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bstract

The steady-state and time-resolved photophysical investigation of fluorene derivatives revealed their fluorescence is lowered upon incorporating
n azomethine linkage. The heteroconjugated bond deactivates the singlet excited state by nonradiative modes of energy dissipation including
nternal conversion. Similarly, the azomethine bond quenches the triplet state, but it does not increase the yield of the intrinsically formed manifold
y otherwise enhancing the amount of intersystem crossing. A series of aliphatic and partially conjugated azomethines were used to probe the
uenching mechanism of triplet deactivation of fluorene derivatives. Although the measured rate constants (2 × 107–1 × 1010 M−1 s−1) for triplet
uenching with various azomethines were lower than diffusion controlled processes, the endothermic energy transfer process is highly efficient

hen an azomethine bond is covalently bound to the triplet producing chromophore. Efficient intramolecular energy transfer is responsible for
uenching the inherently formed triplet state within 10 ns leading to the absence of any detectable transients by laser flash photolysis. Steady-state
hotolysis at 254, 300, and 350 nm confirmed the azomethines are photostable and they do not photoisomerize.
rown Copyright © 2007 Published by Elsevier B.V. All rights reserved.
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. Introduction

Conjugated polymers are an interesting class of compounds
hat have attracted much attention in the areas of materials
cience and organic synthesis alike. Their appeal to materi-
ls research is in part due to their electrochemical properties
hat are ideally suited for functional devices such as field
ffect transducers [1–3], solar cells [4–7], low power consump-
ion emitting devices [8–10], and plastic electronics [11,12].
hese materials also exhibit interesting photophysics that are
ell suited for light emitting devices and flexible light dis-
lays [13–16]. Owing to the many commercial applications
17], organic synthesis has played a major role in providing
ew materials with enhanced properties while overcoming the

any synthetic challenges to provide these sought after mate-

ials. Fluorene based polymers have been extensively studied
ecause of their high fluorescence yields and photophysical
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roperties that are suitable for emitting devices in which they
lay a pivotal role as the emitting layer [16,18,19]. Although
he photophysics of fluorene and its various derivatives have
een widely investigated [20–23], many synthetic challenges
till exist such as inconsistent reproducibility, problematical
urification from residual metal catalysts, and stringent reaction
onditions.

An alternate to current coupling methods for the synthesis
f conjugated compounds are azomethines ( N C ). This is in
art due to their isoelectronic properties relative to their carbon
nalogues [24,25], while having the advantage of easy synthesis
hat do not require the use of stringent reaction conditions or

etal catalysts. Furthermore, azomethines can also be purified
asily, unlike their carbon analogues. The recent introduction of
ew stable aminothiophenes [26] and the fluorene derivatives
llustrated in Scheme 1 have renewed the interest in azome-
hines because of their promising properties that are compatible
ith functional materials [27–30]. Compounds derived from
hese amino monomers, such as 14 and 15, possess properties
31–34] that successfully address the serious problems limiting
he use of previous investigated homoaryl azomethines as mate-
ials in functional devices. Even though fluorene (1) exhibits

. All rights reserved.
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responding compounds at an optically matched wavelength in
Scheme 1. Compounds examine

high fluorescence quantum yields, it undergoes intersystem
rossing (ISC) to populate its triplet state. This manifold shift is
roblematic for emitting devices because it results in unwanted
elayed emission and phosphorescence that is bathochromi-
ally shifted from the desired emission. Interestingly, no triplet
tate was visible by laser flash photolysis (LFP) for any of
he fluorenoazomethines while one is detectable for its amino
nd aldehyde precursors [35]. Similarly, thiopheno azomethines
14) also exhibited the absence of a triplet signal [31,32,34].
herefore, incorporating an azomethine bond has an important

nfluence on the photophysics of these materials. Despite their
rolific use and well studied behavior for protecting functional
roups in organic synthesis, the photophysics of azomethines
nd the means by which they affect the excited states of chro-
ophores have not been thoroughly examined. While only a few

tudies have examined fluorene azomethines [29,36–38], none
ave extensively examined the photophysics and the deactiva-
ion modes of these novel conjugated compounds. Information
egarding the excited state including the triplet manifold of
zomethines and knowledge of their quenching mechanism are
ivotal for determining their suitability as advanced materials
or functional devices.

