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Absorption and fluorescence spectra, fluorescence quantum yield and decay time have been 
measured for eight new 10-phenyl-9-acetoxyanthracene derivatives. It is found that the strength 
of the absorption transition is independent of the phenyl and anthracene substitution, whereas 
the strength of the fluorescence transition depends more on the functional groups substituted in 
the anthracene ring then in the phenyl ring. The loss of mirror symmetry between the absorption 
and emission spectra and the large values of the Stokes shift suggest that, due to perturbation of 
the functional groups, the molecular geometries of the S0 and S* states are different. 

The investigated compounds show laser action. The relative value of the absorption threshold 
power, the gain spectra and the lasing region have been determined. It is found that the ampli-
fied spontaneous emission and gain spectra depend on the interaction of the substituted phenyl 
ring with the 7t-electrons of the anthracene ring. 

Introduction 

Anthracene derivatives show bigger luminescence 
quan tum yields ((?F), the absorption and emission 
spectra are shifted to longer wavelengths, and of ten 
they possess smaller fluorescence mean decay t imes 
than unsubstituted anthracene. For this reason some 
of the molecules are used in scintillators [1] and in 
dye lasers as active med ia [2]. 

In this paper we present the results of lumi-
nescence and laser emission studies on nine 
derivatives of 10-phenyl-9-acetoxyanthracene (I), 
namely: 

10-(4'-acetoxyphenyl)-9-acetoxyanthracene (II), 
10-(4'-methylphenyl)-9-acetoxyanthracene (III), 
10-(2'-acetoxyphenyl)-9-acetoxyanthracene (IV), 
10-(2',4'-diacetoxyphenyl)-9-acetoxyanthracene (V), 
10-(4'-acetoxyphenyl)-2,9-diacetoxyanthracene (VI), 
10-(4'-acetoxyphenyl)-2-methyl-9-acetoxyanthra-
cene (VII), 10-phenyl-2-methyl-9-acetoxyanthra-
cene (VIII), and 10-(4 ' -methylphenyl)-2-methyl-
9-acetoxyanthracene (IX). 

The absorption and emission spectra in ethanol 
solution and the laser emission of some of then in 
dioxane were reported in earlier papers [3, 4], 

Reprint requests to Dr. J. R. Heidt, Instytut Fizyki, Uni-
wersytet Gdansk, ul. Wita Stwosza 57, 80-952 Gdansk, 
Poland. 

1. Luminescence Studies 

1.1. Apparatus, materials and procedures 

The compounds were recrystallized f rom ethanol 
and their purity was checked chromatographical ly . 
The concentration in the spectroscopically pure 
solvent dioxane was 5 x l 0 ~ 5 m o l / l . The absorpt ion 
spectra were measured with a Zeiss-Jena type VSU 
spectrophotometer . T h e emission spectra, excited at 
365 nm, were recorded using a Zeiss-Jena SPM-2 
grating monochromator . 

The quan tum yields were measured photoelec-
trically (Kawski et al. [5]). The appara tus was 
calibrated by mean of a solution of 9,10-diphenyl-
anthracene, for which the fluorescence q u an tu m 
yield is well known [6], The q u an tu m yield was 
calculated f rom the expression 

J / F ( v ) d v 
_ n R i Qf=Q$ 

e(v) / n 

f / £ ( v ) dv 
eR(v) \ n K ) (1) 

where / F ( V ) , / F ( V ) and E(v), E R ( V ) are the fluores-
cence spectra and the molar extinction coefficients 
of the measured and reference solutions, and n and 
n R are the mean refract ive indices of the solvents. 

The fluorescence decay t imes were measured with 
a phase-f luorometer constructed by Bauer et al. [7], 
As a reference f luorophor , dimethyl P O P O P in 
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Table 1. Calculated lifetimes r^ : centers of gravity of the absorption v^ and emission Vpg spectra and experimentally 
determined mean decay times r e x p : quantum yields Q F and widths of the absorption and emission spectra of 10-phenyl-
9-acetoxvanthracene derivatives in dioxane. 

