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ABSTRACT: The fluorescence quantum yield of 9,10-bis(phehyieyl)anthracene is
almost unity in every examined solvent. Using ddfe hydrocarbons, one can make a
convenient and sufficiently accurate experimerdst for determination of the extent of
the refractive index correction needed in fluoreseequantum yield determination on a
given fluorometer. By comparison of the measuresamnt-pentane €is-decaline on-
hexane — toluene solvent pairs the requiremerttai‘tcorrection is confirmed for most
of the fluorometers; however for one of the examiaguipment the necessary correction
proved to be slightly lower. By excited state’®time measurements the refractive index

dependence of the fluorescence rate coefficientra@samined. At 28C for BPEA the



relationship is in agreement with Bakhshiev’s pcédn: the experimentally determined
exponent oh in the rate coefficient deriving equation is ardun32 using different
paraffins as solvents. The negative temperaturfficeat of the radiative rate in part
originates from the temperature dependence ofdtiaative index, while also a small

intrinsic contribution has been found.

Keywords: transition dipole moment, refractive index,

INTRODUCTION

Starting from measuring a corrected fluoresceneetsypm the first and most essential
steps in a photophysical study are the determinatighe fluorescence quantum yield
(@) and radiative lifetimen). Commonly the decay is single exponential, so the

radiative rate coefficienk() is simply calculated by:
k=& /T (1)

The easiest method to determine the fluorescenaetgun yield of a molecule is the
comparison of its emission intensity with the irgigyn of a standard of known quantum
yield under identical experimental conditions. Roly the standard most often referred
to is quinine sulfate (in air saturated 0.1 ar dulphuric acid}. One main advantage of
this compound is that its fluorescence quantundyias proved to be practically
independent of the excitation wavelength. So thatatkon wavelength can be chosen in
a favorable way for the molecule under examinafidre determination of the quantum
yield by this method is based on the comparisah@integrated emission intensity of

the corrected spectrum of the sample to that othedardref). To avoid inner filter



effects the optical density in the range of ovaslag of the absorption and the
fluorescence spectrum is typically chosen to bewdl.05. It is a practical approach that
the optical densities of the sample and refereteseard are matched at the excitation

wavelength, thaf:

n2

D, =, (ref IR
f f( )Iref n2 ) (2)
ref

wheren is the refractive index of the solvent at the memanssion frequency if available
(otherwise often used the values measured at fheedf Na: 589.3 nm) anldis
integrated fluorescence intensity for both the damapd for the reference. Although
from geometrical — optical considerations seveu#th@rs accept as a straightforward fact
the necessity of the? correctiof™ there has been a long discussion on circumstances
where the refractive index dependence is smalker that expected using equationi2.
The radiative rate coefficiekt (reciprocal of the natural lifetimeepends on the
solvent parameters, first of all on refractive ind@/hen the influence of the relaxation
processes are negligible tkas directly connected to the integral of the cep@nding
absorption band via the Strickler — Berg equafitiThe transition dipole moments of
the absorption and emission are expected to béasjraspecially in apolar solvents, and
when the structural relaxation of the excited moleds small. The value of transition
moment might be an invariant descriptor of the pss¢ however the proper calculation
of that data from the experimentally measurablentjties remains controversial.
The knowledge ofk; is an essential parameter for derivation the itiams dipole

moment++12



_ [3hed 1 3
‘M‘f _\/ 161 n3f2(n)<vf >k1 1 3)

IF(V)V “dv

7 with
[FV)av it

where the average of;° over the fluorescence spectrur'r(\i§‘3> =

F(v) the emission line shape and the integratiomiged out over the entire emission

band. Reduction of the physical constants to a mundads to Equation 4, wh&nis
given in [$7], and< 3> in [cm®. (The same final multiplier is given in the pamér

Lewis and Maroncelli as in the Equation 7b beldv.)
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In the Equations 4 andf$(n) function is the local field correction factor atia formula
depends on the cavity model. According to the ptieeaical literaturd(n) is defined

here in a less common manner as the ratio of ta &ectric field associated with a
single photon, experienced by the fluorescent nutdein the host medium, to the
macroscopic electric field associated with a sigieton of the same energy in vacuum.
Several different models were proposed for thevdéidn of functionf %(n) in the
literature: Forstéf proposedf 2(n) = n?, Birks'*f %(n) = 1, Chak® applied the
expressiolf6a) on the basis of Lorentz local field model, whilekBshiev® suggested

the function (6b) which derived applying Béttchersction field theory for an empty

cavity. This model was deduced and applied by Tigit}? in his detailed paper, which



discusses extensively most of the essential quesstimbe under further experimental
investigation in this study.
f2(n) = (n® + 2¥/ (9n%) (6a)
f%(n) = ,?/ (2n* + 1Y (6b)

The transition dipole moment can be calculated ftioenabsorption spectrunefv) } as

11-13

follows:
_[3000n10¢,hc 1 dv
‘ ‘abs - 2.,.[2 NA n f Z(n) IS(V)V (78.)
Mlas -9 58433107 L [EW) v dv (7b)
[Debyd n f*(n)Y mol'cm?

