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Spectroscopic Study of Solvatochromic Effects in Solution

of Amino and Hydroxy Derivatives of Fluorene
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Spectral properties of fluorene and its amino, hydroxyl and phenyl derivatives have been investigated
in polar and non-polar solvents at 293 and 77 K as well as in binary mixtures, e.g. McH/EtOH. The
hipsochromic shift of the fluorescence spectrum of the two amino derivatives of fluorene observed
in polar solvents has been explained on the basis of its zwitterionic form appearing in the ground
state only. The radiativk- and non-radiativekyr andksc rate constants for the compounds un-

der study have been calculated using experimentally determined quantum vyields, fluorescence and
phosphorescence decay times.
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INTRODUCTION In our case hydrogen atoms in the main skeleton of
fluorene are substituted by a donor group, e.g. hydroxy
The photophysical and photochemical properties of (-OH), dimethylamino (-NMg), diethylamino (-NE{)
fluorene and its derivatives have been studied extensivelyand phenyl (-Ph). In this work as an extinction of our
in the last decade [1-5]. The reason is the fact that they ex-earlier work [7] we report the results of steady state and
hibit several interesting features i.e. they show the twisted time resolved spectroscopic investigation of those substi-
intramolecular charge transfer phenomena (TICT) [6], tuted fluorenes in various solutions. For the compounds
the amino substituents of fluorene form hydrogen bond under studies the fluorescendsg;, and phosphorescence,
complexes with protic solvents, or undergo intra/inter- ®pn, quantum yields, the decay timesg; and tp, have
molecular complexation and show strong solvatochro- been determined and using them the radiatige,and
maticity [7-11]. non-radiativekyr andksc, rate constants are calculated.
The polynitro-9-fluorenol and polynitro-9-fluorenes The fluorescence spectra of the amino derivatives ob-
which have the ability to create charge-transfer tautomers tained in protic polar solutions confirm that in the ground
constitute a special groups of fluorene derivatives [12]. state an open conformer between alcohol molecules and
They are mostly used to sensitise the photoconductivity the amino substituent of fluorenl-(- -H—O) is created.
of the carbazole molecules dissolved in polymers where This conformer shows a negative solvatochromic shiftand
they are the most widely known acceptor of thelectron. appears as a zwitterionic form of the solute molecules.
Another interesting group of fluorene derivatives are the These findings have been confirmed by quantum chemi-
aromatic amines [8]. They are very good fluorophores and cal calculations.
their fluorescence is very sensitive to the environment.
Therefor they are often used to probe the characteristics

of biomimetic systems and biomembrans [13-16]. EXPERIMENTAL
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from 4 MHz to a single shot. The fluorescence light was
polarised and observed under the “magic” angle with re-
spect to the polarised exciting beam. The whole light de-
tection system was equipped with a cooled light detector
MCP-PMT R3809U-05 coupled with a biased TAC model
TC 864 (Tennelec) amplituner. The data points of the flu-
orescence decays were fitted by the reference function
consisting of the sum of the exponentials:

Ri R
—t
0= exp(—,), (1)
Substituents R Ry R3 Abbreviation i T
1. Fluorene H H H FL whereg; andz; are the pre-exponential coefficient and the
2. 9-phenyl-9-fluorenol OH —CgHs H 9Ph9FOL decay time of theé-th fluorescence component, respec-
3. 2-dimethylamino-9- OH H  —N(CHz)z 2NMeFOL tively. Decay curves were both individually and globally
fluorenol analysed by using single, double and triple exponentials.

4. 2-diethylamino-9- OH H —N(CHs) 2NEL9FOL

duorenol The goodness of the individual fits was judged by the mag-

nitude of x3 ~ 1 and the shape of the autocorrelations
function and the weighted residuals. The fluorescence de-
cay measurements were carried out at the temperature of
293 K. The phosphorescence decay time was measured
on the home made aparature.