No. Molecule m a x 

[/ mol 1 • cm 1 

j s (v) din v 
x 10"3 

<v-3>Xl 

x 10' 

T F 

Texp [ns] 
<2F 

FWRE(A) 
FWRE (F) 

A in cm"1 

v ? 

8.600 
1.034 

12.300 
1.359 

1.239 

1.253 

16.58 
13.61 

10.12 
9.36 

4.8 
0.36 

9.07 
0.97 

3 700 
3 400 

300 

3 750 
3 600 

150 

28 685 
25 224 

1 731 

26 971 
23 409 

1 781 

1.800 
1.314 

1.296 10.12 
9.26 0.96 

3 900 
3 600 

300 

27.056 
23.640 

1.708 

III 

OAc 

1.500 
1.314 

1.231 10.60 
9.26 

8.69 
0.94 

3 750 
3 450 

300 

27 230 
23 650 

1 790 

IV •OAc 11.300 
1.248 

1.259 10.96 
9.93 

9.33 
0.94 

3 850 
3 400 

450 

27 286 
23 604 

1 841 

ÔAC 
1.800 
1.320 

1.293 10.09 
9.39 

9.06 
0.97 

4 000 
3 400 

600 

27 112 
23 610 

1 751 

VI 10.100 
1.326 

1.214 10.71 
11.26 

9.46 
0.84 

5 150 
3 750 
1 400 

27 206 
23 406 

1 900 

VII 9.600 
1.337 

9.820 
1.294 

8.600 
1.300 

1.228 

1.276 

10.49 
11.99 

10.43 
12.24 

10.50 
11.22 

9.23 
0.77 

9.55 
0.78 

9.20 
0.82 

4 700 
3 700 
1 000 

4 800 
3 600 
1 200 

4 750 
3 700 
1 050 

27 035 
23 194 

1 920 

27 104 
23 200 

1 952 

27 161 
23 148 

2 007 
OAc 



ethanol. was used in place of the usual scattering 
reference. The emission wavelengths of the refer-
ence f luorophor and the sample were measured by a 
monochromator . and the relative phase angle Atp of 
the output signals by means of a digital phasemeter . 
The decay t ime is calculated as re x p = tang A (p/2 n v, 
v being the modulat ion frequency. In Table 1, 
column 6, the mean values of four runs are given. 
The accuracy of the fluorescence decay t ime and the 
quan tum yield depends on the accuracy of the 
determinat ion of r and Q F for the reference f luoro-
phore. We estimate the errors of rexp and Q F to be: 
± 0.1 ns and ± 0.05, respectively. 

The absorpt ion and fluorescence spectra are 
shown in Figs. 1 a and 1 b. The values of the mola r 
extinction coefficient emax of the anthracene ring-
localized mode and the integral j f i ( v ) d l n v are 
given in Table 1, column 3. The fluorescence spectra 
are normalized to the m a x i m u m value. All measure-
ments were carried out at room temperature . 

Correlat ions between the nuclear topology of the 
molecules and their spectroscopic propert ies as to 
the most important quanti t ies involving the long 
wave electronic transition have been found. First of 
all the l i fet ime of the S* state has been calculated 
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using the formula of Strickler and Berg [8]: 

^ = 2 . 8 8 - 1 0 " 9 k 2
 f

J _ 3 F , ° ' ) d ' • J e(v) d In v. (2) 
J V / F (v) dv 

The rA value can be compared with the natural 
radiative l i fet ime 

4 = r e x p - Q ? ] (3) 

determined using the f luorescence decay t ime r e x p 

and the quan tum yield Q F measured in this experi-
ment. 1/TA and l / r F reflects the strength of the 
absorption and fluorescence transit ion, respectively. 