In photophysical kinetic studies, when the tempeeatiependence of excited state
processes is examined, it is often observed thadmtrast to internal conversion or
intersystem crossing parameter, the radiativelrasea negative temperature

coefficient®?°

(see below). Since the refractive index increagdsdecreasing
temperature this phenomenon is more or less stfarglard, however the quantitative

understanding of this influence is an issue wodhfurther investigation.

CHART 1




9,10-Bis(phenylethynyl)anthracene (BPEA)

The main objective of this experimental study istow that this commercially available
compound is a useful and an easy to handle to@Hecking the necessity of thé
correction in fluorescence quantum yield deternmametor a given measuring set-up.
Furthermore the influence of the refractive indéxhe solvent on the fluorescence rate
constant of BPEA will be examined by fluorescenfsiine measurements in different

type of experiments and compared to the theoraticalels stated in eq. 6a and 6b.

EXPERIMENTAL SECTION

The absorption spectra were recorded on a thermlategl Unicam UV500
spectrophotometer with a resolution typically & @m. When necessary, correction was
made for density change due to variation in tentpezaThe corrected fluorescence
spectra were obtained on a Jobin-Yvon Fluoromaxgrhoounting equipment (with 0.5
nm resolution), on a FluoroLog-3 (HORIBA Jobin-Yypon a Hitachi F-4500 as well as
on a quantum corrected Shimadzu RF-5000PC speatrofheter (with 1.5 nm
resolution). The excitation wavelength was aroudd dm unless otherwise indicated.

In all measurements (except some absorption ores)d-pump-thaw degassed
samples were used in a sealed 1x1x4 cm Suprasizqredls. The calibration of the
wavelength scale was made just prior to the measents with a low pressure mercury
arc comparing the measured data with the valuésedflIST data base.Every day both
the excitation and emission wavelength scale wask#d with the corresponding spectra
of the diluted\-methyl-2,3-naphthalimide in-hexane having a narrow, well measurable

0-0 absorption and emission bands at 351.3 andt 368, respectivel§” The room



temperature (28C) fluorescence quantum yields were determinedivel#o that of

quinine sulfate ¢ = 0.546 in h H,SO;).?% The excitation wavelengths for these quantum
yield determinations were around 310 nm, where B&tBA and quinine sulphate have a
reasonable absorption coefficient (unless otheratigeed in the text). The optical density
of the samples were around 0.2-0.3 at the absorpteximum to minimize the error
coming from the sample and standard preparatiahftaminner filter effect was

corrected by comparison of the apparent fluoresegpectra and those were measured at
infinite dilution (i.e. at ten times smaller contention). The difference was around 4.5 %
and almost exactly the same for different paraffinen the absorbance at the maximum
(and around the excitation wavelength) was equal.

The fluorescence decay times were measured by iab@Edh Instruments FLS 920
time-resolved spectrofluorimeter, using an EPL-8&®iconductor laser for excitation
and a Hamamatsu R3809U-50 MCP-PMT for detectidfew measurements were done
by a picosecond single photon counting system (&vttex excitation wavelength was 296
nm)™° to inspect the reliability the time resolved datae timescale of the two setup was
cross calibrated by the diluted solution of anthrein cyclohexan®?°and that
lifetime in question proved to be 5.19+0.04 ns.

9,10-Bis(phenylethynyl)anthracene (BPEA), 9-meththaacene (9MeA) and 9,10-
diphenylanthracene (DPhA) were received from Aldiand were purified on a silica
column usingr-hexane — dichloromethane eluent and recrystallimed toluene. The
absorption spectra of BPEA samplesiipentane on-hexane under vacuum show small
changes over a month; consequently fresh samplespepared for every experimental

run. Then-hexaneljeX and acetonitrile (MeCN) were of Merck Uvasol qualOther



solvents as-pentane gen), n-heptanelfepd, n-hexadecane (HD), cyclopentane (CP),
cyclohexane (CH)is-decalin (CD), toluenedl), diethyl ether (DEE), tetrahydrofurane
(THF), butyronitrile (PrCN) were received from M&r@and purified on a combined
activated charcoal — alumina column before beirggiu$hen-butane put, Fluka puriss)
and propane (Messer, P 2.5) was frozen directtytimt quartz Fischer-cuvette
(containing the necessary amount of dried BPEAeurdcuum. At 25C the[R.5 bar
(n-butane) and® bar (propane) pressure in the cell caused nizdliis.

