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The strain-induced cracks in organic microtubules composed
of an organic charge transfer (CT) complex of 1,2,4,5-
tetracyanobenzene (TCNB) and naphthalene were selectively
welded via the formation of secondary CT complexes; this
process, in turn, led to the formation of organic hetero-
microtubules consisting of multiple segments of two organic
CT complexes.

The synthesis of heterogeneous microstructures or nanostructures
with desirable spatial organizations is important for creating
multifunctional materials.' The integration of dissimilar multiple
constituents within a confined geometry often leads to unique
chemical and physical properties by synergistic coupling of each
component, whereas such properties are not usually observed in the
case of homogeneous materials.'> Because of their unique
properties, heterogeneous structures have been used in various
engineering applications in the field of solar cells,’ photocatalysis,*
electronics,” optics,™® and biomedical imaging.” The preparation of
hetero-nanostructures often involves the sequential growth of each
component by self-assembly**® or by template-directed synthesis.’
Although these synthesis methods can be applied to a wide range of
combinations of inorganic materials, the choice of appropriate
organic material pairs is quite limited and the desired heterogeneous
nucleation competes with homogeneous nucleation, which often
leads to the formation of secondary homogeneous particles. Doping
or ion-exchange methods were introduced as an alternative approach
to create heterogeneous structures while avoiding separate
nucleation.'® Although some inorganic heterogeneous nanostructures
have been prepared by doping or ion-exchange methods,'®*!! similar
syntheses of organic heterogeneous nanostructures have rarely been

reported.'?
Herein, we report an approach to fabricate organic
heterogeneous microtubular structures consisting of multiple

segments of charge transfer (CT) complexes by the “crack-welding”
(Scheme 1) method. Our method exploits the selective doping and
growth of secondary CT complexes at strain-induced cracks in
microtubular CT complexes. The cleaved facets normal to the
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growth direction inevitably have a higher surface energy than other
facets, and they can be utilized as nucleation sites for the selective
doping and growth of secondary materials.'® Herein, we intentionally
generated cracks in the microtubules and selectively grew secondary
CT complexes on the cleaved edges to yield organic hetero-
microtubules exhibiting dual emission colors. To exemplify our idea,
we prepared microtubules using 1,2,4,5-tetracyanobenzene (TCNB)
and naphthalene (NAP) CT complex and then selectively grew
secondary CT complexes on the cleaved facets of the microtubules
by sublimating aromatic dopants, such as pyrene (PY), 9-
methylanthracene (9MA), and phenanthrene (PNT) onto the
microtubules. Although some solution growth methods have been
reported for the growth of microtubular CT complexes based on
TCNB,'*" we developed a novel eutectic-melting-assisted soft-
lithography method to facilitate the formation of cracks in the CT
microtubules.

Scheme 1. Fabrication of organic CT hetero-microtubules via the

“crack-welding” method // /// ¥
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The electron-deficient TCNB is known to form stable CT
complexes with various aromatic hydrocarbon compounds.'*' In
our experiments, NAP was chosen not only because it forms a good
CT complex with TCNB but also because it forms good eutectic
mixtures with various organic solids, including TCNB. We recently
developed a melting crystallization method that utilizes eutectic
mixtures. A microtubular TCNB-NAP CT complex can be easily
prepared by our eutectic melting method at a moderately low
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temperature. The microtubules shown in Figure 1a were prepared by
eutectic melting/crystallization. First, TCNB and NAP powders were
mixed in a ratio of 2:8. After they were finely pulverized, the
mixtures were melted at 80 °C, which is slightly higher than the
eutectic temperature (7, = 72 °C) of TCNB and NAP (Figure S1).
The samples were saturated with NAP vapor during the melting
process to prevent significant composition changes. After the
mixtures completely melted, they were immediately cooled to room
temperature. Finally, the TCNB-NAP CT complex was isolated by
sublimation of the residual NAP. Because the vapor pressure of the
CT complexes are significantly lower than that of NAP, the
unreacted NAP can be easily removed by sublimation under mild
vacuum conditions at room temperature without disturbing the
structures of the formed CT complexes. As shown in Figure 1d, the
isolated TCNB-NAP CT complex crystallized in the shape of a
rectangular microtubule with a length of several hundred
micrometers and a width of several micrometers. The shape of the
microtubules prepared by our method is very similar to that of
microtubules prepared by the typical solution growth method, as
reported elsewhere.'*'* The microtubules exhibited strong blue
emission under UV irradiation, which strongly suggests that the
TCNB-NAP CT complex was formed by the eutectic
melting/crystallization method (Figure 1). The PL spectrum of the
TCNB-NAP microtubules showed a broad band at A, = 487 nm,
which is associated with a charge transition from the highest
occupied molecular orbital (HOMO) of NAP to the lowest
unoccupied molecular orbital (LUMO) of TCNB.'"**'> The TCNB-
NAP microtubules could be homogeneously doped by the addition
of small amount of the secondary aromatic hydrocarbon compounds
during the eutectic melting/crystallization process. Figure 1b shows
the TCNB-NAP microtubules doped with PY. Whereas their shape
and dimensions were same as those of the TCNB-NAP
microtubules, the PL peak shifted to a longer wavelength
corresponding to their exhibition of an orange color (A, = 569 nm).
This shift indicates the formation of the TCNB-NAP-PY CT
complex.'*°

