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Abstract

Combining stationary and time resolved fluorescence spectroscopy with laser-induced opto-acoustic
spectroscopy allowed to investigate the influence of molecular structure and solvent polarity on the
rate of the radiative and radiationless decay processes of exciplexes of w-phenyl-a-N,N-dimethy}-
aminoalkanes. By making intersystem crossing (o the locally excited state less exergonic increasing
the solvent polarity decreased the rate constant for intersystem crossing. The apparent decrease of
the fluorescence rate constant in highly polar solvents was attributed to the direct formation of a sol-
vent separated ion-pair. The formation of solvent separated ion-pairs can also explain why, contra-
dicting the predictions of Marcus theory, the rate constant for internal conversion decreases some-
times in highly polar solvents. The solvent dependence of the fluorescence spectra of dialkylamino
and diarylamino substituted triphenylbenzene derivatives indicates that in those completely symme-
tric molecules the emission occurs from a highly polar excited state. The exponential fluorescence
decays suggest that equilibration between the different excited species occurs within the time
resolution of the experimental set-up. The comparison of compounds with meta- and para-substitu-
tion and the comparison of dialkylamino and diarylamino derivatives suggests that either a conju-
gated intramolecular charge transfer state or a TICT state, in which the amino or the anilino moiety
rotates out of the plane of the triphenylbenzene moiety, are formed. Comparing the room tempera-
ture emission spectra with those at 77 K in isopentane glass allowed to obtain information on the geo-
metry of the species emitting in less polar solvents.

INTRODUCTION

The influence of the solvent polarity on the radiationless decay of intramolecular exciplexes between pyrene or naphtha-
lene and electron donors (ref. 1) has already been investigated, using opto-acoustic spectroscopy and transient absorption
spectroscopy. Upon investigation of the temperature dependence of the rate constant for radiationless decay of the exci-
plexes of w-phenyl-o-N,N-dimethylaminoalkanes, 1, 2, 3, determined using stagonfry and time resolved fluorescence
spectroscopy, small values were obtained for the preexponential factor (107 to 107 s™*) and the activation energy (0.5to 5
kJ/mol) of this process (ref. 2-4). This suggekted that the radiationless decay occurred mainly by intersystem crossing.
Since the absorption coefficient of the triplet of toluene is very small at wavelengths above 300 nm (ref. 5) it is not pos-
sible to study the radiationless decay processes of the intramolecular exciplexes of the w-phenyl-a.-N,N-dimethy! amino
alkanes using transient absorption spectroscopy. It remains however possible to investigate the radiationless decay of the
exciplexes of w-phenyl-o.-N,N-dimethylaminoalkanes using laser induced opto-acoustic spectroscopy (LIOAS) (ref. 6-8).

For compounds in which a benzene ring forms the link between electron donor and electron acceptor moieties conju-
gated planar (ref. 9-10) structures as well as TICT states, in which the donor moiety rotates out of the plane of the accep-
tor (ref. 11-12), have been proposed. Later experiments suggested that TICT-formation is not limited to phenyl groups
substituted in 1- and 4-position by strong electron donors and acceptors but that it occurs even in completely symmetrical
molecules e.g. bianthryl (ref. 13-16) and others (ref. 17). While up to now most of the examples of symmetry breaking af-
ter excitation are characterized by the presence of condensed polycyclic hydrocarbons and a twofold symmetry, in the
present contribution an example with threefold symmetry, 4, 5 and 6, resembling to some extent the triphenylphosphines
discussed by Rettig (ref. 18), in which a polyphenylene moiety acts as the acceptor group, will be discussed.

