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Abstract

2-(2-Hydroxyphenyl)benzazole (HPB) derivatives, fluorescent by an intramolecular proton-transfer mechanismin the electronically excited
state (ESIPT), were synthesized and incorporated by physisorption and covalently bound into amorphous sili@@Si@esoporous
structured silicates (MCM-41) and delaminated zeolite (ITQ-6). The new fluorescent hybrid-materials were prepared by one-step implantatior
of the dyes into the inorganic framework. The photophysical behaviour of the triethoxysilylated benzazoles, which are covalently bounded
into inorganic matrices, is quite different from the non-silylated benzazoles, which are physisorped into inorganic matrices. The fluorescence
emission spectra of the bounded dyes were found to be dependent on the heteroatom, since the ESIPT emission was more affected for t
benzothiazole and benzimidazole derivatives. The mechanism associated with the ESIPT process was not significantly modified for non
silylated benzazoles, except for a benzimidazole derivative which the fluorescence emission spectra in the inorganic matrices are similar t
that observed in MeOH, suggesting that the molecules are surrounded by the SiOH groups.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ods include physical entrapment of a component, usually the
organic portion, covalent binding, electrostatic binding, and
The encapsulation of organic dyes in porous silica leads to physical sorptior{1,2,5,10] Nowadays, the covalent bind-

composite materials with attractive optical properfieg]. ing of the dye within a silica matrix is more useful since an
Since the first attempt to incorporate organic dyes within a improvement in photostability can be achieved.
sol-gel matri{3], hybrid materials have attracted much inter- A large variety of organic chromophores featuring differ-

est in the field of materials science due to its useful applica- ent structures have been used for hybrid organic—inorganic

tions, such as laser materi§dg, nonlinear optical materials  composite1-4,7-15] On the other hand, chromophores

[2], sensorgd5] and artificial antenna systen(,7]. Over like 2-(2-hydroxyphenyl)benzazoles (HPBs) are important

the last years, several methods have been reported insertinglyes, which emit fluorescence with large Stokes shift ascribed

organic dyes into inorganic networfls2,9,10] These meth-  to an intramolecular proton-transfer process in the excited-
state (ESIPT)16-18] Dyes which present ESIPT are useful
as laser dye$], fluorescent silica aeroge]&l], UV-light
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Fig. 1. Preparation of fluorescent hybrid organic—inorganic materials covalently bonded with the triethoxysilylated be2@azatesencapsulated with the
non-silylated benzazoléa—c.

tured silicates (MCM-41 and ITQ-6) by covalent bonding Nicolet XR60 and a Galaxy Series FT-IR3000 in KBr pellets.
and physical sorptionF{g. 1). The preparation of the new 'H NMR spectra were performed on a Varian model INOVA-
fluorescent hybrid organic—inorganic materials by covalent 300 using tetramethylsilane (TMS) as the internal standard;
bonding was performed by the reaction between triethoxysi- CDClz and DMSOdg were used as the solvents. Elemental
lylated benzazoles and the external silanol groups of the analyses were performed on a Perkin-Elmer 240C. UV-vis
inorganic matrices. Additionally, it was synthesized cor- absorption spectra of the dyes in solution were performed
responding non-silylated benzazoles and physisorped theron a Shimadzu UV-1601 PC spectrophotometer. Diffuse
into the silicates to compare the fluorescence behaviourreflectance UV-vis spectra of the fluorescentinorganic matri-
of such host—guest systems with the triethoxysilylated ces were recorded on a Shimadzu UV-2401 PC spectropho-
dyes. tometer and the data have been subject to Kubelka Munk
transformation. Steady-state fluorescence emission spectra
were measured with a Perkin-Elmer LS 50B. Different excita-

2. Experimental tion wavelengths were used to obtain the fluorescence spectra
and the 355 nm was chosen for all matrices. All experiments
2.1. Materials and instruments were performed at room temperature. Spectroscopic grade
solvents were used to UV-vis and fluorescence emission
Silica gel (Merck, average pore diameterﬁd}OMCM-41 measurements.

and delaminated zeolite ITQ-6 were used as inorganic sup- 2-(5-Amino-2-hydroxyphenyl)benzazolesla—c were
ports. MCM-41 and ITQ-6 were synthesized according to synthesized and purified according to the methodology
literature[21,22] Infrared spectroscopic was made using a previously described[23]. 3-(Triethoxysilyl)propyl iso-
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cyanate anderr-butyl isocyanate (Aldrich) were used as
received.

