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Organic halides, such as chloroform,® dioxin,’ and iodo-
methane’ critically influence biological systems and the envi-
ronment. In the case of chloroform, inhalation of the vapor can
cause cancer. Therefore, for decontamination purposes, halo-
genated compounds need to be detected, no matter how low the
concentration. Existing halogenated compounds have generally
been determined using gas chromatography.® In addition,
liquid chromatography is a useful method for separating these
compounds from pollutants.” However, these methods require
pollutant samples to be processed by gel-permeation chroma-
tography and/or silica-gel column chromatography, which can
be arduous. Hence, new methodology for the detection of
organic halides is required.

Recently, chromism has attracted significant attention and
has been used to understand a variety of conditions and to
engineer products. Numerous types of chromic behavior exist,
such as photochromism,' mechanochromism,"**> electro-
chromism,” piezochromism," vapochromism,”*” and sol-
vatochromism."?° Colors emerging from most forms of
chromism are caused by the metamorphoses of compounds
with conjugated donor and acceptor units. 1,2-Dithienylethene,
which turns red when irradiated with ultraviolet (UV) light, is
a famous photochromic material reported by Irie and
coworkers.”* The intramolecular conjugation length of this
compound increases by a ring-closing photoreaction. Sol-
vatochromism in solvents of different polarity is due to a varia-
tion in its absorption or emission spectrum in each solvent.
Because organic halide solvents are of low polarity, they can be
used to investigate new methods for detecting organic halides
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Herein, we describe the successful preparation of a methylene-bonded tetraphenylethene polymer using
a phenolic-resin synthesis protocol. Our novel phenolic polymer showed solvatochromism in response
to halogenated organic solvents. Solvatochromism is induced by halogen/ interactions between the

because a color transition can occur without an external stim-
ulus, such as light and heat. Previously, yellow-to-red sol-
vatochromism through intramolecular charge transfer in
halogenated solvents has been achieved.**>¢

The chemical structures of the donor and acceptor units are
important when designing and preparing solvatochromic
materials. However, it is often difficult to prepare and control
the solubilities of these compounds. In addition, crystallinity is
an important factor for single-molecule solvatochromism. From
these viewpoints, polymer structures are attractive platforms for
inducing chromic properties because the solubility of the
polymer and its binding sites for organic halides can be
controlled. In this study, a novel polymer constructed using
1,1,2,2-tetra(4-methoxyphenyl)ethene (TPE-4MeO) and methy-
lene linkers was prepared by phenolic-polymer synthesis.
Phenolic polymers are a class of artificial polymer prepared
from phenols and formaldehyde.”” Their high mechanical
strengths and chemical and thermal stabilities make these
products useful for engineering plastics. Our novel phenolic
polymer showed solvatochromism in response to halogenated
organic solvents through color changes; in addition, it showed
guest and halide selectivity.

The phenolic polymer was constructed from TPE units
bonded through methylene linkers, and was synthesized
according to a previously reported procedure.”® The TPE-based
phenolic polymer (TPE-P) was synthesized by polymerizing
TPE-4MeO and paraformaldehyde with sulfuric acid in a mixed
solution of acetic acid and chloroform (Fig. 1a). The '"H NMR
spectrum exhibited peak broadening with increasing molecular
weight, and the >C NMR spectrum exhibited a signal for
a methylene unit after polymerization (Fig. S1-S31). GPC
(Fig. S41) and MALDI-Tof-MS of TPE-P revealed: M, = 1.3 x 10,
M, = 2.7 x 10°, P = 2.1. Other brunching and molecular
weights polymers could not be obtained using other substituted
TPE monomers, which had its reactive positions blocked by
methylene (Fig. $5-S71). In addition, a single "*C NMR methy-
lene peak was observed, which suggests that TPE-P is composed
of a single, linear polymer structure.
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Fig.1 (a) Synthesis of TPE-P from TPE-4MeO and paraformaldehyde.
(b) Photographic images of solvatochromism in various solvents.

