lamellar basal surfaces. Faster growth on the one side of the
growth plane (kinetic effect) could be another reason.?*=*?

Recently, we reported a series of swallow-shaped asymmetric
tetrathiafulvalene (TTF) molecules (a-6TTF12) which reveal a
highly ordered columnar liquid crystalline (@) phase and a
columnar crystalline (®¢,) phase with a monoclinic unit cell as
descending temperatures.®® There were two main driving forces
in the formation of the ordered columnar phases. One was the
77 interaction among the TTF-based mesogens, causing
I ®; - phase transition, and the other was the nanophase
separation between the rigid TTF-based mesogens and the flex-
ible alkyl chains. The formation of a highly ordered columnar
@ - phase at room temperature may be promising for organic
optoelectronic devices, since the self-organization of LC mole-
cules allows us to control the macroscopic alignment of mole-
cules and to minimize the defects.®

In this research, we newly designed and synthesized an asym-
metric amphiphilic TTF molecule (amph-7TTF14) by covalently
connecting two tri(ethylene oxide) (TEO) tails at both sides of the
TTF group and two alkyl tails with 14 carbon atoms at one end
of the TTF group. Phase behavior of amph-7TTF14 was studied
by combined techniques of differential scanning calorimetry
(DSC) and one-dimensional (1D) wide angle X-ray diffraction
(WAXD). The ordered molecular packing was identified from
the 2D WAXD pattern, and its molecular arrangement was
confirmed by selected area electron diffraction (SAED) and
polarized ultraviolet-visible (UV-Vis) spectroscopy. The molec-
ular arrangements in the flat ribbons, scrolls and helices were
investigated by SAED and cross-polarized optical microscopy
(POM) with a retardation film. Furthermore, the optical and
electrochemical properties of amph-7TTF14 were studied using
UV-Vis spectroscopy and cyclic voltammetry.

Results and discussion

Programmed amphiphilic tetrathiafulvalene molecule and its
thermal properties of phase transformation

As illustrated in Scheme 1, an asymmetric amphiphilic tetra-
thiafulvalene (TTF) molecule having two tri(ethylene oxide)
(TEO) tails at both sides of the TTF moiety and two alkyl tails
with 14 carbon atoms at one end of the TTF moiety was designed
and synthesized via two-step reactions: an esterification reaction
in the presence of 1,3-dicyclohexyl carbodiimide (DCC)/

OH
S
OO >=s  + C,;H,,COOH
S
OH 2
1 DCC
DMAP
CH,Cl,
be
0" "Cy3Hz
S,
L
S
Hy7Cq3~ O
ROE
Hg(OAc),
CH,CI,
0
0 Ci3Hz7
i
H27C43
Y
s S(C;H40);CH;
s— I P(OEt),
S 78(C,H40)5CH;
5
0
0 C13H27
(CzH40)3CH3
S(CZH4O)3CH3
H27C13\H/
amph-7TTF14
Scheme 1

4-dimethylaminopyridine (DMAP) followed by a phosphate-
induced cross-coupling reaction. The asymmetric amphiphilic
TTF molecule was abbreviated as amph-7TTF14. Here, 7 and 14
stand for the number of carbons in the TEO and alkyl tails,
respectively. In the amph-7TTF14 chemical structure, the elec-
tron withdrawing ester linkage was purposely adopted to
increase the air/light stability by decreasing the highest occupied
molecular orbital (HOMO) level.3** In Scheme 1, the cross-
coupling reaction of 5 with excess of 4 in P(OEt); at 120 °C for
4 h yielded an asymmetric mesogenic core structure of amph-
7TTF14. The amph-7TTF14 compound was extensively purified
by column chromatography several times. The chemical
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structure and purity were confirmed by proton (‘H) and carbon-
13 (*C) nuclear magnetic resonance (NMR) spectroscopies, as
represented in Fig. S1 and S2 in the ESI.}