The energy dif ference between the centers of 
gravity of the long wave absorpt ion and v^ and 
emission spectrum vp® gives the Stokes shift: 

v s i = ( v C A g - v f ) / 2 . (4) 

The frequencies of the center of gravity of the 
absorpt ion and fluorescence spectra are def ined as 

vA = J v £ (v) dv/ j £ (v) d v , 

v f ? = f v / F ( v ) d v / f / F ( v ) d v . (5) 

The integrals appear ing in [2] and [5] are deter-
mined f rom our measurements using the me thod of 

A [nm] A [nm] 

Fig. 1. Absorption and fluorescence spectra of: a) anthracene (---), 10-(4'-methylphenyl)-2-methyl-9-acetoxyanthra-
cene ( ): b) 10-phenyl-9-acetoxyanthracene (---); 10-(4'-acetoxyphenyl)-2,9-acetoxyanthracene ( ) in dioxane. 



Simpson [9]. The computed values of r A and ip are 
collected in Table 1 column 5, the values of v^f, Vpg 

and frequencies of Stokes shift vST in column 8. 
As shown by Berlman [10], the band widths of the 

absorption and fluorescence spectra are useful 
quantities in conformation studies of a chromo-
phore in its ground and first excited singlet state of 
a series of related compounds. In Table 1. column 7, 
are given the widths (in cm - 1 ) of the absorption and 
fluorescence spectra (at height of 37% of the maxi-
mum value of £(V) and /F(V)). Columns 3 and 4 give 
the pertinent data used in calculating the natural 
radiative lifetime. The max imum extinction coeffi-
cient of the first band for each compound is given 
also in Table 1. column 3. In calculating the natural 
radiative lifetime, we used in [2] the refractive 
index of the pure solvents; for dioxane it is equal 
to 1.42. 

1.2. Discussion of the spectroscopic properties 

The investigated compounds can be separated 
into two groups considering the substitution of the 
acetoxy - O C O C H 3 ( - O A c ) or the methyl - C H 3 

( - M e ) groups in the 10-phenyl-9-acetoxyanthracene 
molecule. In the first group (compounds I - V ) one 
or two of the hydrogen atoms on the phenyl ring are 
replaced by acetoxy or methyl groups. In the second 
group the above groups are introduced addit ionally 
at position 2 in the anthracene ring. 

The bathochronic effect of those derivatives was 
discussed in detail in our earlier work [3]. Our 
present and earlier measurements [3] show that the 
spectra of both groups are modif ied in a somewhat 
different way. The difference shows up in a blurred 
vibrational structure, in a loss of mirror symmetry 
and in different extinction coefficients of the 
'A -> 'La band. The results can be summarized as 
follows: 

a) The extinction coefficients, emax (see Table 1, 
column 3) of the first group of compounds are 
larger than those for molecules of the second group. 
The difference amounts to about 20%. Both groups 
have larger values of e(v) than the unsubsti tuted 
anthracene disolved in dioxane ( e m a x = 8600). But 
the values of the absorption integral | £ (v )d ln v are 
nearly equal for both groups. 

b) Compounds with a short fluorescence decay 
time have a large quantum yield, and vice versa. This 
rule is very useful in nuclear conformat ion studies 

of the ground and first excited singlet state. The 
ratio of the rate constants k?/(k\c + klSc) differs by 
one order of magnitude for the two groups of com-
pounds (see Table 2, column 3), being smaller for 
the second group. The values of Qp and rexp for the 
derivatives of 10-phenyl-9-acetoxyanthracene are 
bigger than for the unsubstituted anthracene 
molecule. 

c) the ip values of the compounds of the two 
groups differ by about 2.2 ns in the average, being 
smaller than that of anthracene ( i p = 13.6 ns) in 
both groups. The lifetime r A , calculated f rom the 
absorption and emission spectra, has nearly the 
same value for all compounds. The differences 
between particular molecules are within the error 
range of the integrals in (2). The reciprocal of the 
mean value of (v _ 3 )A V in the fluorescence spectrum 
has practically the same value for each molecule 
(see Table 1, column 4). The average value of r A 

(10.45 ± 0.3 ns) is larger than r® for the first and 
smaller for the second group of compounds. 