1665



1666 M. VAN DER AUWERAER et al.

X (CHo)N(CH3)2 O O
X

y
1 =2 X=2H 4 X=0NR, Y=H R = {)-C,Hq
2 =2 X=CN 5 X=H Y =NR, R ={)-CoHg
3 =3 X=8H 6 X=8H Y = NR, R = C,Hyg

For [4-[bis(4-ethylphenyl)aminojphenyl]-N,N,N’,N’,-tetrakis(4-ethylphenyl)-[1,1:3’,1"-terphenyl]-4,4"diamine, 4, (p-EFTP)
and 5-[3-[bis(4-ethylphenyl)amino-]phenyl]-N,N,N’,N’,-tetrakis(4-ethylphenyl)-[1,1:3’,1"-terphenyl]-3,3"diamine, 5, (m-
EFTP) the emission in polar solvents (ref. 19)) is due to a species with a dipole moment of respectively 26,7 + 1.5 and 31.8
Debye. Although in less polar solvents the emission is due to a species with a smaller excited state dipole moment there is
up to now no experimental evidence suggesting dual emission. While the species emitting in less polar solvents is a con-
jugated intramolecular (ref. 20-25) charge transfer state the dipole moments of the species emitting in polar solvents are
compatible with a state wherc a diphenylamino or a triphenylamino moiety, acting as an electron donor, is decoupled
from the rest of the molecule as is c.g. the case in a TICT state. Recent results suggest however a similar photophysical
behaviour in molecules where the donor group cannot reach an orientation perpendicular to the acceptor group (ref. 26).
On the other hand 5-[3-[dicthylamino]phenyl]-N,N,N’N’ -tetrakisethyl-[1,1:3",1"-terphenyl]-3,3"diamine, 6, (m-ETP) is
characterized by an excited state dipole moment of 15.2 Debye which does not depend upon the solvent polarity. This
suggests that in all solvents symmetry breaking leads to a conjugated intramolecular charge transfer state in 6. In order to
obtain more information on the nature and conformation of the excited state of the species emitting in apolar solvents the
emission and excitation spectra of 4, 5 and 6 were obtained in isopentane glass at 77 K.

EXPERIMENTAL

The preparation and purification of the w-phenyl-o-N,N-dimethylaminoalkanes, 2-phenyl-N,N-dimethylaminoethane, 1
(P2NM), 3-phenyl-N,N-dimethylaminopropane, 2 (P3NM) and 2-(4-cyanophenyl)-N,N-dimethylaminoethane, 3
(PCN2NM) and the amino-substituted triphenylbenzenes, 4, 5 and 6, have been reported earlier (ref. 27-28). All solvents
were of spectroscopic or fluorescence grade and were used as received. All solutions used for stationary and lime-resol-
ved fluorescence measurements were degassed by freeze-pump-thaw cycles. Absorption spectra were recorded with a
Perkin Elmer Lambda 6 UV/VIS spectrometer. Corrected fluorescence and cxcitation spectra were obtained with a
SPEX Fluorolog 212. The experimental set-up for the laser induced opto-acoustic spectroscopy (LIOAS) is described in
detail elsewhere (ref. 1,8). The absorbance of the sample solutions used in the LIOAS experiments was always below 0.1
and the samples were degassed by bubbling argon for 15 min.

RESULTS AND DISCUSSION

Laser induced opto-acoustic spectroscopy (LIOAS) of o-phenyl-N,N-dimethyl amino alkanes

In the LIOAS experiments the fraction, o, of the absorbed laser energy, E_, _, that is converted into heat within the time
. . . aps’ ", ,

constant of the experimental set-up (ref. 6-8), Ey), is determined. The mechanistic and thermodynamic scheme (ref. 1)
that is used for the interpretation of the laser inc?uced opto-acoustic experiments is shown in Fig. 1. [n Fig, 1 k. cm and
kisqm indicate the rate constant of respectively internal conversion and intersystem crossing from the relaxeci ﬁ;cally
excited state Sims kfm is the rate constant of fluorescence from the locally excited state Simi kicc’ kiscc and kf indicate
the rate constant of respectively internal conversion, intersystem crossing and fluorescence from the exciplex; fi s the
stabilisation energy of the exciplex and E,.,, is the energy content of the Franck-Condon ground state reached after the
exciplex decay. Combining the cxperimenta?ly determined value of o (Table 1) with fluorescence quantum yields of the
locally excited state (ref. 2-4,27), the exciplex and a model compound containing only the acceptor chromophore allows
to determine B (Table 1), the fraction of the radiationless decay of the exciplex that occurs by internal conversion.
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TABLE 1. Experimentally obtained values of o and B for 1, 2, and 3 in solvents of the different polarity.

1 2 3
o B o B o B
isooctane 0.65+0.03 071005 0.50=0.03 049+0.04 0.65=003 0.66+0.05
tetrahydrofuran  0.81+0.04 0.97+0.08 065+0.03 0.64=0.05 080£0.04 0.79=0.06
acetonitrile 0.99x0.05 1.02+0.07 0.77+0.04 071005 094+0.05 093+0.06

Combining the data given in Table 1 with the total rate constant of the exciplex decay (ref. 2-4, 27) and the exciplex
fluorescence quantum yield allows to obtain the individual rate constants ki o1 Koo and ke, (Table 2). Table 1 and 2 sug-
gest that o and B increase upon the solvent polarity. The increase of B suggests that increasing the solvent polarity
favours internal conversion compared to intersystem crossing, These results can be rationalised in the framework of the
current electron transfer theory (ref. 29-30). For all compounds investigated the intersystem crossing from the exciplex to
the locally excited triplet state is characterized by values of AG® situated in the "normal" Marcus region or near the top of
the Marcus parabola. Increasing the solvent polarity will make this process less exergonic and therefore either affect ke
very little or even decrease ki .o+ Kjee cOrresponds always to values of AG® situated very deeply in the inverted region
and therefore increasing the stvent polarity, which makes this process less exergonic will enhance k; ce 1O a large extent.
The increase of the reorganisation energy upon increasing the solvent polarity will enhance those cf%e,cls. Combining the
data of Table 1 and 2 with the earlier observed (ref. 2-5) temperature dependence of the radiationless decay suggests that
the strongly exergonic internal conversion process leads to the population of a highly vibrationally excited ground state
characterised by a small Franck-Condon factor (ref. 31-32). To explain the changes between tetrahydrofuran and aceto-
nitrile of the apparent values of k, . and k., obscrved for 3 the branching between an exciplex and a solvent separated