The molecular weight of amph-7TTF14 is 1113.7 gmol™!. The
molecular dimensions and minimal energy geometry of amph-
7TTF14 in the isolated gas phase were estimated by utilizing
Cerius? (version 4.6) computer simulation software from Accel-
rys. The results are represented in Fig. l1c—e: front- (xy-plane),
side- (yz-plane) and top-view (xz-plane), respectively. The
calculated core length of amph-7TTF14 along the y-axis is
1.36 nm, while the width of the core along the x-axis is 0.51 nm,
as shown in Fig. 1d and e. Assuming the all-frans conformation
in the alkyl and TEO chains, the length of amph-7TTF14 is
2.36 nm along the y-axis, and its width is 4.12 nm along the
x-axis. The amph-7TTF14 compound is also schematically
depicted in Fig. 1b in order to emphasize the fact that amph-
7TTF14 consists of the hydrophilic/hydrophobic flexible tails
and aromatic rigid core.

To determine the thermal transition temperature and quanti-
tative thermodynamic properties of the amph-7TTF14
compound, DSC experiment was first conducted. As shown in
Fig. 2, DSC thermograms exhibit a single exothermic peak at
different cooling rates from 2.5 to 40 °C min " in the investigated
temperature range. Upon increasing the cooling rate, the onset
temperature shifts to lower temperatures and the heat (AH)
release at transition is reduced. At the 2.5 °C min™' cooling rate,
the onset temperature of the exothermic transition and corre-
sponding heat are 33.3 °C and 58.4 J g~ (65.0 kJ mol™"), which
are reduced to 25.4 °C and 50.0 J g~' (55.7 kJ mol~') at 20 °C
min~'. From the linear dependence on the cooling rate, the onset
transition temperature and heat at equilibrium are estimated to
be 34.5 °C and 59.5 J g~ ! (66.3 kJ mol '), respectively. The
variation of the transition temperature depending on the cooling
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Fig. 1 Chemical structure (a) and schematic illustration (b) of amph-
7TTF14. Calculated geometric dimensions of the molecule in the views
from the z-axis (c), x-axis (d), and y-axis (e), respectively.
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Fig. 2 Sets of DSC cooling and subsequent heating thermal diagrams
for amph-7TTF14 at scanning rates ranging from 2.5 to 40 °C min~".

rate implies that the heat is associated with crystallization.*=>*

Hence, the endothermic thermal transition detected upon
subsequent heating is ascribed to the crystal melting. The ther-
modynamic properties obtained from the subsequent heating
process are consistent with those from the cooling process.
Although the DSC technique is sensitive to heat absorption
and release events at thermal transitions and serves quantitative
thermodynamic properties, it does not provide direct informa-
tion regarding the molecular ordering at transitions.**=>* 1D
WAXD was used to investigate the temperature-dependent
structural development of amph-7TTF14. Fig. 3 shows a set of
1D WAXD patterns of the amph-7TTF14 compound obtained
at a cooling rate of 2.5 °C min~'. It is apparent that phase
transition takes place when temperature reaches 35 °C, which
agrees well with crystallization behavior in DSC (Fig. 2). Above
35 °C, the amph-7TTF14 molecules are in the isotropic state (1),
exhibiting only two amorphous halos at 26 = 4.60° (d-spacing
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Fig. 3 (a) Sets of 1D WAXD powder patterns of amph-7TTF14 mole-
cule obtained at different temperatures between 0 and 120 °C during
cooling at a rate of 2.5 °C min~".
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1.92 nm) and 26 = 20.7° (d-spacing = 0.43 nm) which correspond
to the average periodicity of electron density fluctuations
between the nanophase separated TTF cores and alkyl tails and
to the average distance among the amorphous chains, respec-
tively. At 35 °C, many sharp reflection peaks suddenly appeared
in both low and wide angle regions, signifying that the highly
ordered crystals emerged. Note that the corresponding asym-
metric tetrathiafulvalene molecules containing only hydrophobic
alkyl chains both at the side and at the end of the TTF mesogen
revealed not only a columnar crystalline phase with a monoclinic
unit cell but also a highly ordered columnar liquid crystalline
phase 3856

Identification of molecular packing structures

Since DSC and 1D WAXD techniques are not suitable to provide
the detailed structural and symmetrical information,* the 2D
WAXD and SAED experiments were carried out. The oriented
sample was prepared by mechanical shearing just below the onset
crystallization temperature (35 °C). Fig. 4 shows the 2D WAXD
pattern of an oriented amph-7TTF14 at 30 °C. The incident
X-ray beam direction is normal to the shear direction (the SD
along the meridian). The diffractions are observed on the equator
and meridian as well as in the quadrants, implying that the
sample possesses the 3D ordered crystalline phase.

