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Abstract

The photophysics of some styryl dyes namely; 2R4&tyryl)benzoxazole,R-SBO whereR = NMe,, 2,4-OCH;, OCH;, CH;3, H, CI
and CN) were investigated in several organic solvents by using steady-state absorption and emission as well as frequency modulation
spectroscopic techniques. The absorption and fluorescence characteristics (such as fluorescence maximum, quantum yield and lifetime) are
tuned by substitution, solvent and protonation. Depending on the substituent, the benzoxazole ring can be an electron donor (as in the case of
CN-SBO) or an electron acceptor (as in the other derivatives). All of the solid derivatives exhibit intense emission with colours changing from
blue to green and yellow, depending on the substituent. The protonation constants of the benzoxazole nitrogen atom, in both the ground and
excited state, were also determined. The obtained values are strongly substitutent dependent, and indicate that the basicity of all derivatives
(except for CN-SBO) increases upon excitation. In addition tridues — cis photoisomerization quantum yields were determined in some
solvents. The values depend on the nature of the substituent and the solvent characteristics like the polarity and viscosity. The effects of solvent
polarity and viscosity as well as the substituent on both the fluorescence and isomerization quantum yields, suggested that the two-deactivation
pathways are competitive. The role of the intramolecular charge transfer interaction in controlling the properties of the ground and excited
state of the present styryl dyes is also discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in perturbing the radiative and the reactitrans—cis pho-
toisomerization deactivation pathways of the lowest excited
The excited state properties of 1,2-diarylethylenes, whosesinglet state, compared to the parent hydrocarlicang
prototype is stilbene, have been extensively studied by bothstilbene).
theoretical and experimental approackiess]. Most inter- Styrylbenzoxazoles and their benzothiazole derivatives,
est lies in their role as simple models for conformational specially their Pt(Il) complexes, have shown biological ac-
properties anttans-cisphotoisomerization reactions around tivity as cytotoxic[11,12] Also, styrylbenzoxazoles are used
ethylenic double bonds in biological systeifg$. Practical as gastric acid secretion inhibitof$3]. In addition, they
attention has been given to study the photophysics and pho-are used in photoconductof$4]. Furthermore, condensa-
toisomerization of diarylethylenes containing hetero-atoms tion polymers containing styrylbenzoxazoles are useful for
specially the aza-analogues of stilbgie10]. These stud-  manufacturing of drink and food containers resistant to heat
ies have pointed out that the s*-states introduced by the and light[15]. Despite of these important applications, few is
pyridinic nitrogen hetero-atom are playing an important role reported about the photophysics and photochemistry of this
class of diarylethylenegld6—-21]
* Corresponding author. Tel.: +20 40 3120708; fax: +20 40 3350804. Therefore, the present study deals with studying the
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O FWHM at 120 MHz modulation frequency) as described pre-
7\ R viously [26]. All measurements were carried out under red
N light at 25°C + 1 using fresh solutions (2 10~°M).
R1
R-SBO

3. Results and discussion

Scheme 1R = -NMe,, —-OCHs, —CHs, —H, —CIl, and —CN;R = Ry= .
—OCHb. 3.1. Absorption and fluorescence spectra

The absorption and fluorescence spectra of some selected

benzoxazolek-SBO [R= NMey, 2,4-OCHg, OCHg, CHj, trans-R-SBO recorded in ethanol are showrfiiy. 1, while
H, Cl and CN], Scheme 1 which were synthesized for the spectral data are collectedTiable 1 The longest wave-
this purpose. An interesting behaviour of this family, is the length absorption and emission bands are strongly influenced
modulation of their ground and excited state properties by by the substituent at thé-position of the phenyl ring. Both
substitution, environment and protonation. These featuresthe absorption and emission maxima of the parent SBO are
may render them as suitable candidates for the construc-shifted from 322 and 386 nm to 394 and 482 nm, respectively,
tion of light emitting devices necessary for optoelectronic on introducing of a strong electron donating substituent as
applications. in the case of MgN-SBO. Also, the spectra exhibit a pro-

nounced structure on going from strong electron donating

substituents to less or electron withdrawing ones. In addition,
2. Experimental the absorption bands are characterized by high molar absorp-