ion pair has to be considered (ref.l%%). isee
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TABLE 2. Calculated values for the rate constants of intersystem crossing and internal conversion of
the exciplex decay.

k. k. kg,

ice isce ¢

1 (isooctane) 43x107 571 1.8¢107 s 1.4x107 571
1 (tetrahydrofuran) 8.1x107 571 2.5x10% st 2.6x107 s71
1 (acetonitrile) 2.4x108 51 < 1.0x107s°1 1.0x107 71
2 (isooctane) 2.5x_107 st 2.6x10 571 1.7x107 s
2 (tctrahydrc;furan) 3.1x107 571 1.7x107 571 9.8x10°% -1
2 (acetonitrile) e @ @ @

3 (isooctane) 7.7%107 571 3.9x107 571 2.7x107 s71
3 (tetrahydrofuran) 3.4x107 571 9.0x10% 51 9.9x10% -1
3 (acetonitrile) e @ @ (@)

(2) exciplex emission too weak to determine decay times.

Symmetry breaking in the excited state of triphenylbenzenes

In isopentane at 77 K, where it can be expected that no large amplitude motions involving e.g. the rotation of a diphenyl-
amino or a triphenylamino moiety are possible within the excited state decay time, the fluorescence spectrum of 4 (Fig, 2)
consists of a maximum at 385 nm (0-0 transition), a secondary maximum at 405 nm (0-1 transition) and a shoulder at 425
nm (0-2 transition). On the other hand a room temperature, where rotation of a bulky group is possible within the excited
state decay time, the emission maximum is situated at 384 nm with a shoulder at 400 nm. This suggests that along the
coordinates involving a large amplitude vibration (rotation of a diphenylamino or a triphenylamino moiety, hybridization
of the nitrogen) no important shift of the potential energy minimum occurs upon excitation. The large Stokes shift in
apolar solvents (from 341 nm to 385 nm) is therefore not due to a different position of the energy minima of the ground
state and the first singlet excited state. This suggests that the absorption band of the first excited state is hidden below the
long wavelength tail of the band with a maximum at 341 nm. This allows to explain why the experimentally observed value
of the fluorescence rate constant of 4 in isooctane is three times lower than that calculated using the Strickler Berg
equation (ref. 34-35). Beside the fluorescence spectrum with a maximum at 385 nm the emission spectrum in isopentanc
glass at 77 K shows a second transition with maxima at 497 nm and 534 am and a shoulder at 572 nm. This band can be
attributed to phosphorescence of 4. This suggests that the triplet of 4 is situated at 20120 cm™ in isopentane glass at 77 K,
If the triplet energy of 4 does not depend upon the solvent polarity intersystem crossing from the singlet state to the
triplet state will become less exergonic upon incrga ing the solvent polarity. This could explain why the rate constant for
the nonradiative decay of 4 decreases from 7.2x10) s'Lin isooctane to 4.3x10° 5™ in acetonitrile.

Also for § the fluorescence spectrum at 77 K in isopentane (Fig. 3) is characterized by a maximum at 395 nm and a secon-
dary maximum at 403 nm (0-1 transition). As the maximum of the emission spectrum is situated at 393 nm at room
temperature the argumentation developed for 4 suggests that also for 5 the equilibrium conformation dos not change
upon excitation in apolar solvents. Similar results have been obtained for triphenylamine in molecular beams ad clusters
of triphenylamine and argon (ref. 36). Also for 5 the large Stokes shift observed in apolar solvents (from 298 to 393 nm) is
rather due to the presence of transition hidden under the tail of the band with a maximum at 298 nm than to an important
relaxation of the molecular geometry after excitation. Also in this case the discrepancy between the experimentally
observed ﬂuoresgcnce rate constant in isooctane (7.8x10 sl) and that calculated using the Strickler Berg (ref. 34-35)
equation (8.7x10 sl) is due the fact the absorption band with a maximum at 298 nm is not due to the transition between
the ground state and the first singlet excited state. The solvent dependence of the emission maximum in solvents with a
polarity varying {rom iscoctane to diethylether suggests the formation of a conjugated intramolecular charge transfer
state. Beside the fluorescence spectrum with a maximum at 395 nm the emission spectrum in isopentane glass at 77 K
shows a second transition with maxima at 460 nm and 487 nm and shoulders at 524 nm and 558 nm. This band can be
attributed to phosphorescence of 5. This suggests that the triplet of 5 is situated at 21740 cm™ in isopentane glass at 77 Kg
Uiing the argumentation dsevelloped for 4, the decrease of the rate constant for the nonradiative decay of 5 from 2.9x10
s in isooctane to 1.1x10° s™" in acetonitrile could be explained by a decrease of the rate constant for intersystem
crossing in polar solvents. The smaller relative intensity of the phosphorescence of 4 is probably due to the considerably
smaller quantum yield for the radiationless decay (intersystem crossing) of the singlet state.

