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Preparation of Poly(silylenep-phenylene)s Bearing a Benzo Crown
Pendant Group and Their lono- and Solvatochromic Behavior in the
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Poly(silylenep-phenylene)s bearing a benzo crown pendant group were obtained as colorless solids in
moderate yield by the reactions of poly[chloromethyl- or ethoxymethylsilyfepbenylene] with lithiated
benzo crown ethers in THF. The benzo crown substituted polymers responded to selected alkali-metal or
alkaline-earth-metal ions in the emission spectra, depending on the crown ether ring size. Thus, when
appropriate metal ions were added to the polymer solutions, the intensity of a maximum broad emission
band around 400 nm decreased and a band at about 320 nm was markedly enhanced. Similar chromism
of the polymers was also observed, depending on the solvent polarity in the absence of metal ions.

Introduction Scheme 1
e
Several approaches have been made to develomjugated ‘671 D ) 1) m-BeLi

polymers that respond to metal ions for use as ion-sensing T 2)EtOH
materials, since ionochromic optical properties were initially X "
observed for poly(thiophene)s featuring ether side chains. 4aX=Cl, 4b X = OFt
Recent examples involve-conjugated polymers with carboxylic "l"e “l"e
acid units? hydroxy groups, and ether chaifsas the ion- <€ W @
capturing side groups. Polymers bearimgconjugated chro- nch . iEt y

mophores bridged by a coordinating bipyridyl drdéind ether

linkage® also were synthesized. These polymers undergo stack- tm=12m=23m=3

ing of the chromophores and/or conformational changes revers- /_\o Li
ibly upon interaction with metal ions, which results in their m-BeLi = j@'
ionochromic behaviors. Silicon-based ion-sensing polymeric RI?

m

systems have also been studied by West and co-wofRérsy

found that an ether-substituted polysilane respondstpwith ) _
respect to both the absorption and emission spectra. photoconductors, and heat-resistant matefiasthe hope of

Sdeveloping novel ion-sensing materials based on thexSi
lalternating system, we recently synthesized silylene-2,5-thie-
nylene alternating oligomers having an ether side chain.

because they may be used as functional materials, such as, fo gci%lﬁsgki]nt?ﬁeseerzliggger: :;?;b'ih%n'q duoe nsocil\:géozr;]rgrpo'cmb;;il
example, organic semiconductors, hole-transport materials,. P » (NEY C p -
ions. Here, we report the synthesis and iono- and solvatochromic

P, p ool be add o Emal 0@ behaviors of poly(silyleng-phenylene)s having a benzo crown

0 whom correspondaence shou e aaqadressed. -mall: ]Jo H H e H

hiroshima-u.ac.jp (3.0.); akunai@hiroshima-u.ac.jp (A.K.). et.her group as the peno!ant group, WhICh is anuupated tollnteract
(1) (a) Roncali, J.; Garreau, R.; Delabouglise, D.; Garnier, F.; Lemaire, With metal ions more tightly th_an ||_near eth_er _S|de chains. In

M. J. Chem. Soc., Chem. Commur@89 679. (b) For a review, see:  these polymers, electron-donating silyl substitution on the benzo

On the other hand, there has been recent interest in polymer
whose backbone is composed of an alternating arrangement o
an organosilanylene group andsaconjugated organic unit,

McCullough, R. D.Adv. Mater. 1998 10, 93. rown unit woul ven facili h rdination he m I
(2) McCullough, R.; Ewbank, P. C.; Loewe, R. . Am. Chem. Soc. C 0 10 unit would even facilitate the (.:O.O d ato. to the gta
1997 119, 633. ions19 As expected, the polymers exhibited clear ionochromism

(3) Baskar, C.; Lai, Y.-H.; Valiyaveettil, Slacromolecule001, 34, in the emission spectra toward selected alkali-metal and alkaline-
6255. earth-metal ions, depending on the ring size of the crown ether.

(4) (a) Zotti, G.; Zecchin, S.; Schiavon, G.; Berlin, A.; PensoQWiem.
Mater. 1999 11, 3342. (b) Leesque, |.; Bazinet, P.; Roovers,Macro-
molecule200Q 33, 2952. (c) Perepichka, I. F.; Besbes, M.; Levillain, E.;

Solvatochromic behavior of the polymers also is described.