Our long-standing interest in conjugated azomethines
26,31–34,39] prompted us to investigate the effect of azome-
hine quenchers upon the photophysics of fluorene derivatives as
means to better understand the main phenomena involved in the
echanism of excited state deactivation. In particular, we have

xamined the triplet state of these materials by time-resolved

eans in order to determine the influence of various azomethines

n the fluorene triplet state. The rate constants of triplet quench-
ng were measured in hope of providing information regarding
he intramolecular self-quenching of conjugated azomethines.

a
o
a
m

some representation analogues.

he photostability of the simple fluorenoazomethines was also
nvestigated.

. Experimental

.1. Materials

All reagents were commercially available from Aldrich and
ere used as received unless otherwise stated. Anhydrous and
eaerated solvents were obtained via a Glass Contour sol-
ent purification system. Isopropanol was dried over activated
olecular sieves and stored under nitrogen. 1H NMR spectra
ere recorded on a Bruker 400 spectrometer with the appropri-

te deuterated solvents. Compound 5 was prepared from the
ommercially available 6 according to known methods [35].
ompounds 14 and 15 were prepared in the same manner as
revious examples [34,35].

.2. Spectroscopic measurements

Absorption measurements were done on a Cary-500 spec-
rometer and fluorescence studies were carried out on an
dinburgh Instruments FLS-920 fluorimeter after deaerating the
amples thoroughly with nitrogen for 20 min. The fastest lifetime
esolution for the fluorescence kinetics is 900 ps. Fluorescence
uantum yields were measured at 10−5 M by exciting the cor-
nhydrous spectroscopic grade acetonitrile and compared to flu-
rene (φ = 0.8) excited at the same wavelength [35,40–42]. The
ctinometer absorbencies, and those of the compounds, were
atched at the excitation wavelength to within 5%.
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.3. Laser flash photolysis (LFP)

The triplet–triplet absorption spectra were measured in anhy-
rous and deaerated acetonitrile using a mini-LFP system from
uzchem Research Inc., of Ottawa excited either at 266 nm

rom the forth harmonic or at 355 nm from the third har-
onic of a Continuum YAG:Nd Sure-lite laser. The laser

ower levels were adjusted such that 60 and 100 mJ of energy
esulted per shot at 266 and 355 nm, respectively. Samples
ere prepared with an absorbance between 0.25 and 0.35 dis-

olved in anhydrous acetonitrile in static quartz cuvettes. A
ow cell was used where indicated. All samples were purged
ith nitrogen for at least 20 min before undertaking LFP

nalyses.

.4. Stern–Volmer quenching studies

The triplet states of various fluorenes were quenched using
ifferent azomethines, an amine, and an aldehyde. A fluo-
ene sample was prepared in anhydrous acetonitrile with an
bsorbance between 0.25 and 0.35 at the laser excitation wave-
ength and it was then deaerated with nitrogen for a minimum of
0 min. A stock solution of quencher was prepared in anhydrous
cetonitrile at a mM concentration and then it was deaerated.
nown volumes of the quencher were added to the cuvette con-

aining the fluorene via a syringe and the resulting first order
riplet decays were recorded at the λmax for the correspond-
ng fluorene. The quencher 7 was kept on ice until it was used
or the quenching experiments in order to prevent its premature
ecomposition products.

.5. Steady-state irradiation

All irradiation studies were done in purged, anhydrous ace-
onitrile and oxygen saturated solutions held in quartz cuvettes.
he solution concentration was adjusted to give an absorbance
f 1 at the irradiation wavelength. All experiments were done
ith 14 lamps in a Luzchem photoreactor at full illumination.
he samples were periodically removed and the 1H NMR and
bsorption spectra were recorded in order to confirm the absence
f decomposition.