For triplet yield determination the energy transfesthod was used where excited
anthracene was the energy donor, and triplet yiglddard,” and BPEA the acceptor,
similar to our previous experiments on 9-ciano-dibagthylamino)anthracerf& This
set-up is adequate when the expected triplet ereegyell as the triplet yield is small.
Equal molar absorbance at 355 nm (excitation wangteof a frequency-tripled
Continuum Surelight Nd:YAG laser) was established sample containing only BPEA
and in another cell where both BPEA and anthrageagesolved at approximately equal
absorbance ratio. The triplet-triplet absorptioactpum of BPEA was determined in
advance to choose the appropriate wavelengthg80nm and 490 nm for paraffins and
acetonitrile, respectively (see Figure S1). Het¢hafoot of the ground state absorption
the transient absorbance signal ratio for the tam@es can be easily determined. The
pseudo first order energy transfer occurs typicatiythe 3-41s range while the
anthracene itself decays on a much slower time$4@@&-600us). The triplet yields of
anthracene donor were taken to be 0.7-liexane (and HDY’?® while 0.66 in

acetonitrilé’ respectively.



The temperature dependence of refractive indexdetesrmined with a
thermoregulated Abbe refractometer (Modell G, Zaiks Jena) at 589 nm of Na D-line:
n(T) = 1.38607-5.46592.0"xT (T in °C; from -31 to 62C) and n(T) = 1.44264-4.09985
x10™xT (T in °C; between 20-98C) for n-hexane and HD, respectively. The literature
relationship fom-hexane differs moderatelg(T) = 1.39174-7.04558.0"xT (T in °C; at

546 nm between 20-10C)%°.

RESULTS

Absorption and fluorescence properties.
For this study, a molecule is required with follogricharacteristics: a high solvent
independent fluorescent yield, ideally near urptyptochemically stable, and with
photophysics as simple as possible. For miniminatifosolute solvent interaction a
centrosymmetric aromatic hydrocarbon was chose&BPThe solvents were selected
mainly apolar solvents as aliphatic and cycloalifghlaydrocarbons. The aim behind it
was that the influence of the polarizability of $@vent (i.e. refractive index) is not
masked by “dipole induced” effects. The absorpiod emission spectra of BPEA show
approximate mirror symmetry with small Stokes-shdth inn-pentane andis-decalin
(CD, Figure 1), representing of hydrocarbon solsdraving small and large refractive
indices, respectively. A moderate red shift of bibid absorption and emission spectra
with increasing refractive index of the solvent vaéiserved, while the magnitude of the
Stokes-shift did not show a significant change. i@ absorption spectra of BPEA have
four crossing points at optimal dilutions in thadwent couple. The shape of the

absorption and even more the emission spectra gimtypical feature of rigid aromatic



hydrocarbons: well observable vibronic structurbere the 0-0 vibronic bands are the

most intense.
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Figure 1. The normalized absorption (dotted line) and flsoence spectra (full line) of
BPEA inn-pentane (black) ands-decalin (CD, red).

The fluorescence quantum yields of BPE#)(were determined in ten aprotic solvents
with different polarity measured relative to quiaisulphate indH,SO, (see Table 1).

All the yields are near unity (aftef correction, see later). Note that obtained demiti
from unity are within the measurement uncertaintief®llows that the competiting
deactivation channels as internal conversion (l&grsystem crossing (ISC) or
decomposition have much lower rate than that aréacence. As a consequence, even
relatively big changes in the reaction rates o$¢hehannels have only a small effect on

@ andr. It is to be expected that the fluorescence yidgldnet change in apolar solvents



(aliphatic hydrocarbons). Here the differencesoivent-relaxation of BPEA in the

ground and in the excited are small compared tarpalvents.

Table 1.Fluorescence yields of 9,10-Bis(phenylethynyl)aatene (BPEA) and 9,10-
diphenylanthracene (DPhA) measured by Shimadzu@®B-8uorometetand
FluoroMax-2 at 25°C in different solvents.

BPEA’ (exc.: 309-312 nm n @(n® corrected)|  n” corr.
n-pentane fgen) 1.3575 1.01 1.017
n-hexane ljex) 1.3720 0.97,1.03 1.01¢ 1.039
n-hexadecane (HD) 1.4340 0.96 1.135
cyclopentane (CP) 1.4065 1.05* 1.092
cis-decalin (CD) 1.4810 0.98 1.210
toluene {ol) 1.4960 1.00, 1.02* 1.235
diethyl ether (DEE) 1.3530 1.04* 1.010
tetrahydrofuran (THF) 1.4050 1.04 1.089
butyronitrile (PrCN) 1.3725 0.97* 1.057
acetonitrile (MeCN) 1.3442 0.99, 0.98 0.997
DPhA? (exc.: 367 nm)
n-pentane fen) 1.3575 0.84 1.017
n-hexane ljex 1.3720 0.84 1.039
n-hexadecane (HD) 1.4340 0.86 1.135
cis-decalin (CD) 1.4810 0.85 1.210
toluene {ol) 1.4960 0.86 1.235
1n sulphuric acid / water]  1.3462 1.000

