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Abstract

The excited singlet and triplet states 2,13-dicyano[5]helicene (1) and two para-dicyno[S]helicenes containing one and two methyl groups
(2 and 3, respectively) were studied in solvents of different polarity as a function of temperature. Fluorescence quenching by electron
donors such as triethyl amine indicated photoinduced electron transfer. In the absence of additives triplet states were observed by flash
photolysis. The triplet lifetime at room temperature was rather short (<1 ps) and the decay limited by intramolecular processes, e.g. charge
transfer in the cases of 2 or 3. Luminescence of singlet molecular oxygen, Ox(' A,), was observed with moderate and low quantum yield for
1 and 3, respectively. For 1-3, the triplet lifetime increases by six orders of magnitude on going to —196°C. Two subsequently formed
triplet states were observed for 3 at lower temperatures. The effects of temperature and solvent polarity on the quantum yields of
fluorescence and phosphorescence and the spectroscopic and kinetic triplet absorption properties were examined. The influence of
substituents on the deactivation pathways of excited pentahelicenes are discussed. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The first helicene was already synthesized 1956 by New-
man and Lednicer [1] in 12 steps involving the racemic
resolution of phenanthreno[3,4-c]phenanthrene. Although
Martin and coworkers [2] developed the nowadays standard
synthetic procedure in 1967, i.e. photochemical phenan-
threne cyclization, and a huge variety of helicenes were
synthesized in the following years [3-5], there are only few
reports on substituted pentahelicenes. Katz et al. [6] reported
1997 on a new approach to synthesize pentahelicenes and
hexahelicenes following the Diels—Alder methodology. The
spectroscopic and photochemical properties of helicenes
have beeninvestigated over the years by several groups [7—11].

In the course of our studies directed towards the devel-
opment of chiral photosensitizers in energy and electron
transfer processes, we have recently synthesized various
acceptor-substituted pentahelicenes [12,13]. Although
photoinduced electron transfer represents a rapidly growing
field in photochemistry [14—18], there are only a few reports
on chiral sensitizers in asymmetric photoreactions [19,20].
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Helicenes are of major interest since they can be separated
into stable enantiomers and, as a consequence, might act as
chiral phototsensitizers [20]. Rau and Totter [11] have
recently studied the fluorescence quenching of enantio-
metric pure hexahelicene by N-methyl-N-(2-methylbutyl)-
aniline leading to exciplex and ion pair formation. However,
the authors observed only chiral discrimination of smaller
than 1.3. No photophysical and photochemical studies on
substituted pentahelicenes could be found in the literature.

In this paper, we report on the singlet and triplet state
properties of three pentahelicenes substituted with cyano
groups: 2,13-dicyano[S]helicene (1), 1,4-dicyano-13-
methyl[S]helicene (2) and 11,14-dicyano-1,3-dimethyl[5]-
helicene (3). The photophysical behaviour, e.g. fluores-
cence, phosphorescence, T-T absorption, was studied in
solvents of different polarity, as well as some photochemical
reactions (fluorescence quenching by amines). The effects of
temperature and substituents on the deactivation pathways
are discussed in detail.
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2. Experimental details

The dicyano-substituted pentahelicenes were synthesized,
on the basis of the well-known photochemical reaction of
stilbene to phenanthrene [21], as described elsewhere
[12,13]; the other compounds (Aldrich, Fluka) were used
as supplied, e.g. 1,4-diazabicyclo[2.2.2]octane (DABCO),
triethyl amine (TEA), tributyl amine (TBA), 1,24-tri-
methoxybenzene (TMB) and 1,1’-biphenyl (BP) or purified
by distillation: N,N-dimethylaniline (DMA). The molar
absorption coefficients of 1, 2 and 3 in acetonitrile are
€200 = 3.9 x 10%, 255 = 3.2 x 10* and e595 = 4.0 x 10*
M~'em™' [13]. The solvents (Merck) were purified by
distillation: methylcyclohexene (MCH) and 2-methyltetra-
hydrofuran (MTHF) or used without further purification:
toluene, acetonitrile (Uvasol) and ethanol.

