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Abstract

The finorescence and laser properties of seven spacially chosan aramatie compoimds are studiad 2t 293 *C. The quantum yield of fuorazcance,
y, decay times, vy, of the dezerated and non-deasrated solutions are measured. The oscillator strength, £, fluorescence rate constants, &, natural
lifatimes, 7, and intersystem crossing rate constants, kyr, are caleulated. Some laser parameters are caleulated or measured experimentally. It
is found that the position of the T level plays an important role in the flucrescence and laser properties of aromatic compounds. If the T level
15 sitmated below the 5, level, 1t decreases the quantim yield of fluorescence and the decay time and wmereases the threshold of laser action.
If, due to some structural changes of a melecule, the T level is situated higher than the 5, level, then the quantum yield of fiuorescence and
the decay tomes are mereasing and the threshold of laser action 13 decreasing. Such mfiuence of the posihien of the T level upen fluorescence
and laser properties of aromatic compound is explained by the fact that the 5 level mixes with the Tp level more readily than with other 7o,

levels.
& 2003 Elsevier BV, All rights reserved.
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1. Introduction

It iz known that. to a large extent, the spectral-luminescent
and laser properties of heteroaromatic compounds are deter-
mined by the mutual arrangement of their singlet and triplet
levels and their orbital nature [1]. The majonty of laser dyes
are hetercaromatic compounds [2]. In most cases, the fluo-
rescence properties of an heteroaromatic molecule are de-

termined by three types of electronic transifions: = — «°,

n — 7" and 7l = «* {l = a_). Depending on the mu-
tual arrangement of the singlet and riplet levels of wl, w*
and nw* orbital nature, five different speciral-luminescent
and laser classes of hetercaromatic molecules can be 1den-
tified [3-5]. In hetercaromatic compounds, the position of
Ty level does not play a decisive role.

In the case of pure aromatic molecules. the fincrescence
and laser properties are entirely determined by w — =" tran-
sitions. Thus class of aromatic compounds 15 also of great
mterest sinee some of them are excellent scintillators and

* Comesponding aurker. Tel.: +247-355-2135; fax: +267-318-3007.
E-manl address: winkoundi@mepipiubbw (D.P Winkour).

give effective laser oscillation in the UV region of the spec-
trum [2]. The fiuorescence and laser properties of aromatic
compounds are determined by the mutual arrangement of
the 5, and 5; levels, but, as it was shown i [3], the position
of the Ty level also plays an important role. Unfortunately,
to date the role of the T level in aromatic melecule 15 not
fully mvestigated.

The objective of this study is to further investigate the
role of the T level upon the fluorescence and laser prop-
erties of pure aromatic compounds. To illustrate this, the
following aromatic compounds are studied m tus pa-
per: (1) naphthalene, (2) anthracene, (3) tetracene, (£)
p-terphenyl, (3) p-quaterphenyl, (6) p-gunguephenyl and
(71 3.3""-dimethyl-p-guaterphenyl.

The structural formulae of the compounds studied are
given in Fig. 1.

1. Experimental methods
The compounds studied were recrystallized, sublimized

and purity controlled using chromatography. The ultraviolet
spectra of the substances were recorded using a SPECORD
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Fig. 1. Strucrural fomulse of compounds studied. The symbol ‘++” indicates the direction of polarization of the 5, — 5' mansiton.

M40 spectrometer with spectroguality cyclehexane or ben-
zene as solvent. Compounds (3) and (6), which ars of low
solubility, were dissolved using a 9:1 cyclohexane/benzene
mixture m an ultrasonic USU-0.23 bath. A Hitachi MPF-4
spectroflucrimeter was used to record the fluorescence spec-
tra. The quantum yields of flucrescence were measurad us-
ng the method described m [6] and a highly diluted solution
of 9,10-diphenylanthracene in cyclohexane served as a stan-
dard. According to this method. lughly diluted solutions of
the sample and the standard are excited by monochromatic
light of the same frequency and the flucrescence specira of
both compounds are recorded under the same condifions.
The quantum yield of the sample 1z caleulated using the for-
mula:

_ VGO [ Fude

S Flivydu W

where )/ 15 the guantum yield of the standard, Ca
KE'(v)fK(vy is the sbsorption comection factor, E'(1)
and EK{) are the absorption coefficients of the standard
and the sample at the frequency of excitation; C1
g FO D3] o —Kivs03! je the intensity of excitation correc-
tion factor, with [ the length of the absorption cell. F(v) and
F'(v) are the quantum fluorescence functions.