Salle M.; Roncali, JChem. Mater2002 14, 449. (d) Pernaut, J. M.; Zong, Results and Discussion
K. W.; Reynolds, J. RSynth. Met2002 130, 1. (e) Kim, J.; McQuade, D.
T.. McHugh, S. K.; Swager, T. Mangew. Chem., Int. E200Q 39, 3868. Polymer Synthesis.Poly(silylenep-phenylene)s bearing a
(f) Luo, Y.-H.; Liu, H.-W.; Xi, F.; Li, L.; Jin, X.-G.; Han, C. C.; Chan, . .
C.-M. J. Am. Chem. So@003 125, 6447. benzo crown pendant groufi{3) were readily accessible by
(5) (a) Bouachrine, M.; Lere-Porte, J. P.; Moreau, J. J. E.; Serein-Spirau, substitution reactions of chlorosilylerteand ethoxysilylene
E-} \lgvas'Jelffysk"SM-YRJL- l\_/la\t(er'._'c_hﬁmzooqv\}]a, 263. (bl) '—'“|' gég“é\ﬁ’- phenylene polymer, as shown in Scheme 1. Thus, reactions
Lagoe 3 Lt S. Y5 Lan Y. H.; Huang, Whacromolecule2001, 34 of poly(chloromethylsilyleng-phenylene) 4a; My, = 11 000,
(6) Ghosh, G.; Ramakrishnan, Blacromolecule2005 38, 676.
(7) Toyoda, S.; Fujiki, M.; Yuan, C.-H.; West, Rlacromolecule200Q (8) For reviews, see: (a) Ohshita, J.; Kunai,Acta Polym.1998 49,
33, 1503. 379. (b) Uhlig, W.Prog. Polym. Sci2002 27, 255.
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Table 1. Preparation of Polymers +3

amt of yield/ UV Amad
polymer  m-BcLi/equiv Xy2 900 mplrC nm°

1 1.6 79/21 51 >300 285
2a 1.3 74126 85 116114 280
2b 11 49/51 45 109113 279
2c 0.4 25/75 45 108113 278
3 15 89/11 38 135141 281

Intensity

aDetermined by thélH NMR spectrum? After reprecipitation from
methanol/chloroform, based on the starting polymer uSéud.1/1 THF/
acetonitrile.

300 400 500

M, = 5800} with lithiated benzo crown ethers (1-BcLi and wavelength / nm
3-BclLi) in THF at —90 °C, followed by treatment of the (>i1)
resulting mixtures with ethanol in large excess, gave polymers 1000 . .
1 and3, having benzo-12-crown-4 and benzo-18-crown-6 units,
respectively. However, similar reactions4z#with 2-BcLi gave
colorless solids that were insoluble in organic solvents. Changing
the reaction conditions and the ratio of the reactants did not
affect the results. Finally, soluble polym2a with a benzo-
15-crown-5 pendant group was obtained by a reaction of poly-
(ethoxymethylsilylengs-phenylene) 4b; My, = 19 000,M,, =
10 500) with 2-BcLi. Table 1 summarizes yields and some
properties of the polymers, after purification by reprecipitation
from methanol/chloroform. The ratios of the introduction of 300 wave?e?l%lh 300
benzo crown units into the polymers were determined ta/ype (iii)
= ca. 7/3 to 9/1 on the basis of thel NMR spectra (see the 150
Supporting Information). Controlled introduction of the benzo -
crown unit was also possible, and less substituted poly@ters
(xly = 49/51) and2c (x'ly = 25/75) were obtained from the
reactions of4b with smaller amounts of 2-BcLi (Table 1).
The molecular weight of polymet was determined to be
My = 3500 andM, = 3200 (degree of polymerization ca. 10) 50
by gel permeation chromatography (GPC) with THF as eluent, !
relative to polystyrene standards. These values were smaller than
those expected from the molecular weight of the starting material
43, indicating that cleavage of the polymer backbone was
involved to an extent in the reaction 4é with 1-BcLi. Polymers
2 and 3 underwent decomposition when subjected to GPC, Figure 1. Emission spectra of polymers (§) (ii) 2a and (jii) 3
giving unresolved, very broad peaks, even when the chroma-([Polymer unit] = 2 x 107> M in 1/1 THF/acetonitrile) in the
tography was carried out using dry solvent, in contrast to the Presence or absence of a large excess of metal ions (0.2 M).
GPC of1, which revealed a clear monomodal profile. Changing
the solvent from THF to chloroform did not affect the results.
We therefore could not determine the molecular weight2 of
and3 by GPC analysis. However, the fact that no clear signals
assignable to possible end groups, such as SiH, SiOH, SiMe-
(OEt), and terminal Pk Si, were observed in the NMR and
IR spectra seems to indicate that polym2mnd 3 must have
moderately high molecular weights, similar to polymer
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rocarbons, but barely soluble in saturated hydrocarbons and
alcohols alone. They are rather stable and can be handled in air
without special care. Even when the polymers were purified
by reprecipitation from methanol/chloroform, no ethexy
methoxy exchange occurred. However, storing the polymers in
air for several months led to the formation of insoluble
substances, probably due to hydrolysis of ethe®y bonds
Polymers2 and3 melted without decomposition, as shown in producing cros§-linking siloxane units. Integration of ethoxy
Table 1, while1 did not melt up to 300C. Polymersi—3are ~ Methyl protons in théH NMR spectra of the freshly prepared
colorless solids and are soluble in a wide variety of organic polymers was slightly smaller than expected, suggesting that