For measurements of the quantum yields ®; and ®p,
optically matched solutions (A = 0.4 per cm at 330 nm,
1.0 and 0.4 cm path length at 24 and —196°C, respectively)
and 9,10-diphenylanthracene as reference (®y= 1.0 at
—196°C) were used and the corrected emission spectra were
recorded on a Spex-Fluorolog. Since quenching by oxygen
reduces both ®; and 7, the fluorescence intensities were
measured in argon, air and oxygen-saturated solutions and
the fluorescence lifetimes (7¢) and, as an example, the O
values in acetonitrile at room temperature were corrected
accordingly. The experimental error in ®; and ®, is £25%,
those in 7¢, 7, and 7y are typically £20, 15 and +10%,
respectively.

Three excimer lasers (Lambda Physik) and the third
harmonic of a neodymium laser (J.K. Lasers) (pulse width
10-20 ns) were used for excitation at 193, 248, 308 and
354 nm, respectively. The laser photolysis setup was essen-
tially the same as described elsewhere [22-25]. The absor-
bance of the samples at the excitation wavelength was 0.5-2
(in the 1 cm cuvette) and only a minor part of the excitation
light was absorbed within a 0.5 mm layer near the front wall
of the cell which, in turn, was probed by the monitoring
beam orthogonal to the excitation beam. Typical pentahe-
licene concentrations for A.,. = 248, 308 and 354 nm were
0.03, 0.05 and 0.1-0.2 mM, respectively. Data registration
and analyses were performed by two transient digitizers
(Tektronix 7912AD and 390AD) and a computer (Acorn
540). The temperature of the sample was monitored by a
thermocouple. The output at 248 or 308 nm was also used
for measurements of the phosphorescence lifetimes.

Luminescence of singlet molecular oxygen at 1269 nm
[26-32] was detected after the pulse using a cooled Ge
detector (North Coast, EO 817FP), a silicon and an inter-
ference filter and two amplifiers (Comlinear, CLC-103). The
signal, which is overlapped by fluorescence extending even
to 1269 nm (and some additional scatter), was extrapolated
to the end of the 20 ns pulse (/5). At a fixed laser intensity /a
was found to show a linear dependence on either the
absorbed energy, being proportional to (1-10~*), or on I,
with a curvature at higher intensities; the slope of the latter

plot is denoted as ga. The quantum yield of formation of
02('A)q in benzene was obtained from g values using
optically matched solutions (Aszpg =0.6) and 2-aceto-
naphthone as reference @' = 0.84 [30]. For the values in
other oxygen-saturated solvents a correction has to be
applied using the rate constant for radiative deactivation
of O5('Ay) (k) relative to that in benzene (k?).

X k0
D=0 x (L2 (i 1
A A X (qrAef kr ( )

3. Results and discussion
3.1. Fluorescence and phosphorescence properties

The emission spectra of the pentahelicenes in glassy
media at —196°C show two main bands which are attributed
to fluorescence and phosphorescence. Examples are shown
in Fig. 1(a)—(c) for 1, 2 and 3, respectively. For 1 in MCH as
non-polar solvent both bands are structured with maxima (¢
and \p, respectively) at 442 and 566 nm; similar spectra
were monitored in solvents of medium and large polarity.
The spectra of 2 and 3 are comparable, albeit the latter shows
only little structure (Table 1). Owing to the electron accept-
ing cyano and electron donating methyl groups of 3, one
could expect intramolecular charge transfer (CT) interac-
tion. Indeed, for 3 )¢ is red-shifted from 463 nm in MCH to
520-530 nm in acetonitrile or ethanol, whereas virtually no
shift appears for 1 on changing the polarity. At room
temperature only fluorescence remains.

Fig. 1. Phosphorescence excitation spectrum (left, Aops =570 nm) and
fluorescence and phosphorescence spectra (middle and right, respectively,
Aexe = 330 nm) of (a) 1 in MCH (full and dotted line) and EtOH (broken
lines), (b) 2 in MTHF and (c) 3 in EtOH at —196°C.