The solubilities of TPE-P (40 g L™ ') were investigated in
chloroform (CHCl;), dichloromethane (CH,Cl,), tetrahydro-
furan (THF), and dimethyl sulfoxide (DMSO) (Fig. 1b). TPE-P in
the halogenated and non-halogenated solvents exhibited
different colors; the former were red but the latter were yellow.
Fig. 2a shows the UV-Vis spectra of each TPE-P solution.
Although 510 nm absorption peaks were observed in the spectra
of TPE-P in the halogenated solvents, such peaks were absent in
the spectra in the non-halogen solvents. The observed color
generally corresponds to the wavelength of the complementary
visible color, as given by the color circle. In addition, the
concentration of the visible color is related to the absorption
intensity. The halogenated-solvent solutions were red because
the 510 nm absorption wavelength is complementary to red.
The CH,Cl, solution absorbed more strongly than the CHCI;,
THF + HCI, and THF solutions. Similarly, the color concentra-
tion of the CH,Cl, solution was higher. To investigate the effects
of halogenated compounds on solvatochromism, 1.1 X
10~° mol HCI was added to the solution of TPE-P in THF
(Fig. 2a, purple spectrum); this mixture was also red and
exhibited a similar absorption peak at 510 nm. Because other
halogenated compounds such as carbon tetrachloride, bromo-
form and bromoethane were also exhibited red, these results
suggest that yellow-to-red solvatochromism is induced by
halogenated compounds.

As we speculated that the solvatochromism behavior of TPE-
P requires interaction with a halogenated compound, we next
investigated the interactions between halogenated compounds
and TPE-P by 'H NMR spectroscopy. Fig. 2b shows the "H NMR
spectra of TPE-P in various deuterated solvents. NMR peaks
corresponding to aromatic and alkoxy groups were observed in
both non-halogenated and halogenated solvents; however, the
chemical shifts of these peaks were downfield-shifted only in
the halogenated solvents. These downfield shifts are due to
lower electron densities in these compounds; hence, these
shifts indicate that halogenated compounds and TPE-P interact
through halogen/w interactions, which are non-covalent bonds
previously reported in computational studies.**** Electrostatic
and dispersion energies were reported to be the main
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contributors to halogen/m interactions between aromatic
compounds and halogen atoms. As a result of these halogen/m
interactions, TPE-P exhibits solvatochromism through changes
in its ground state that results from conformational changes to
the polymer structure in the presence of an organic halide. In
addition, halogen/m interactions are achieved in aromatic
compounds bearing halogen atoms in which the halogen atom
binds to the same halogen or carbon. With this in mind, we
investigated the solution states by FT-IR spectroscopy, the
results of which are shown in Fig. 2c. The IR spectrum of TPE-P
shows C-O stretching vibrations at 1250 cm ™" and 1050 cm ™.
Both vibrational peaks dramatically shift in dichloromethane
and chloroform compared to the non-halogenated solvents. The
asymmetric stretching peak at 1250 cm™ " separates into two
peaks, and the symmetric stretching peak at 1050 cm ™ * shifts to
a lower wavenumber. A shift to a lower wavenumber is generally
associated with a decrease in electron density. Therefore, the
symmetric stretching peak at 1050 cm™' was low-shifted
through interactions with halogenated compounds. Similarly,
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Fig. 2 (a) UV-Vis absorption spectra of TPE-P in various solvents;
510 nm is the complementary wavelength of visible red. (b) *H NMR
spectra in various deuterated solvents. The aromatic peak is down-
field-shifted in halogenated solvents compared to non-halogenated
solvents. (c) FT-IR spectra of TPE-P in CHClz and CH,Cl,. (d) UV-Vis
absorbance at 510 nm as a function of the chain length of the alkyl
halide. (e) DFT ground-state optimized structure of a model TPE-P
trimer calculated by B3LYP/3-21G showing the distances between
aromatic units, which provide good fits for 1,2-DCE and 1,4-DCB.
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the asymmetric stretching peak at 1250 cm ™" was also affected
by halogenated compounds.