As described in Fig. 4, the ¢* and b* axes are located on the
equator, while the c*-axis is parallel to the meridian direction
(SD). It is a typical X-ray fiber pattern of the uniaxially oriented
fiber. On the equator, there are three distinct diffractions at low
26#-angle region close to the X-ray beam stop, i.e., 26 = 3.70, 4.10
and 5.71°, with corresponding d-spacings of 2.39, 2.15 and
1.55 nm. Based on the triangulation method of building a 2D
a*b* lattice of the unit cell and the consideration of packing
structure of asymmetric amph-7TTF14 compound,®® these
diffractions correspond to the (100), (020), and (120) plane
accordingly. A series of relatively weak diffractions on the
equator between 26 = 7.40° (d-spacing = 1.19 nm) and 11.11°

Fig. 4 2D WAXD pattern of the columnar crystalline ®x phase of
amph-7TTF14 at room temperature.

(d-spacing = 0.80 nm) fit well with the 2D a*b* lattice. Through
the refinement of the reciprocal 2D a*b* lattice using the
diffractions on the equator, a real space 2D unit cell is evaluated
with dimensions of ¢ = 2.39 nm, b = 4.32 nm, and y = 94°.

A pair of relatively diffused diffraction arcs at 26 = 18.5°
(d-spacing = 0.480 nm) on the meridian (along the c*-axis) is
identified as the (001) plane. This assignment is further supported
by a series of diffractions of the first layer (k1) of the 2D WAXD
pattern. The (kk1) diffractions at 26 = 18.86° (d-spacing = 0.471
nm), 19.4° (d-spacing = 0.458 nm), 19.9° (d-spacing = 0.445 nm),
20.7° (d-spacing = 0.429 nm), 21.7° (d-spacing = 0.411 nm), 22.9°
(d-spacing = 0.388 nm) and 23.8° (d-spacing = 0.374 nm)
correspond to the Miller indices of (101), (121), (201), (141),
(301), (341) and (401), respectively. Because the (001) diffraction
is on the meridian and the a* and b* axes are along the equator,
the dimension of ¢ is 0.480 nm, and the angles of « and (8 are 90°.
From the 2D WAXD pattern of the uniaxially oriented amph-
7TTF14 film (Fig. 4), it is realized that the TTF groups of amph-
7TTF14 self-assemble together to build columns in which the
long axis of the column is parallel to the SD. The AA face-to-face
stacking fashion of amph-7TTF14 in the self-assembled columns
is identified by the (001) and (002) diffractions on the meridian at
260 = 18.5° and 37.5°. The (hkl) diffractions also indicate that
each amph-7TTF14 molecule is tilted about 12° with respect to
the ab-plane. Careful structural analysis confirms a 3D mono-
clinic unit cell with dimensions of ¢ = 2.39 nm, b =4.32 nm, ¢ =
0.480 nm, « = 8 = 90° and vy = 94° via the refinement of the
reciprocal lattice. Therefore, the ordered phase is a highly
ordered columnar crystalline phase (abbreviated as the @y
phase). The experimentally determined 26 and d-spacing values
are listed in Table 1 on the basis of the unit cell lattice. The
crystallographic density calculated from two amph-7TTF14
molecules per unit cell is 0.99 g cm >, which fits well with the

experimentally determined density, i.e., 0.98 g cm ™.