H. Gorner et al./Journal of Photochemistry and Photobiology A: Chemistry 120 (1999) 171-179 173
Table 1
Maxima and quantum yields of fluorescence and phosphorescence®
Compound Solvent Temperature A ® Ap o @,
Q) (nm) (nm)
1 MCH 24 415, 429, 463 0.02
—196 420, 442, 459 524, 566, 610 0.11 0.01
Toluene 24 416, 435, 458 0.04
MTHF —196 415, 435, 460 532, 572, 620 0.12 0.03
Acetonitrile 24 415, 430, 456 0.03 (0.054)°
Ethanol 24 413, 430, 458 0.03
—196 412, 430, 456 527, 570, 620 0.12 0.10
2 MCH 24 [430], 450, 478
—196 [421], 477 560 0.10 <0.01
MTHF 24 [425], 485
—196 [435], 458, 485
3 MCH 24 463, 482
—196 482, 500 563, 615
Toluene 24 488 0.04
MTHF —196 470, 500 564, 615 0.12 0.02
Acetonitrile 24 520 0.03 (0.038)
Ethanol 24 530 0.03
—196 470, 500 564, 616 0.12 0.02

“In air-saturated solution, Aey. = 330 nm.
"Maximum values are underlined. Values in brackets denote weak shoulder.
“Values corrected for deoxygenated conditions are indicated in parentheses.

The excitation spectra at —196°C of fluorescence (not
shown) and phosphorescence (Fig. 1) steadily decrease on
going from 300 to 400 nm. This is in agreement with the
absorption spectra which were measured at room tempera-
ture. The energies of the S, state of 1 and 3 are about 292 and
270 kJ mol ', respectively. Note that the absorption of
helicenes extends toward 450-470 nm [8]. The quantum
yields of fluorescence (®f) and phosphorescence (®,,) under
the various conditions are compiled in Table 1. The highest
®,, value was found for 1 in ethanol.

The two emission bands of the three pentahelicenes are
also distinguished by strongly differing lifetimes (7 and 7p,
respectively). The decay kinetics of the excited singlet state
can be fitted by a monoexponential major component (and a
minor second one). The lifetime at 24°C for 1 in air-
saturated MCH, acetonitrile and ethanol, is 7 =9.0, 6.2
and 8.4 ns, respectively (Table 2), and those for 2 and 3 are
similar or slightly smaller. The 7¢ values are 5-8 ns (main
component) for 1-3 in ethanol at —196°C. The phosphor-
escence lifetime (or at least the longest living component)
approaches values around 1 s at —196°C, e.g. for 1, 2 and 3
in MTHF, 7, ~ 1.0, 0.9 and 1.0 s, respectively, or in ethanol
Tp~ 1.2, 0.8 and 0.8 s, respectively.

3.2. Fluorescence quenching

From fluorescence quenching of 1 and 3 by TEA in
solvents of different polarity at room temperature, linear
Stern—Volmer plots were obtained. Using the Stern—Volmer
constant (Kgy) and the fluorescence lifetime, the rate con-

stant for quenching (k;) was found to be close to the
diffusion-controlled limit for 1 and 3 in acetonitrile and
smaller in solvents of lower polarity (Table 2). For 2 in
toluene and acetonitrile, however, the Stern—Volmer depen-
dence of fluorescence quenching by TEA are not linear
(upward curved) and we did not undertake any investiga-
tions to elucidate the role of static quenching. Kgy values
were also obtained for 1 and 3 in acetonitrile from linear
Stern—Volmer plots as a function of the DABCO and DMA
concentrations. For 1 and TEA in solvents of low polarity,
weak exciplex fluorescence with maximum at 540 nm in
MCH and at 560 nm in toluene was reported [13]. Exciplex
fluorescence around 530 nm has also been found for a
hexahelicene amine system in solvents of medium polarity,
where the kq values increase with increasing the solvent
polarity approaching 5 x 10° M~' s™! for DABCO or DMA
in acetonitrile [11].