The fluorescence gquantum vield of 9,10-diphenylanthra-
cene was in found to be 0.90 [7]. In order to minimize re-
gbsorption effect in cases where there is a large amount
of overlap between long-wavelength absorption and fluores-

cence bands, solutions for flucrescence gquantum vields and
hfetimes measurements were prepared following the recom-
mendations given in [8]. Since some of the substances inves-
tigated reveals a very structured long-wavelength absorption
band, the speciral bandpass of the excitation monochroma-
tor was chosen to be not greater than 0.3nm in each case.
The emission slit width was chosen depending on the flue-
rescence intensity, but i each case it was not large enough
to cause distortion i the finorescence spectrum.

The decay times of fluorescence. t7, were measured using
either g SLM-48008 phase finorimeter or installations based
on the stroboscopic principle combmed with single photon
counting measurements, depending on the value of 7. The
natural lifetimes were caleulated nsing the formula presented
m [9] and medified in [10].

1

Locary 10—9n2{r-;3r19f i

—di

-
= @
where # = 9n/(n” + 2)° (Lorentz—Lorenz facter), n is the
refractive index of the solvent, ¥ 15 the frequency in em™?
and £(1’) 15 the molar extinction coefficient. Deasration was
carried out using the methed described in [11]. According
to this method, a solution of the sample m a cell 15 frozen
Then air is evacuated from the cell and replaced by niwe-
gen gas before the sample 15 unfrozen. For deep deaeration,
the procedure could be repeated. The value of ke was cal-
culated by taking into account the fact that the fluorescence
quantum yield of highly deaerated solutions of photostable



N Njegorodev et al. / Spectrochimica Acta Part 4 60 (2004) 2035-2042

compounds can be determined using Eq. (2). with only in-
tramalecular quenching processes considered:
. ks

i S ——r—— 3
¥ kg + ks + kst i

where )* is the fluorescence quantum vield of the deaerated
solution and k3 is the mternal conversion rate coefficient.
From Eg. (3) one obtamns:

1—»*

ks + kst =

44

where t¥ is the flucrescence decay tume for the deaerated
solution. For the Ermolaev—Sveshnikova [12] molecules, g
15 very much less than ks +ks7 and in many cases ks < kst
hence:

1—*

kst =

The Stoke’s shift values were determuned using the formu-
lae:

i

AR -Il:.g fm, -—IE.
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where
36 [ Taeiiy) diy e [ elive) div
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~CE

i = and f'lE'g are the “centre of gravity” or first moment of
the long-wave absorption band and fluorescence spectrum
respectively. vy and iy, are the frequencies m the range of
the absorption and fluorescence spectra. J{vs) is the intensity
of fluorescence.

The oscillator strength of well resolved long-wave absorp-
tion bands was determined using the formmula:

fa=13x IO_Eﬁfe[i']dl'- @

This formula, according to [13], is considered to be appro-
priate if the oscillator strength of free molecules is calen-
lated from the absorption band of the selution. The oscil-
lator strengths of low intensity or submerged bands were
determined using the formmula:
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Thns was obtamed by dividing Eq. (4) by a simplifisd version
of Eq. (2), taking into account that
{D—31II—'. P [EF-E]B
The error limits determined for the vanouns fluorescence pa-
rameters are as follows: quantum yield & 10%, decay time
+ 5%, symmetry line frequencies & 60 cm™?, Stokes shifts
+ 200 cm_l, fext and ky values (if tr < 2n3) £ 15%.

The cross-section for absorption at the pumping frequency
was caleulated by

ora(p) = 3.82 % 107 ey (Tip) (6)
The spectral Emstein coefficient for the above frequency was
foumd with the formula:
3 apiiphe l
B =B
plp) =— (7

where ¢ 1s the speed of light in vacuum and » the refractive
mdex.

The simulated cross-section for stimulated emission was
calculated as:
o (TE%) = 3.82 x 107 ey (729 (@)
assuming that o (TF™) = oy (V)

The threshold for the laser action was calculated using
Eq. (8) [14]
K A Kjass
= -
£ ¥Byiip) % J"\TU!':T'?'“) — Kypas

where UT 15 the threshold density of radiation at the pumping
frequency, Kgg: 15 the loss coefficient, K. = (1 — R)/L,
R coefficient of reflection of the murror, L the length of the
active medium; N the melecular concentration in the active
medium,

®

N % Na,

..
T 1000

C' 15 the molar concentration, Ny 13 the Avogadre number.