solvents, such as THF, ether, aromatic compounds, and chig-hydrolysis of ethoxy Si bonds to form siloxane units had
already occurred to an extent during the workup process.

(9) (a) Ohshita, J.; Hashimoto, M.; Kunai, Rrganometallics2001, Chromic Behaviors of P0|ym_er5 +3. UV spectra of
20, 4296. (b) Ohshita, J.; Hashimoto, M.; Lee, K.-H.; Yoshida, H.; Kunai, polymers1l—3 showed an absorption band/at.x ca. 280 nm
A. J. Organomet. Chen2003 682 267. . in THF/acetonitrile (1/1), independent of the benzo crown ring
ta“%;))ztggghzlf,2J5.,7g.emura, T:3 Inoue, T.; lida, T.; Kunai, @ganome- size (Table 1), which was slightly red-shifted from those of

(11) (a) Ohshita, J.; Yamashita, A.; Hiraoka, T.; Shimpo, A.; Kunai, A.; benzo crown etherslax ca. 260 nm). The emission spectra of
Ishikawa, M.Macromoleculed997, 30, 1540. (b) Ohshita, J.; Uemura, T.; the p0|ymers in THF/acetonitrile showed a broad band around

Kim, D.-H.; Kunai, A. Kunugi, Y.; Kakimoto, M Macromolecule2005 400 nm, together with a small peak or a shoulder at-3320
38, 730. '

(12) Although the SiCl bond is moisture sensitive and poly(chlorom- M. When appropriate metal ions were added to the solutions,
ethylsilylenep-phenylene) must be handled under an inert atmosphere, its distinct changes were observed in the emission spectra. Figure

molecular weight is readily determined by GPC. In fact, it was found that 1 depicts the spectral changes on addition of some metal
treatment of the StCl-containing polymer with organolithium reagents gave

the substituted polymers with molecular weights close to those calculated Perchlorates to the polymer solutions in large excess. As can
from that of the starting poly(chloromethylsilylepephenylene}a be seen in Figure 1i, polymet responded to Na most
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Figure 2. Emission spectral changes of polymers Xj)(ii) 2a, wavelength /nm

and (iii) 3 ([polymer unit]= 2 x 107% M in 1/1 THF/acetonitrile) Figure 3. Solvent dependence of emission spectra of polymers (i)
in the presence or absence of metal perchlorates. [sodium orl, (i) 2a and (jii) 3.

