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This paper presents a new class of one-dimensional
nanostructures exhibiting remarkable fluorescent solvatochrom-
ism. This is fabricated through the self-assembling polymer-
ization of 2,6-dihydroxyanthracene with a small crosslinker on
the surface of silica helices obtained from a sol-gel reaction with
tetraethoxysilane in the presence of the gemini surfactant-
derived chiral assembly.
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One-dimensional (1D) nanomaterials have received signifi-
cant attention owing to their peculiar dimensional restriction,
physicochemical and optical properties, and various applications
such as in optoelectronic devices,1 photovoltaics,2 solar cells,3

and photonics.4 Such 1D nanomaterials have been provided as
helical self-assemblies,5,6 nanofibers,7 nanorods,8 and nano-
tubes9 and, therefore, they have frequently been fabricated using
a bottom-up approach based on a self-assembling technique such
as supramolecular chiral self-assembly,10­12 polymer electro-
spinning,13 and block building through crystallization.14 Owing
to their enhanced features such as a high specific surface area,
mechanical properties, and chiral optical properties, they play an
important role in a wide range of applications.4b,4c,15 The most
challenging aspect is to introduce optical properties into these
1D nanostructures, one of the most convenient methodologies
of which can be consolidated through a fabrication using the
adsorption or grafting of fluorescent components such as organic
dyes16 and quantum dots17 on the surfaces. However, these types
of fluorescent 1D nanomaterials still face certain problems, such
as a lack of stability from an elution or a disassociation, and
quenching from a highly dense immobilization, among others.
To overcome these problems, some better systems should be
newly developed.

In this paper, we introduce a new and facile approach
(Figure 1) for the creation of fluorescent 1D nanomaterials based
on fluorescent polymer-deposition through their direct polymer-
ization, which may overcome the limitation of quenching and a
loss in photochemical properties. Other advantages include the
use of an organic monomer, absence of heavy metals, and good
solubility in various solvents.

In this study, we selected twisted nanoribbons as the 1D
nanomaterials, which were delivered from a simple combination
of a non-chiral gemini surfactant and chiral tartrate anion (16-
2-16 aggregates, as shown in Figure 1A) because this new class
of 1D nanomaterial demonstrates distinct advantages in well-
controlled helical structures in terms of diameter and pitch18 and
good applicability for materialization through a sol-gel tran-

scription method.19 1D nanosilica having a helical morphology
was prepared via a sol-gel reaction of tetraethoxysilane (TEOS)
on 16-2-16 aggregates as a template, and the removal of the
template and unreacted TEOS was achieved through sufficient
washing with 2-propanol and ethanol. Figures 2b and 2c show
transmission electron microscopy (TEM) images of the nano-
silica obtained, of which the diameter and helical pitch were
determined to be 30 and 69 nm (Table 1), respectively. The other
parameters (Table 1) include a width and thickness of 29 and
15 nm, respectively, which were measured based on the scheme
shown in the TEM image of Table 1.

The fluorescent polymer deposition on the nanosilica helices
was carried out as follows: 2,6-dihydroxyanthracene (2,6-DHA)
was used as the main monomer for fluorescent functionalization
(Figure 1B). This approach was inspired based on the fact that
the polymerization of 1,5-dihydroxynaphthalene through cross-
linking with 1,3,5-trimethyl-1,3,5-triazinane (TMTA) produces
black polymers from a ring extension reaction leading to carbon-
like structures,20 whereas the corresponding 2,6-isomer provides
colored and fluorescent polymers.21 Based on these findings, the
hybridization of 1D helical nanosilica with a fluorescent
polymer was achieved. The nanosilica and 2,6-DHA (1mM)
were mixed at a 1:1 weight ratio in ethanol. TMTAwas added to
the mixture, and polymerization was then conducted at 150 °C
for 5min using a microwave reactor. The product was collected
through centrifugation, purified with ethanol, and washed
several times until the supernatant became colorless despite
the initial reddish color of the supernatant. The thermo-gravi-
metrical analysis indicated that the weight loss of the polymer-
deposited nanosilica at 900 °C was approximately 18wt%, and
the elemental analysis proved that the carbon and nitrogen
contents were 14.4wt% and 1.42wt% respectively.

It was confirmed that the 1D morphology with a helical
form was maintained after the polymerization process. Similar
procedures were performed using water or a mixture of water
and THF, although the helical structures collapsed in these
solvent systems. This is probably caused by the alkaline
behavior of the TMTA, where the pH of the solvent system
was between 8.5 and 9.0, thereby leading to a hydrolysis of
the Si-O bonds. Based on these fundamental results, we used
ethanol without water as a solvent to perform polymerization.
Ethanol was considered as the best solvent for the stability of
helical nanosilica.