Chart |

them (2NMeg9FOL) is synthesised [7]. They were used
without additional purification. The solvents (supplied
by E-Merck Ltd.): cyclohexane (CH), methylcyclohexane
(McH), chloroform (ChF), ethyl acetate (EtA), tetrahydro-
furane (ThF), methanol (MeOH), ethanol (EtOH), acetoni-
tryle (AcN) were spectroscopic grade. All solvents were
checked for purity in the wavelength range of interest, by
steady-state and time-resolved spectrofluorometer apara- The absorption and emission spectra of fluorene are
tures. The concentration of solutions was maintained at very precisely described in literature [5,7,18]. Generally
10~4 M through the experiment. the absorption spectrum of fluorene (Fig. 1A) in polar and

The absorption and the stationary fluorescence spec-non-polar solvents consists of three bands in the region
tra at room temperature and 77 K were carried out on 200—310 nm. The first (the strongest) band is in the region
Shimadzu UV-2401 PC and RF-5301 spectrofluorome- 200-230 nm, the second (weaker) in 230-290 nm, the
ter equipped with a Hamamatsu R-928 photomultiplier third the weakest possessing vibrational structured is situ-
and special attachment to obtain phosphorescence specated in 290-310 nm region. The position and shape of the
trum only. Additionally to the neat solution measurement absorption spectra do not depend on the solvent polarity.
the absorption and emission spectra in the binary mixed A similar absorption spectrum shows the first derivative
solvent at various concentration of EtOH (from~%0 of fluorene 9Ph9FOL (Fig. 1B) where the three bands ap-
107% M) in McH were carried out. The quantum yields pear in the 200-320 nm region. They show a small red
were determined using relative methods [17], where as shift being determined in different solvents.

RESULTS AND DISCUSSION

Steady State Measurements—Absorption
and Emission Spectra

reference quantum yield®¢, = 0, 80) fluorene [18] and For the 2NM@9FOL and 2NEf9FOL compounds
9-phenyl-fluorene ®g. = 0.19, &p, = 0.09) were used  the absorption spectra shows big difference in the band
as a standard [19]. position and shape in comparison to that of fluorene (see

The fluorescence decay times, at room temperature,Fig. 2). They possess in 200-375 nm region only two
were determined using the experimental set-up describedwell resolved bands. The two band, short wavelength
in [20]. In these measurements the probes were excitedwith Amax = 224 nm and the long wavelength withax =
with polarised light form a Spectra Physics picosecond 315 nm posses comparable molar coefficients wjth=
laser system consisting of an argon laser-pumped Ti- 25, 000 Mt cm™! in EtOH.

Sapphire 720-850 nm laser Tsunami. The third harmonic Figures 1 and 2 display the emission spectra of the
of the Ti—sapphire laser generates picosecond pulses inrespective compounds under study in non-polar (McH),
the region (240-333 nm) at a repetition rate in the range polar non-protic (ThF) and protic (EtOH) solvents. All
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Fig. 1. Absorption and emission spectra of fluorene (A) and 9-phenyl-9-fluorenol (B) in
different solvents at 293 K.

compounds in the representative solvents possess one fluit follows that the Stokes shifA Vst (determined as the
orescence band only. The emission spectrum of 9PhOFOL Aist = PA., — Pit,) has different values, for 9Ph9FOL
is very similar to that of fluorene and is red shifted about it is comparable with that of fluorene (230 civersus
10 nm in comparison to the parent molecule Mg de- 320 cnt?) but about 14 times larger value is noted for
pends on the solvent polarity. The half width values of dimethylamino and diethylamino derivative of fluorene,
the fluorescence spectraﬁlF/'-z, of FL and 9Ph9FOL are i.e. (3 and4 molecules).
the same and amount to about 2600-¢nirhe fluores-
cence spectra of the 2NN@FOL and 2NEOFOL are
broader and are sensitive to the nature of solvents. They
are all shifted to the longer wavelength. The fluorescence When analysing the absorption spectrum of the
band maximumamax, amounts 389 nm and 392 nm for 9Ph9FOL (Fig. 1B) it can be seen that hydroxyl and phenyl
2NMe,9FOL and for 2NEt9FOL respectively. substituent change the short-wavelength band of fluorene
Table | contains the spectroscopic parameters deter-at 200—250 nm more than the two longer wavelength bands
mined from the absorption and fluorescence spectra of which are red-shifted by about 1050 thin McH [5]. In
molecules under study. On analysing the collected data, the short wavelength band the oscillation structure is more

Substituents and Solvents Effect
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Fig. 2. Absorption and emission spectra of 2-dimethylamino-9-fluorenol (A) nad
2-diethylamino-9-fluorenol (B) in different solvents at 293 K.