Table 1 Experimental and calculated crystallographic parameters of the
monoclinic crystalline (®k) phase of amph-7TTF14

26 (deg) d-spacing (nm)
hkl Expt” Calc.? Expt? Calc.?
020 4.10 4.10 2.15 2.15
040 8.21 8.21 1.08 1.08
100 3.70 3.70 2.39 2.39
120 5.71 5.71 1.55 1.55
200 7.40 7.40 1.20 1.19
300 11.1 11.1 0.79 0.80
001 18.5 18.5 0.48 0.48
101 18.8 18.9 0.47 0.47
121 19.3 19.4 0.46 0.46
141 20.7 20.7 0.43 0.43
201 20.0 19.9 0.44 0.45
301 21.6 21.6 0.41 0.41
341 22.9 229 0.39 0.39
401 23.8 23.8 0.38 0.37
501 26.3 26.3 0.34 0.34
002 37.5 37.5 0.24 0.24
102 37.7 37.7 0.23 0.24

“ The accuracy of the experimental data is +0.005 nm. ” The calculated
data listed are based on the crystalline (®x) monoclinic unit cell with a
=2.39nm, b =432 nm, ¢ = 048 nm, « = 8 = 90.0° and y = 94°.
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The existence of columns in the ®x crystalline phase is further
supported by the TEM morphology and SAED pattern. The
bright-field TEM image (inset of Fig. 5a) was taken under the
normal conditions for the organic samples.”” The bright-field
TEM image in Fig. 5a indicates that the morphology of amph-
7TTF14 in the @k crystalline phase is similar to cylindrical fibers.
Since the onset melting temperature of the ®y crystal is close to
room temperature, the @ crystals may melt readily even under
the normal conditions for TEM morphological observations. To
support this speculation, SAED of the cylindrical fiber is con-
ducted. No diffraction is detected because the cylindrical fiber is

Fig.5 Bright-field TEM images of the self-assembled amph-7TTF14 flat
ribbons with applying a low-dose technique (a). The arrow is pointing
along the long axis of the flat ribbons (c-axis). SAED pattern (b) from the
circled areas of the bright-field TEM images in part (a). The inset of part
(a) is the bright-field TEM image of the self-assembled amph-7TTF14
ribbons taken without applying a low-dose technique.

in disordered and/or decomposed state. In an attempt to get the
true crystalline morphology of amph-7TTF14, the melt-crystal-
lized @y crystals are observed under an extremely low dose
electron beam radiation. No additional pre-treatments, such as
platinum shadowing and polyethylene decoration, are conducted
to get rid of any possibilities of melting or decomposition of the
crystalline sample during the sample preparation. As shown in
Fig. 5a, the amph-7TTF14 compound forms the flat-ribbons
rather than the cylindrical fibers.

The SAED pattern of the circular part in Fig. 5a obviously
verifies the existence of columns in the flat ribbon crystals, in
which the long axes of the flat ribbon and the self-assembled
columns are parallel to each other. In Fig. 5b, a pair of strong
electron diffraction spots appears at a d-spacing of 2.39 nm,
which is close to the (100) diffraction in the 2D WAXD (Fig. 4).
The high order diffractions are also well matched with those of
the 2D WAXD pattern. Therefore, the a*-axis is assigned to be
along the equator, and the column direction is parallel to the long
axis of the flat ribbons which corresponds to the ¢*-axis of the @y
unit cell. The appearance of (001) diffraction at 20 = 18.5°
(d-spacing = 0.480 nm) on the meridian of 2D WAXD (Fig. 4) is
confirmed by the observation of a pair of electron diffraction
spots at d-spacing = 0.480 nm on the meridian. Furthermore, the
strong (101) diffraction among the series of (401) diffractions
supports the fact that TTF groups are tilted about 78° with
respect to the long axis of the flat ribbons. Again this result
agrees well with that of the 2D WAXD pattern.

Based on the 2D WAXD pattern of the uniaxially oriented film
(Fig. 4) and the SAED of the single crystalline flat ribbon
(Fig. 5b), the molecular packing in the 3D monoclinic unit cell is
proposed, as schematically illustrated in Fig. 6. As discussed in
the 2D WAXD pattern, TTF groups of amph-7TTF14 are
stacked in the AA face-to-face fashion and form the self-
assembled columns. The long axes of columns are parallel to the
c-axis, which is normal to the ab-plane (Fig. 6) and parallel to the
long axis of the flat ribbon (Fig. 5a). In this molecular packing
model, two additional facts should be emphasized. One is the

Fig. 6 Schematic illustrations of the amph-7TTF14 molecular
arrangements of the flat ribbon on the [001] zone which is normal to the
long axis of the flat ribbon.