The color of the product obtained was brownish green
(Figure 2d) after drying, and the TEM images show only a
helical morphology (Figure 2e) similar to the original nanosilica
helices. Therefore, the change in color from white to brownish
green can be explained by the coloration of the nanosilica.



By comparing their detailed morphologies before and after
polymerization, the diameter, width, and thickness of the
product slightly increased in the original silica, whereas there
was no significant change in the helical pitch, as shown in
Table 1.

The mechanisms of polymer deposition on the silica are yet
to be determined because 2,6-DHA has four reactive sites at the
next positions (1-, 3-, 5- and 7-positions) of the phenolic carbon,
although it is estimated that two distinct mechanisms may be

possible: first, through direct polymerization on the silica
surface, and second, through a deposition of the produced
oligomers onto a silica surface. Both processes likely occur
competitively through a weak interaction between the Si-OH and
nitrogen atoms of a crosslinker.

An elemental analysis promotes further discussion regarding
this problem. The estimated chemical structure of the polymer is
shown in Figure 1C. If the polymerization involves a one-to-one
addition reaction based on the estimated structure (Figure 1C),
the C/N value should be 14.58 based on C14H10O2 and
CH2N(CH3)CH2 from 2,6-DHA and TMTA; however, the

Figure 1. Schematic illustration showing the preparation processes of (A) 1D-nanosilica helix and (B) its following polymer
deposition with (C) estimated chemical structure of the fluorescent polymer.

Figure 2. (a) White powders from bare silica helices and (b­c)
their TEM images. (d) Brownish greenish powders from the
polymer-deposited silica helices and (e­f ) their TEM images.

Table 1. Comparison of the measured parameters on silica
helices before and after polymerization.

Parametersa

Bare silica Polymer-deposited silica
Differencec

(nm)Size 
(nm)

SDb Size
(nm)

SDb

Diameter 30 1.2 34 1.0 4

Pitch 69 1.3 68 1.1 ~ 0

Width 29 1.3 33 1.4 4

Thickness 15 0.6 17 1.1 2
a Each parameter was determined according to the following TEM 
image. b Standard deviations were calculated from at least 10 
nano-helices. c Determined by the difference between the average 
parameters of the polymer-deposited silica and the bare silica.

pitc
h

diameter

width

thickness



observed C/N value was 10.15 in the polymer-silica hybrid,
where the C and N contents were 14.42% and 1.42%,
respectively. This increase in the N content suggests multiple
introductions of CH2N(CH3)CH2 on the anthracene moiety
leading to the promotion of crosslinking structures.

A ξ-potential analysis provides additional information on
the surface structure. The bare silica helices exhibited +14 « 1.5
and ¹25 « 2.5mVat pH 4 and 8.5, respectively, which could be
explained by the presence of Si+OH and SiO¹. In contrast,
the distinct increases in these values were observed to be
+21.4 « 1.9 and ¹48.0 « 2.0mV at pH 4.0 and 8.5 through the
introduction of the anthracene-derived polymer. These results
strongly suggest the co-existence of additional basic and acidic
sources from CH2N(CH3)CH2 and the phenolic OH groups of
the surface polymer.

The versatility of the polymer-silica hybrids can be
emphasized by their unique fluorescent (FL) property. Figures 3a
and 3b show a comparison of the fluorescent colors in aqueous
dispersion states excited at 365 nm between the polymer-silica
hybrids and bare silica. The distinct difference demonstrates that
the deposited-organic component on the silica is not due to the
monomer adsorption; however, the pH-dependent Stokes shift in
the polymer-silica hybrid agrees with the pH-dependent change
of the dissociation states between phenolic OH and O¹ on the
anthracene moiety in the polymer layer.

The uniqueness of the FL property can also be emphasized
based on the solvent dependency. As shown in Figure 4, good
dispersity in various organic solvents was observed, indicating
an effective hydrophobicity from the deposited-polymer, and a
distinct fluorescent solvatochromism22 was observed. This is one
of the characteristic phenomena of a 2,6-DHA-derived polymer,
and it was estimated that the fluorescent solvatochromism
is induced through the “on-off” switch in the intramolecular
hydrogen bonding interaction between CH2N(CH3)CH2 from the
crosslinker and phenolic OH groups from the anthracene moiety:
the estimated interaction mechanism is proposed in Figure 4C,
where the state I can be formed in acidic or polar solvents such
as DMSO, but the state II based on intramolecular hydrogen
bonding interaction is formed in a non-polar solvent such as
toluene. In a basic condition, the phenolic anion state generated

is probably similar to that in the state II. Detailed discussion will
be presented in a future report with further investigation.

