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Abstract

The photophysical properties df-Boc-3-[2-(9-anthryl)benzoxazol-5-yl]-alanine methyl ester (BoxAnt) and-Boc-3-[2-[4-(9-(10-
butyl)anthryl)phenyllbenzoxazol-5-yll-alanine methyl ester (BoxPhAnt) were studied in a series of solvents. Their absorption spectra are
less sensitive to the solvent polarity than the corresponding fluorescence spectra which show a pronounced solvatochromic effect leading
to large Stokes shifts. Using an efficient solvatochromic method, based on the empirical solvent polarity patgmeterge change of
the dipole moment on excitation for BoxPhAnt has been found. From an analysis of the solvatochromic behaviour of the absorption and
fluorescence spectra in terms of bulk solvent polarity functitfas n) andg(n), a larger excited-state dipole moment (about &>, 56) was
obtained for BoxPhAnt than for BoxAnt (about 3 I2,= 0). Both applied methods gave similar values of the excited-state dipole moments
for both compounds studied.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction a phenyl ring to the benzoxazole moidt]. Absorption
and emission spectra of 2-phenylbenzoxazole and its deriva-

The 2-phenylbenzoxazoles are known as photo-stabletives with electron-donor substituents in para position of

highly efficient UV dyeg1]. They are used as organic bright-
ening agentg?2], laser dyeq1], organic plastic scintilla-
tors [3] and optical fibre sensorgl]. An electron-donor

the phenyl ring possess well-resolved vibrational structure
in non-polar solvents. This is a result of partially double
C1—C¢’ bond which restricts rotation of two aromatic sub-

substituent in a phenyl ring of 2-phenylbenzoxazole shifts units of 2-phenylbenzoxazol®]. Moreover, their absorp-
the absorption and emission spectra to the longer wave-tion and emission spectra are affected by a solvent polarity
lengths because of a charge transfer in the excited-state fron{1].

Abbreviations: BoxAnt, N-Boc-3-[2-(9-anthryl)benzoxazol-5-yt]-
alanine methyl ester; BoxPhAntN-Boc-3-[2-[4-(9-(10-butyl)anthryl)
phenyllbenzoxazol-5-ylj-alanine methyl ester; MeOH, methanol; EtOH,
ethanol; 1-BuOH, 1-butanoli-PrOH, 2-propanol; 1-PeOH, 1-pentanol;
1,2-Pr(OH), propane-1,2-diol; TFE, 2,2,2-trifluoroethandPrOH-6F,
1,1,1,3,3,3-hexafluoro-2-propanol; MeCN, acetonitrile; Cx, cyclohexane;
Hex, n-hexane; MeCx, methylcyclohexaniso-Oct, iso-octane; AcOEt,
ethyl acetate; THF, tetrahydrofuran; DMHY,N-dimethylformamide;
DMSO, dimethylsulphoxide; PC, propylene carbonate; di-MeOEt, 1,2-
dimethoxyethane
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The solvatochromic effect is frequently used in bio-
physical studies of the polarity of microenvironment of
peptides, proteins and lipid bilayers using an intrinsic or
extrinsic fluorescent probdg€,7]. Among the proteinogenic
aromatic amino acids only tryptophan shows an evident sol-
vatochromic effecf8,9]. To bypass the limitation connected
with tryptophan, we synthesized non-proteinogenic aromatic
amino acids based on the (benzoxazol-5-yl)alanine skeleton
which are characterized by high fluorescence quantum yields
[10-13] In this paper, we present an influence of solvents
on the photophysical properties of BoxAnt and BoxPhAnt
(Fig. 1) as well as the application of solvatochromic methods
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Fig. 1. Structures of compounds studied.

to determine excited-state dipole moments of the compoundswherev, andvs are the absorption and emission band shifts

studied. (in wavenumbers) in a solveny g andag are the dipole
moment change and Onsager’s cavity radius, respectively,
for a pyridiniumN-phenolate betaine dye\(x+g = 9 D and

2. Theory ag = 6.2A [24]), whereasA i anda are the corresponding
values for the molecule under study. This method minimizes