2.2. Synthesis of the dyes

2.2.1. General procedure for the synthesis of the
triethoxysilylated benzazoles 2a—c

The reaction consists in the addition of the 3-(triet-
hoxysilyl)propyl isocyanate (0.25 ml) into the solution of the
corresponding  2-(5amino-2-hydroxyphenyl)benzazoles
1la—c (200 mgq) in ethyl acetate (20 mlfFig. 1). The reaction
mixtures were stirred under reflux temperature for 2 days and
the 2-[8-N-(3-triethoxysilyl)propylurea-2hydroxyphenyl]
benzazoles2a—c, which precipitates into the reaction
mixture, were filtered, washed with ethyl acetate and
dried at room temperature. No additional purification was
needed.

2.2.1.1. 2-[5 - N-(3-Triethoxysilyl)propylurea-2'-hydroxy-
phenylJbenzoxazole (2a). Yield: 83%. Anal. Calcd. for
Co3H31N306Si: C 58.35%, H 6.76%, N 8.88%. Found: C
58.44%, H 6.62%, N 8.81%. IR (cm): 3320 ¢NH), 2974
(vaiifC—H), 1628 ¢C=0), 1581 and 154%%;onC=C), 1249
(vSi-CHy), 1079 ¢Si~0). *H NMR (CDCl3, § ppm): 11.35
(1H, s, OH); 8.06 (1H, d, K, Jmeta=2.7 Hz); 7.73-7.69
(1H, m, H5 or Hg); 7.60—7.40 (1H, m, Klor Hg); 7.39-7.34
(2H, m, Hy and H,); 7.27 (1H, dd, H, Jmeta=2.7Hz and
Jortho=8.7 Hz); 7.06 (1H, d, K, Jortho=8.7 Hz); 6.22 (1H,
s, B-NH); 4.85 (1H, t, NICHy); 3.79 (6H, g, OGl>);
3.26 (2H, m, @GLNH); 1.65 (2H, m, Gd2); 1.19 (9H, t,
OCH,CH3); 0.65 (2H, t, G1,Si).

2.2.1.2. 2-[5'-N-(3-Triethoxysilyl)propylurea-2'-hydroxyp-
henyl]benzothiazole (2b). Yield: 74%. Anal. Calcd. for
C23H31N305SSiI C 56.42%, H 6.38%, N 8.58%. Found:
C 56.24%, H 6.32%, N 8.45%. IR (cm): 3318 (NH),
2973 (aifC—H), 1638 ¢C=0), 1587 {aronC=C), 1244
(vSi-CHy), 1079 ¢Si~0). 'H NMR (CDCls, § ppm): 12.27
(1H, s, OH); 7.85-7.73 (2H, m, Hand H;); 7.61 (1H, d,
Hg', Jmeta=2.5Hz); 7.46-7.24 (2H, m, Hand H); 7.08
(1H, dd, Hy, Jmeta=2.5Hz and/qrino=8.7 Hz); 6.91 (1H,
d, Hz, Jortho=8.7Hz); 6.19 (1H, s, 5NH); 4.78 (1H, t,
NHCHy); 3.65 (6H, g, O@l>); 3.13 (2H, m, Gi2NH); 1.53
(2H, m, H>); 1.05 (9H, t, OCHCH3); 0.45 (2H, t, G12Si).