.6. Synthetic procedures

.6.1. Butyl-butylidene-amine (7)
Butylamine (1 mL, 10.1 mmol) was added dropwise to

utyraldehyde (1 mL, 11.1 mmol) with stirring. The water
ormed from the exothermic reaction was physically removed by
Pasteur pipette, and the clear, colourless oil was further dried
ith 4 Å molecular sieves. Excess butylamine and butyralde-
yde were removed in vacuo. All samples of aliphatic imine
ere kept under nitrogen and on ice until used in order to prevent
ecomposition.
.6.2. N-((Thiophen-2-yl)methylene)butan-1-amine (10)
Thiophene-2-carboxaldehyde (1 mL, 10.7 mmol) was mixed

ith anhydrous dichloromethane (4 mL). Anhydrous MgSO4

c
a
(
(

tobiology A: Chemistry 192 (2007) 122–129

as added, followed by n-butylamine (2 mL, 20.2 mmol). The
ystem was kept under nitrogen and stirred for 4 h. The result-
ng salts were filtered off and the filtrate was evaporated in
acuo to yield the desired product as a yellow liquid. The com-
ound was used immediately for quenching studies owing to
ts rapid decomposition, which limited its characterization by
tandard methods. This notwithstanding, accurate kinetic mea-
urements with 10 were possible by keeping the compound on
ce until used. Little decomposition was observed under the
iluted quenching measurements.

.6.3. N-((9H-Fluoren-7-yl)methylene)butan-1-amine (11)
Fluorene-2-carboxaldehyde (56 mg, 0.29 mmol) was dis-

olved in isopropanol (25 mL), to which n-butylamine (1 mL,
0.1 mmol) was added along with a catalytic amount of tri-
uoroacetic acid. The system was kept under nitrogen and it
as refluxed overnight. The solvent and the excess amine were

emoved in vacuo to afford the pure title compound as pale-
ellow crystals (58 mg, 81%). 1H NMR (400 MHz, CDCl3):
= 8.36 (s, 1H), 8.00 (s, 1H), 7.83 (d, 2H), 7.71 (d, 1H), 7.58

d, 1H), 7.41 (t, 1H), 7.37 (dt, 1H), 3.96 (s, 2H), 3.67 (t, 2H),
.75 (m, 2H), 1.47 (m, 2H), 0.99 (t, 3H). 13C NMR (400 MHz,
DCl3): δ = 161, 144.5, 144.4, 144.0, 141.5, 135.0, 128.0, 127.7,
27.3, 125.6, 124.4, 120.8, 120.2, 62.0, 37.0, 34.0, 21.0, 14.0.
S: m/z 250.15903 [M + H]+.

.6.4. (30E)-N-((2-((E)-(Butylimino)methyl)-9,9-dioctyl-
H-fluoren-7-yl)methylene)butan-1-amine (12)

9,9′-Dioctyl-fluorene-2,7-dicarboxaldehyde (73 mg,
.16 mmol) was dissolved in isopropanol (10 mL) under
itrogen. One drop of catalytic trifluoroacetic acid was added,
ollowed by the dropwise addition of n-butylamine (1 mL,
0.1 mmol) over a period of 10 min while stirring. The solution
as then refluxed for 4 h and the excess volatile reagents were

emoved under vacuo. A yellow oil was recovered, which crys-
allized into yellow-orange crystals overnight to yield the title
ompound (74.7 mg, 82%). 1H NMR (400 MHz, acetone-d6):
= 8.42 (s, 1H), 7.90 (m, 2H), 7.79 (dd, 1H), 3.63 (t, 2H), 2.11

m, 2H), 1.68 (m, 2H), 1.44 (m, 2H), 1.21 (m), 1.17 (m), 0.99 (t,
H), 0.95 (t, 3H), 0.62 (m, 2H). 13C NMR (400 MHz, CDCl3):
= 161.1, 152.4, 143.0, 136.4, 128.3, 123.3, 121.1, 61.3, 55.2,
0.4. MS: m/z 557.47925 [M + H]+.