In conclusion, we established a new and facile method for
creating fluorescent 1D nanomaterials composed of silica helices
as a core with fluorescent polymer as a shell. The obtained 1D
nanosilica hybrids showed (1) an amphiphilic property, leading
to good dispersity in aqueous systems with a wide range of pH,
(2) good dispersity in various organic solvents owing to an
enhancement in hydrophobicity, and (3) a fluorescent property
with remarkable solvatochromism. These advantages will
expand the possible applications of 1D nanomaterials.

This work was partially supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan, a Grant-in-Aid from
the Strategic International Collaborative Research Program
(SICORP), “Molecular Technology”, between JST in Japan
and ANR in France and International Associated Laboratory
(LIA), “Chiral Nanostructures for Photonic Applications”, by
the France-Japan consortium between CNRS-Universitéde
Bordeaux-Bordeaux INP and Kumamoto University­Kyoto
University.

References and Notes
1 a) J. Hu, W. Kuang, K. Deng, W. Zou, Y. Huang, Z. Wei,

C. F. J. Faul, Adv. Funct. Mater. 2012, 22, 4149. b) J. Kim, J.
Noh, S. Jo, K. E. Park, W. H. Park, T. S. Lee, ACS Appl.
Mater. Interfaces 2013, 5, 6038. c) H. Cho, S.-Y. Min, T.-W.
Lee, Macromol. Mater. Eng. 2013, 298, 475.

2 a) H. Jintoku, H. Ihara, Chem. Commun. 2012, 48, 1144.
b) H. Jintoku, M. Yamaguchi, M. Takafuji, H. Ihara, Adv.
Funct. Mater. 2014, 24, 4105.

3 Y. Kim, B. Yeom, O. Arteaga, S. J. Yoo, S.-G. Lee, J.-G.
Kim, N. A. Kotov, Nat. Mater. 2016, 15, 461.

4 a) Y. Yang, R. C. da Costa, M. J. Fuchter, A. J. Campbell,

Figure 3. (a) Emission colors of the polymer-silica hybrids
and (b) the bare silica helices in aqueous media with different
pH under UV-lamp excited at 365 nm. (c) Normalized emission
spectra of the polymer-silica hybrid with different pH levels
excited at 365 nm. Concentration of silica: 0.25mgml¹1. The
sample pH was adjusted to be pH 2, pH 7 and pH 11 using
0.1M HCl and 0.1M NaOH.

Figure 4. Solvent-dependent changes in (A) the fluorescent
spectra and (B) the luminescent color in the polymer-silica
hybrid dispersed in various organic media: (a) ethanol, (b)
tetrahydrofuran, (c) dimethyl-formamide, (d) dimethylsulfoxide,
(e) acetonitrile, and (f ) toluene, under a UV-lamp excited at
365 nm. (C) Estimated mechanism on the fluorescent solvato-
chromism in the polymer component.

https://dx.doi.org/10.1002/adfm.201200973
https://dx.doi.org/10.1021/am400782s
https://dx.doi.org/10.1021/am400782s
https://dx.doi.org/10.1002/mame.201200364
https://dx.doi.org/10.1039/C2CC16911H
https://dx.doi.org/10.1002/adfm.201304081
https://dx.doi.org/10.1002/adfm.201304081
https://dx.doi.org/10.1038/nmat4525


Nat. Photonics 2013, 7, 634. b) K. Ariga, H. Komatsu, J. P.
Hill, Nanophotonics 2013, 2, 265. c) N. Mizoshita, T. Tani,
S. Inagaki, Adv. Mater. 2012, 24, 3350.

5 F. J. M. Hoeben, P. Jonkheijm, E. W. Meijer, A. P. H. J.
Schenning, Chem. Rev. 2005, 105, 1491.

6 H. Ihara, M. Takafuji, T. Sakurai, in Encyclopedia of
Nanoscience and Nanotechnology, ed. by H. S. Nalwa,
American Scientific Publishers, California, 2004, Vol. 9,
pp. 473­495.

7 a) L. C. Palmer, S. I. Stupp, Acc. Chem. Res. 2008, 41, 1674.
b) D. Han, C. Song, X. Li, J. Nanomater. 2010, 290763.