1,1’-biphenyl (BP) has been shown in various systems to
enhance the yield of oxidation products in the presence of a
suitable electron donor [24,25,33,34]. The catalytic role of
BP can be described by electron transfer from BP to the
excited singlet state of the acceptor, thereby forming BP"
and the radical anion (A'7), and the subsequent electron
transfer from the applied donor to BP"*. Unfortunately, for 1
and 3 in acetonitrile, formation of BP'" was not achieved
due to the too small kq value of <2 x 10 M ts7! e,
fluorescence quenching by BP is unsuccessful. From this
one would postulate that the redox properties of 1 and 3 are
similar. However, the measured reduction potential of the
two acceptors is quite different, E.q = —1.7 and —1.3V
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Table 2
Rate constant for fluorescence quenching®
Helicene Solvent 70 Donor © Ksv K,
(ns) ™™ M~ 's™' % 10%)
1 MCH 12 (9.0) TEA 6.7 0.6
Toluene TEA 8.6
Acetonitrile 8.2 (6.2) DABCO 50 6
DMA 60 73
TEA 47 5.7
TBA 30 3.7
TMB 40 5
biphenyl <0.2 <0.02
Ethanol 12 (8.4) TEA 7.6 0.6
2 Acetonitrile 7.1 (5.7) TEA d
Ethanol TEA 6
3 MCH 5.0 (4.3) TEA 18 4
Toluene TEA 14
Acetonitrile 6.4 (5.4) DABCO 65 10
DMA 70 11
TEA 31 5
TBA 13 2
TMB 32 5
biphenyl <0.2 <0.03
Ethanol 49 4.2) TEA 5.7 1.2

“In air-saturated solution at 24°C. Lifetimes are corrected for oxygen free solution. \.. = 360-380 nm.

PExperimental values in air-saturated solution are given in parentheses.

°Eox (in V): DABCO (0.57), N,N-dimethylaniline (DMA, 0.7), triethyl amine (TEA, 0.8), tributyl amine (TBA, 0.82), 1,2,4-trimethoxybenzene (TMB, 1.1),

biphenyl (1.8).
9No linear dependence.

(versus Ag/AgCl [13]) or —2.14 and —1.72 V (versus fer-
rocene [35]) for 1 and 3, respectively. Using the values for
the S; state it follows that the reduction potential (versus
SCE) in the excited singlet state is £ ; ~ 1.0 and ~1.1 V for
1 and 3, respectively. For comparison, E7,; = 1.4 and 1.9 V
for 9-cyanoanthracene and 9,10-dicyanoanthracene, respec-
tively [25]. The oxidation potential of the donors used ranges
from E,y = 0.7 V for DMA to 1.8 V for BP. The k4 values of
the amines (Table 2) are in agreement with the Rehm-
Weller relationship [36,37].

AG = Eox — Efyy — Ee b)

Here, AG is the free energy change for electron transfer and
the term E. accounting for ion pairing (0.06 V in acetoni-
trile). For example, with 1 AG = —0.3 V for DMA and
0.8 V for BP.

3.3. Triplet state properties

For each of the three pentahelicenes examined, a transient
absorption was observed at the end of the laser pulse. The
absorption spectrum of 1 in argon-saturated MTHF at room
temperature shows two transients with maxima (Apr) at 420
and 680 nm (Fig. 2(a)). They are produced during the
excitation pulse (or appear after the fluorescence peak)
and the decay follows first-order kinetics with lifetimes(7) 1
of 110 ns in the blue and of about 70 ns in the red spectral