In addition, 2D NOESY NMR spectroscopy showed a correlation
peak between TPE-P and 1,2-dichloroethane (Fig. S81), which
indicates that TPE-P solvatochromism is induced through
halogen/ interaction with halogenated compounds. On the other
hand, we evaluated the effects of free anions as the sol-
vatochromism targets (Fig. S91). Various anions, including chlo-
ride, bromide, tetrafluoroborate, hypochlorite, and
hexafluorophosphate, were dissolved with TPE-P in 1,4-dioxane.
These solutions were yellow and did not show any color change.
The relationships between dielectric constant, Er (30), of organic
halides and UV-vis absorption maxima were also investigated in
Fig. S14.1 Every point was appeared at different wavelength and
absorption without systematically lined up. The number of organic
halides in TPE-P was different in THF solution because our sol-
vatochromism had dependency on molecular size of organic
halides. Moreover, TPE-4MeO did not show any solvent depen-
dency, which indicates that TPE-P can selectively detect organic
halides solvatochromatically through halogen/ interactions.

To investigate the solvatochromism mechanism, other
organic halides were examined by UV-Vis absorption spectros-
copy (Fig. S107). TPE-P was dissolved in 1,2-dichloroethane (1,2-
DCE), 1,3-dichloropropane (1,3-DCP), 1,4-dichlorobutane (1,4-
DCB), and 1,5-dichloropentane (1,5-DCP). Not only did the
dichloromethane solution exhibit solvatochromism, but the
other halogenated solutions did so too. The absorbances of the
various halogenated compounds were compared (Fig. 2d); the
510 nm absorption in 1,3-DCP was weaker than in the other
halogenated solvents. Similar trends were observed when
dibromoalkanes were used as alternative halogenated
compounds (Fig. S11}), which suggests that the halogen/m
interactions are influenced by the size of the halogen and/or the
compound. To compare the effect of the halogen, we deter-
mined the binding constants of 1,2-DCE and 1,2-dibromo-
ethane (1,2-DBE) with TPE-P using Hill's plots (Fig. S12 and
S13%). The binding constant (K,) of 1,2-DCE was found to be
1.4 x 10" M ', while that of 1,2-DBE was determined to be
7.1 x 10°M™Y; i.e., K, for 1,2-DCE is 10-times higher than that of
1,2-DCB. Because halogen/m interactions strongly depend on
electronegativity, the chloride in 1,2-DCE interacts more
strongly with TPE-P.

We next determined the distances between TPE-P units by
optimizing the geometry of a model trimer by DFT at B3LYP/3-
21G. Distances of 46 nm and 73 nm were determined between
the aromatic units of TPE-P (Fig. 2e); 1,2-DCE and 1,4-DCB fit
well into the spaces created by these distances, respectively. On
the other hand, there is insufficient space to accommodate 1,3-
DCP. These computational results were confirmed by
absorption-intensity data, as shown in Fig. 2d. Halogenated
compounds with sizes similar to the above-mentioned
distances exhibit higher absorption intensities than
compounds of other size. These results indicate that TPE-P
shows solvatochromism by interacting with halogen
compounds at the unit-molecule level.

Finally, we investigated the ability of TPE-P to detect
aromatic halides (Fig. 3a). TPE-P solutions in chlorobenzene
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Fig. 3 (a) Photographic images of TPE-P solutions in aromatic

compounds and (b) effect of aromatic compounds on absorbance.
Aromatic compounds exhibited solvatochromism.

and bromobenzene were red; this color was also produced using
benzene as the solvent, which indicates that this sol-
vatochromism occurs through interactions between TPE-P and
the aromatic compounds. Although the benzene solution
absorbed less than the other aromatic halides, it nevertheless
exhibited solvatochromism (Fig. 3b). In contrast, the 1,4-diiodo-
2,3,5,6-tetrafluorobenzene solution was yellow and absorbed
poorly, despite being halogenated because the concentration
was low due to low solubility in THF. Clearly, dihaloalkane
solvatochromatic behavior depends on molecular size, which
indicates that TPE-P requires a guest compound with interac-
tion sites and a molecular size matched to its available space to
exhibit solvatochromism.

In conclusion, we successfully prepared a methylene linked
tetraphenylethene polymer by phenolic-resin synthesis. The poly-
mer showed solvatochromism and turned red in solutions of
halogenated compounds. Experiments with various alkyl halides
and DFT calculations at B3LYP/3-21G reveal that halogen/r and 7v—
7 interactions between aromatic and halogenated compound
induce this phenomenon. Although the polymer was bonded
through methylene linkers and was not conjugated, sol-
vatochromism occurs through interactions with guest molecules.
Our results suggest that this phenolic polymer may be applied in
industrial fields as a sensing, biological, or aerospace material.
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