pronounced and the band is broadened in comparison to It is worth noticing that the emission spectra of the
fluorene. It is obvious that the amino group -N(i¥lehd two derivatives, by changing the solvent from non-polar
-N(Et), at position 2 of the parent molecule (along the to polar and polar-protic solvents, changes thgx and
long axis of the molecule), perturb the long axis transi- AleFLz value. Also, the Stokes shifibst and the desta-
tions of fluorene more than the short axis in the case of bilisation energyEest(defined agest = hiin,, — hif
molecules3 and 4. Fig. 2 demonstrated this behaviour, [21]) are changed. Analysing respective the data collected
e.g., inthe absorption spectrum of these molecules insteadn Table | it follows that: for the amino substituted deriva-
of two bands we observe only one structurless, broad andtives @ and4) significantly increase of the\f)lF/LZ, Avgt

red shifted band in the longwave part of absorption spec- and Eges: Values, in comparison to that of fluorene is
trum of fluorene. The half width of this red shifted band noted. Changing the solvents from non-polar to polar-
equals to about 3500 and 3400 chfor 2NMe,9FOL, protic one, in the case of molecul8sand 4 the nega-
2NE®9FOL in McH, respectively (Table I). Due to that tive solvatochromic effect is observed. This finding can
interaction the long wavelength absorption band of the flu- be explained by the fact that the amino substituent in the
orene derivatives is red-shifted in comparison to the parent studied derivatives acts as the proton acceptor for the al-
molecule (see Table | and [8]). cohol molecules.
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Table I. Values of the Long Wavelength Absorpti
Fluorescencef:

b lem~1] and
- [cm~1] Band Maxima, Destabilization Energy,

Egest(€V), Stokes Shifta st [cm~1] and Full Width at Half

Maximum A, [em~] of Fluorene and Studied Derivatives

in Various Solvent

Solvent FL  9Ph9FOL 2NMgFOL 2NEp9FOL
McH
pras 33,230 32,180 31,780 30,950
Mo 33,000 31,860 25,700 25,510
Abst 230 320 6080 5440
Edest 0.03 0.05 0.76 0.72
AbEh 2600 2650 3500 3400
ThF
pYa 33,290 32,180 31,670 31,030
Ay 32,820 31,650 26,850 25,830
Abst 470 530 4820 5200
Edest 0.04 0.05 0.59 0.66
ADE, 2730 2510 3090 3920
EtOH
pEAN 33,330 32,360 31,830 31,150
ARE, 33,020 31,640 26,960 26,450
Afigr 310 720 4870 4700
Edest 0.04 0.09 0.60 0.58
AT, 2700 4270 2640 2500

Unlike of the rest of the fluorene derivatives for

2NMe,9FOL and 2NEOFOL in EtOH, MeOH and ThF

on Fig. 2). Also, theATst, Egest and AFH values (see
Table I) are smaller for these derivatives in EtOH than in
McH. This unusual fluorescence behaviour has been stud-
iedin detail performing additional measurements; e.g., flu-
orescence spectra measurement in binary mixed solvents,
McH/EtOH and EtOH/McH and total emission (fluores-
cence and phosphorescence) in McH and EtOH obtained
at 77 K.

The Fig. 3 shows the emission spectrum of
2NELIFOL in McH/EtOH mixtures for different molar
fraction x, of EtOH under excitation ateyc = 325 nm.

As we can see, the contents of EtOH in McH increase the
fluorescence band position and shape changes. Increasing
the EtOH concentration in McH thﬁwlF/L2 value, first in-
creases the reading of the maximum value and then de-
creases to the value given for the neat solvent EtOH (see
the insert in Fig. 3). This behaviour indicates that the flu-
orescence spectrum of binary solution consists of two dif-
ferent luminescence centres, e.g., solvates preserving dif-
ferent stechiometric composition of EtOH and McH in
the surrounding of the luminescence molecule. The sec-
ond obvious observed feature is the hipsochrmic shift of
the fluorescence band whose value depends on the mo-
lar fraction of EtOH. This anomalous shift in protic sol-
vents (MeOH and EtOH) shows that in thg Sate a spe-

the fluorescence band maximum is blue shifted accord- cific association is dominated by the weak hydrogen bond.
ing to McH and the other non polar solvents (not shown Similar to other amines, the short-wavelength band of the
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Fig. 3. Fluorescence spectrum of 2-diethlamino-9-fluorenol in binary mixed solvents (McH/EtOH)
at 293 K obtained for different molar fractigiy = 0,002 (1) xp = 0,004 (2) xp = 0,005 (3)xp =
0,007 (4),xp = 0,009 (5),xp = 0,02 (6),xp = 0,05 (7), EtOH(8).
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absorption spectrum becomes blue-shifted in EtOH, indi-
cating that the amino group is acting as a proton acceptor
in the § state [22]. In the excited statg, the hydrogen