8 a) K. Esumi, K. Matsuhisa, K. Torigoe, Langmuir 1995, 11,
3285. b) N. R. Jana, L. Gearheart, C. J. Murphy, J. Phys.
Chem. B 2001, 105, 4065.

9 R. H. Baughman, A. A. Zakhidov, W. A. de Heer, Science
2002, 297, 787.

10 a) T. Delclos, C. Aimé, E. Pouget, A. Brizard, I. Huc, M.-H.
Delville, R. Oda, Nano Lett. 2008, 8, 1929. b) R. Oda, I.
Huc, M. Schmutz, S. J. Candau, F. C. MacKintosh, Nature
1999, 399, 566. c) Y. Okazaki, J. Cheng, D. Dedovets, G.
Kemper, M.-H. Delville, M.-C. Durrieu, H. Ihara, M.
Takafuji, E. Pouget, R. Oda, ACS Nano 2014, 8, 6863.

11 a) T. Hatano, A.-H. Bae, M. Takeuchi, N. Fujita, K. Kaneko,
H. Ihara, M. Takafuji, S. Shinkai, Angew. Chem., Int. Ed.
2004, 43, 465. b) K. Yoshida, Y. Kuwahara, K. Miyamoto, S.
Nakashima, H. Jintoku, M. Takafuji, H. Ihara, Chem.
Commun. 2017, 53, 5044.

12 a) P. Terech, R. G. Weiss, Chem. Rev. 1997, 97, 3133.
b) J. H. van Esch, B. L. Feringa, Angew. Chem., Int. Ed.
2000, 39, 2263. c) T. Shimizu, M. Masuda, H. Minamikawa,
Chem. Rev. 2005, 105, 1401. d) P. Xue, J. Sun, B. Yao, P.
Gong, Z. Zhang, C. Qian, Y. Zhang, R. Lu, Chem.®Eur. J.
2015, 21, 4712. e) M. Liu, L. Zhang, T. Wang, Chem. Rev.
2015, 115, 7304.

13 a) Y. M. Shin, M. M. Hohman, M. P. Brenner, G. C.
Rutledge, Polymer 2001, 42, 09955. b) D. Li, Y. Wang,
Y. Xia, Nano Lett. 2003, 3, 1167. c) S. Imaizumi, H.

Matsumoto, M. Ashizawa, M. Minagawa, A. Tanioka, RSC
Adv. 2012, 2, 3109. d) N. Kaerkitcha, T. Sagawa, Photo-
chem. Photobiol. Sci. 2018, 17, 342.

14 a) M. Niederberger, H. Cölfen, Phys. Chem. Chem. Phys.
2006, 8, 3271. b) Y. Guo, L. Xu, H. Liu, Y. Li, C.-M. Che, Y.
Li, Adv. Mater. 2015, 27, 985. c) B. Adhikari, X. Lin, M.
Yamauchi, H. Ouchi, K. Aratsu, S. Yagai, Chem. Commun.
2017, 53, 9663.

15 S. Nizamoglu, T. Ozel, E. Sari, H. V. Demir, Nanotechnol-
ogy 2007, 18, 065709.

16 a) Y. Okazaki, T. Goto, R. Sakaguchi, Y. Kuwahara, M.
Takafuji, R. Oda, H. Ihara, Chem. Lett. 2016, 45, 448. b) T.
Goto, Y. Okazaki, M. Ueki, Y. Kuwahara, M. Takafuji, R.
Oda, H. Ihara, Angew. Chem., Int. Ed. 2017, 56, 2989.

17 a) B. Liu, C. Tong, L. Feng, C. Wang, Y. He, C. Lü,
Macromol. Rapid Commun. 2014, 35, 77. b) C. Li, X. Jin, T.
Zhao, J. Zhou, P. Duan, Nanoscale Adv. 2019, 1, 508.

18 Y. Okazaki, T. Buffeteau, E. Siurdyban, D. Talaga, N. Ryu,
R. Yagi, E. Pouget, M. Takafuji, H. Ihara, R. Oda, Nano Lett.
2016, 16, 6411.

19 a) R. Oda, F. Artzner, M. Laguerre, I. Huc, J. Am. Chem.
Soc. 2008, 130, 14705. b) K. Sugiyasu, S. Tamaru, M.
Takeuchi, D. Berthier, I. Huc, R. Oda, S. Shinkai, Chem.
Commun. 2002, 1212.