This journal is © The Royal Society of Chemistry 2012
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monoclinic unit cell dimension along the b-axis, and the other is
the nanophase separation in the unit cell. In order to reach the
thermodynamically stable crystalline state and to compensate the
top and bottom surface (ac-plane) stresses of the flat ribbons, the
hydrophobic alkyl chains attached to the side of the TTF group
and the hydrophilic TEO tails of amph-7TTF14 should be
nanophase-separated and TTF groups stack together via the T—7
interaction. These requirements may be satisfied when the amph-
7TTF14 molecule stands in the head-to-head and tail-to-tail
fashions along the »-axis on the ab-plane (Fig. 6). As a result, the
dimension of the b-axis should be 4.32 nm and the diffraction at
26 = 4.10° (d-spacing = 2.15 nm) be assigned to (020).

Formation and origin of the scrolled and helical ribbons from
achiral amph-7TTF14 compound

A question can be raised at this moment: what happens if the
molecules are not in a thermodynamically stable state and
remain in a metastable state and thus create the unbalanced
surface stresses generated between the flat ribbon basal surfaces?
To find an answer for this question, amph-7TTF14 is melt-
crystallized from the isotropic phase at various cooling rates
(2.5-40 °C min™"). Surprisingly, the scrolled and helical ribbon
structures are observed, as represented in Fig. 7a and b, respec-
tively. Upon increasing the cooling rate, the ratio of scrolled and
helical ribbon structures is gradually increased but by less than
8% and 2%, respectively. Once these structures are formed during
the crystallization process, they do not transform to the flat
ribbons even after the annealing process close to the melting
temperature. It is considered that the flat ribbon is thermody-
namically more stable compared with the scrolled and helical
ribbons. The activation barrier blocking the transition from the
metastable state (scrolled and helical ribbon) to the stable state
(flat ribbon) is high enough so that the scrolled and helical
ribbons do not transform to the flat ribbons. The SAED of
scrolled ribbons (Fig. S3t) is almost identical to that of the flat
one but the diffraction spots are arced and diffused partially due
to the scrolled geometry and defects in the ribbons. Therefore,
the molecular packing of the scrolled and helical ribbons is
almost identical to that of the flat one. Similar to the scrolled and
helical ribbons formed in the amphiphilic polymers and small

Fig. 7 Bright-field TEM images of the self-assembled amph-7TTF14
ribbons with applying a low-dose technique: scroll (a) and helical (b)
ribbons.

organic molecules, the scrolled and helical ribbons of amph-
7TTF14 may be induced by the unbalanced surface stresses
produced between the basal surfaces of the ribbons. Note that
amph-7TTF14 does not contain the configurational chirality but
the phase chirality.?>*’

The next question is how the unbalanced surface stresses
between the basal surfaces of the ribbons can be generated. As
schematically illustrated in Fig. 8, the unbalanced surfaces of the
ribbons are originated from the molecular packing in the
monoclinic unit cell of the crystalline phase. Unlike the flat
ribbons, amph-7TTF14 molecules in the scrolled ribbon align to
the head-to-tail fashion along the b-axis on the ab-plane
(Fig. 8a). Here, the dimension of the b-axis should be 2.15 nm,
but the other dimensions of the monoclinic unit cell are main-
tained. This molecular arrangement still satisfies all the diffrac-
tion results from 2D WAXD and SAED. The unbalanced surface
stresses between the basal surfaces of the ribbons thereby create
the scrolled ribbons. The molecular packing in Fig. 8a gratifies
all the main driving forces for the crystallization of amph-
7TTF14: the =~ interaction of TTF groups and the nanophase
separation among hydrophobic alkyl chains and hydrophilic
TEO tails. In addition to the unbalanced surface stresses between
the basal surfaces of the ribbons, the helical ribbons of amph-
TTTF14 are triggered by the collective tilting of the amph-
7TTF14 molecules with respect to the normal direction of the
basal plane (b-axis), as illustrated in Fig. 8b. From the bright-
field TEM image of the helical ribbons (Fig. 7b), it is found that
the twisting power is 20° and helical pitch is 1885 nm. The
distance between the neighbouring amph-7TTF14 molecules