.6.5. N-((9H-Fluoren-7-yl)methylene)(phenyl)-
ethanamine (13)
Fluorene-2-carboxyaldehyde (67.3 mg, 0.35 mmol) was dis-

olved in anhydrous dichloromethane (2 mL). Benzylamine
0.31 mL, 2.84 mmol) was added dropwise to the aldehyde solu-
ion while stirring, followed by a small amount of anhydrous

gSO4. The solution was stirred for 4 h at room tempera-
ure, filtered, and then evaporated in vacuo to yield the title

ompound (71 mg, 72%) as a solid. 1H NMR (400 MHz,
cetone-d6): δ = 8.59 (s, 1H), 8.08 (s, 1H), 7.95 (t, 2H), 7.86
d, 1H), 7.62 (d, 1H), 7.36–7.42 (m, 7H), 4.84 (s, 2H), 4.00
s, 2H).
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. Results and discussion

.1. Azomethine synthesis

Despite our previous success in synthesizing conjugated
zomethines via simple means [31–35,39,43], the azomethine
erivatives (7, 10–13) reported in Scheme 1 were problematic.
he azomethine bond is robust and it resists hydrolysis when a
ighly conjugated compound is formed. However, it is highly
usceptible to acid catalyzed hydrolysis when the bond formed
s only moderately conjugated as with 10–13. Successful synthe-
is of the azomethine for their use as quenchers was possible by
sing an excess of the butylamine in order to displace the equilib-
ium in favor of the products of the otherwise highly reversible
eaction, according to Scheme 2. The amine was often used in
10–20-fold excess, which considerably shortened the reaction

imes. The aryl azomethine derivatives were highly stable once
ormed providing they were kept under an inert atmosphere.
he synthesis of 7 was exceptionally difficult owing to its high
ropensity to decompose. Although a previous protocol for the
ynthesis of this compound exists [44], the desired product could
ot be isolated in high purity for its subsequent use in quench-
ng studies. The compound rapidly decomposed when exposed
o common chromatographic purifications. However, using the
eagents as solvent yielded exclusively the desired product that
ould easily be isolated in high purity by evaporating the unre-
cted reagents. Compound 7 was sufficiently stable under an
nert atmosphere permitting its use for time-resolved quenching
tudies.

.2. Fluorescence measurements
Previous studies of 14 showed it exhibited fluorescence
wo orders of magnitude smaller than its oligothiophene ana-
ogue [31,34]. The low fluorescence quantum is not surprising

cheme 2. Reaction scheme for the synthesis of various azomethines from
cheme 1.
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ince thiophenes efficiently deactivate their singlet excited state
y ISC to populate their triplet state. However, the triplet of
4 was not detected in high amounts by laser flash photol-
sis (LFP), while a triplet at 77 K was visible. Deactivation
f the singlet excited state by internal conversion (IC) was
onfirmed by fluorescence measurements at 77 K, at which tem-
erature the quantum yields of IC can be obtained according
o: Φfl (77 K) − Φfl (RT) ≈ ΦIC. The triplet state is formed in
ess than 10% according to the energy conversation equation:

fl + ΦISC + ΦIC ≈ 1. Similarly, 15 also did not show any signal
y LFP as seen in Fig. 1. Even though fluorenes are highly flu-
rescent (Φfl (1) = 0.72) [35,45] the remaining 30% in energy
oss occurs by ISC leading to a visible triplet by LFP. A strong
ignal comparable to xanthone was therefore expected under
dentical experimental conditions. The absence of a detectable
riplet by LFP for 15, shown in Fig. 1, is therefore surprising.
ime-resolved fluorescence measurements were subsequently
one to provide insight into the azomethine quenching effect on
he singlet excited state.

The radiative (kr) and nonradiative (knr) rate constants
eported in Table 1 are considerably different for 14 and 15
roviding a preliminary means by which to assess the influ-
nce of the azomethine upon the singlet excited state. The large
r implies a high fluorescence yield since the value is calcu-
ated from the fluorescence quantum yield and the fluorescence
ifetime according to kr = Φfl/τ. The observed low value for 14
mplies the singlet state is deactivated by nonradiative channels.
he low knr for 14 relative to 15 further suggests the singlet state
issipates its energy by means of IC rather than ISC. This is cor-
oborated by the low temperature fluorescence measurements
een in the inset of Fig. 1 showing little fluoresce increase at 77 K
elative to room temperature. Significant increase in the emission
t 77 K would occur if IC was a preferred mode of energy dissi-

ation. The fluorescence quantum yields and the singlet excited
tate lifetimes of compounds 10–13 were examined to deter-
ine the effect of the simple unconjugated azomethine linkage

ig. 1. Transient absorption spectra of 15 (�) and xanthone (�) excited at
66 nm in anhydrous acetonitrile. Inset: fluorescence of 15 measured at room
emperature (�) and 77 K (�).
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Table 1
Quantum yields and other singlet excited state properties of various
chromophores