magnesium perchlorate]/[polymer unit] 0, 100, 200, 500, 1000,

2000, 5000 for (i) and (ii). [calcium perchlorate]/[polymer uri] ionochromic changes with €ain two steps. Thus, the signal
0,1, 2,5, 10, 20, 50, 500, 1000, 5000 for (jii). in the high-energy region was enhanced in the first step to reach

sensitively among the metal ions examined, and the peak at® maximum intensity ([Ca(Cl@l/[polymer uni] = 20), which

310 nm was markedly enhanced and the original broad bandwa;‘ tlhen v;lefllge?]ed og flurther ladflt'ﬁn oﬁtél?lgtl;]re 2i).
around 400 nm nearly disappeared. Similar spectral changes of olymer showed ciear solvatochromism in the emission
1 also were observed in response to?Cand Li*, but to a spectra. As shown in Figure 3, decreasing the solvent pofarity

much lesser degree. The sensitivity decreased in the order Na :jesulted in f?:ancfme.?t Off tt?]e t‘gandda;[) ab(?Ut 320dn‘rlr(1)(§;md a
> Ca&" > Li*. Addition of K and AB* affected the emission _ec_rlea?e t?] the in e|:13| y of the broad band aroun nm,
profile of 1 only slightly. Interaction ofl with Mg?* occurred similar to their ionochromism.

in a different manner, giving rise to new broad bands at about In contrast to the emissi_on spectra, no signific_ant changes
420 and 450 nm ' occurred in the UV absorption spectralof3 on adding metal

perchlorates (metaf Li, Na, K, Mg, Ca, Al) to the polymer
solutions and also on changing the solvent polarity. Only a slight
blue shift was always observed, at most by 4 nm when LiCIO
was added to a solution @fin large excess. Polymdb, which

has no benzo crown side group, exhibited neither iono- nor
solvatochromic behavior in the UM §ax 238 nm) and emission
spectraimax 320 nm). In addition, benzo crown ethers exhibited
a far different type of ionochromism, including enhancement
and slight blue shifts of the emission bands around 300 nm on
contact with metal ions. For example, interaction with Mg&IlO

Polymer 2a responded to Mg most sensitively, and the
sensitivity was reduced in the order kig> Ca&" > Lit+ >
Na'. No significant changes were observed whenadfd AP+
were added to the solution &a. Polymer3 exhibited clear
spectral changes only with €a These ionochromic processes
were reversible, and the polymers could be recovered by adding
chloroform to their solutions followed by washing with water
several times. The spectra blunderwent continuous changes
through an isosbestic point upon titration with Naglidicat-
ing the usefulness of this polymer for Naensing (Figure 2i).
Similar simple and smooth changes in the emission spectra were (13) The dielectric constantse)( 36.64 for acetonitrile, 20.18 for

observed for titration Of DQWme?a with Mg?* (Figure 2ii). 2-propanol, 7.52 for THF, and 2.02 for cyclohexane are giverHandbook
On the other hand, emission spectra of polyf@amderwent of Chemistry and Physickide, D. R., Ed.; CRC Press: New York, 1995.
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Chart 1 Experimental Section

/_\O :'\3".92 [\ Materials. THF used as the reaction solvent was dried over sodi-
EO X © O] um—potassium alloy and distilled just before use. Poly(chlorom-
< O\Jj) R-c/o ) ethylsilylenep-phenylene) was prepared by stirring poly(ethoxym-

m

ethylsilylenep-phenylene) in an excess of acetyl chloride at room
M m=1-3,x=20r3 temperature for more than 20 h, followed by removal of the excess

acetyl chloride and the resulting ethyl acetate under reduced pres-
led to a ca. 10 nm blue shift and an approximate 2 times suret*2*2The chlorosilylene polymer thus obtained was subjected
enhancement of the emission band of benzo-15-crown-5 in THE/ o the following reactions without purification. 3,4-(1-Bromobenzo)-
acetonitrile. These results indicate that the chromic behavior of croWn ethers were prepared as reported in the literature.
polymers1—3 is a function of their benzo crown substituted ~ Preparation of Polymers 1-3. In a 30 mL two-necked flask
polymeric structures. Presumably, stacking of chromophores, Was placed 0.40 g (1.32 mmol) of 3,4-(1-bromobenzo)-12-crown-4
the benzo crown and silylenephenylene units, leads to red-shifteg?d 5-0 mL of THF, and the flask was cooled+80 °C. To this
broad emission bands of the polymers in the absence of metal™Xturé was added dropwise 0.84 mL (1.32 mmol) of a 1.57 M
ions in polar solvents through the intramolecular formation of butyl_llth|um—hexane SOIUUOn’. and the re_sultmg mixture was stirred
excimers and/or exciplexes. Adding metal ions and decreasingg.tI tlr;' i;e?qf]zrnat;:a rr?e;or rlg ergd ?rosrﬂllét'i)z ofogf)olgl(cpel?ggmigrgﬁ_
the solvent polarity would cause the deformation of the stacking :s)?lylengg-pheﬁylené)p inplo mL of THF \?vas gdged slé\)//vly to
of the chromophores, leading to the enhancement of the band '