Taking these findings into account, as well as the 
fact that the absorption spectra show obviously a 
similar shape, it can be concluded that all these 
compounds possess the same strength of the first 
absorption transition. This indicates that the func-
tional groups do not influence explicitly the 7r-elec-
trons of the anthracene ring in the ground state. 
This is in agreement with results of Berlmann [10] 
and Jones [11] obtained for phenyl- and diphenyl-
anthracene. 

It has been shown by many authors [10 -14] that 
electronic excitation changes the electron density 
distribution in the molecule, which often causes 
substantial alteration of the molecular geometry and 
the solvent cage in the excited state. Therefore a 
comparison of the absorption and emission spectra 
gives information concerning the relative geometries 
and solvatation sphere of the ground and first 
excited singlet states. The differences in the 5 0 and 
5 * geometries are reflected in the mirror symmetry 
of the spectra and in the Stokes shift. The mirror 
symmetry is not strictly preserved in our molecules. 
Discrepancies are more evident for the second 
group of compounds; corresponding differences can 
be seen between F W R E (A) and F W R E (F) also 
(see A in Table 1, column 7). The zl-value amounts 
to 200 and 700 cm"1 for the two groups, respec-
tively. The Stokes shift (see column 8) for molecules 
of the second group has by about 200 c m - 1 larger 



Table 2. Calculated fluorescence rate constants, kF : sums of the rate constants of intra and intersystem crossing. 
A'ic + ÄjscS induced emission cross sections, <rem; relative thresholds; gain values, G (/.); and lasing regions of 10-phenvl-
9-acetoxyanthracene derivatives in dioxane. 

No. Compounds Ä:F = QF • [s_l] 10"17 [cm2] Threshold Gain values Lasing region 
k\Q + &isc '] (rel. value) [cm -1] [nm] 

1 2 3 4 5 6 7 

12.9- 107 

1 . 2 - 10 6 

4.90 1.00 5.51;=433 425.9-445.2 

o p 
OAc 

OAc 

OAc 

CH, 

III 

10.7 • 107 

3.3- 106 

1 0 . 8 - 1 0 7 

4.5 • 106 

10.8 • 10 7 

6.9- 106 

4.30 

4.12 

4.45 

1.41 

1.43 

3.59;=430 419.8-430.4 

3.29; = 429 425.4-436.4 

IV 

OAc 

10.1 • 107 

6.4- 106 
3.96 1.22 3.52;=426 

L74;. = 450 

420.9-431.6 
446.8-453.5 

OAc 

V ^ O A C 

OAC 

OAc 

VI 

10.7- 107 

3.3 • 106 

8.9- 107 

17.1 • 106 

4.31 

3.43 

1.28 

1.79 

3 . 1 8 ; =427 
1.327,=450 

421.7-433.5 
446.4-456.9 

2.65;.=435 423.2-434.0 

VII 

OAc 

8.3 • 107 

25.2- 106 
3.41 1.54 3.45;=433 5 427.5-439.9 

VIII 

IX 

OAc 

CH, 

8.2- 107 

23.0- 106 

8.9 • 107 

19.0- 106 

3.27 

3.48 

1.52 

1.43 

3.13;. = , 428.3-437.4 

3.64;.=435 429.3-441.3 



values. The differences of the Stokes shifts are 
beyond the error range of v̂ f and vF

g found f rom (5). 
These findings are in agreement with the earlier 
statements concerning the kF, t a and r F values. 
They indicate a d i f ference of molecular geometry of 
the two groups of molecules in the ground, Sq, and 
first excited singlet state, 5 * . 

The spectroscopic evidence may be summar ized 
in three points: 

1. The strength of the absorpt ion transition, 1/r®, 
is independent of the g roup - O A c and —Me sub-
stituted in the phenyl ring as well as in the posi-
tion 2 of the anthracene ring. 