)* excited on absorption tail
Change of the fluorescence spectrum with refractivendex of the solvent.
The subsequent increase of the refractive indeReoparaffin solvents resulted in a

regular bathochromic shift of the fluorescence spet of BPEA as demonstrated on

Figure 2. The<vf‘3>_1 value (cf. eq. 3) is a power function of the refnge indexn of the

solvent — see inlet of Figure 2. The relation wasfl to be: Ir@vf‘3 /cm3>_l=

(29.901+0.007) — (0.521+ 0.02M)(n)
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Figure 2. The fluorescence spectra of BPEA in different fiara. In the inset the

-1 . . .
<|/;3> values of these spectra are shown as a functicgfraictive index.

To further investigate the influences of the retirecindex on the fluorescence spectrum

of BPEA, it was measured as a function of tempeeatun-hexane and-hexadecane.

The In<vf‘3>_l values of the spectra again showed a linear depeedon Inf), with In
(v;? /cm3>'1= (29.940 + 0.003) — (0.653 + 0.068)(n) for n-hexane (Figure 3) and In

(v;? /cm3>'1= (29.928 + 0.005) — (0.618 + 0.0%H)(n) in HD (Figure 2S). The

fluorescence yield (near unity at room temperatdo®s not depend significantly on the
solvent temperature, except at high temperatukDinwhere between 120 and 2D an

approximately 74 % decrease was observed.
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Figure 3. The fluorescence spectra of BPEAnimexane as the function of temperature.
In the inset the I<1/f‘3>_l values of these spectra is shown as the funatigarithm of the

temperature dependent refractive indexq(R)).

It was intended to widen the extent of this stumlgther results found in the
literature published in the field. Hirayama andIRis>° examined the refractive index
dependence of the radiative rate by measuremestsnathylanthacene (9MeA) in
cyclohexane at 2% and in the gas phase at £Z1 The emission spectra of the 9MeA

were remeasured (see Figure 4), using the samdesana@paration and temperature
choices they stated, to derive t<nﬁ‘3>_ldata. The value o<fvf‘3>_1 for 9MeA in gas phase

at 171°C proved to be 1.107 bigger than the correspondatge in cyclohexane at 25

°C.
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Figure 4. Absorption, fluorescence and excitation spectr@-ofethylanthacene in
cyclohexane (CH) at 2% and in gas phase (vacuum) at 21

The necessity oh? correction for fluorescence quantum yield determiation.
It was found that the value of the fluorescencentra yield of BPEA is close to 1.0
independent of the solvent used (see Table 1).dlluws us to establish a simple
experiment to check on the necessity ofrtheorrection for the fluorescence quantum
yield determination of a given experimental setfoqr. this, the fluorescence yield of
BPEA was compared in two hydrocarbon solvents utidesame experimental
conditions. The two solvents;pentanerf= 1.3575 at 25°C) ands-decalin (| = 1.4810
at 25°C), were chosen to have a large enough \ariat the refractive index relative to
each other. Theis-decalin /n-pentane ratio off® ratio calculates to 1.190. The method to
compare the ratio of the fluorescence yields saaore sensitive since some of the
experimental error sources would be minimized aiwded. An example is the effect of

the inner filter correction. Although this corremii(approx. 4.5 %) was carried out for



every measurement, as is described in the expetatrggction, the difference in the
required corrections in the case of these solvaims pvas very small. The comparison of
one single compound in an (apolar) solvent pairthagurther advantage that the
excitation wavelength can be chosen to be in a mptienal range compared with an
experiment use quinine sulphate as standard. Merahe four crossing points of the
two absorption curves leads to possibility of fparallel measurements where the slope
directions are changing. Averaging the fluorescenelel ratios measured using
neighboring excitation wavelengths will lead surelynore accurate final data. The 453-
458 nm range is somehow the best for this typeedsurement in case of BPEA (Figure
1): (i) here the absorption spectra run approx. pardiilethe red edge of the spectrum is
disturbed less by the absorption of the possibt®rigosition products. (It was observed
that sometimes{pentanen-hexane) the spectra change little over a timesifade
month, even in absence of irradiation, probably tdu slow decomposition of BPEA.)
From data given in Table 2 one can conclude thath® FluoroLog-3 and
Shimadzu RF-5000 fluorometers with similar meas@neinset-up circumstances (narrow
slits) then? correction is needed for good accuracy, howeveage of Hitachi F-4500
the necessary correction was significantly smadithough the samples used and the
experimental parameters were the same. The influehthe geometry of the light path
on the fluorescence intensity ratio of a BPEAihexane, and on a BPEA in toluene
sample pair was also examined. The decrease slitffeece area of the excitation spot
(actually it had the form of a line) does not &ir@luence the correction factor.
Moreover, as Table 2 indicates, the decrease adiimeter of the detection light pass

has only a very small effect on the fluorescentenisity ratio.