Fig. 8 Schematic illustrations of the amph-7TTF14 molecular
arrangements of the scroll (a) and helical (b) ribbons on the [001] zone
which is normal to the fast growing direction.
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along the long axis of the ribbon (c-axis, the long axis of the self-
assembled column) is about 0.48 nm, measured by 2D WAXD
(Fig. 4). To fill the pitch length of the helical ribbon, about 3928
amph-7TTF14 molecules are continuously tilted around the
helical axis. From the 2D WAXD and the TEM image, the local
twisting angle from neighbour to neighbour along the long axis
of the ribbon is about 0.092° which is on the same order as that of
other chiral systems.?>3” The proposed molecular packings in
Fig. 8 can be elucidated experimentally by the polyethylene (PE)
decoration technique combined with the series of SAED patterns
obtained by tilting the helical ribbons around the helical axis.
However, as demonstrated in the inset of Fig. Sa, the crystalline
amph-7TTF14 ribbons are sensitive to the heat generated during
the PE decoration and moreover their life time under the electron
beam is too short to carry on the tilting experiment.

Construction of macroscopically oriented fibrous hierarchical
structures

Surface topology of the crystalline amph-7TTF14 ribbon is
investigated by means of AFM. As shown in Fig. 9a, thin ribbons
with dimensions of ~300 nm width and ~20 nm thickness appear
and then organize together to make the sheaf of ribbons, which in

Fig. 9 AFM (a) and POM (b) images of amph-7TTF14 ribbons. A tint
retardation film is additionally introduced between the objective lenses
and eyepieces for the observation of POM.

turn aggregate to create the fibrous hierarchical structures with
various diameters in the micrometer length scale. The fibrous
hierarchical structure in the amph-7TTF14 compound is also
observed by POM (Fig. 9b). A tint retardation plate (530 nm)
was applied between the objective lenses and eyepieces in order to
identify the molecular orientation of amph-7TTF14. As depicted
in Fig. 9b, when the long axis of the hierarchical fiber is
perpendicular to the n,,, (the slow direction) of the tint retar-
dation plate, the colour of the fiber is bluish, while the rest of the
area looks yellowish. Note that the POM image of the disordered
sample is reddish under a tint retardation plate. This textural
observation supports the results in 2D WAXD, TEM, SAED
and AFM studies. The amph-7TTF14 molecules self-assemble to
columns and the columns self-organize to ribbons and the
ribbons aggregate side-by-side to form the hierarchical fibers, as
schematically illustrated in Fig. 10. Therefore, the long axis of the
TTF group is parallel to the ny,,, (the slow direction) which is
perpendicular to the long axis of the fiber. To support this
explanation and to attempt to align the hierarchical fibers, the
amph-7TTF14 thin film is heated close to the onset melting
temperature and then mechanically sheared between the two bare
glasses. The POM image shown in Fig. 1la reveals that the
hierarchical fibers with the average diameter of 1.5 pm are
macroscopically aligned parallel to the shear direction (SD) and
form an anisotropic film. As expected, the hierarchical fibers
aligned parallel to the SD (n,,, the fast direction) show a bluish
colour (Fig. 11b). The long axis of the TTF group in the amph-
7TTF14 molecule should be perpendicular to the long axis of the
fiber and parallel to the my,x (the slow direction). When the
anisotropic amph-7TTF14 films consisted of the fibrous hierar-
chical structure are properly applied to the electrooptical and
bio-mimetic devices, the targeted physical properties may be
significantly improved and tuned for the specific practical
applications.

Optical and electrical properties of amph-7TTF14 compound

The optical properties of the amph-7TTF14 compound are also
investigated using UV-Vis spectroscopy (Fig. S41) and summa-
rized in Table 2. The maximum absorption peak of the amph-
7TTF14 compound in chloroform appears at around 384 nm and
the optical band gap energy (E;) is 2.73 eV from the absorption
tail. The optical band gap energy of the amph-7TTF14
compound is higher than that of pentacene (2.2 eV), suggesting a
better air stability.¥¢” The amph-7TTF14 compound is chemi-
cally oxidized in dichloromethane solution (ca. 2 x 107> M) by a
stepwise addition of FeCl; to explore the electronic transferring
behaviour and then the variation of UV-Vis absorption spectra is

@-} -
Fig. 10 Schematic illustration of the self-assembly and self-organization
process of amph-7TTF14.