2. For the series of related compounds the 
strength of the fluorescence transition, l / r F , 
depends more on the groups subst i tuted in the 
anthracene ring than in the phenyl ring. 

3. The structured absorpt ion spectrum, the 
diffuse fluorescence spectrum, the loss of mirror 
symmetry, the large Stokes shift and the rather 
large £max value suggest, according to Berlman [10]. 
that for the molecules under study the per turbed 
anthracene ring has d i f ferent configurat ions in the 
S0 and 5* states. This effect is greater for the 
molecules of the second group. 

2. Laser Emission Studies 

The intensity of the ampl i f ied spontaneous emis-
sion as well as the spect rum of the laser light 

depends on various molecular coefficients. T h e most 
important are the absorpt ion and emission cross 
sections. The latter one depends on the q u an tu m 
yield and mean decay t ime of the fluorescence. For 
many compounds the appea rance of induced emis-
sion depends on the cross sections of the S* -> S* 
and Ti -> T* transitions. For most dyes the rate 
constants of the above transit ions are unknown. The 
population densities of the S* and T, levels can give 
some information concerning the S* -> S* and 
T, ->• T* transitions. The popula t ion densi t ies of the 
S* and T] states depend on the p u m p power and on 
the rate constant of the intersystem crossing, A:ISC. 
The max imum value of ArISc can be calculated from 
the formula 

Arise ^ he + /rise = kF (1 - QF) . (6) 

where kF = Qp/znp and Aic is the rate constant for 
internal conversion. The calculated values of the 
fluorescence rate constant kF, and the sum of 
A'IC + k[sc are given in Table 2, column 3. Whereas 
diphenylanthracene has a f luorescence ra te constant 
about 20% higher than the compounds of the first 
group and 40% higher than the c o m p o u n d s of the 
second group, the sum k\c + Arise is smaller than the 
value for both groups of molecules: for the second 
group by about one order of magni tude . These data 
and the values of the cross sections fls0(/.), o e m (X)/ 
(see Fig. 2 and Table 2, co lumn 4) give in format ion 
about possible laser action. 

0- 10 3 [cm'1] 5 .103 [cm-1] 

Fig. 2. Absorption and emission cross sections of: a) 10-(4'-acetoxyphenyl)-9-acetoxvanthracene ( ): 10-phenyl-
9-acetoxyanthracene (---): b) 10-(4'-methylphenyl)-2-methyl-9-acetoxyanthracene ( ): 9.10-diphenylanthracene (---) in 
dioxane. 



From the cross section spectra (Fig. 2) and f rom 
column 3 and 4 of Table 2 it is obvious that the 
derivatives o f 10-phenyl-9-acetoxyanthracene may 
not be so useful as active med ia of a dye laser. That 
can be seen by the gain spectra, the threshold p u m p 
power and the spectral tuning range de te rmined and 
compared with the data for d iphenylanthracene . 

2.1. Threshold determination and gain spectra 

To measure the gain spectra an a r rangement with 
a selfbuilt N r l a s e r , a dye cell, a m o n o c h r o m a t o r 
and a light detecting system, as described earl ier [4], 
was used. The gain cell was transversally p u m p e d , 
using cylindrical focusing optics giving a var iable 
active length. At constant N2- l ight power it was 
easy to determine the critical active length /Th to 
obtain amplif ied emission. The produc t /Th • e ( / ) 
(at /. = 337.1 nm) has been assumed to be propor-
tional to the threshold of absorbed power . The 
values relativ to the value of d iphenylan thracene are 
given in Table 2, column 5. 

As it was shown in the paper of Broida et al. [13], 
for this class of compounds it is easy to observe 

saturation effects. In order to control the inf luence 
of saturation on the gain factor G (/.) we checked 
the validity of the law J A S E x exp [G (/.) • /]. For 
some compounds the threshold length /Th was bigger 
than 1 cm and saturat ion was obta ined changing the 
active length by a few mm. Here we calculated G (/.) 
using the improved formula obta ined on the basis 
given by Shank et al. [12]: 

G(a) = y l n 
J , 

+ 

-Jim 

2J \ 

1 2 2 
JI 

'21/31 

J 
- 3 

2//3 

1/2 

(7) 

where 7/ and J u / i are the ampl i f i ed emission 
intensity of the full and 2 /3 cell length, respectively. 
Defining (/Th) the full p u m p region (/ = 3 /2 /Th) was 
determined for each compound . 