Compound λabs

(nm)a
λem

(nm)b
Φfl

c τ (ns)d kr

(×107 s−1)e
knr

(×108 s−1)f

1 261 302 0.72 10 7.0 0.3
2 316 365 0.82 1.2 68.3 1.5
5 326 383 0.72 1.2 59.5 2.4
10 253 274 0.02 4.7 0.4 2.1
11 305 330 0.10 2.3 4.4 3.9
12 306 387 0.60 0.9 66.7 4.4
13 307 389 0.25 6.7 3.7 1.1
14g 440 534 0.003 13.2 0.02 0.8
15h 361 445 0.40 1.1 36.4 5.5

a Absorption maximum.
b Fluorescence maximum.
c Fluorescence quantum yield relative to fluorene [50,54].
d Fluorescence lifetime.
e Radiative rate constant kr = φfl/τfl.
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Table 2
Laser flash photolysis of substituted fluorenes exhibiting triplet states upon
excitation at 266 nm in anhydrous acetonitrile

Compound λmax (nm)a τ (�s)b k (×105 s−1)c kq (×107 M−1 s−1)d

7 8 9

1 375 0.6 16.5 250 0.3 1
2 440 6.3 1.6 30
3 450 8.1 1.2 2
4 437 2.4 4.1 2 1 0.3
5 470 5.9 1.4 5 0.01 0.4
6 405 2.2 4.6 16

The triplet quenching (kq) was measured with the addition of 7, 8, or 9.
a Triplet–triplet absorption maximum.
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l
of large amounts of the quencher if required without the risk of
directly exciting it, which would otherwise lead to complicated
quenching kinetics. The efficiency of 7 to deactivate a triplet was
f Nonradiative rate constant knr = kr(1 − φfl)/φfl.
g From Bourgeaux et al. [31,32].
h From Pérez Guarı̀n et al. [35].

n the singlet excited manifold. The calculated rate constants in
able 1 for 10–13 for both the radiative and nonradiative decays
re similar to 15. This suggests the simple aliphatic azomethine
inkage does not promote ISC to artificially populate the triplet

anifold, rather it affects the singlet excited state by providing
dditional modes of energy dissipation resulting in efficient IC.
he decrease in fluorescence yields for the azomethine fluorene
erivates relative to its aldehyde precursor (2 versus 11 and 5
ersus 12) provide further evidence that the simple azomethine
onradiatively deactivates the singlet excited state. Similar to 14
nd 15, no triplet was detected by LFP for any of the aliphatic
zomethine derivatives in Table 1. The combined time-resolved
nd steady-state fluorescence measurements concomitant with
he qualitative absence of LFP signal provide indirect proof
hat the azomethine does not increase the amount of inherently
ormed triplet by ISC, rather it quenches the formed triplet state
y intramolecular energy transfer. The azomethine accordingly
eactivates the singlet excited state by providing nonradiative
hannels for energy dissipation.

.3. Quenching measurements

The capacity of azomethines to quench the triplet state was
xamined with triplet producing fluorenes in the presence of
arious azomethines. Since compounds 10–13 did not produce
ny detectable signal by LFP, the triplet states of 1–6 were
xamined. Not only do these compounds provide information
egarding the effect of electronic groups on the transient absorp-
ion spectrum, they are also the precursors used in the synthesis
f conjugated fluorenes such as 15. Furthermore, a detectable
riplet for fluorenes 2–6 would prove their triplets are indeed
nherently formed. The added advantage of these precursors is

hey would also confirm if an azomethine linkage appended to
he triplet producing chromophores is responsible for quenching
he triplet. The triplet–triplet absorption spectra observed for 1–6
re tabulated in Table 2 and a representative transient absorption

F
a
I

b Triplet lifetime measured at triplet–triplet absorption maximum.
c Rate constant of triplet decay in the absence of quencher.
d Quenching rate constant in the presence of quencher.