The styrylbenzoxazoles under investigation were prepared
by condensation of 2-methylbenzoxazole with substituted

benzaldehyde as reported previoy4®]. The products were 1.2 CH. -OCH
crystallized twice from dry ethanol and characterized by -H v 2,4-OCH,
TLC, elemental analysis, IR and UV-vis spectral measure-  1:07 CN \ < x
ments. 8 08_' A\ -NMe,
Spectroscopic grade solvents (from AldrichnorBDH) were  § | ‘\‘
used as received. All solvents were non-fluorescent in the € 4] k |
region of fluorescence measurements. Double distilled water 8 | oy
. . . Q Ay
was used for preparation of buffer solutions. Analytical grade < 0.4 ') !
orthophosphoric acid and NaOH were used as received. . 7 -\
Agueous buffer solutions were prepared by mixing appro- 02PN
priate volumes of NaOH and4fQy, 0.1 M each. Solutions T N\
having pH < 2 were prepared following Hammett's acidity 0'0250 " 300 350 400 450
(Ho) scale[22]. ) . Wavelength (nm)
Steady-state absorption and emission measurements wer
carried out using a Shimadzu UV-3101PC scanning spec- 1
trophotometer and a Perkin-Elmer LS 50B spectrofluorom- 5 | T -OCH, 2 4-0CH
eter, respectively. The fluorescence of solid crystals was & 1 ¢4

recorded by using a special holder for solid samples, where 2
the emission intensity was measured from the surface at right & o.s -
angle to the excitation source. Continuous irradiation was +=
carried out by using the Xe-lamp of the fluorometer. By this " 0.6 -
method the wavelength and the intensity of the excitation &
light could be controlled easily. The intensity of the irradi- & 0.44

nte

nometry[23]. The fluorescence quantum yields ) were § 0.2+
measured relative to quinine sulphate in 0.1 bSKEy as a T 1
standard¢; = 0.54)[24]. The samples were excited around 0.0
their absorption maximum. For determination of ttes—

cis photoisomerization quantum yieldg:), the method de-

scribed by GauQIItZZS] was used. The fluorescence lifetime Fig. 1. Electronic absorption and fluorescence spectra of selected. styryl-

was measured by using LED-modulation spectroscopy With penzoxazoles recorded in ethanol (upper and lower panel, respectively). The
ultrabright light emitting diodesinax = 390 nm and 14nm  substituents are shown in the figure.

T T v
450 500 550 600
Wavelength (nm)

T T
350 400
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Table 1
Spectral data foR-SBO in ethanol and solid crystals, the Hammett substituent constgnity &nd the ionization potentials (I.P.) of the substituted phenyl
group

R ot I.P. (eV) A% o (NM) emax (IMol~Lcm ) Mhax (NM) Eo.o (kcal mol2) Abax (NMY
NMe, -17 7.12 394 41000 482 65.12 533(+)
2 4-OCHs - - 355 35875 431 73.31 480(+)
OCHg ~0.78 8.21 341 50650 417 75.63 465(+)
CHs -031 8.82 328 52300 418 77.9 500(+)
H 0.0 9.24 322 54500 386 80.08 425(+)
cl 0.11 9.07 326 51282 391 79.19 440
CN 0.66 9.62 329 40222 403 77.06 473