region. Essentially the same absorption spectra with two
main bands centered at 410-430 and 680-700 nm and
similar decay kinetics as in MTHF were observed in solvents
of low and high polarity (Table 3).
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Fig. 2. T-T absorption spectra of 1 in argon-saturated MTHF at (a) 24°C,
30ns (O), 60 ns (@) and 150 ns (A) after the 308 nm pulse; (b) —50°C
and (c) —170°C ca. 1 us after the 308 nm pulse.
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Table 3
T-T absorption maxima and triplet lifetime®
Helicene  Solvent Temperature ~ Apr b TT
(°C) (nm) (ks)
1 MCH 24 410, 670 0.12/0.05¢
MTHF 24 420, 680 0.11/0.07°
—100 420, 700 200
—-170 430, 700 >0.3)
Acetonitrile® 24 410, 690 0.08/0.05°
Ethanol 24 420, 690 0.09/0.05¢
—100 420, 700 200
—170 420, 700 (>0.3)
2 MCH 24 400, 560 0.18
MTHF 24 410, 600 0.18
—170 510, 710 (>0.2)
Acetonitrile® 24 410, 650 0.2
Ethanol 24 410, 660 0.20
—100 500 0.7
—170 500 (>0.6)
3 MCH 24 430, 600 0.95
—-100 385, 670
MTHF 24 400, 600 0.90
—100 380, 670"
—170 520 (>0.2)
Acetonitrile® 24 410, 600 1.0
Ethanol 24 410, 600 0.95
—-100 390, 670
—170 520, 700 (>0.2)

“In argon-saturated solution; A\, = 308 nm unless otherwise indicated.
"Maximum underlined.

“Two lifetimes refer to respective maxima.

ILifetimes in parentheses refer to s (not ps).

°Same results with Ao = 248 or 354 nm.

"Two subsequent components, see text.

Both transients are assigned to triplet states on the basis of
the following findings: (1) The transients are quenched by
oxygen, the rate constant in acetonitrile is ko =3 X
10°M™! sfl, based on the lifetimes at 430 nm in the absence
and presence of air. (2) The 1/ value strongly decreases
with increasing 1/Tand at —196°C it approaches the 0.5-1 s
range, i.e. the time domain where 7 is close or equal to 7,
(Fig. 3). (3) In MTHEF (Fig. 2(a)) or ethanol at —170°C the
triplet—triplet (T-T) absorption spectrum extends from
360 nm with maximum at Appr =700 nm and the same
lifetime in the whole spectrum. Interestingly, the T-T
absorption spectrum of parent pentahelicene also extends
over the whole visible spectral range [10]. A common triplet
lifetime at 420 and 680 nm can be observed for 1 even at
higher temperatures, e.g. 77 = 0.2 ms in ethanol at —100°C
(Table 3). In MTHF or ethanol the AAgg, value increases
and approaches about sixfold higher value on going from 25
to —100°C, whereas the AA4y, value remains relatively
constant over the whole temperature range. This indicates
two pathways for triplet population (see Section 3.5).

The properties of the triplet state(s) of the two other
pentahelicenes are similar to those of 1 in as much as (1)
the decay follows first-order kinetics, (2) the lifetime is

+“—73, Temperature (°C)
T

-196

(s™h

3 5 7 9 11 13
10T KYH) —>

Fig. 3. Temperature dependence of log of the reciprocal triplet lifetime for
1 (circles, full line), 2 (squares, dotted line) and 3 (triangles, dashed line) in
argon-saturated MTHE. Full symbols: rate constant for decay of the T-T
absorption at 400 nm, A.x. =308 nm. Open symbols: reciprocal phos-
phorescence lifetime. Insets: signals of 1 at —175°C; (a) phosphorescence
and (b) absorption.

rather short at room temperature, (3) the transient in solution
at room temperature is efficiently quenched by oxygen and
(4) 1/7 decreases by 67 orders of magnitude with decreas-
ing temperature between 24 and —196°C (Fig. 3). On the
other hand, the triplet properties of 2 and 3 are different in
several aspects. Only one triplet state was observed in
acetonitrile at room temperature. The rate constant for
quenching by oxygen is ko = (6-9) x 10° M~ 's7', ie.
larger than for 1 and close to the diffusion-controlled limit.
For 2 the T-T absorption spectrum contains only one major
band centred at 410 nm at room temperature (Fig. 4(a)). At
lower temperatures the spectrum covers the whole visible
spectrum with App = 500 nm (Fig. 4(b) and (c)).