It is commonly acknowledged that solvent-dependent the problem associated with the Onsager’s radius estimation

spectral band shifts can arise from either general and/or spe-since a ratio of two Onsager’s radii is involved. The excited-

cific solvent effect§14]. The first effect results fromisotropic ~ State dipole moment can also be calculated from an analysis

interactions of the chromophore dipole momentwith the reac- Of the absorption and emission band shifts in solvents of dif-

tion field induced in the surrounding solvent. Specific effects ferent relative permittivities, and refractive indices. Ac-

result from the short-range anisotropic interactions between cording to Bilot and Kawski25], Kawski[26] and Bakshiev

the chromophore with one or more solvent molecules in its [27], for a spherical molecule with the isotropic polarizabil-

first solvation shell such as hydrogen bonds. It is thus of in- ity, the following equations hold:

terest to quantify the relative contributions from these two _  _

effects. As a result, many empirical solvent polarity param- a — Pf = m1f(er, n) + const ©

eters are used to correlate spectral or photophysical prop- 5

erties of a solut¢15,16] One of the most frequently used

?s Dimroth—ReichardEt(30) [17] or E’T\’ introduced by Re- 2(jie — ﬁg)Z 2(ul + “5 — 2Uetg COS )

ichardt[18]. These parameters are mostly used to correlatem1 =

a+ Vs = —ma[ f(er, n) + 2g(n)] + const 3)

(4)

. al h . hea® head
the absorption or emission transition energies, however, the e cd
fluorescence lifetimes as well as the Stokes shifts are also 2(ui — )
used in such correlationg9-24} The correlation of the =~ 2= ———3— (5)

Stokes shift with the microscopic solvent polarity parame-
ter EY can be applied to calculate the dipole moment change Wherej.e and g are the dipole moments in the excited- and
between the excited- and ground-state-{g) according to ground-state, respectivelyjs Planck’s constant the veloc-

the equation proposed by Ravi et [@3]: ity of light in vacuum f(e;, n) andg(n) are the solvent polarity
functions given by Eqg6) and(7).

2 2 2
Pa — ¥ = 113076 [(AA—“> (“—5)3] X EN +const (1) flern)= o2 (8' —1 o 1) (6)

B a n2+2 \eg+2 n2+2
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3 nt-1 BoxPhAnt in all solvents studied (spectroscopic or HPLC
gn)=5——>3- (7 grade) were measured with a Perkin-Elmer Lambda 40P
" spectrophotometer, whereas emission spectra were measured
Generally, the dipole momenig and g are not parallel to  using a Perkin-Elmer LS 50B spectrofluorimeter. Fluores-

each other but make an angle The use of Eqg4) and(5) cence quantum yieldg{ were calculated with quinine sul-
leads then to Eq$8) and(9) [26,28]} phate in 0.5M HSO, (¢ = 0.53+ 0.02) as reference and
12 were corrected for different refractive indices of solvdfits
He = <Mgz + %mzhcas) (8) In all fluorimetric measurements the optical density of solu-
tion does not exceed 0.1.
2 2 M1, 5 2 The fluorescence intensity decays were measured using a
cosy = 2/tellg [(“9 +ie) - m_z(“e B “9)} ' ©) time correlated single-photon counting apparatus at Centre

for Ultrafast Laser Spectroscopy, Adam Mickiewicz Univer-
'sity (Pozra, Poland). The excitation sourcke.f = 277 nm)
was pico/femtosecond laser system (Ti: Sapphire “Tsunami”

If the ground and excited-state dipole moments are parallel
based on Eqq4) and(5), the following equations are ob-

tained: laser pumped with an argon ion laser “BeamLok” 2060 and
mop —my { hea® 1/2 equipped with cooled 3809U-05 MCP PMT). The half-width
Hg=—%— (m) (10) of the instrument response function was about 329§ All
fluorescence measurements were carried out with the emis-
mo +my ( hea® 1/2 siop polariser set at 54_P.With respecttothe excitati.on polari-
Me=—%— ( 2y ) (11) sation. The channel widtlit) was setto 24.4 ps/ch in all mea-
surements. The desired emission wavelength was selected us-
or ing a monochromatorAx = 4.8 nm). A Ludox solution was
mi1 + ma used to collect the instrument response. Fluorescence decays
Me= o —m "9 for (mz > my). (12) for the sample and reference were measuredtd 0* and 4

x 10% counts in the channel, respectively. The fluorescence
decay data were fitted by the iterative convolution to the sum
of exponents:

From Egs.(10) and (11) arise that for parallel orientated
dipole moments in the ground and excited-state there is no
need to estimate Onsager’s cavity radius for the calculation
of 1 andyig as well asie can be calculated directly from 7,y _ Y exp<_—t) ’ (13)
the spectroscopic measurements. - T

whereq; is the pre-exponential factor obtained from the flu-
3. Experimental orescence intensity decay analysis ands the decay time
of the ith component, using a software supplied by Edin-
The synthesis and purification of the compounds studied burgh Analytical Instruments. The adequacy of the expo-
is described if13]. The absorption spectra of BoxAnt and nential decay fitting was judged by visual inspection of the
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Fig. 2. Absorption and emission spectra of BoxAnt in different solvents.
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Table 1

Photophysical properties of BoxAnt in all solvents studied
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Fig. 3. Absorption and emission spectra of BoxPhAnt in different solvents.

No. Solvent Da (cm—1) v (cm—1) Quantum yield Lifetime and pre-exponential factor Quality ofﬁx
7 (ns) (t)2 (ns) a
1 MeOH 260417 19685 0223 393 - 1 118
2 EtOH 259909 20020 0381 488 - 1 117
3 1-BuOH 25948 202224 0.404 556 - 1 105
4 i-PrOH 260078 203252 0.376 549 - 1 123
5 1-PeOH 25943 202634 04 549 - 1 123
6 HCONH, 25740 19512 0.263 406 - 1 112
7 HCONHMe 25872 199005 0.371 577 - 1 114
8 1,2-Pr(OH) 258598 201613 0.308 490 1000 2243
5.02 0777
0.61 487 0223 119
9 TFE 26143 195654 0.068 - - - -
10 iPrOH-6F 25968 188731 0.011 - - - -
11 Water 25904 194175 0.017 Q049 1000 436
0.36 12 0.971 113
3.85 0029
12 Acetone 2598B 203666 0.456 6 - 1 099
13 MeCN 25974 203489 0.407 597 - 1 109
14 GsHsCN 257069 200602 0441 572 1000 322
6.03 578 0826
172 0174 111
15 CHCl; 258716 203666 0.608 636 - 1 099
16 CHCB 258415 202429 0.577 594 - 1 109
17 Cx 260756 206612 0.637 546 - 1 1
18 CCly 258816 205128 0.63 569 - 1 104
19 Hex 2613% 206825 0.567 536 - 1 104
20 MeCx 2607% 206612 0.589 514 - 1 108
21 iso-Oct 261438 207039 0.615 517 - 1 124
22 AcOEt 2600 204918 0.525 569 - 1 117
23 THF 259408 204918 0.526 579 - 1 118
24 DMF 258065 201816 0.447 619 - 1 099
25 DMSO 257060 199005 0.493 627 - 1 119
26 PC 258338 20202 0463 657 - 1 124
27 1,4-dioxane 25873 204082 0.542 617 - 1 116
Ot"[z
o= DtliTIi ’
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plots of weighted residuals, and the statistical parameger  tribute to the solvation process of both compounds studied.
and shape of the autocorrelation function of the weighted According to obtained correlationsia] is almost indepen-

residuals and serial variance ratio (SVR). dent OnEZTV :
for BoxAnt: ¥, = 259706-40)— 70(£80) x EY, (r=0.1750,
. . Np = 27)
4. Results and discussion for BoxPhAN: T = 25020¢:50) + 244¢:94) x EN (r =

) 0.5040, Np = 21).
Absorption and fluorescence spectra of BoxAnt and

BoxPhAnt in representative solvents are presented in Inthe case ofi), the following linear correlations with
Figs. 2 and 3respectively. The spectral and photophysical E7 (Figs. 4 and $for aprotic solvents were obtained:

parameters (maxima of absorption and emission spectra in ¢, govAnt: Pt = 256506-50) — 1140¢:190) x EN (r =
wavenumbers, fluorescence quantum yiefgsfluorescence 0.8480 Np.= 16) r

lifetimes () and quality of fit parametelxé)) in all solvents for BoxPhAnt: T = 238906-1300)— 38906-460) x EV (r
studied are presented Trable 1for BoxPhAnt andTable 2 =0.9316, Np ';)f13) & ) (£460)< £7 (
for BoxAnt. Absorption spectra of compounds studied show ' T ' _ .