20 a) A. Murakami, H. Noguchi, Y. Kuwahara, M. Takafuji, S.
Nozato, R. Sun, A. Nakasuga, H. Ihara, Chem. Lett. 2017,
46, 680. b) M. N. Khan, Y. Orimoto, H. Ihara, Chem.
Commun. 2018, 54, 13204. c) N. Hano, M. Takafuji, H.
Noguchi, H. Ihara, ACS Appl. Nano Mater. 2019, 2, 3597.

21 a) H. Ihara, M. Takafuji, Y. Kuwahara, H. Noguchi, N.
Yamada, JP Pat. Appl. JP 2018 189735, 2018. b) N. Yamada,
H. Noguchi, Y. Orimoto, Y. Kuwahara, M. Takafuji, S.
Pathan, R. Oda, A. M. Rahimli, M. A. Ramazanov, H. Ihara,
Chem. Eur. J. 2019, 25, 1.

22 a) C. Reichardt, Chem. Rev. 1994, 94, 2319. b) A. S.
Klymchenko, Acc. Chem. Res. 2017, 50, 366.

https://dx.doi.org/10.1038/nphoton.2013.176
https://dx.doi.org/10.1515/nanoph-2013-0025
https://dx.doi.org/10.1002/adma.201201064
https://dx.doi.org/10.1021/cr030070z
https://dx.doi.org/10.1021/ar8000926
https://dx.doi.org/10.1021/la00009a002
https://dx.doi.org/10.1021/la00009a002
https://dx.doi.org/10.1021/jp0107964
https://dx.doi.org/10.1021/jp0107964
https://dx.doi.org/10.1126/science.1060928
https://dx.doi.org/10.1126/science.1060928
https://dx.doi.org/10.1021/nl080664n
https://dx.doi.org/10.1038/21154
https://dx.doi.org/10.1038/21154
https://dx.doi.org/10.1021/nn501560w
https://dx.doi.org/10.1002/anie.200351749
https://dx.doi.org/10.1002/anie.200351749
https://dx.doi.org/10.1039/C7CC00395A
https://dx.doi.org/10.1039/C7CC00395A
https://dx.doi.org/10.1021/cr9700282
https://dx.doi.org/10.1002/1521-3773(20000703)39:13%3C2263::AID-ANIE2263%3E3.0.CO%3B2-V
https://dx.doi.org/10.1002/1521-3773(20000703)39:13%3C2263::AID-ANIE2263%3E3.0.CO%3B2-V
https://dx.doi.org/10.1021/cr030072j
https://dx.doi.org/10.1002/chem.201405074
https://dx.doi.org/10.1002/chem.201405074
https://dx.doi.org/10.1021/cr500671p
https://dx.doi.org/10.1021/cr500671p
https://dx.doi.org/10.1016/S0032-3861(01)00540-7
https://dx.doi.org/10.1021/nl0344256
https://dx.doi.org/10.1039/c2ra20103h
https://dx.doi.org/10.1039/c2ra20103h
https://dx.doi.org/10.1039/C7PP00413C
https://dx.doi.org/10.1039/C7PP00413C
https://dx.doi.org/10.1039/B604589H
https://dx.doi.org/10.1039/B604589H
https://dx.doi.org/10.1002/adma.201403846
https://dx.doi.org/10.1039/C7CC04172A
https://dx.doi.org/10.1039/C7CC04172A
https://dx.doi.org/10.1088/0957-4484/18/6/065709
https://dx.doi.org/10.1088/0957-4484/18/6/065709
https://dx.doi.org/10.1246/cl.160047
https://dx.doi.org/10.1002/anie.201612331
https://dx.doi.org/10.1002/marc.201300634
https://dx.doi.org/10.1039/C8NA00216A
https://dx.doi.org/10.1021/acs.nanolett.6b02858
https://dx.doi.org/10.1021/acs.nanolett.6b02858
https://dx.doi.org/10.1021/ja8048964
https://dx.doi.org/10.1021/ja8048964
https://dx.doi.org/10.1039/b202799m
https://dx.doi.org/10.1039/b202799m
https://dx.doi.org/10.1246/cl.170084
https://dx.doi.org/10.1246/cl.170084
https://dx.doi.org/10.1039/C8CC07532H
https://dx.doi.org/10.1039/C8CC07532H
https://dx.doi.org/10.1021/acsanm.9b00555
https://dx.doi.org/10.1002/chem.201901239
https://dx.doi.org/10.1021/cr00032a005
https://dx.doi.org/10.1021/acs.accounts.6b00517