. . - ) . he mixture, and it was then warmed to room temperature. After 5
at higher energies. Similar preferential stacking of chromophores .| ¢ ethanol was added to the mixture, the solvent was evaporated

in_polar solvents has been reported previously for poly- ang the resulting residue was reprecipitated from methanol
(silylenethienylene)s bearing ether side chdins. chloroform to give 0.13 g (51% yield based on the ethoxysilylene
Recently, we found that disilanylene- and trisilanylene- polymer) of polymerl.
bridged benzo crown derivatives shown in Chart 1 exhibited 14 NMR spectra of polymerd—3 contain overlapped signals
ionochromic behaviors responding to alkali and alkaline-earth- ascribed to the ethoxy and benzo crown group substituted units,
metals!® However, in contrast to the present polymers, the the former of which appeared at the same positions as those of
silanylene-bridged benzo crown derivatives showed the emissionpolymer 4b reported previously*® and are not included in the
maximum at about 320 nm in the absence of metal ions; addition following data. Signals attributed to the ethoxysilylene unit could
of metal ions to the solutions led to a decrease of the emissionnot be observed in thé3C and 2°Si NMR spectra of1-3,
intensity of the original band, together with enhancement of a presumably due to the low intensities. Data for*H NMR (6 in
new broad band centered at 400 nm. To understand theCDCl)0.75 (s, 3H, MeSi), 3.76 (br s, 6Hs85;0CH,CH,OCzH,),
ionochromism of the silanylene-bridged benzo crown deriva- 3-84 (br's, 2H, @H30CH,CH;), 4.09 (br s, 2H, €H;0CHy), 4.14
tives, we assume that the benzo crown units coordinate with (Pr's; 2H, GHsOCHy), 6.91 (d, 1HJ = 7.9 Hz, H on C6), 7.07 (d,
the metal ion in a chelate fashion to form-z stacking that 1H,J = 7-91 Hz, H on C5), 7.09 (s, 1H, H on C3), 7.45 (s, 4H,
would be responsible for the appearance of the new band at the?henylene);*C NMR (6 in CDCl;) —3.34 (MesSi), 69.90, 71.02,
low-energy region. In the present polymers, the neighboring 11533'7721?241%02)@0"\’“ ethz), 136'84’ ﬁg‘l‘g ﬁi% 13;10'58’
benzo crown units, which are linked by the silylenephenylene L ee ( enzocrown -spar Ens), T A48 (phe-
unit, may be too distant to forma— stacking. In fact, polymers nylene); Si NMR © n CDCl) ~11.53. Anal. Caled for
2b,c showed ionochromic behavior similar to that a8, (CagHz20sSi)o 70 (Co120Sio2)e: €, 66.54; H, 6.58. Found: C,
S . . .. 64.32; H, 6.53. Data foRa—c: 'H NMR (6 in CDCl) 0.76 (s,
|nd|cat|ng that thg degree of mtrpductlon of benzo crown unit 3H, SiMe), 3.76 (br s, 8H, OH,CH,0), 3.86 (br s, 4H, GHa-
did not affect the ionochromism in the rangexty = 25/75 to OCH,CHy), 4.04 (br s, 2H, GHs0CH), 4.11 (br s, 2H, GH;0CH,),
74126. Presumablyr—z stacking between neighboring benzo g g4 (d, 1H,J = 7.6 Hz, H on C6), 6.98 (s, 1H, H on C3), 7.02 (d,
crown chromophores did not take place, but stacking occur_red 1H, J = 7.6 Hz, H on C5), 7.467.58 (m, 4H, phenylene}:C
between any other chromophores in the polymer rod, making NMR (6 in CDCl) —3.30 (SiMe), 68.70, 69.38, 69.60, 69.69, 70.55,
the chromic properties different from those of the silanylene- 70.68, 71.14 (2C) (crown ether), 113.50, 120.92, 128.32, 129.36,