Figure 1. Fluorescence microscope images of a) TCNB-NAP and b) TCNB—
NAP-PY microtubules prepared by eutectic melting/crystallization. c)
Fluorescence microscope image of TCNB-NAP microtubules prepared by
eutectic-melting-assisted soft-lithography. The cracks in the microtubules
were generated by applying axial strains on the PDMS mold during the pTM
process. The inset SEM image shows that numerous cracks were formed
normal to the growth direction of the microtubules. The scale bar in the inset
is 10 pm. d) SEM image of a TCNB-NAP microtubule.
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Because TCNB and NAP mixtures melt at low temperatures
(T, = 72 °C) without damaging polydimethylsiloxane (PDMS), a
conventional material for soft-lithography, the micro-transfer
molding (UTM) technique was applicable for creating microtubule
patterns. As illustrated in Scheme 1, a TCNB and NAP mixture was
first melted onto silicon wafer at 80 °C while covered with a PDMS
mold. The sample was subsequently cooled to the room temperature,
and a small amount of uniaxial strain (¢ = 5%) was applied to the
PDMS mold along the pattern axis.

(i) —— Homogeneous TCNB-NAP
(i) —— Homogeneous TCNB-NAP-PY
(iii) = Heterogeneous TCNB-NAP-PY
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Figure 2. a) Fluorescence microscope image of TCNB-NAP-PY hetero-
microtubules exhibiting dual emission colors. The orange stripes, which
correspond to the TCNB-NAP-PY CT complex, formed selectively on the
cleaved facets of TCNB-NAP CT microtubules exhibiting blue emission. b)
PL spectra of (i) TCNB-NAP homogeneous microtubules, (ii)) TCNB-NAP—
PY homogeneous microtubules, and (iii) TCNB-NAP-PY heterogeneous
microtubules. ¢) Fluorescence microscope image of a TCNB-NAP-PY
heterogeneous microtubule, and d) its corresponding filtered fluorescence
microscopy image (Ao = 520 nm). e) Fluorescence microscope image of
TCNB-NAP-PNT hetero-microtubules and f) the corresponding filtered
fluorescence microscopy image. g) Fluorescence microscope image of
TCNB-NAP-9MA hetero-microtubules and h) the corresponding filtered
fluorescence microscopy image.

After detaching the mold, we finally obtained TCNB-NAP
microtubule patterns by removing the residual NAP by sublimation.
Because of the applied axial strain, numerous cracks were formed on
the TCNB-NAP microtubules. Both fluorescence microscopy and
SEM images clearly showed the formation of cracks on the
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microtubules (Figure 1c). The bright stripes on the microtubules in
the fluorescence microscope image (Figure 1c) indicate that the light
guided by the tubular structure of the TCNB-NAP CT complex
leaks out at the cleaved edges. The cracks were almost perpendicular
to the pattern axis, and the size of gap was in the 0—-600 nm range.

The cleaved facets provided the active sites for doping and
growth of the secondary CT complexes.'® After creating cracks on
TCNB-NAP microtubules, we subsequently exposed the samples to
the vapor of secondary aromatic hydrocarbon compounds, including
PY, 9MA, and PNT. No additional TCNB was supplied during the
formation of the secondary CT complexes. When the vapor
concentration and the deposition time were carefully optimized,
secondary CT complexes were formed selectively at the cracks. To
synthesize the TCNB-NAP-PY hetero-microtubules, we placed the
glass slide patterned with TCNB-NAP microtubules beside a glass
slide coated with a thin film of PY in a chamber and then heated
them at 60 °C for 90 min. After the sample cooled to room
temperature, the sample was gently purged with argon. In contrast to
the previous in situ doping of TCNB-NAP microtubules with PY,
the microtubules prepared by this ex situ doping method exhibited
orange stripes on the blue microtubules in the fluorescence
microscope image (Figures 2a and c—d). The orange stripes, which
suggest the formation of TCNB-NAP-PY CT complex, were
exclusively observed where cracks were originally located. The
filtered fluorescence microscope images more clearly show that the
TCNB-NAP microtubules were heterogeneously doped with PY
(Figures 2c—d). The PL spectrum of the TCNB-NAP-PY hetero-
microtubules exhibited two broad bands at ~490 and ~560 nm,
which correspond to the emission bands of the TCNB-NAP and
TCNB-NAP-PY CT complexes, respectively (Figure 2b). These
results strongly suggest that the TCNB-NAP-PY hetero-
microtubules were formed by selective doping of PY at the cracks in
the TCNB-NAP microtubules. Similarly, TCNB-NAP-PNT and
TCNB-NAP-9MA hetero-microtubules were prepared by doping
TCNB-NAP microtubules with PNT and 9MA respectively (Figure
2e-h). The filtered fluorescence microscope images of the TCNB—
NAP-PNT and TCNB-NAP-9MA hetero-microtubules also showed
well-defined discrete green (Ay,x = 553 nm) and red stripes (Ayay =
599 nm), respectively, which suggests the formation of TCNB—
NAP-PNT and TCNB-NAP-9MA CT complexes at the cracks. The
SEM images also demonstrated that the secondary CT complexes
were selectively formed at the cracks (Figure 3). Interestingly, the
microtubule fragments separated by the cracks were welded by
filling the gaps with the secondary CT complexes.