The T-T absorption spectrum of 3 is even more sensitive
to variation of temperature and/or viscosity. It shows a
maximum at 400 nm at ambient temperatures under all
conditions used, e.g. in MTHF with Ay =354 nm
(Fig. 5(a)) or in ethanol with Ay, = 248 nm (Fig. 6(a)).
The absorption spectrum broadens when the glasses become
rigid with Apr = 520 nm (Fig. 5(c) and Fig. 6(c)). Closer
inspection of the decay kinetics of 3 in MCH, MTHF or
ethanol at temperatures between —90 and —140°C (Table 3)
reveals that the triplet with the 400 nm band is the precursor
of a second triplet with maxima at 380 nm and around
670 nm. The conversion of the first into the second triplet
is illustrated in the insets of Fig. 7(a). These results indicate
the existence of a total of three triplet configurations of 3,
one (T410) at higher temperatures (Fig. 5(a)), one in the
glassy media (Fig. 5(c) and Fig. 6(c)) and another (T3g¢/670),
formed subsequently from the initial triplet, in a certain
intermediate temperature range (Fig. 5(b), Fig. 6(a) and (b)
and Fig. 7(a)). The rate constant of the grow-in kinetics of 3
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Fig. 4. T-T absorption spectra of 2 in argon-saturated MTHF at (a) 25°C
and —10°C (full and open symbols, respectively) 0.1 ps after the 308 nm
pulse; (b) —90°C and (c) —170°C ca. 1 ps after the 308 nm pulse.

increases with increasing 1/7 and is roughly one order of
magnitude larger than that of the decay (Fig. 7(b)).

Compared to the significant temperature-dependent
changes in AAggy of 1 those of 2 and 3 are smaller. A
further difference is a steady decrease in the semi-logarith-
mic plot of 1/7p with increasing 1/7 for 1 and a rather small
change at higher temperatures for 2 and partly for 3 (Fig. 3).
The short triplet lifetime of the three dicyano-substituted
pentahelicenes at room temperature with respect to that of
phenanthrene or other helicenes [9] indicates an intramole-
cular deactivation process for triplet decay.

Several quenching measurements were carried out with 3,
where 7 is largest at room temperature. Almost no quench-
ing effect by DABCO, TEA and DMA was found in argon-
saturated acetonitrile. With these three additives electron
transfer in the triplet state is unlikely; for the rate constant an
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Fig. 5. T-T absorption spectra of 3 in argon-saturated MTHF at (a) 25°C,
and 0.1 ps; (b) —110°C and at <1 ps and 100 ps (open and full symbols,
respectively); (c) —170°C and 1 ps after the 354 nm pulse.
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upper limit of kg = 2 X 10°M ' s was estimated. Energy

transfer from the triplet state of 3 to 1,3-cyclohexadiene in
toluene or acetonitrile is also inefficient, the rate constant
was estimated to be smaller than 1 x 10° M~'s™'. This is
consistent with triplet energies of about 213 and
219 kJ mol ' for 3 and 1,3-cyclohexadiene, respectively.
for comparison, energy transfer from the triplet state of 9-
cyanophenanthrene (triplet energy of 250 kJ mol ') to 1,3-
cyclohexadiene takes place; in toluene kq > 4 x 108M s
Preliminary results with 1, concerning the dimerization of
1,3-cyclohexadiene in acetonitrile show an exo : anti : syn
ratio of 1: 3 : 1, indicating an energy transfer from 1 to the