bridged benzo crown derivatives. 148.70, 150.60 (benzocrown %sparbons), 133.26, 133.57 (phe-
nylene);?°Si NMR (6 in CDCl): 6 —11.30. Anal. Calcd foRa
Conclusions ((C21H2605Si)0.74CoH1,0Si) 29 C, 65.32; H, 6.86. Found: C,

63.54; H, 6.81. Calcd fo2b ((C21H2505Si)0.4g(CgH120800.51)”: C,
We prepared and characterized a series of benzo crown65.42; H, 6.96. Found: C, 63.33; H, 6.96. Calcd201((Cz1H260s-
substituted poly(methylsilylenp-phenylene)s that were able to ~ Sio.2sCoH120Sip79n: C, 65.56; H, 7.11. Found: C, 62.38; H, 7.06.
respond selectively to alkali-metal and alkaline-earth-metal ions Data for3: *H NMR (6 in CDCl;) 0.75 (s, 3H, SiMe), 3.65 (br s,
and also to the solvent polarity. The ring size of the ether unit 4H: CHsOCHOCHOCH,), 3.69 (br s, 4H, €H;OCH,-
exerted a crucial influence on the selectivity toward the ions. OCHCHz), 3.72 (brs, 4H, ¢H;0CH,OCH), 3.84 (br's, 2H, €Hs-

The polymers emitted visible luminance in the absence of ions 8?4HZO%HI-2|)CE|%O Elbrlgs’bZH' ng_'SOCgb(:C:HHgH%OG(S(g; ‘Z fn
in polar solvents when irradiated with a low-pressure mercury & 2=~ 72> "2 ). 4.13 (br s, 2H, gH;0CH,CH;0), 6.84 (d, 1H,

. - . . J=7.6 Hz, H on C6), 6.99 (s, 1H, Hon C3), 7.01 (d, 1H= 7.6
lamp (254 nm), which disappeared on adding the ions or on Hz, H on C5), 7.45 (s, 4H, phenylendfC NMR (5 in CDCh)

replacement of the solvent with less polar ones. It is noteworthy —3.26 (SiMe), 68.63, 69.24, 69.53, 69.65, 70.67, 70.75 (2C) (crown
that the present polymers underwent deformation of stacking einen) 113,31, 120.81, 127.47, 129.35, 148.36, 150.30 (benzocrown
of the chromophores when they interacted with metal ions, as g¢ carhons), 133.21, 134.43 (phenylerf&i NMR (6 in CDCly)
evidenced by suppression of the emission band in the lower _11 37 Anal. Calcd for3 ((C23H3006Si)0 8 CoH120Si).19n: C,

energy region. In contrast, the interaction of poly(_ethynylene- 64.23; H, 7.04. Found: C, 62.79; H, 7.00. The combustion elemental
p-phenylened and poly(ethenyleng-phenylene’® which have

crown ether units with metal ions causes stacking of the (14) Okano, T.; lwahara, M.; Konishi, H.; Kiji, J. Organomet. Chem.
chromophores. 1988 346, 267.
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Measurements of Emission SpectraEmission spectra were Supporting Information Available: Figures givingH NMR
obtained for polymer solutions with [polymer uni] 2 x 10°°5M spectra of polymer4, 2a, and3 in CDCl; and EDS data for the

in 1/1 THF/acetonitrile in the presence or absence of metal 551 obtained by combustion of polym&a. This material is
perchlorates at room temperature. Photoexcitation was carried out

) e X available free of charge via the Internet at http://pubs.acs.org.
at the absorptioimax Of the polymers. For titration experiments,
the perchlorates were added as acetonitrile solutions. OMO0506015