2 Fluorescence maximum of solid crystals, (+); highly fluorescent.

tivities indicating a strongly allowed—r* transition. The The absorption and emission spectra RSBO were
large bathochromic shift of the spectral maxima with increas- also examined in various solvents having different polari-
ing the electron donor strength of the substituent is consistentties.Fig. 3displays the spectra of CN-SBO, @B-SBO and
with a charge transfer (CT) character of the corresponding Me2N-SBO in c-hexane and CECN as illustrative exam-
electronic transition. These results indicate a sizeable elec-ples, whileTable 2collects the corresponding spectral max-
tronic interaction between the substituted phenyl ring, as anima. The effects of solvent polarity on the CT absorption and
electron donor, and the benzoxazole ring, as an electron acemission bands dR-SBO, depend strongly on the nature of
ceptor, via the intervening double bond. This conclusion is substitutents. The spectra of H-SBO, CI-SBO and CN-SBO
supported byig. 2which illustrates that the order affecting reveal virtually little dependence on the solvent polarity. In
the energy of the 0,0-transitiofed o) of the styrylbenzox- contrast, styrylbenzoxazoles having electron donating sub-
azoles is related to the ionization energy of the substituted stituents (MeN, 2',4-OCHs, OCH; and CH) exhibit red
phenyl ring. The wavelengths of the 0,0-transitions were esti- shifts in their spectral maxima with increasing the solvent
mated from the intersection of the normalized absorption and polarity. However, the shifts are more pronounced in the flu-
fluorescence spectra. The much lovifgrp-value of MeN- orescence spectrathaninthe absorption spectra. In addition to
SBO is due to participation of the nitrogen lone-pair in the thered shift, anincrease of the vibronic structure can be easily
conjugation along the whole molecy&7]. Also, according observed on going from the more polar solvents likesCN
toFig. 2and the data iffable 1 CN-SBO shows a lowefg o- to the non-polac-hexane. In fact, the most remarkable red
value and red-shifted absorption and emission bands relativeshifts were observed in the case of MeSBO. It is worth

to the parent SBO. This order suggests an inversion in the CTmentioned that the photophysics of & SBO have been
direction, where the cyano-phenyl group (with greater elec- investigated earlief19,21] but it would be reconsidered to
tron attracting ability) acts as the acceptor and the benzoxa-highlight the effect of substituents. The solvatochromic effect
zole ring acts as the donor. Confirmation of this conclusion on the emission spectra of the methoxy derivatives is also ob-
comes from the results that the nitrogen atom of the benzox-

azole ring of CN-SBO can be protonated only in strongly

acidic media (vide infra). 10007 (a)
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Fig. 2. Variation of theEg o energy with the ionization potential of the sub-  Fig. 3. Fluorescence spectra of CN-SBO (a),s0-5BO (b) and NMg-
stituted phenyl group. SBO (c) measured ic-hexane (- - -) and CECN (—).
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Table 2

Absorption and fluorescence maxim& @ndx in nm, respectively) of styrylbenzoxazoles measured in different solvents

R cHexane Et-acetate GEN MeOH DMSO
NMey, 22 378 385 388 394 398
Af 416,438,463 464 485 488 493
2/, 4-OCHg 22 348 350 351 355 356
Af 395,416,440 423 426 431 436
OCHg, A2 334 337 337 341 344
Af 376,395,417 410 424 417 427
CHs A2 325 326 326 328 331
Af 366,385,410 366,385 390,417 390,418 385,425
H, A2 321 - 321 322 -

Af 361,380,399 - 385,402 386,403 -
Cl, 28 326 - 325 326 -

Af 365,386,415 - 389,407 391,410 -
CN, 22 331 - 329 329 -

Af 373,393,415 - 410 403 -

served. The large bathochromic shifts of the emission bandsemits blue whereas the emission of the solid,M&BO is

with increasing the solvent polarity indicate greater stabiliza- yellow. Solid state photoluminescent substances are very in-
tion of the excited singlet state in polar solvents. This trend is teresting for several high-technology applications such as the
characteristic for molecules that are likely to have enlarged fabrication of light emitting diodef30,31]

dipoles and CT characters in their excited singlet st@@k
Another property listed iMable ], is the intense photo-

luminescence exhibited by most of the solid styrylbenzox-

azoles when excited at 365 nm. This property is surprising

weakly fluorescent. For many fluorophores the opposite be-
haviour is the typical, that is to say, despite of intense fluo-
influenced considerably by the packing effef@8], which

excitation energy. In fact, all the investigated styrylbenzoxa-

greatly with the substituent as can be seen from the shift of the

emission maximumkig. 4. For example, the solid H-SBO

3.2. Fluorescence quantum yield and lifetime

X X The fluorescence quantum yieldg:) of the transk-
since solutions of all compounds (except for CN-SBO) aré ggy 5t ambient temperature, are dependent on the nature
of substituent and solvent polarityable 3 Firstly, the flu-