This journal is © The Royal Society of Chemistry 2012
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Fig. 11 POM images of the oriented amph-7TTF14 ribbons with (a) and
without (b) a tint retardation film between the objective lenses and
eyepieces.

also monitored (Fig. S5T). The absorption bands at 469 and
807 nm newly appear concomitantly and the intensity and area
increase as oxidation proceeds. The absorption at 469 nm is
ascribed to the intramolecular electron transfer of the radical
cation, while the absorption band at 807 nm is due to the inter-
molecular electron transfer of the dicationic 7-dimers. The
mechanically oriented amph-7TTF14 film is examined using
linear polarized UV-Vis spectroscopy (Fig. S61). Absorption
maximum of the amph-7TTF14 solid film is red-shifted, which is
slightly different from that of amph-7TTF14 in solution. It may

Table 2 Optical, electrochemical potentials and energy levels of amph-
TTTF14

E“(V) E“(V) UV@m) ES (V) HOMO® (V)

TTF 0.347  0.73¢

amph-7TTF14 0.89 1.20 384 2.73 —5.23

“ E; and E> mean the half wave oxidation potentials. b Eg = helX imax- Eg
means the optical band gap energy. Ao imax means the wavelength at
which the absorption coefficient drops to 10% of the peak value.®s
¢ Enomo = —(Eonset”: + 4.4 V), where E " is the onset potential
for the oxidation.® ¢ From ref. 67.

be attributable to the —m interactions between TTF groups in
the self-assembled amph-7TTF14 columns. With increasing the
angle between the polarizer and SD from 0° to 90°, the absorp-
tion intensity at 409 nm increases, indicating that the long axis of
the TTF group is perpendicular to the fiber direction. This
conclusion is well matched with the results obtained from 2D
WAXD, SAED and POM.

The electrochemical property of the amph-7TTF14 compound
is also studied using CV. The CV measurements are performed in
a dry dichloromethane solution of BuyNBF, (0.1 M) with a scan
rate of 100 mV s~! at room temperature (Fig. S7t). The results
are tabulated in Table 2. The amph-7TTF14 compound exhibits
two irreversible single-electron oxidation peaks at 0.89 and 1.20
V which correspond to the radical cations and dications,
respectively. Both oxidation potentials of amph-7TTF14 are
higher than those of the pristine TTF molecules presumably due
to the electron-withdrawing ester linkages.

Experimental
Materials and sample preparations

For 1D WAXD measurements, film samples with a thickness of
about 1 mm were prepared by melting the amph-7TTF14
compound on an aluminium plate. To determine the phase
structure of amph-7TTF14 using 2D WAXD, the oriented
samples with a thickness of about 0.2 mm were prepared by
mechanical shearing at the phase transition temperature between
the isotropic and ordered crystalline phases. The uniaxially
oriented amph-7TTF14 samples were also utilized for the
polarized UV-Vis spectroscopy and cross-polarized POM
experiments. The samples for POM were melt-processed between
two bare cover glass slides to form a thin film (~10 pm thick-
ness). For TEM and AFM analyses, the thin film (50-150 nm)
was prepared by dropping 0.05% (w/v) tetrahydrofuran solution
onto carbon-coated mica. After evaporating the solvent, the
carbon films were floated on a water surface and then recovered
using TEM copper grids. After the melt crystallization, no
additional treatments were carried out for the TEM observation.

Equipment and experiments

The thermal behaviour of amph-7TTF14 molecules was moni-
tored using a Perkin-Elmer PYRIS Diamond DSC equipped
with an Intracooler 2P apparatus. The temperatures and heat
flows were calibrated using standard materials at the cooling/
heating rates of 2.5-40 °C min~'. Heating scans always preceded
the cooling scans at the same rate to eliminate the previous
thermal histories. The transition temperatures were determined
by measuring the onset temperatures obtained during the cooling
and heating scans at different rates.