2.2.1.3. 2-[5'-N-(3-Triethoxysilyl)propylurea-2'-hydroxyp-
henyl]benzimidazole (2c¢). Yield: 89%. Anal. Calcd. for
Co3H32N405Si: C 58.47%, H 6.77%, N 11.86%. Found:
C 58.50%, H 6.58%, N 11.88%. IR (crh): 3307 HNH),
2973 (aifC—H), 1632 (C=0), 1579 {aromC=C), 1257
(vSi—-CHy), 1078 ¢Si-O). *H NMR (CDCls, § ppm): 12.24
(1H, s, OH); 7.60—7.55 (2H, m, +and Hy); 7.49-6.87 (10H,
m, Ha—Hz, Hz, Hy and Hy); 6.20 (LH, s, 5NH): 5.62 (1H,
t, NHCHp): 3.75 (6H, q, OG); 3.25 (2H, m, GINH):
1.73 (2H, m, @l): 1.05 (9H, t, OCHCH3); 0.75 (2H, t,
CH>SI).

L.FE. Campo et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 26-32

2.2.2. General procedure for the synthesis of the
non-silylated benzazoles 3a—c

The reaction consists in the addition of ther-butyl
isocyanate (0.25ml) into the solution of the corresponding
2-(5-amino-2-hydroxyphenyl)benzazolda—c (200 mg) in
ethyl acetate (20 ml)Rig. 1). The reaction mixtures were
stirred under reflux temperature for five days and the 2-
[5'-N-(3-tert-butylurea)-2-hydroxyphenyl]lbenzazoleéa—c,
which precipitates into the reaction mixture, were filtered,
washed with ethyl acetate and dried at room temperature. No
additional purification was needed.

2.2.2.1. 2-[5-N-(3-Tert-butylurea)-2'-hydroxyphenyl Jbenz-
oxazole (3a). Yield: 45%. Anal. Calcd. for @gH19N303:
C 66.45%, H 5.89%, N 12.91%. Found: 66.71%, H 6.04%,
N 13.08%. IR (cnml): 3302 (@NH), 2964 (4iC—H),
1644 (C=0), 1567 and 1547 vgonC=C). 1H NMR
(DMSO-dg, § ppm): 10.40 (1H, s, OH); 8.37 (1H, d,gH
Jmeta=2.7Hz); 8.32 (1H, s,’5NH); 7.91-7.84 (2H, m, Hl
and H); 7.51-7.43 (2H, m, B and H); 7.20 (1H, dd,
Hy, Jmeta=2.7Hz andJorho=8.9Hz); 7.00 (1H, d, H,
Jortho=8.8 Hz); 5.96 (1H, s, WC(CHg)3); 1.30 (9H, s,
CHs3).

2.2.2.2. 2-[5-N-(3-Tert-butylurea)-2'-hydroxyphenyl benz-
othiazole (3b). Yield: 47%. Anal. Calcd. for @gH19N30-S:

C 63.32%, H5.61%, N 12.31%. Found: C 63.60%, H 5.68%,
N 12.38%. IR (cnml): 3289 @UNH), 2965 (iC—H), 1642
(vC=0), 1565 {aronC=C). 'H NMR (CDClz, § ppm): 12.41
(1H, s, OH); 8.01-7.90 (2H, m, Hand H;); 7.60 (1H, d,
Hg, Jmeta=2.6 Hz); 7.55-7.40 (2H, m, Hand H;); 7.22
(1H, dd, Hy, dneta=2.6 Hz andJytho=8.8 Hz); 7.07 (1H,

d, Hz, Jortho=8.8Hz); 5.98 (1H, s, BNH); 4.49 (1H, s,
NHC(CHg)3); 1.38 (9H, s, CH).