Table 2. Comparison of fluorescence yield of BPEAnfpentane / CD and-hexane /
toluene solvent pairs (3 parallels) at various @ticin wavelength using three different

fluorometers.
BPEA inn-pentane and CD
Excitation| FluoroLog-3 Shimadzu RF-5000 Hitachi F-4500n°(CD)/n’(pen)
434.8 nm 1.206 1.186 1.115
444.1 nm 1.185 1.240/1.193 1.135
451.8 nm 1.226 1.194
456.0 nm 1.198 1.190
Average 1.20+0.03 1.19540.02 1.1240.02 1.190
BPEA inn-hexane and toluene
Shimadzu RF-5000 Shimadzu RF-5000 Hitachi F-4500| n?(tol)/ n°(hex
(restricted detection
path)
434.3 1.14
446.2 1.19 1.15 1.14
454.0 1.17 1.19 1.15
average 1.18+0.01 1.17+0.2 1.14+0.01 1.188

Inner filter correction: toluene 1.04d-hexane 1.041
FluoroLog-3 (HORIBA Jobin-Yvon)

Again to compare values found in the literaturehweésults obtained by using the

experimental set-ups of this study it was needeshtmse another sample molecule. Here
a series of quantum yield determinations was datte 9y10-diphenylanthracene (DPhA)
in different hydrocarbons on Jobin-Yvon FluoroMarduipment at 28C. As it can be
seen from Table 1 thex was found aften’ correction to be around 0.85 in every solvent,
independently of their refractive index (the oveeator of the measurement is bigger
than the scatter, and can be approximated to el#02.2 level). Hamai and Hirayama

in their very thorough work found a@x = 0.90 with 4% uncertainty.



The triplet yield of BPEA.

The near unity fluorescence quantum yield of BPElies a very low yield of triplet
formation. However, other similar aromatic hydrdmans such as perylefié®display a
small but measurable triplet formation yield (i®&sc = 0.03 in almost all solvents).
Thus, it is possible that for BPEA, even a smablét yield could affect the current
interpretation of results.

Three room temperature data were determined asilokdén the Experimental
Section in three different solvents, the tripleglgts proved to be 0.011+0.006,
0.014+0.006 and 0.009+0.006nrhexanen-hexadecane, and acetonitrile, respectively.
The temperature dependence of the triplet yieldaetsrmined comparing the transient
absorption signal ratio measured at the transiesr@tion maximum at the given
temperature (from -21 to 45°@ n-hexane and from 22 to 205 @ n-hexadecane) and
at the reference room temperature, where the gomyitld is known. The triplet yield
practically does not change over the examined testye range examined. The
observed small increase of the value determinedmitag the scatter and the
uncertainty of the determinations (i.e. 10% inceeaf®isc at 135 € in HD compared to
value at room temperature). Although the transidasbrbance at 20& in HD was
almost triple to that at room temperature, thesiem absorbance did not return to its
initial value when the sample was cooled back ¢ostiarting condition at room
temperature. This indicates that at high tempeeadusmall amount of photoproduct is

formed producing the excess time resolved absoghanc



Refractive index dependence of the fluorescencedtime.
The decay of the time resolved fluorescence intg$§iBPEA was found to be strictly
single exponential in every examined solvent. Agxample two typical results are

displayed in Figure 5.

10000, BPEA inn-butane at 25C

r = 3.611+0.004 ns
X =1.088

50004

counts

weighted residuals

10000y BPEA in cis-decalin at 2%C

r =3.116+0.004 ns
X =1.103

counts

50004

weighted residuals
B o C
=
3
[v]
=

Figure 5. Time resolved fluorescence intensity decay of BRiEA-butane andis-

decalin at 25C (excitation wavelength 378 nm, detection: 510#§.n

The effect of refractive index on the lifetime peavto be more than two magnitudes
greater than the uncertainties of the measurenfestsTable S1). The reproducibility of
the lifetime data was double-checked by rerunnorgesof the measurements on a
different single photon counting set-up. The resoiatched each other within the

experimental uncertainties (Figure 6).
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Figure 6. The reciprocal lifetime of singlet excited BPEAtelenined at 25C as a
function of refractive index of the paraffin solterfand toluene) on In-In scale. The full
circles and diamonds are measured using a dioda dgd laser pumped set-up

respectively, while the small empty circles indectte calculated values using the

individual <vf‘3> data and a solvent independ@ht= 0.99 approximation, see below).

From the linear dependence betweer t)( and In) displayed in Figure 6 follows an
important conclusion: the reciprocal lifetime (dmehce the fluorescence rate coefficient
k: of BPEA in apolar hydrocarbons is found to be agmofunction of the refractive

index, i.e ks On* with x = 1.32+0.03. It should be noted the resahmot be generalized
for other molecules (the refractive index dependmfc{vf‘3> -s are different) and will

probably be found only in the case of one singlmidant deexitation channel (i.e.



fluorescence), over all other channels, as intéesy€rossing, internal conversion and so
on. This was one main reason BPEA was chosen i®sthdy.