Awuithracene

ENERGY, ¥ x 107 {em™)

ENERGY, ¥ x 107 {cm™)

K, = 024 x 10%*
K = 033 x 107"
K, = 200 x 10%°

K, = 6.20 x 10%7
Ko = 151 x 107"
Ky = 3.50 x 10%°

e i
| Ky = 3.49 x 10%" |

| Kq = 785 x 10':"[
| Ky = 1.00 x 10757 |

Fiz. 3. Simnlated singler and mipler states of naphthalsne, sufbracene snd retracere The mixing of states berwesn 5 and T are shown by wavy armows.
Ames y and z are sccording to Mulliken [15]. The “+° and the “—° sizns denote the symmenic and antisymmetnc wave functions respactvely. States of
the same sylmmetry are joined by dashed lines.
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For pumping, either a XeCl (302nm) or a Ny (337nm)
laser was used.

In most cases, the transverse method of pumping was
emploved.

3. Results and dizcussion

Spectral—lummnescent and hence, laser parameters of
pure arcmatic compounds are mestly determined by the
mmtual arrangement of the singlet 5 (YBy). 5, (1Lp) 5
{lLa} levels and the corresponding T 3By, Ty CLy). and
T, L) triplet levels. The 5y state is biconfigurational,
symmetric with respect to the electron coordinates and an-
tisymmetric with respect to the spin coordinates (WM d )
The 5, state 15 alse biconfigurational but antisymmetric
with respect to both the electrom and spin coordinates
(¥ ¥). The corresponding triplet states T and T,. are
of opposite nature: ¥ and #F ¥ (see Fig. 2). The
energy separation between Sp and S, states and between
Tp and T, are determined by twice the value of the so
called electrostatic exchan%e mtegrals for the singlet and
the triplet states EKﬂ nk} The ¢uantity 2R is the
Fermi correlation energy. It 1s much smaller for the triplet
states due to there being better comelation of the electron
orbits [15]. Thus, the mutnal arrangement of 55, 5. Tp
and T, levels 15 determumed by the coulomb integral, Jp,
and the exchange mtegrals K7, and K;fk. As one can see
from Fig. 2, the T level iz always asscciated and situated
below the 5, and T, states. The energ}' split between 5,
and T} is usnally about 3000 cm™ " for polycondensed aro-
matics and about 2500 em™ for oligophenylene aromatics
[18].

The fluorescence parameters of the compounds invest-
gated are given m Table 1 and the laser properties of com-
pound (46} in Table 2.

As one can see from Table 1. In the transition from
uaphthalene to tetracene, the flucrescence rate constant first
increases and then decreaset 0.24 % 10757 — 6.20 %
10757 — 3.49 % 10757, The quantum yield remains al-
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most constant: 0.23 — 0.24 — 0.21. The intersystem rate
constant changes in the following way: 0.33 x 10751 —
15103 107571 — 2.55 5% 107571 It is easy to understand
why ks 15 increasing in the transition from naphthalene to
anthracene. That iz because the transition to the lowest ex-
cited level in naphthalene is a forbidden one. while in an-
thracene the lowest level 15 allowed, which mixes with triplet
levels readily [15].

One could expect that kg1 should increase more m the
transition from anthracene to tetracene, because the 5; level
considerably goes down {26,580 cm— — 20.950cm~).
However, this is not happening.

To explain this striking phenomenon 2 simmulation of the
singlet and tmiplet levels of naphthalens, anthracene and
tetracene was done using the PPP-Clmethod. The results are
shown in Fig. 3. As one can see from Fig. 3, the Iy B;;J)
le',el of anthracene is sifuated below the fluorescent level
S‘U( Biy) while in tetracene, the Ty level is simated higher
than the 5, (1 By level Tt was shown in [16] sarlier that
the Sp level mixes with the Ty level readily. This explains
why the kg7 value of tetracene is less than the kst value of
anthracene.

Compounds (1-3) do not show laser activity. Naphtha-
lene does not show laser activity because its flucrescence
state 15 of 5, nature, which is forbidden and hence its ks
value iz very low. Anthracene and tetracens do not show
laser activity because of strong reabsorption in the sl g
and the T! — T channels [17]. Now consider compound
(4-7) which show laser activity. It seems that laser activ-
ity must increase in the transition from compound (4) to {6)
because the k value 1s increasing in this row. But this is
not happening. The gquantum vield of fluorescence in this
row i changing as follows: 0.84 — 0.81 — 0.8% i 1s
steadily increasing (33.80 » 10° Teml 5 04251075~
108. 705107 s_]:l Jrg 1s first 1 mcreaimg and then deu:reaimar
(1140 % 107571 — 20,68 % 1077 — 1341 % 107571y,
Again the behaviour of y and kgy are strange. It seems also
that in the transition from compound (5) to compound (7) y
must decrease, becanse in many cases CH; groups decrease
the fiuorescence guantum yield [18]. However, strangely