. s ) . = - orescence of styrylbenzoxazoles carrying electron donating
rescence is obtained in solutions, radiationless deacnvatlongroups (NMe, 2,4-OCHs, OCHs and CH) in solutions,

predominates in the crystalline state. These properties areq weak, and theigy is less sensitive to the solvent polarity

o . but enhances largely with increasing the solvent viscosity.
have a decisive influence on the relaxation pathways of the 1,4 ¢ increases by 13-56 orders of magnitude when the

: ; X solvent is changed from methanol to the highly viscous glyc-
zoles, whose colours change noticeably with substituents, aregro|. Secondly, for H-SBO and CI-SBO, tie is moderate
nicely crystalline (except for CN-SBO) and shine intensively 5.4 gecreases significantly with increasing the polarity and
upon irradiation. The colour of the emitted radiation changes hydrogen bonding ability of the solvent. A typical effect is
seven folds lowering in thgs of CI-SBO in the strongly polar
methanol than irc-hexane. An increase of thie in viscous
solvents (although not large) is also observed for both styryl-
benzoxazoles.

Thirdly, CN-SBO exhibits the highest fluorescence quan-
= 800+ 2,4-OfH3 o tum yield indicating that introducing of a strong electron-
<L H 3 withdrawing group at the’4position enhances strongly the
>
@ 6007 X -NMe.

[} ’ N
= -OCH, N Table 3
'q_) 4004 N \ Fluorescence quantum yields BfSBO measured in different solvents at
3] AR 25°C
S -Gl
§ 200 l’,‘" ~ \ R cHexane CHCN EtOH MeOH Et-glycol Glycerol
. —~ \
o /i '-'CN\'\. . NMe> 0.006 0.006  0.005 0.004 0.017 0.141
S | S S NS 2 ,4-OCHg 0.004 0.006  0.001 0.001 0.006 0.056
L o= 7 e g OCHz 0.004 0.002  0.001 0.001 0.004 0.013
400 450 500 550 600 650 CHg 0.013 0.007  0.005 0.005 0.016 0.068
Wavelength (nm) H 0.013 0.067  0.034 0.029 0.022 0.095
cl 0.073 0.011  0.008 0.005 0.022 0.107
CN 0.751 0.524  0.389 0.361 0.409 0.481

Fig. 4. Fluorescence spectra of solid crystals filei8BO measured under
the same conditions.

EtOH; ethanol, MeOH; methanol, Et-glycol; ethylene glycol.
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Table 4
Fluorescence lifetimerf, ns), radiative, x 108, s~1) and non-radiativelq, x 10°, s~1) rate constants for sonfe SBO measured in some solvents
Solvent CN-SBO CI-SBO CEtSBO

Tf ks Knr Tf kr Knr Tf K Knr
c-Hexane 0.9 8.4 2.8 .04 5.2 662 1.0 13 e2]
CH3CN 1.12 4.3 3.9 7 1.6 1412 0.77 0.09 13
MeOH 0.84 4.3 7.6 <5 - - 0.25 0.20 38
Et-glycol 1.22 3.4 4.8 - - - 0.74 0.23 B