The temperature dependence of the fluorescentiendef BPEA was measured
in n-hexane and-hexadecane as well. From an Arrhenius plot apprately -0.49 and -
0.69 kJ mof negative activation energies can be derivelieinand HD, respectively.
(The expression of activation energy is used hem@neempirical measure of the
temperature dependence of the corresponding reaenpéer, as it is usually done in the
literature of chemical kinetic&.In simple reactions the activation energy can be
associated with a potential barrier, especialthéf barrier is high. In complex processes,
such as ours, however, there is no single bamiértlae Arrhenius or empirical activation
energy can be negative. Yet, this quantity is ofteed for comparison and interpretation
of reactions in related systerity.

In n-hexane (see the black dots in Figure 7) the depereofr * onn can be
fitted by the following function (neglecting theipts over room temperature): Ini¢/s%)
= (18.865%0.008) + (2.01+0.08h(n) . In HD the picture is more complicated as can be
seen in Figure 7: at higher temperature (at lawehe increase of lifetime is regularly
smaller than that is expected from the linear i@hship. Nevertheless from the low
temperature points the In¢/s') = (18.763+0.018) + (2.16+0.08)(n) relationship can

be calculated.
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Figure 7. The reciprocal lifetimex™) of singlet BPEA im-hexane (full round) and in
HD (empty circle) as the function of refractive @xdaltered via change of temperature

(the derivation of calculated curves see in th€)tex

DISCUSSION
The BPEA molecule proved to be an almost ideal aamg for this type of study: it has
near unity fluorescence yield in all solvents exaadi (Table 1). However, the
experimentally determined triplet formation yiel®und 0.01 forced us to decrease the
room temperaturéx value to 0.99. This effect causes some inconveridout one can
expect that even a considerable change in the almegfigible rate of intersystem
crossing will not influence much the further coresations.

While the absorption spectrum of BPEA changes Wighchange of the refractive

index of the solvent, at optimal dilution four “siing points” can be found for the



spectrum with identical absorbance in all differsoltvents used (see Figure 1). Choosing
them as excitation wavelengths the crossing pairgsdeal choices for relative
fluorescence yield measurements considering thettittns of the corresponding slopes
of the absorption spectra are changing in couffegraging the fluorescence yield

ratios will lead more accurate final data, decmegshe error comes from the occurring
bias in wavelength calibration of the excitationmachromator and the UV-VIS
spectrometer used for sample preparation.) Thesralskes the BPEA a good probe
molecule to investigate the magnitude of the reifvadndex correction in the quantum
yield determination at a given measuring set-up.

The ratio ofn? factor forn-pentane — CD amn-hexane — toluene solvent couples is
around 1.19, while using-pentane and toluene the value is even higher41 &though
toluene often shows, (as for example in solvataticexperiments) dissimilar
properties compared with what would be expecteahfits dielectric parameters, it
proved to be a proper choice here for a solveatasdterized by a large refractive index.
As explained in the results section, by examinimgratio of the normalized integrated
fluorescence spectra of BPEA in these solvent @sugiie measurement errors could be
minimized. They were found to be more than magmeitsishaller than the effect expected
from the refractive index change. For example thereesulting from the inner filter
effect correction showed to have almost no infleeow the final data. The choose of the
“crossing points” as excitation wavelengths furtimereases the reliability of the value of
fluorescence yield ratio. In the same way, theiagin of the excitation and emission
light pass does not change significantly the flsoemce yield ratio. From the results

shown in Table 2, one can conclude that the fluetens checked in this study require



then? correction; the only exception was the Hitachid®@ for which the necessary
refractive index correction proved to be slighthyadler.

The fluorescence quantum vyield of 9,10-diphenyleaténe in different hydrocarbons
show similar character: after thécorrection@ becomes independent of the solvent
properties with a final 0.85+0.04 value. The agreenwith the value of 0.90+0.04
published by Hamai and Hirayafias acceptable.

The solvent independent 0.99 fluorescence yieBREA has given us a reliable
tool for examination of the refractive index depence of the fluorescence rate
coefficientk;. The 21 % increase of the lifetime of BPEA from @propane has +0.5 %
statistical uncertainty (2 and the influence of other errors was probaldyp aimall,
considering that the data were measured undersigijar circumstances. The spectral
shift data are also easily measurable; consequitely.32+0.03 slope parameter of
Figure 6 is well established. Eq. 5 with Bakhshieavity field correction results
practically the same datum while other models teaglite different numbers (see Table
3).

Table 3. The fluorescence rate coefficient dependence @mnefiactive index: Ing/s%)=
intercept + slopen( n).