2.2.2.3. 2-[5'-N-(3-tert-Butylurea)-2'-hydroxyphenyl ]benz-
imidazole (3¢). Yield: 48%. Anal. Calcd. for ggH29N4O:

C 66.65%, H6.21%, N 17.27%. Found: C 66.85%, H 6.50%,
N 17.48%. IR (cnt): 3301 @NH), 2964 (4iC—H), 1647
(vC=0), 1556 (aromC=C). *H NMR (DMSO-de, § ppm):
12.00 (1H, s, OH); 7.88 (1H, d, ¢4 Jmeta=2.6 Hz); 7.80
(1H, s, 3-NH); 7.68-7.62 (2H, m, Kland H;); 7.27-7.25
(2H, m, Hy and H,); 7.15 (1H, dd, H, Jmeta=2.6 Hz and
Jortho=8.8 Hz); 6.93 (1H, d, K, Jortho=8.8 Hz); 6.00 (1H,

s, NHC(CHg)3); 1.80 (9H, s, @l3).

2.3. Insertion of benzazole dyes into the inorganic

framework

2.3.1. By covalently bonding of the 2a—c on SiO3,
MCM-41 and ITQ-6

A solution of 2a—c (50 mg) in ethyl acetate (20 ml) was
added to an ethyl acetate (30 ml) suspension of either amor-
phous silica (Si@) or MCM-41 or ITQ-6 (700 mg) and the
mixture was stirred at reflux temperature for 24ig( 1).
The solid was filtered and washed several times with ethanol
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to remove the remaining non-bounded benzazole. The silicaTable 1

supports containing the triethoxysilylated benzaz@ssc
were dried in vacuum and characterized by UV-vis diffuse
reflectance and fluorescence emission.

2.3.2. By physisorption of 3a—c on SiO; and MCM-41
A solution of 3a— (50 mg) in ethyl acetate (20 ml) was

added to an ethyl acetate (30 ml) suspension of either amor-

phous silica (Si@) or MCM-41 (700 mg) and the mixture was
stirred at reflux temperature for 24 Rig. 1). The solid was
filtered and washed twice with Gi€l,. The inorganic sup-
ports containing the non-silylated benzazédec were dried

in vacuum and characterized by UV-vis diffuse reflectance 2P

and fluorescence emission.

3. Results and discussion
3.1. Spectroscopic properties of the dyes
The absorption spectra @h—¢ and3a—c in chloroform

(10~ M) are showed irFig. 2 and the relevant photophysi-
cal data are summarized Table 1 The UV-vis spectra of

the dyes show two main bands. The absorption bands in the
320-400 nm range are intense and can be assigned to,the (

) transition from §to S; states. Below 320 nm, the spectra

are structured, with an intense absorption around 290 nm duesb

to the azole chromophof24,25] The strong intramolecular
hydrogen bond (IHB) existing in these dyes is reflected in

the significant differences between its electronic absorption

spectra and those where the IHB is abg26i.
It is well known that the HPBs can present a confor-
mational equilibrium in solution in the ground state, where

Absorbance

300

280 320 340 360 380 400 420

Wavelength (nm)

Fig. 2. UV-vis absorption of triethoxysilylated benzazoles< (a) and
non-silylated benzazol&a—c (b) in chloroform.

UV-vis absorption and fluorescence emission dat@ast and 3a—c in
solution and into inorganic matrices

Dye  Solvent/ 235 (&Moot A8 eto  (ArsTketo
matrix (nm) (nm) (nm) (nm)
CHCl3 340 405 521 181
MeOH 355 412 - -
2a MCM- 356 466 519 163
41
ITQ-6 356 464 519 163
Sio, 345 422 512 167
CHCl3 353 436 538 185
MeOH 353 442 - -
MCM- 373 435 516 143
2
ITQ-6 369 - 480 111
Sio, 352 426 528 176
CHCl3 338 387 496 158
MeOH 336 398 494 158
2c MCM- 35 - 458 123
2
Sio; 335 - 475 140
CHCl3 352 435 508 156
MeOH 349 416 505 156
3a MCM- 362 - 507 145
41
Sioy 363 - 509 146
CHCl3 365 - 547 182
MeOH 358 420 505 147
MCM- 364 - 532 168
41
Sio, 365 423 532 167
CHCl3 338 - 497 159
MeOH 344 440 527 183
MCM- 331 430 - -
21
Sio; 338 432 - -

different enol conformers can coexigig. J). In this species,
when excited with UV radiation, only the enals conformer