pectrum for the fluorenes is found in Fig. 2. Despite a negative
ignal resulting from strong ground state bleaching, this does not
nterfere with the triplet absorption, which is bathochromically
hifted relative to the ground state bleaching. In all cases, a strong
ignal with a good s/n ratio was observed as seen in the inset of
ig. 2. The observed signals were assigned to the triplet because
f their characteristic unimolecular decays occurring on the �s
ime scale. Furthermore, the signals were quenched with stan-
ard triplet quenchers including oxygen, 1,3-cyclohexadiene,
-methylnaphthalene, and �-carotene. It is evident according
o Table 2 that all the studied compounds exhibited a triplet
isible in the range of 375 and 470 nm, while the maximum
riplet–triplet absorption depends on the number and the type of
he electronic groups substituted on the fluorene.

The aliphatic azomethine 7 was used as a model compound to
ssess the azomethine linkage’s capacity to quench triplets. This
imple quencher probe is also transparent at the excitation wave-
engths used for the LFP measurements. This allows the addition
ig. 2. Transient absorption spectrum of 1 measured in anhydrous acetonitrile
t 0.6 (�), 1.1 (�), 2.2 (�), and 3.3 �s (©) after laser irradiation at 266 nm.
nset: triplet decay of 1 monitored at 375 nm after laser pulse at 266 nm.
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Table 3
Quenching of xanthone triplet with various azomethines produced upon excita-
tion at 355 nm in anhydrous acetonitrile

Quencher kq (×109 M−1 s−1)

1-Methylnaphthalene 7.0
1
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etermined by monitoring the change in triplet decays of the flu-
rene derivatives in the presence of varying concentrations of the
zomethine. These measurements were done at the correspond-
ng triplet–triplet maximum absorption according to Table 2
n order to provide a good s/n ratio. First order decays were
bserved for the triplets of 1–6 with the addition of 7 as shown
n the inset of Fig. 3. Triplet deactivation by energy transfer
rom the fluorene triplet to the azomethine, and hence the deac-
ivation efficiency, corresponds to the quenching rate constant,
q. This can be determined from the slope of the observed first
rder rate constant (kobs) as a function of the quencher concen-
ration ([Q]) according to the following Stern–Volmer equation:
obs = ko + kq[Q], where ko is the rate constant for triplet decay
n the absence of quencher. Fig. 3 illustrates the capacity of 7
o deactivate the triplet of the fluorene derivatives with varying
fficiencies. The calculated kq values reported in Table 2 range
rom 0.2 to 25 × 108 M−1 s−1. These rate constants are slower
han diffusion controlled (1010 M−1 s−1) processes in acetoni-
rile [46]. This implies the energy transfer quenching process
rom the fluorene to 7 is endothermic suggesting the fluorene
riplet is lower in energy than the azomethine triplet. A large
uantity of azomethine is therefore required to deactivate the
uorene triplet. Nonetheless, quenching of the triplet by the
zomethine does occur.

Quenching of the various fluorene triplets was additionally
one with butylamine (8) and butyraldehyde (9) in order to val-
date the efficiency of triplet quenching measured for 7. The
ystematically slower quenching rate constants for 8 and 9 rela-
ive to 7, confirm the aliphatic azomethine is an efficient triplet
uencher. According to the inset of Fig. 3, the addition of 7
ccelerates the triplet decay, but it does not decrease the sig-
al intensity. This is indicative of dynamic quenching whereby
he azomethine must diffuse to the excited chromophore and
eactivate the excited state within the triplet’s lifetime [47–49].

he quenching rate constant and hence the efficiency of triplet
eactivation is dependent upon the azomethine concentration.

The conjugated azomethines 10 and 11 were also examined
or their triplet quenching capacity. Since the azomethine is con-

ig. 3. Triplet quenching of various fluorenes as a function of 7 added: 2 (�), 3
©), 4 (�), 5 (�), and 6 (�). Inset: triplet decay of 2 measured at 440 nm with
mM (�), 2.9 mM (�), 4.9 mM (�), and 7.9 mM (�) of 7.
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ected directly to an aryl unit for these two quenchers, they are
ore conjugated than 7. Therefore, they are expected to have