Slope Chakqg Bakhshiev| experim. <V-3>—1 f%(n) f%(n)
(eq6a)| (eq 6b) "/ | (eq6a)| (eq 6b)

BPEA n 2.4 1.31 1.32 | -052[>-017| -1.17
BPEA n(T) hex| C2.3 1.17 201 | -0.65|>-0.07] -1.18
BPEA n(T) HD | C2.3 1.19 216 | -0.62|>-0.06] -1.19
9MeA  n(T)? | 2.38 1.76 1.90+0.f0 -0.29 | -0.33 | -0.95
DCNA n(° | C2.6 1.20 1.39 | -054 | <013 | -1.26
DMeA 1p)° | C2.7 1.31 169 | -043] <013 | -1.26
DMeOA n(p)® | C25 1.10 093 | -064| <013 | -1.26

DPhA  n(p)° | C25 1.15 163 | -059|<0.13 | -1.26




) Hirayama and Phillip8 published 1.94 ")Hirayama®, 9,10-dicyanoanthracene
(DCNA), 9,10-dimethylanthracene (DMeA), 9,10-dimetyanthracene (DMeOA),
9,10-diphenylanthracene (DPhAj,small changing value

The small empty circles in Figure 6 representscdieulated lifetime values (Eg. 5) using

for every solvent our spectral datum of BPEA andlae of\M\f = 7.60£0.02 Debye for

the transition dipole moment.

Calculating the transient dipole moment from theaaption spectrum in the different
solvents shows that there is almost no influendb@fefractive index: the [Of *(n)
factor at the submultiple of Eq. 7a is 1.0244 afi@47 forn-hexane and toluene

respectively, using thenM| = 7.11 and 7.02 Debye. In the Strickler—Berg

approximation® the equality ofM|, and|M | _is assumed. If this assumption fits,

depends on the structural change of the moleculedes the ground and excited state.
For BPEA the ethyne bonds become longer, whilatikto ethyne bonds turn out to be
shorter in the excited state. This structural geamay result in the observed variation of
transition dipole moments.

Toptygin'® proposed a modified field correction functibffn) for an ellipsoidal cavity
f2n) =n*/{(1 - L) n*+ L}> (6¢)

where the., parameter can be calculated from the length oétigsoid semiaxe¥ For
BPEA the cavity isn’t spherical at all and the siion moment is parallel to the longest
dimension of the molecul&;, =Ly ~ 0.056. Using eq 6¢ the slope parameter for the
cavity field correctiorf (n) would be -1.89 instead of -1.17 shown in Tablel@wever,

from the present experiments one may concludethigtorrection for BPEA in



paraffines is not required. (This outcome for apstavents in common was predicted by
ToptyginZ®)

The fluorescence lifetime of BPEA in toluene (3.1} and acetonitrile (3.666 ns)
seems to be 1.4 % and 3 % bigger than what is leééclifrom the linear fit in Figure 6.
Here one should note that in case of the aromgtcocarbon the larger spectral shift
causes the effect (see the perfect position ofdheesponding calculated empty circles
on the figure). In the case of MeCN neither the I®Cthe IC channel were found to be
responsible for the outcome: the experimentallgaeined ISC yield is much lower than
what could compensate the difference, while thesl€ffective at much higher
temperature (see below). The small (2 %) incredsensition dipole moment of the
fluorescence is understandable in the following:wig increasing polarity of the solvent

affects slightly the geometry of the excited stgavell as the wave-functions, resulting

in a slight change of both the values of the peenadipole moment an\d:i/l\f.

The temperature dependence of the radiative raticdent used to be associated
with the change in refractive index. However, hbiepower dependence is bigger
(around 2.1) than that was observed in the roonpéeature measurements (1.32), and
that is expected from the theory (Eq. 5 using 6k, Eable 3). Moreover, the assumption
of the influence of a temperature dependent ISICaeaction with small positive
activation energy even would increase more thessarg power parameter in tke- n*
relation. Furthermore the IC process appears dritygaer temperature as can be
deduced from the measurements made in HD and simoligure 7. The measurements

shown on Figure 7 were fitted by a complex mokelvas calculated by Eq. 5 and 6b

using the experimentally determined spectral céiordunction and the value qnlf/l \f



deduced from the 25 measurements. Then the activation energy paramate
optimized. Foksc was put in the room temperature value, assumiaigtie
corresponding rate is independent from temperakinally for temperature dependence
of internal conversion an Arrhenius type expressias fitted in HD and used as fixed

value inhex Thekc can be described as follows:Kg = (11.4+0.6) — (42+7 kJ mo) /
(In10xRT). For the activation energy o/ \fzwe derived -0.16+0.01 and -0.15+0.02 kJ Tnol
(approx. 13 cil) values inn-hexane and HDrespectively. A small negative temperature
coefficient for\M \f should be expected. First of all, the overlapgratof the first

excited state and ground state must be smalléhé&otransitions originate from a low
frequency vibronically excited state (which are plaged more at higher temperature)
when the displacement of the PE curves is verylsmaithermore, with increase of

temperature even the volume of the molecule wihsly increase, resulting smaller
overlap integral as well. The -0.16 kJ rhattivation energy oﬂM \fz is responsible for the

additional effect of temperature on the radiatiae rcoefficient.