radiative deactivation pathway of the excited singlet state in through an ethylenic bridge provides a unique family of
such styrylbenzoxazoles. Tl of CN-SBO in c-hexane tunable intrinsic fluorophores. For such a family, changes in
is 57 and 125 magnitudes higher than those of H-SBO andthe electronic polarization (due to introduction of different
MeoN-SBO, respectively. Also, thgy of CN-SBO decreases  substitution groups), solvation and rotation free volumes are
steadily with increasing the solvent polarity and hydrogen translated into dramatic changes in their spectral behaviour
bonding ability, but essentially is less sensitive to the sol- and the fluorescence characteristics. Highly emissive tun-
vent viscosity. Generally, the solvent dependencg ofi all able chromophores are raf@3] although they have been
R-SBO was not easily correlated with the properties of the attracting considerable interest as compounds for fluorescent
medium, in particular its polarity, hydrogen bonding ability sensors and switch¢34].
and viscosity.
The higherps of all styrylbenzoxazoles in viscous media 3.3. Acid—base equilibria of substituted
is due to increasing of frictional forces and decreasing of styrylbenzoxazoles
the solvent free-volume necessary for the rotation-dependent
non-radiativerans-cis photoisomerization process. To correlate the protonation constants of the benzoxazole
The lower fluorescence quantum yields characteristic for nitrogen atom with molecular structure, the absorption and
styrylbenzoxazoles carrying electron donating substituentsfluorescence spectra of all styrylbenzoxazoles were studiedin
can be attributed, at least in part, to the photoinduced in- buffer solutions having different pHj-values (in the range
tramolecular CT interaction which contributes effectively to from5.0to—1.17). Inall cases, the absorption spectra display
fluorescence quenching. changes characteristic for the acid—base equilibrium with in-
Additional fluorescence parameters such as lifetimg ( creasing the acidity of the medium. Also, the absorption and
radiative &) and non-radiativelg,) rate constants for CN-  fluorescence spectra are red shifted in acidic mé&dible 5
SBO, CI-SBO and CHESBO are presented ifable 4 For These shifts are due to mesomeric stabilization of the formed
the other derivatives, the fluorescence lifetime is shorter thancation via the substituent group. The magnitude of these
50 ps (the resolution limit of the used technique). bathochromic shifts, increases strongly with increasing the
The rate constants of the radiative and nonradiative pro- electron donating ability of the substituent. For example, the
cesses of the excited singlet state were calculated accordingabsorption and emission maxima of CN-SBO are red shifted

to the relationg32]; by 13 and 15 nm, respectively, while those of MeSBO,
are shifted by 84 and 30 nm, respectively.
ky = ¢ and kn = 1-¢x 1) The ground state protonation constant€)(were calcu-
i 4 lated from the pHA,-dependent absorption spectra, whereas

- , o ) the excited state protonation constants*(pwere calculated
The non-radiative rate includes contribution of the excited using Forster cyclé35]. The obtained values are listed in

si.nglet'state to the photqisomerization'process, the singlet--l-ab|e 5 It could be recognized that thepvalue can be
triplet intersystem crossing and the internal conversion.

Parallel with the¢; values, thetr; of CN-SBO in the

used solvents, is longer compared to those of CI-SBO 1gpes

and CH-SBO. Due to competition between the radiative Absorption and fluorescence maxima of the neutral and protofR&BO
and radiationless processds, increases on going from  aswell as their ground and excited states protonation constants
CN-SBO to CI-SBO and CktSBO. In non-polar solvents R Neutral Protonated (18 pKa*
as cyclohexane, the fluorescence lifetime and the radiative

a f a f
rate are higher than the corresponding values in highly polar . . . .

i Ivents like methanol. In contrast, the non-radiative 2 388 °12 arz 242 42 1013
protic solver : itrast, Ve > 4.0ch; 354 475 398 485 35 673
decay rate increases in the same direction. However, in thegcp, 339 451 378 472 B 541
rather viscous ethylene glycol, both theandk, are higher, CHjz 330 455 359 467 85 432
which agrees well with the highex values. H 323 410 347 432 a9 209

The foregoing results indicate clearly that combination ©! s28 414 33 439 a1 167

334 415 347 430 —0.098 —0.66

of a substituted phenyl ring with a benzoxazole moiety CN
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modulated by introducing of either electron donating or elec-
tron withdrawing substituents. This was represented by the
nice correlation between th&pvalues and the,,*-Hammett
substituent constaifi23], where;

pK = 0.40— 1.425,", (r = 0.96) )