- =

Table 1

Experimentz] and calculated values of the main fnorescence parameters of diluted cyclobeane solutons of the investizated aromatic compoumds

No. 5§ n Aw ¥ T o ¥ o [ {g &y Esr j Matura
(cm™) () (ms) {ms) (ns) (ms) (as) (=10~ 571 (=105 of &

1 Doy, 31170 3140 023 0640 41740 042 17500 41800 - 0.24 0.33 0008+ Sy (My)

2 Do, 26580 4100 0.24 4.40 1830 o029 4.70 16.20  16.00 6.20 15.10 0.230 i (" La)

3 Dy, 20850 3700 0.21 6.00 1857 020 230 B60 2860 148 £.55 0.130 5p (L)

4 In 31940 TE60 0.84 1.00 118 088 103 119 1.50 83.80 11.40 2.060 5 ('La)

5 Dy 30000 7640 0.81 0.85 105 082 0.87 1.0§ 145 0423 20.68 2360 5p ('L,)

L] il 20060 7460 0.89 0.82 082 0Ee 0.82 0.4z 115 10870 1341 2,600 5 ("La)

7 [ 20820 TE40 0.88 0.90 102 080 092 1.02 138 07.83 10,87 2.580 S (L)

Headings from left o dzghe Mo, compound ﬂ.L'I.IJ.‘I]JE]’ 5, symmetry sroup;

Aver,

Srokes shift; p, fuorescence quannom yisld; vy, fiuorescence decay time;

15", enperimental manoel finorescence lifetime, 1'tl namral liferme; &, fuorescence rate constant; Eyp, intersystem crossing rate comstant; f, S — '
transition oscillator strength The nanre of 5 state is given in Clar's notation with Platt’s notation in parentheses.

* Paramaters for deserated sclutions.
+ Calculated using Eq. (4).
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Fig. 4. 5u, Sp and Tp states of fuorescence of compound (4-6). Wavy arows shows the main channels of disintegration of 5 (5L} states. The

experimental values of 3, and 5, levels are taken from [19].

enough, 15 Increasing. An explanation to this phenomenon
also can be given by the position of the Ty level In
Fig. 4, the 5. §; and Ty energy levels of compound (4-6)
are shown. As one can zee from Fig. 4 in p-terphenyl
the Tp level is 960 cm™! lower than the Sp level. In this
row of molecules, the 5 level goes down faster than 5,
and related Tp levels, hence the S, — T energy gap iz
changing. In p-quaterphenyl., the 5 — Ty energy gap iz
equal to only 100cm™ . Therefore, the §, — Tp =+ T
disintegration channel becomes more effective than in
p-terphenyl. As a result of this, the y wvalue is decreas-
mg from 084 to 021 and theoretical and experimental
values of the threshold are imcreasing. In the transition
from p-quaterphenyl to p-guinguephenyl, the position of
the Tp i3 changing further: mow it is simated higher than
the Sp level, and therefore the §p — Tp — T1 disinte-
gration channel is suppressed. Comsequently y is increas-
ing (0.81 — 0.289) and the theoretical and experimental
value of the thresholds are decreasing (221.3ergem— —
201.6ergem =), (272.1 ergem=3 — 2220.3 ergem™3) cor-
respondingly.

Improvement of the laser parameters in the transition from
compound (3) to compound (7) are also explained by the
mwversion of Tp and 5y levels. The expenmental value of

the threshold for compound (7) 15 equal to 228 Le1g em™>,
The laser parameters of compound (7) are very close to the

parameters of compound (6).

4. Conclusions

From the fluorescence and laser data presented and dis-
cussed in the paper, the following conclusions may be drawn.
The position of the T level exerts great influence upon the
fluorescence and laser properties of aromatic compounds. If
the Tg level 15 sitnated below the Sp level. it mixes with the
Sy level readily and because of that the gunantum vield of fiu-
orescence and decay time are decreasing and the threshold of
laser action 1s increasing. But if the inversion of the Tp level
and the 5p level is happening so that Tp goes higher than
Sy, then the guantum yield of fluorescence and decay time
are increasing and the threshold of laser action is decreas-
ing. The facts observed gives a better understanding of the
transformation of light absorbed by an arcmatic molecule.
Finally. it 1s necessary to point out that the most imper-
tant fluorescence parameters of the compounds smdied are
in good agreement with the results of earlier investigations
[1.20].
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