1D WAXD experiments were conducted in the reflection mode
of a Rigaku 12 kW rotating-anode X-ray (Cu Ko radiation)
generator coupled with a diffractometer. The diffraction peak
positions and widths were calibrated with silicon crystals in the
high 26-angle region (>15°) and silver behenate in the low
26-angle region. To monitor the structural evolutions with
temperature changes, a hot stage calibrated to be within £1 °C
error was coupled to the diffractometer. Samples were scanned
across a 260-angle range of 1.5° to 35° at a scanning rate of 2 deg
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min~'. The 2D WAXD patterns were obtained using a Rigaku
X-ray imaging system with an 18 kW rotating anode X-ray
generator. Silicon crystal powder, used as an internal reference,
shows a diffraction ring at a 26 value of 28.466°. For the 2D
WAXD experiment, at least 30 min of exposure time was
required for a high-quality pattern. In both 1D and 2D WAXD
experiments, background scattering was subtracted from the
sample scans.

Bright-field TEM images (FEI Tecnai 12) were taken to
examine the film morphology on the nanometer length scale at an
accelerating voltage of 120 kV. The camera length for SAED
analysis was set at 3.0 m, and the calibration of the SAED
spacing smaller than 0.384 nm was carried out using evaporated
thallous chloride, which has a largest first-order spacing
diffraction of 0.384 nm. Spacing values larger than 0.384 nm
were calibrated by doubling the d-spacing values of the first-
order diffractions.

An AFM (Digital Instrument, Nanoscope I11a) technique was
employed to investigate the surface topology of the amph-
7TTF14 ribbons. To get the height images, the contact mode
with a 100 pm scanner was applied. The force used by the
cantilever was light enough to prevent the unexpected damage,
but sufficient to accurately explore the surface features. The
scanning rate was manipulated to be 1-3 Hz for the low-
magnification images. The data were collected with the 512 x
512 pixels per image resolution.

The change of optical textures at a given temperature was
observed using cross-polarized POM (Nikon ECLIPSE
E600POL) coupled with a LINKAM LTS 350 heating stage. A
tint retardation plate (530 nm) was additionally placed between
the objective lenses and the eyepieces in order to identify the
molecular orientation in the POM textures.

'H and '*C NMR spectra were recorded on a JNM-EX400
spectrometer in deuterated chloroform. Chemical shifts were
quoted in parts per million (ppm) and referenced to tetrame-
thylsilane. UV-Vis absorption spectra were obtained with a
SCINCO S-3100 spectrometer. CV measurements were per-
formed by Versa STAT3 of Princeton Applied Research in a
solution of BuyNBF, (0.1 M in water-free dichloromethane) with
a scan rate of 100 mV s~ ! at room temperature. A glass carbon
electrode, a Ag/AgCl electrode and a platinum wire were used as
the working electrode, the reference electrode and the counter
electrode, respectively.

Conclusions

An achiral amphiphilic tetrathiafulvalene (TTF) molecule
(amph-7TTF14) containing two tri(ethylene oxide) tails and two
alkyl chains with 14 carbons at the end and side of the asym-
metric TTF group was newly designed and synthesized. On the
basis of the combined DSC, 1D/2D WAXD and SAED tech-
niques, it was realized that the amph-7TTF14 compound
formed a highly ordered monoclinic crystal () with dimen-
sions of a = 2.39 nm, » = 4.32 nm, ¢ = 0.480 nm, o« = § = 90°
and y = 94°. The governing forces for the self-assembly of
amph-7TTF14 were the face-to-face m—m interaction among
TTF groups and the nanophase separation between rigid
TTF groups and flexible hydrophobic alkyl and hydrophilic
tri(ethylene oxide) tails. The morphological observations using

TEM, AFM, and POM techniques indicated that the amph-
7TTF14 compound formed not only flat ribbons but also
scrolled and helical ribbons. The self-assembled ribbons further
aggregated themselves to create the fibrous hierarchical struc-
tures with various diameters in the micrometer length scale. The
scrolled and helical ribbon structures are induced by the
unbalanced surface stresses generated during the crystallization
process. The molecular orientation of the macroscopically
oriented amph-7TTF14 film consisting of the hierarchical fibers
was further confirmed using POM with a retardation film. The
outstanding optical and electrochemical properties of amph-
7TTF14 may provide promising opportunities for organic
optoelectronic devices.
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