(I) is converted to an excited ketas phototautomer (1V)

by the ESIPT mechanism which decays emitting fluores-
cence with a large Stokes shift. In this way, the emaks

sy O

(I) enol-cis (11) enol-trans

/H H O
N O N
—<= -
L, -0
(1V) keto-cis

(I11I) enol-cis open

Fig. 3. The normal (I-lll) and tautomeric (IV) species of 2-(2
hydroxyphenyl)benzazole dyes (X =0, benzoxazole; X =S, benzothiazole;
X=NH, benzimidazole).
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Fig. 4. Fluorescence spectra of (a) @sein methanol, chloroformandinto  Fig. 5. Normalized excitation spectra2if in methanol and into (a) MCM-
inorganic matrices, (b) dy2b in methanol, chloroform and into inorganic 41 (b) Si@ and (c) ITQ-6.
matrices, (c) dy&c in methanol, chloroform and into inorganic matrices.

spectra of the dye3a—b exhibit a second emission band of

(1) and enoleis open (I11) conformers can compete with the (1), and for the dyega-b this band overcomes of (IV) emis-
ketois responsible to the ESIPT mechanism. The existence Sion. This indicated that the triethoxysilylated benzazoles are
of these different species affects the absorption and emis-more affected by the intermolecular hydrogen bond than the
sion spectra of the HPBs in solvents with different dielectric non-silylated benzazoles.
constants and hydrogen bonding ability. When the confor-
mational equilibrium is present, a dual fluorescence emission3.2. Insertion of benzazoles into amorphous silica and
can be observed, with a band at higher wavelengths ascribednesostructured materials
to the ESIPT mechanism (tautomer IV) and a blue shifted
one, attributed to the other conformational forms (conform-  Although the behaviour of the HPBs has been studied
ers ll-11l) [16—-18,24—-26] in organic polymeric matricef4,23,27] the fluorescence

For the dyes synthesized in this work, only the benzimida- of these dyes in inorganic media host received little atten-
zoles2c and3c present a single fluorescence ESIPT emission tion. To the best of our knowledge, Gallas et al. reported
in polar-aprotic solventXigs. 4c and 5c However, in hydro- for the first time the incorporation of 2,5-bis(benzoxazol-
gen bonding media the enols open (lll) emission takes  2'-yl)-4-methoxyphenol in a silica gel matrix using the
place and is the main band f8¢. A dual fluorescence emis-  sol-gel method28,29] and later, the incorporation of 2-
sion can be observed to the dyzsb (Fig. 4a and b) and (2-hydroxyphenyl)benzothiazole inside the supercages of
3a-b (Fig. 5a and b) even in polar solvent, indicating that nanosized FAU zeolite was reported by Mintova e{20].
the conformational equilibrium in solution is sensitivity to In the following sections, it is presented ESIPT fluores-
the solvent polarity. As already relatfth—26] in polar sol- cent silicate materials containing a covalently bounded dyes
vents there is the possibility of disruption of IHB leading to 2a—c and a dispersed dy&a—c into amorphous silica or a
a decrease in the concentration of (I) and an increase in themesoporous structured silicates MCM-41 or a delaminated
concentration of (Il). In MeOH as the solvent, the emission zeolite ITQ-6.
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3.2.1. Insertion by covalently bonding (a)

There are several methods for achieving the covalently
bound of the organic molecules in inorganic materials. The
obtention of these hybrid materials can be performed by the
inorganic surface functionalization with alkoxysilane groups
followed by a reaction of the organic molecule or by the
organic moiety functionalization, which will react with the
silanol groups in the inorganic surfadds-5,7-10]