vibrational structure, even in polar solvents. Emission spectra  Also for protic solvents, i) correlates linearly withE:

do not show vibrational structure in any solvent used, except for BoxAnt: 7 = 21630(-250) — 24106-320) x EV (r =
for saturated hydrocarbons in which diffuse vibrational struc- 5 9549 Np' =11) T

ture can be seen, especially for BoxPhAFig6. 2 and R An for BoxPhANt: = 227506-490) — 970@-670) x EN (r =
increase of solvent polarity causes a bathochromic shift of 0.5343, Np = 8). T

the absorption and fluorescence bands, however, the shift ’

of emission band is substantially great&igs. 2 and 3 A double linear correlation in the case of fluorescence
Tables 1 andR The energies of absorptioty] and (r) emis- indicates that the nature of the emitting state is considerably
sion transitions of BoxAnt and BoxPhAnt were correlated different in these two classes of solvents.

with the Ey solvent polarity parameter. These correlations  The change of the solvent polarity influences, not only
revealed that both, non-specific and specific, interactions con-energies of absorption and emission transition, but also the

Table 2
Photophysical properties of BoxPhAnt in all solvents studied
No. Solvent Pa (cm™1) P (cm™ ) Quantum yield Lifetime and pre-exponential factor Quality otxﬁt
7 (ns) (t) (nS) o
1 MeOH 252749 21575 0265 211 - 1 113
2 HCONHMe 250646 217865 0.38 225 - 1 126
3 1-BuOH 21184 222965 0.5 222 1000 142
2.26 22 0.858 108
0.45 0142
4 i-PrOH 252442 223964 0.497 21 - 1 119
5 1-PeOH 25154 224215 0531 225 1000 129
2.28 223 0874 105
0.45 0126
6 HCONH, 249757 203459 0.287 252 - 1 108
7 1,2-Pr(OH) 250947 219539 0.529 212 1000 743
2.26 206 0595
0.45 0405 Q098
8 iPrOH-6F 25518 220022 0.015 - - - -
9 MeCN 25184 223714 0.401 219 - 1 116
10 GsHsCN 249192 221239 0413 239 1000 118
2.96 243 0457
159 0543 123
11 CHCg 251845 227531 0.623 235 - 1 104
12 Cx 249757 237812 0.654 276 - 1 108
13 MeCx 250351 237812 0.646 27 - 1 108
14 iso-Oct 250947 238663 0576 258 - 1 117
15 AcOEt 248874 234742 0571 252 - 1 109
16 THF 250947 233645 0.591 253 - 1 112
17 DMF 251244 222469 0.544 229 - 1 101
18 DMSO 25242 220022 0.536 221 - 1 12
19 PC 2500% 22173 0464 229 - 1 123
20 1,4-dioxane 25188 235572 0576 283 - 1 118
21 di-MeOEt 25154 228311 0.505 211 - 1 117
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Fig. 4. Plot of §a) and @) vs. the solvent polarity paramet&¥): (a) for Fig. 5. Plot of the Stokes shift vs. the solvent polarity paramgfér(a) for
BoxAnt and (b) for BoxPhAnt. BoxAnt and (b) for BoxPhAnt.

fluorescence quantum yield as well as the fluorescence life- for BoxPhAnt:ia — iy = 1150¢:150) + 40704:490) x E7
time (Tables 1 and 2 As in the case of fluorescence tran- (" =0.9319, Np = 13),

sition energy, similar correlations WitE¥ were obtained

for fluorescence quantum yields and fluorescence lifetimes
(Figs. 6 and Y. Both compounds, BoxAnt and BoxPhAnt,  for BoxAnt: ¥z — ¥ = 4300¢-280) + 24304:360) x EY (r
have high fluorescence quantum yields in all solvents stud- =0.9125, Np = 11),

ied, except for fluorinated alcohols and water (BoxAnt). The  for BoxPhAnt:, — ¥ = 2060¢-415) + 15404570) x EY
fluorescence intensity decays of BoxAnt and BoxPhAnt in (r =0.7727, Np = 8).