Hirayama and Phillip§ have reported a study comparing the fluorescence
properties of 9MeA in cyclohexane at room tempeeaf@5°C, n = 1.4262) and in the
gas phase at 17C (n = 1.000). The large change in the refractive indetween the two
media made the comparison of radiative rates oftlbesamples significant. (The
fluorescence lifetime was published todxe 6.3 ns and 4.6 ns respectively, whille=
0.26 and 0.36 in vacuum and in CH. This led totia & radiative rates is 1.96Y.From
the similar shape of absorption spectra under bofiditions the authors assumed that the
influence of the spectral changelemmust be small; and so a relation of the radiatate

coefficient to the refractive index &f ~ n'**was deduced. They concluded thatrife



multiplicator is an acceptable approximation inecasrigid apolar molecules. From our

measurements the change of fluorescence spectitsras -0.29 exponent af{i.e. Aln(
<Vf’3>_l) / AIn( n)}, while the effective field correction of Eq. é&ad tof (n) ~n®*and

as an outcomkg ~n"®. This result is not strongly differing from thelva published by
Hirayama and Phillipsk{ ~ n"*% considering that it resulted from a small data(see
solvent and one gas phase measurement). One noageatgynize that the difference can
be explained by a small negative temperature coefii of the transition dipole, too.
Lampert et alf* reported a study on the temperature dependertbe of
fluorescence lifetimes of three BPEA derivativestithe approximation that
fluorescence yield is independent from the expamntadeconditions (i.e. temperature)
they conclude tha ~n? in xylene, which relation is just nearby of theermental
observation shown here (Table 3). Similarly, thied f2 semiquantitativis ~n? relation
using DPhA as probe molecule in different aliphatic aromatic hydrocarbon solvents

»** However, the

at 25°C (after the correction of the experimentally detieied @ values
interpretation of this observation is a bit prob&im considering the large uncertainties
of the data. Similarlk ~ n? relation was fount for the emission of green fluorescent
protein, while it was demonstrated that the radetate coefficient does not depend on
viscosity at af’ For the interpretation of the result of fluoreszetifetime imaging
microscopy the influence of environment on the atide raté®>*>*has come to a
significant scientific issue again.

In another study Hirayama et®&lexamined how the lifetime of five singlet

excited anthracene derivatives depend on the tefeasindex of methylcyclohexane

varying with change of applied hydrostatic pressAmaong others they examined the



properties of 9,10-dicyanoanthracene (DCNA= 0.9°), 9,10-dimethylanthracene
(DMeA: & = 0.93%), 9,10-dimethoxyanthracene (DMeO#; = 0.87%), 9,10-
diphenylanthracene (DPhA% = 0.9G" or 0.85 in this work) derivatives. As it can be
noted from Table 3 for DCNA and DMeOA the deviatmircalculated values from the
experimental data is acceptable. For the othercovopounds probably the non-radiative

processes have enough strong pressure dependesaieseothe observable discrepancy.

CONCLUSION

The BPEA proved to be an easy to use commerciapoand to check the requirement
of n? correction in fluorescence quantum vyield detertiima For that purpose the
pentane / toluene couple is a proper choice asbgdoon solvents. The combined
fluorescence and transient absorption measurenmatitate that the room temperature
fluorescence yield of the BPEA is around 0.99+0rfétependently of the solvent
examined. This observation implies that BPEA i®acellent standard for fluorescence
guantum yield determinations in the 400-465 absamm@nd 465-550 nm fluorescence
range. By 25C fluorescence decay measurements in differenfagolvents, it was
shown that the radiative rate dependence of BPEthemefractive index can be
described by a power function laf~ n*32 The exponent of 1.32 of this relationship is
almost perfectly agrees with the prediction of Eqising the experimentally determined
spectral shape adjustment and Bakhshispherical empty cavity field correction. A
transition dipole moment of the fluorescence oDD&bye was derived in paraffin
solvents. The temperature dependence of the regliatie coefficient shows a more

complex picture, the influence of the refractivder induce a negative activation energy



for thek; parameter, however further processes influenceititere. At temperature
higher than 126C in HD the internal conversion channel startsfteca the lifetime and
fluorescence yield. At lower temperature the insesafk; with decreasing temperature is
proved to be more pronounced that expected frometinactive index variation, which
effect may be explained by a small, intrinsic nagatemperature coefficient of the

transition dipole moment itself.
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