According to this equation, electron-donating groups in-
crease the charge density on the tertiary nitrogen atom of
the benzoxazole ring due to the intramolecular CT interac-
tion. Contrarily, the electron withdrawing groups reduce the
charge density on the benzoxazole nitrogen atom. This is
confirmed by the finding that the heterocyclic nitrogen atom
of CN-SBO is protonated only in very strong acidic media
(Ho from 0.33 to—1.17) while that of MeN-SBO is pro-
tonated in buffers with pH-values in the range from 5.0 to
1.5. (@) A (nm)

The K*-values were also correlated with the substituent
constant according to the equation;

| ——

pK* = 2.29— 4550,%, (r=0.99) 3) 504 -

The main result obtained from this correlation is the clear
influence of the electronic properties of the substituents on
protonation of the benzoxazole nitrogen. This effect is about
three times more in the excited than in the ground state. The
pK*-values indicate also that the basicity of all styrylben-
zoxazoles (except for CN-SBO) increases upon excitation. 204
Further more Table 5shows that the magnitude of the ba-
sicity enhancement upon excitation depends strongly on the
nature of the substituent. Unlike to the moderate enhance- 0 y . ,
ment of the basicity of CI-SBO in the excited singlet state 0 20 40 60
(ApK = 1.56), the basicity of MeN-SBO increases strongly ~ ®) t(min)
e o b olON 5 () Crarpatehcion om0 g
R > rradiation at 365 nm in ethanol. (b) Growth of this isomer (%&is) with
state ApK = —0.56). This finding confirms strongly the pre-  the irradiation time for the same styry! dye in ethanol.
vious discussion concerning the reversed direction of the ICT
interaction in CN-SBO.

404

L
o

°
SN

polarities and viscosities. The photoisomerization quantum
yields (@) were determined and reportedTiable 6
3.4. Trans— cis photoisomerization For —NMe,, 2,4-OCHs, OCHs, CH3, H and Cl-
derivatives, thep, is substantial in all solvents except for
In contrast to the lowegs-values of all derivatives (ex-  CJ-SBO in c-hexane and H-SBO in ethylene glycol. Also,
cept for CN-SBO), theitrans — cis photoisomerization at  the ¢-values decrease on going from the non-viscous sol-
room temperature is efficient. Upon irradiation( = 366 vents as methanol to the more viscous solvents like ethylene

or 334 nm) the absorbance at the absorption maximum de:quycol. However, this is not so for CN-SBO, which exhibits
creases and eventually a photostationary state is approached.

This is exemplified byFig. 5, which displays the change in Table 6
. . . a
t,he absorptlon. SPeCtrum of GR-SBO in ethanolic solu- Trans — cis photoisomerization quantum yieldg:] of R-SBO in some
tion upon irradiation at 365 nm, as well as the growth of the ¢oents
cisisomer (%&is) with irradiation time. The composition of

. .. v R GHexane CHCN MeOH Et-glycol
the photostationary state is displaced to the noisésomer oy 010 013 016 5077
(contains from 65 to 88%is, depending on the substitutent o 4,e_§)CH3 0.15 021 0.19 041
and solvent) and its absorption maximum is relatively blue ocp, 0.20 0.17 0.15 0.12
shifted. For CN-SBO, similar spectral changes were observedcHs; 0.14 0.15 0.15 0.12
but the photostationary state is enriched in titaasisomer H 0.07 0.09 0.09 0.04
(contains from 39 to 60%is). Thetrans— cisphotoisomer- € 0.08 0.12 0.11 0.08
CN 0.02 0.04 0.07 0.04

ization reaction was studied in four solvents having different
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the lowestpi-values, where the photoisomerization quantum

yield is less sensitive to the viscosity change. In contrast,
its ¢t-value decreases significantly in the non-polar solvents
such ag-hexane. This trend is along the opposite direction

of the polarity dependence of the fluorescence yield. There-
fore, it was concluded that the radiative decay of the excited
singlet state competes effectively with the photoisomeriza-
tion process. This argument is further supported by studying
the effects of substituents and solvent viscosity on both the
fluorescence and photoisomerization quantum yields, which

103
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to be of practical importance since applications of functional
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