A second approach employing the reaction of the amor- .
phous silica or a structured MCM-41 and ITQ-6 silicates with (b
triethoxysilylated benzazol@a—c was performed. Theinser-
tion of 2a—c in an inorganic support take place via covalent
bonds between the solid (silanol grousiOH) and the dye,
which present appropriate groups like th®i(OEty. These
hybrid organic—inorganic materials are non-fluorescent when
observed at the visible light and fluorescent when irradiated
with UV-light. The fluorescence spectra Zx—c in solution
(10~°M) and attached to the S{OMCM-41 and ITQ-6 are
shown inFig. 4a—c. (c)

The emission spectra 2d bounded to all inorganic matri-
ces are similar to those recorded for a dilute solution in
chloroform, showing that the ESIPT emission band was not
affected by the matrix surroundings. On the other hand, the
band (shoulder-like) at 460 nm to MCM-41/ITQ-6 and at
420 nm in SiQ, do not coincide with the normal emission
band in the protic solvent. Fdc the emission spectra in
SiO; and MCM-41 are broad and blue-shifted with respect
to the dye in solution. This behaviour indicates probably that
more than one species are in equilibrium in both inorganic
matrices. For dyeb in SiO, the emission spectrum is Sim-  Fig. 6. Fluorescence spectra of (a) den methanol, chloroform and into
ilar to that in chloroform, although blue-shifted-10 nm). inorganic matrices, (b) dyab in methanol, chloroform and into inorganic
However, in MCM-41 and |TQ-6 the emission spectra are matrices, (¢) dy8&c in methanol, chloroform and into inorganic matrices.
significantly different from that chloroform and methanol
solutions. The new band that appears in these matrices doesilylated benzazole3a—c were synthesized and entrapped
not resemble the ESIPT and the normal emission bands. Tointo SiO; and MCM-41. In this case, the molecules are phys-
find the origin of these bands, the fluorescence excitation ically adsorbed in the inorganic matrices and can therefore
spectra of2b in methanol, MCM-41, ITQ-6 and SiDwere be extracted.
recordedFig. 5). The fluorescence excitation spectrumofthe ~ The emission spectra da—c in solution (10> M) and
dye in SiQ resembles one in methanol solution. Otherwise, attached to the Si©and MCM-41 are shown iffig. 6a—c.
for MCM-41 and ITQ-6 they are different from that in solu- Different excitation wavelengths were used to obtain the flu-
tion. This suggests that the respective emission is observeddrescence spectra and the 355 nm was chosen for all matrices.
by exciting different species in the ground state. The photo- The behaviour of these dyes is quite different from the dyes
physical properties of the three studied molecular systems,covalently bounded in the inorganic matrices. The mecha-
2a—c, reveals that: (a) the different nature of the heteroatom nism associated with the ESIPT process was not significantly
affect the photophysical properties of the benzazoles into themodified for3a-b adsorbed in the inorganic matrices. Bor
inorganic matrices; (b) the benzoxazole is less affected bythe emission spectra in the inorganic matrices are similar
the environment of the inorganic matrices than benzothia- that observed in MeOH, suggesting that the molecules are
zole and benzimidazole and (c) the fluorescence emissionsurrounded by SiOH groups.
spectra of the dyes into the different matrices do not seems
that one in a protic solvent, suggesting that the molecules are
not surrounded by SiOH groups. 4. Conclusions

3a-MeOH
—=®— 3a-CHCl3
—&— 3a-MCM-4]
—0— 3a-Si0:

3b-MeOH
—s— 3b-CHCI,
—&— 3b-MCM-41
—0—3b-8i0,

Normalized Intensity

3c-MeOH
—&— 3c-CHCl3
—®—3c-MCM41
—0—3¢-Si0;

350 400 450 500 550 600 650 700
Wavelength (nm)

3.2.2. Encapsulation by physisorption New ESIPT benzazoles were synthesized and incorpo-
To better understand the influence of the inorganic matri- rated by physisorption and covalently bound into amor-
cesinthe ESIPT mechanism, itwas performed a study dopingphous silica and mesoporous structured silicates. These
the supports with non-bounded fluorescent dyes. The non-hybrid organic—inorganic materials are non-fluorescent when
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