Figures 3 a, 3 b and 3 c show the ampl i f i ed emis-
sion spectra obtained for p u m p regions 0.66 and 
1.00 cm (solid lines) and the calculated gain spec-
trum (heavy dashed line). The above spectra of the 
remaining compounds are similar in shape to those 
in Figs. 3 a, 3c (compounds no. 0, II, III, VI, VII, 

Fig. 3. Amplified spontaneous emission spectra of: a) IO-phenyl-9-acetoxyanthracene; b) 10-(2'-acetoxyphenyl)-9-acetoxy-
anthracene; c) 10-(4'-acetoxyphenyl)-9-acetoxyanthracene in dioxane solution. The computed gain spectra are drawn with 
heavy dashed line. 



Fig. 4. Laser output energy curves of 10-phenyl-9-acetoxy-
anthracene derivatives in dioxane relative to diphenyl-
anthracene. The curves are numbered like the compounds 
in Table 1 and 2. 

VIII and IX) or Fig. 3 b (compounds no. I, IV 
and V). It must be pointed out that only the com-
pounds with a functional group substi tuted in the 
position 2 ' of the phenyl ring show two distinct 
peaks in the ASE and gain spectra. The peak 
distance is equal to the Av value of the ring-
localized vibrational modes in the fluorescence 
spectrum. The peak values are given in 
Table 2, column 6. 

2.2. Determination of the lasing region 

The lasing region was de termined by means of a 
simple Hänsch type dye laser set-up. The laser wave-
length was changed with a Bausch & L a m b grating 
(1800 grooves /mm), mounted on a rotative micro-
meter screw-holder, and de termined photoelec-
trically using a Zeiss grating monochromator . The 
lasing region is given in Table 2, column 7 and in 
Figure 4. Laser light can be obta ined with good 
efficiency in the region 4 2 0 - 4 4 0 and 4 4 5 - 4 5 8 nm 
using three dyes, i.e. 10-phenyl-9-acetoxyanthra-
cene; 10-(4 ' .2 ' -acetoxyphenyl)-9-acetoxyanthracene 

and 10-phenyl-2-methyl-9-acetoxyanthracene. The 
compounds of the second group have an about 15% 
smaller output energy than the compounds of the 
first group. In Fig. 4 the laser ou tpu t energy is given 
in units of output energy of d iphenylanthracene . 
The width of the ou tpu t energy curve depends for 
the second peak on the number and kind of the 
functional groups in the phenyl ring. This depen-
dence will be comprehensively discussed else-
where [15]. 

The laser emission studies of the 10-phenyl-9-
acetoxyanthracene derivatives can be summar ized 
as follows: 

1. Our derivatives of 10-phenyl-9-acetoxyanthra-
cene läse at room tempera tu re in some organic 
solvents (dioxane, benzene, cyclohexane, toluene), 
where the quantum yield is higher then 0.8. 

2. The compounds do not show bleaching effects, 
but the fairly long decay t ime of the triplet state 
(TT~ 10~7S), demands a pumping or mixing device 
in the dye laser ar rangement . 

3. The appearance of a second peak in the ou tpu t 
energy curve as well as in the ASE and gain spectra 
can be explained by addit ional interaction of the 
- O A c group (in posi t ion 2') with the 7r-electrons of 
the anthracene ring. This interaction causes dif fer-
ent shifts of the 5 * and F* levels [16]. 

4. The gain and the ampl i f ied spontaneous emis-
sion spectra of our compounds give some informa-
tion about the shifts and position of the F* state 
and its vibration peaks. 
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