<

Figure 3. SEM images of a) a TCNB-NAP-PY hetero-microtubule, b) a
TCNB-NAP-PNT hetero-microtubule, and ¢) a TCNB-NAP-9MA hetero-
microtubule.

After the TCNB-NAP microtubules were doped with a certain
aromatic dopant, they could be sequentially doped with other
aromatic dopants. In this case, the sequential doping also occurred
exclusively at the cracks; in addition, the apparent color changed to
longer wavelengths when the second dopant had a HOMO level
higher than that of the first dopant. For example, the TCNB-NAP
microtubule containing cracks was first doped with PNT. The
filtered microscope image shows that the TCNB-NAP-PNT CT
complex, which exhibited green emission, was formed exclusively at
the cracks (Figure 4b). When the TCNB-NAP-PNT hetero-
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microtubule was further exposed to the vapor of 9MA, which has a
HOMO level slightly higher than that of PNT, the green emission
bands turned to red, whereas other regions were unchanged (Figure
4c). Similarly, the green bands became orange when the TCNB—
NAP-PNT hetero-microtubule was exposed to the vapor of PY. In
contrast, no color change was observed for the opposite doping
order. When the TCNB-NAP microtubules were doped first with
9MA, the red emission bands of the TCNB-NAP-9MA CT complex
were unchanged after the complex was doped with PNT under the
same experimental conditions. These results suggest that the charge
transfer in microtubules occur dominantly between the TCNB and a
dopant having the highest HOMO level. The general trend of
fluorescence peak shift by the secondary doping is well consistent
with this argument. The HOMO levels of dopants are in the order of
NAP (-8.14 eV),' PNT (=7.90 V), PY (-7.40 ¢V),'® and 9MA (-
7.27 V).

d (i) — TCNB-NAP
(i) — TCNB-NAP-PNT
(iii) =—— TCNB-NAP-9MA
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Figure 4. Sequential doping of a TCNB-NAP microtubule with different
dopants. a) A fluorescence confocal microscopy image of a TCNB-NAP
microtubule. b) A filtered fluorescence confocal microscope image of a
TCNB-NAP-PNT hetero-microtubule that was prepared by doping a TCNB—
NAP microtubule with PNT (Aworr = 510 nm). ¢) Filtered fluorescence
confocal microscope image of a TCNB-NAP-PNT-9MA hetero-microtubule
that was prepared by doping a TCNB-NAP-PNT hetero-microtubule with
IMA (Aeuorr = 510 nm). d) PL spectra obtained from (i) image a, (ii) image b,
and (iii) image c.

In summary, we have presented an approach to fabricating
dual-color-emitting organic hetero-microtubules consisting of multi-
segments of two different CT complexes. Our “crack-welding”
method exploits the selective doping and growth of the secondary
CT complexes at the cracks of TCNB-NAP CT microtubules.
Eutectic-melting-assisted soft-lithography was adopted for creating
the cracked TCNB-NAP CT microtubules by applying axial strain to
a PDMS mold. Because of the relatively high reactivity of the
cleaved facets of the TCNB-NAP CT microtubules, the secondary
CT complexes were selectively grown at the positions of the original
cracks when the microtubules were exposed to the vapor of aromatic
hydrocarbon dopants, including PY, PNT, and 9MA. The sequential
doping in the sequence of increasing HOMO level of the aromatic
dopants led to serial shifts of the emission color of the hetero-
microtubules to a longer wavelength. We anticipate that our method
can be easily applied to the creation of various heterogeneous
structures based on CT complexes.
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