diene [13].
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Fig. 7. Spectrum and kinetics of 3 in argon-saturated MTHF (a) T-T
absorption spectra at —80°C at the end of the 308 nm pulse (open circles)
and after 1 ps (full circles). Insets: kinetics at 380 and 420 nm; (b) rate
constants for decay at 420 nm and grow-in at 380 nm (full and open
triangles, respectively) as a function of 1/T.
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It should be noted that neither the radical anion of a
pentahelicene nor a radical cation of an amine could be
observed using conditions of 50-90% fluorescence quench-
ing and A¢ e = 354 nm. The radical cation of DMA could be
observed independently via photoionization (either in the
absence or presence of a pentahelicene) using Aexc =
248 nm or 308 nm. The reason for the lack of observation
of the radical anion of a pentahelicene is probably the low
value of its absorption coefficient and the much larger value
of T-T absorption. For 3 and KI in ethanol-water mixtures
(1:9) the radical anion was generated by reaction with the
solvated electron which, in turn, was generated by photo-
ionization of I~ using M. = 193 nm. The spectrum of 3~
has maxima at 320 and 440 nm and the estimated absorption
coefficient is <5 x 10> M 'em™!. For comparison, the
absorption coefficient of the radical anion of 9,10-dicya-
noanthracene at 312 and ~500nm is 9 x 10* and
<4 x 10° M~ s7!, respectively [24,25].

3.4. Singlet molecular oxygen

Formation of Oy(! A,) was detected upon excitation of 1
and 3 in several air or oxygen-saturated solvents. Examples
of its decay are shown in Fig. 8 for 1 and 3 in toluene. The
luminescence lifetime (7 ) is characteristic for each solvent,
e.g. 30 us in benzene, shorter in alcohols and longer in most
other solvents (Table 4). Generally, no significant depen-
dence of 7A on I was found except in CCly where the
lifetime was limited by trace impurities (and a second
shorter-lived decay component appeared at Iy >3 MW
cm?). Therefore, the intensity was kept below this level.
Because of the rather short triplet lifetime in the absence of
oxygen, the signal increases strongly when the air-saturated
sample is purged by oxygen; this is expressed by the ® A
(air)/® A(O,) ratio.
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Fig. 8. Luminescence intensity of O,(!Ag) extrapolated to the 308 nm
pulse end as a function of the laser intensity for 1 (triangles, inset a) and 3
(squares, inset b) in toluene and 2-acetonaphthone in benzene (@).

Table 4
Lifetime, relative rate constant, ratio in air vs. oxygen-saturated solution
and quantum yield if O»('A,) formation®

Solvent A k. JkC b Pa(air)) Dalair)) Do [OIN

(us) PA(O)  PA(Oy)

1 3 1 3

Cyclohexane 25 044 0.34 0.4 0.35 0.07
CCly 500 0.62 0.3
Toluene 28  0.96 0.26 0.3 0.22 0.05
Benzene 30 1.0 0.24 0.3 0.16 0.04
Dioxane 25 0.37 0.13
Dichloromethane 100 0.24 0.33 0.5 0.22 0.02
Acetonitrile 65  0.30 <0.03

Using Aexe = 308 nm.
Taken from [30-32], see text.

For the two pentahelicenes in several solvents and for 2-
acetonaphthone in benzene as reference, the signals, extra-
polated to the pulse end (/5 ), depend for a given concentra-
tion linearly on the incident laser intensity (Fig. 8). The
quantum yield of Oz(lAg) formation ($,) was obtained
from the slopes for optically matched samples using Eq. (1).
The &/ k? ratios were taken from the literature [30-32]. In
each case the @ A values (Table 4) are the lower limit for the
quantum Yyield of intersystem crossing (®;.).

3.5. Deactivation pathways

Helicenes show generally a small or moderate quantum
yield of fluorescence (®; = 0.01-0.1) and a high ®;,. value
(0.8-0.9) [8]. The phosphorescence spectra of the three
dicyano-substituted pentahelicenes (Fig. 1) are reminiscent
to that of parent pentahelicene, where in non-polar glasses a
lifetime of 2-3 s, ®, = 0.15 and a significantly higher ®;,
value (above 0.8) has been reported [10]. For the dicyano
compounds fluorescence is also a minor pathway (Table 1).
A P, value of 0.5-0.8 is conceivable, but radiationless
deactivation bypassing the triplet state cannot be excluded.
The onset of the fluorescence and phosphorescence spectra
are separated by an energy gap of ca. 5000 cm ™', corre-
sponding to about 296 and 238 kJ mol ™', respectively, for
the S, and T} states of 1. The energy levels of the S; and T,
states of 3 are about 270 and 215 kJ molfl, respectively, and
those of 2 are in between these values.