aprotic solvents are mono-exponential, except for benzoni- . ] ]

trile in which some specific interactions, probably the charge-  USing values of Onsager’s cavity radius and ground-state
transfer between the solute and the solvent, take place. FodiPole moment for BoxAnt/fq = 1.6 D anda = 4. 5A [13])
protic solvents, the fluorescence intensity decays are more di-and BoxPhAntfiq = 2.1 D anch=6.5A [13]) and appropriate
versified. For BoxAnt, the bi-exponential fluorescence inten- data for betaine4u = 9 D, a = 6. 2A [24]), the following

sity decay is observed in propane-1,2-diol and water, whereaschanges of dipole moment in the excited-state were obtained:
for BoxPhAnt additionally in 1-butanol and 1-pentanol. The A =1.3 D (e = 2.9 D) for BoxAnt andAp =5.8 D (ue =
fluorescence lifetimes of BoxAnt are generally two-times 7.9 D) for BoxPhAnt in aprotic solvents.

protic solvents:

longer as compared with those of BoxPhATdkles 1 and R Figs. 8 and Show the solvatochromic spectral shifts of
According to Eq(1), the linear correlation of the Stokes BoxAnt and BoxPhAnt versus the solvents polarity functions
shift with the empirical solvent polarity parametEf}’ al- f(er, n) andf(er, n) + 2g(n), respectively. The slopes obtained

lows to calculate the excited-state dipole moment when the from the fitted lines presented Figs. 8 and Yor aprotic
Onsager’s cavity radius and the ground-state dipole momentsolvents were found to bey = 240+ 40 (r = 0.8584)mp =
are known. The following correlations i — ) with EY 830+ 140 ¢ = 0.8457) for BoxAnt andn; = 1540+ 190 ( =

for both compounds studied were obtainEdy( 5): 0.9140)mp = 18404 240 ( = 0.9139) for BoxPhAnNt, respec-
aprotic solvents: tively. Using Eq{(8) and theoretically calculated ground-state
dipole moment and Onsager’s cavity radius, the excited-state
for BoxAnt: ¥z — T = 5400¢:24) + 600¢-88) x EY (r = dipole moment for BoxAnt was determined to fog= 3.1 D

0.8766, Np = 16), andue = 7.4 D for BoxPhAnt. Applying Eq(9), the angle
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Fig. 6. Plot of the fluorescence quantum yie}d &nd fluorescence lifetime) vs. the solvent polarity parametEf}’ for BoxAnt.

between ground and excited-state dipole moments can beexcited-state, however, gives a correct valug gfegardless
calculated. For BoxAnt its value is equal o~ 0° (cosy of their mutual orientation. A large dependence of the emis-
= 1.04), whereas for BoxPhAnt ~ 56° (cosy = 0.548). sion band on solvent polarity indicates that the excited-state
In the case when the ground- and excited-state dipole mo-for both compounds is a state with the internal charge-transfer
ments are parallel, E¢10) allows to calculate the ground- (ICT). Moreover, the phenyl linker, increasing a distance be-
state dipole moment from the spectroscopic data only. Fortween benzoxazolyl-acceptor unit and aromatic-donor unit,
BoxAnt, calculated from this equatiopg is equal to 1.8 D, causes a substantial increase of the excited-state dipole
which is in good agreement with the theoretically calculated moment of BoxPhAnt. The values of excited-state dipole
value[13]. Thus, the excited-state dipole moments values ob- moments obtained from an analysis of the solvatochromic
tained using two different methods are in good agreement. A effect are not in agreement with those calculated theoret-
method proposed by Ravi et §23] does not allow calcu- ically using a semiempirical PM3 method using a SCRF
lating the angle between dipole moment in the ground and approximation with Onsager solvation modéi3]. Such
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Fig. 7. Plot of the fluorescence quantum yietd &nd fluorescence lifetime’) vs. the solvent polarity parametgs’ for BoxPhAnt.
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Fig. 9. Plot of (a) the Stokes shift Ve, n) and (b)va + v vs. f(er, n) + 2g9(n) for BoxPhAnt.

difference indicates that the Semi-empirical methods should could be used in the studies of microenvironment po|arity of
be used with caution for the calculations of the excited-state pjo|ogically active compounds.

properties of compounds consisting of two-electron subunits
separated by one single bond.
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