Redzimski and Heldt

in protic solvents form zwitterionic form in the ground
state.

bond breaks down and the emission appears from the non-Emission at 77 K

associated molecule. It means that in the ground state we

have a highly dipolar complex, alcohol-solute molecule,
with almost whole negative charge on the oxygen atom
in position 9 of the fluorene skeleton. The non-bonding
n electrons of the nitrogen atom in the amino group take
weighing part in the formation of a hydrogen bond. In the
S state this weak hydrogen bond is broken and as a re-
sult we get a smaller dipole moment in the excited state.
In the literature [23] this effect is known as the negative
solvatochromism caused by a highly dipolar zwitterionic
form of the solute molecule in the ground state and a less
dipolar one in thes, state.

To confirm the above assumption we calculated
the steady dipole moments of the groufgl state of
3 and 4 molecules using the standard PM3 and AM1
method (Cache WS 5.04 Program). In order to calcu-
lated theu values the necessary optimisation of the ge-
ometrical structure for the zwitterionic ;Me,9FOL - - -
EtOHor 2NEL9IFOL - - - EtOH) and for the free molecule
(2NMe,9FOL and NEL9FOL) has been employed.
Table Il shows the computed dipole moments for this two
system in vacuum and in a solvent. On analysing data col-
lected in Table Il for which the dielectric constant 24
(for EtOH) it is evident that for REL9FOL - - - EtOH so-
lute possesses,,, value which is almost doubly higher
than for free moleculess. Such clear evidence is not
shown for 3 molecule for which only PM3 calculation
gives satisfied resultg,y, > u;. On the other hand we
find out that the partial charge on key atoms is changing.

Fig. 4 shows the total luminescence spectra (flu-
orescence and phosphorescence) for 2p©L and
2NEL9FOL in McH and EtOH at 293 and 77 K. Com-
paring those obtained at 77 K we see that the fluorescence
spectra are similar and follow that obtained in McH at
room temperature. A hipsochromic shift and decrease of
theATle/'-2 value is noted for alcohol solvents only. This in-
dicates that a zwitterionic form of the two molecules exist
only at room temperature (EtOH) in the ground state giv-
ing the negative solvatochromic shift. At 77 K the band
position of the luminescence spectruipay and AﬁlF/LZ
values are the same for these two amino derivatives. These
two molecules exhibits structured phosphorescence (see
the insert in Fig. 4). The experimentally obtained energy
of triplet stateT; equals 21,110 and 21,270 cifor

3 and4 molecule respectively. When changing the sol-
vent from non-polar McH to polar EtOH there is no dras-
tic changed in position and shape of the posphorescence
spectra. In Table Il we placed the determined phospho-
rescence decay time and calculated phosphorescence
quantum yieldsbpy,. As it follows analysing the data of Ta-

ble 11l zppvalue equals about 1-s for both molecule amino
derivatives indicates that the lowest triplet state has*)
nature. Also, determined quantum vyields of phosphores-
cence show that their values are smaller than for fluorene.

Fluorescence Decay Time

The fluorescence decay time determined for the

The calculation made with PM3 method shows that on the molecules under study in EtOH, ThF and McH solvents
nitrogen atom the charge decreases after creating hydro-detecting the fluorescence light at the band maximum.
gen bond about 25 procent and on the oxygen atom we The data obtained are compiled in Table Ill. The fluores-
noted a slight increase of the negative charge. The abovecence decays of compounds4 are well characterised
results confirm our suspicion that tBeand4 molecules by a single exponential fit with a goggf ~ 0, 96-1,17

and autocorrelation function values. We see that#he
data depends on the substituent. In all solvents the fluo-
rescence decay time of the fluorene derivatives are shorter
from that of the parent molecule. The fluorescence de-
cay time of fluorene obtained by us is in good agreement

Table II. Dipole Moments of the Zwitterionic Form,y and Free
Moleculeus (in Debye) for3 and4

2NMe9FOL 2NEB9FOL
_— _— with the literature value [18]. In the case of 9-hydroxyl-