It should be recalled that for each of the three pentahe-
licenes the solvent polarity has no significant effect on the
spectral and kinetic features of the triplet state(s) and their
temperature dependence. Also a change of the excitation
wavelength from 248 to 308 mm and even to 354 nm has no
obvious effect on the features of the triplet state(s). For
hexahelicenes it has been shown that variation of ...
between 260 and 390 nm has no influence on the phosphor-
escence to fluorescence ratio [11]. The triplet lifetime of 1-3
at room temperature is short and independent of solvent
polarity (Table 3), indicating triplet decay via intramolecu-
lar deactivation processes. From the linear plot of log 1/
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versus 1/T in MTHF (Fig. 3) an activation energy of
25 kI mol ! and an A-factor of 5 x 10'®s™" are obtained.

The nature of the triplet configurations remains open as
yet, but their appearance in media of low, medium and high
polarity points to an intramolecular origin rather than to a
solvent rearrangement. The strong increase of AAggq for 1in
MTHEF or ethanol on cooling (see 3.3.) indicates two path-
ways for triplet population (Scheme 1): One strongly tem-
perature-dependent step towards Tggo which originates from
the S, state after intersystem crossing into an upper excited
triplet state (denoted as T,) and the second step towards T ;¢
originating from another precursor, probably from an higher
excited triplet equilibrium, e.g. T,,2T,. A shift of such a
triplet equilibrium from the T, side at higher temperatures
towards the T,, side may account for the observed spectral
changes (Fig. 2). This hypothesis differs from the model for
pentahelicene, where the primary triplet state is that from the
parent compound itself and the subsequent one has tenta-
tively been assigned to that of the dihyrobenzoperylene [10].
Also for 1 cyclization is, in principle, possible, but no
sequence of triplet states could be observed.

A specific rearrangement in the triplet moiety becomes
detectable for 3 at lower temperatures, but still in rather fluid
media (Figs. 4-7). One conceivable interpretation for the
two subsequently formed triplet states of 3 in MCH, MTHF
or ethanol at lower temperatures is the existence of an
equilibrium between T4, and T3go/670 (Scheme 2). At higher
temperatures the observed species is T4, while the decay of
T3g0/670 1S faster than its formation. At lower temperatures
the proposed triplet equilibrium is no longer established, e.g.
because the T3gg670 — Ta10 Step is slower than the compet-
ing intersystem crossing step. For 3 CT, due to the electron
accepting and donating groups, and steric hindrance of the
methyl and cyano groups should be largest. The hypothesis

T.5ST

380/670

h CT

0 (Helicene 3)

Scheme 2.

for CT in the cases of 2 and 3 is difficult to verify since the
triplet lifetime of 3 over a wide temperature range is similar
to 1 (Fig. 3) and largest at higher temperatures.

In summary, we report on new deactivation pathways
without precedence in the literature for three dicyano-sub-
stituted pentahelicenes which, however, should be further
examined. For 1, where cyclization is possible, an equili-
brium between two upper excited triplet states could account
for the formation of two observable triplet states at ambient
temperatures. On the other hand, for 3, where cyclization is
not possible, two triplet states in equilibrium at ambient
temperatures and their subsequent formation at low tem-
peratures is proposed. Concerning the role of these com-
pounds for initiation of a charge or electron transfer reaction
in the excited singlet state, it seems that the application is
limited to electron donors with an oxidation potential of
smaller than ca. 1.4 V. Likewise, the rather low triplet
energies limit their use for energy transfer.
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