The fluorescence spectrum of § in isopentane glass at 77 K (Fig. 4) consists of a band with maxima at 362 nm (0-0
transition) and at 375 nm (0-1 transition). This corresponds to a hypsochromic shift over 1140 cm™ compared to the
emission maximum at room temperature in isooctane. The hypsochromic shift, due to blocking of the large amplitude
motions, suggests that upon excitation an important shift of the minimum occurs along one of those coordinates. As the
excited state of § is a conjugated intramolecular charge transfer state in solvents with a polarity ranging from that of iso-
pentane to that of acetonitrile this conformational relaxation from the Franck Condon excited state is probably linked to
an increased coplanarity of the phenyl moieties (ref. 37-38) or an increased p-character of the nitrogen lone pairs.
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In the ground state the w-bond order between the central phenyl moiety and the peripheral phenyl moieties amounts to
0.368. As in the framework of the Hiickel MO-theory the HOMO and the LUMO of 6 in a planar conformation, or a
conformation where the three diethylanilino moieties are twisted over the same angle, are doubly degenerate it is however
not possible to obtain the order of the m-bonds between the central phenyl moiety and the peripheral diethylanilino
moieties in the first excited statc. However as the Hiickel calculations suggest that in several excited state configurations
the double bond character of the bond between the central phenyl ring and the peripheral diethylanilino moieties is al-
ways increased the equilibrium conformation of the excited state can be expected to be more coplanar than that of the
ground state. This excited state can become polarized by a suitable configuration interaction between the four con-
figurations that are isoenergetic in the framework of the Hiickel MO theory. The large Stokes shift in isopentane at 77 K
(from 332 to 362 nm) suggests the absorption band with a maximum at 332 nm is not due to a transition to the first exci-
ted singlet state, This could explain why the fluorescence rate constant calculated using the Strickler Bcrg equation is five
times larger than the experimentally observed fluorescence rate constant,
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Fig. 3. Normalized emission spectra of 5 at room Fig. 4. Normalized emission spectra of 6 at room
temperature in isooctane ( ) and at 77 K in temperature in isooctane (- ) and at 77 K in
isopentane glass (........). isopentane glass (........).

While the experimental results allow to obtain information on the excited state of 4 and 5 in less polar solvents and on
that of § in all solvents the situation is more complicated for 4 and 3 in strongly polar solvents, For those molecules the
formation of a TICT state cannot be excluded. In this TICT state either the diphenylamino or the a triphenylamino
moiety acting as electron donor could be twisted. When a triphenylamino group is rotated a dipole moment of respective-
ly 36.3 and 32.5 Debye would be expected for 4 and § respectively. If a diphenylamino group would be twisted the dipole
moment would amount to 26.7 and 23.3 Debye respectively. Correlating the emission energy with the Coulomb (ref. 39-
41) interaction between the positive and the negative excess charge in both parts of the molecule excludes that both
molecules form a TICT state where a triphenylamino moiety is twisted. This argument is supported by the fact that in this
case the excited state dipole moment of 4 should be 15 % larger than that of 5 while the experimental results suggest that
the excited state dipole moment of 4 is in polar solvents 15 % smaller than that of 3, For the slopes of the Lippert-Mataga
plots (ref. 42-43) the discrepancy should be even a larger. If both 4 and 5 would form a TICT state in polar solvents the
relative values of both excited state dipole moments suggest that while in 4 a diphenylamino moiety is twisted while in 5 a
triphenylamino moiety is twisted. It can however not be excluded that in one or both molecules a conjugated intra-
molecular charge transfer state is formed in polar solvents,

The experimental results suggest that symmetry breaking leading to a polar excited should not automatically suggest the
formation of a TICT state. The nature of the polar species formed will depend upon the energy of the locally excited



1670 M. VAN DER AUWERAER et al.

states relative to that of the charge transfer state (ref. 39,44) as well as on the presence of steric interactions. A further
elucidation of the nature of the excited state would require the determination of the fluorescence decays (ref. 10, 26) with
a larger time resolution and the wavelength dependence of the fluorescence polarisation.
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