Method Haw M Haw M 9-phenylfluorene a drasting decrease;ofalue (in com-

AM1 parison) is noted (see Table Ill) in contrary to that of 9-
Vacuum 2.20 2.30 4.10 2.30 phenylfluorenef: = 5,1 ns) [19]. This result suggests that
EtOH 2.70 2.70 4.60 2.70 the OH substituent is mainly responsible for tiede-

P'\@wum Lo 80 540 Lo crease of 9Ph9FOL fluorescence. The amino substituents
EtOH 230 200 3.90 220 of 9-hydroxy-9-fluorenol increase the value by about 3

ns according to FL. The data collected in Table Il show
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Fig. 4. Luminescence spectrum of 2-diethylamino-9-fluorenol (A) and 2-dimethylamino-9-fluorenol (B) in

McH at 293 K (——) and 77 K(....) and in EtOH at 293 K (-----

pure phosphorescence spectrum obtained on McH.

that the fluorescence decay time 913 and4 molecules
increase as the solvent polarity increases whereas:-the
of 9Ph9FOL decreases.

Radiative and Radiativelesse Rate Constants

Making use of the experimentally determined tpp,
and Of, ®py, values of the compounds under study the

). The insert consist the

radiative kr) and non-radiative kyr and kisc) decay
rate constants are calculated using the following forms

[19]:
ke = ®r/7r 2
km = = — ke ©)
=
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Table Ill. Values of Quantum Yields¥r and®py,), Fluorescence, and Phosphorescence Decay Tigen(pp), the
Radiative, ke andkpp), Nonradiative kyg andkisc), Rate Constants
of the Molecules Under Study in McH and EtOH

Compounds O  Dpn e (NS) teh(S) kr(10Ps ) kpn(sh)  knr(1CBsD) kisc (108 s7Y)
FL
McH 058 031 448 547 1.29 0.13 0.94 0.69
EtOH 051 015 496 50 1.03 0.06 0.99 0.30
9Ph9FOL
McH 0.08 044 077  0.69 1.09 0.69 11.89 5.71
EtOH 005 001 010  0.95 15 0.01 98.54 0.30
2NMex9FOL
McH 011 005 331  1.08 0.32 0.05 2.70 0.15
EtOH 003 003 385  0.89 0.06 0.03 2.53 0.08
2NERIFOL
McH 011 003 334  1.00 0.32 0.03 2.68 0.09
EtOH 0.07 006 367  1.29 0.18 0.05 2.54 0.16
*[25]
Ko — K (1- ®p) @ negative solvatochromic shift of the fluorescence
e = e, spectrum. Its appearance is understandable under

In Table Ill calculated rate constants are collected
which reveal how the environment and molecular structure
affect the competition between the various energy dis-
sipation channels. It is obvious that changing solvents
from polar EtOH to non polar McH there is no drastic
changed in the rate constant values noted an except con-
stitute molecule2. As it follows when analysing the as-
sembled data the non-radiative rate constants follow the
inequalitykyr > kg for all derivatives except fluorene for
which ke andkyr are comparable. For amino derivatives
of fluorene thekr is two order of magnitude higher than
for ke in EtOH and one order in McH. An explanation
of these findings is due to the fact that the flexibility of
molecules in the excited states increases the non-radiative
decay process. On the other hand the amino substituents
of fluorene increase th§ — T, energy gap decreasing
the intersystem crossinkjsc constant. An addition the
electron donating dimethylamino group mak&s— T,

the assumption that these molecules in alcoholic
solvents appear in the zwitterionic form in the
ground state @n which they possess alarge dipole
moment.

The amino substituents of fluorene cause the ba-
tochromic shift of the absorption and emission
spectra and large broadening of the both spectra.
The hydroxy substituent at 9 position of fluorene
(molecule?) causes a strong decrease of the quan-
tum yields and fluorescence decay time (about 7
times).

In all cases except the fluorene, non-radiative pro-
ceskyr dominates over the radiative procéss
Because of the fact that amino derivatives of flu-
orene exhibit a negative solvatochromism, they
can be used as a probe to characterise biological
system.

transition more endothermic which cause the deceleration AcKNOWLEGMENTS

of the triplet formation [24]. It is interesting to note that
for molecule2 we observed a particular increasekgic

in McH in accordance with EtOH and it is followed by
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in both solutions in opposition to other molecule.
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