ower triplet energies resulting in faster quenching rate constants
nd more efficient triplet deactivation. Xanthone was selected as
he triplet source instead of the fluorenes because it can be selec-
ively irradiated at 355 nm while 10 and 11 are spectroscopically
ransparent at this wavelength. This avoids problems occurring
ith direct excitation of the quenchers that would otherwise

ead to complicated decay kinetics and to multiple transients.
he measured rate constants in Table 3 are 10 times faster than

or 7. The greater degree of conjugation of 10 and 11 results
n a lower triplet energy than 7, leading to exothermic quench-
ng of the xanthone triplet by energy transfer. This is confirmed
y the measured kq value (7 × 109 M−1 s−1) for the quenching
f xanthone by 1-methylnaphthalene, which is a known effi-
ient quencher because of its low lying triplet that is capable
f exothermically quenching most triplets [50]. The faster kq
or 10 and 11 relative to 7 confirms the conjugated azomethines
ore efficiently quench the triplet compared to their aliphatic

nalogues.
The observed rate constants for 7, 10, and 11 provide evi-

ence that the azomethine quenches the fluorene triplet state.
lthough the measured rate constants are not diffusion con-

rolled, implying inefficient triplet quenching, the fast rate
onstants nonetheless confirm triplet quenching is possible.
he complete suppression of any visible triplet by LFP with

he azomethine-chromophore adducts is a result of the large
ffective azomethine concentration resulting in efficient triplet
uenching by intramolecular energy transfer. The effective
uenching concentration for intramolecular quenching pro-
esses is 1 M while the average triplet concentration produced
pon laser excitation is ca. �M. The 106 concentration difference
s responsible for efficient deactivation of the fluorene triplet.
his is empirically validated by substituting the intramolecu-

ar quencher concentration into the standard Stern–Volmer rate
quation above along with kq for 7, leading to a triplet lifetime
f 10 ns. Given the fastest lifetime that can be resolved by the
FP system is ∼100 ns, the azomethine must rapidly quench the

riplet such that it cannot be detected within the time resolution
f the LFP system.

Since undesired transients that contaminate pristine emission
ccur from the triplet manifold, ideal fluorenes to be used as the
mitting layer in functional devices must therefore possess high
uorescence quantum yields with little ISC. Or, if the triplet
s inherently formed, its deactivation must occur by nonemis-
ive means. Electrochemically induced excitation selection rules
or functioning devices further complicates matters such that
ach exciton produces 75% triplets and only 25% singlets. This
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anifold shift highly populates the triplet level and potentially
romotes undesired phosphorescence that is bathochromically
hifted relative to the fluorescence. Long-lived species addi-
ionally result from this process, which contaminate the desired
ristine fluorescence. Fluorene azomethines are therefore suit-
ble candidates for emitting devices since the unwanted triplet
tate is efficiently deactivated by nonradiative means affording
ristine emission originating from only the singlet state.

.4. Photostability

Like their carbon analogues, azomethines also possess two
eometric isomers (E and Z) as shown in Fig. 4. Photoisomer-
zation resulting in the interconversion of the two isomers is
ossible as found with azobenenes and stilbenes [51–53]. Even
hough the time-resolved transient studies confirmed that the
zomethines nonradiatively deactivate their triplet states, steady-
ate irradiation was used to investigate a possible deactivation
y photoisomerization. Irradiation of 11 was done at 254, 300,
50 nm for various times in acetone and in dichloromethane
ith a total of 14 lamps in the photoreactor. These conditions

re normally sufficient to induce detectable photoisomeriza-
ion products with other compounds. Interconversion between
he two isomers would result in spectroscopically detectable
hanges in both absorption and 1H NMR owing to the differ-
nt degrees of conjugation of the two isomers. No change in
he absorption wavelength or in the intensity was detected upon
rradiating a sample at the various wavelengths for 5–15 min.
he 1H NMR spectra was also unchanged after irradiating 11

or 15 min. A detectable shift in the imine proton at 8.35 ppm
ould occur if isomerization between the E and Z isomers was
resent. Moreover, the single imine peak confirms the presence
f only one isomer while the unchanged integration confirms the
roduct does not photodecompose.

Additional photodecomposition studies were undertaken
ith 11 and 12. 12 exhibited extreme photostability with no
etectable decomposition even after 15 h of irradiation at 300 nm
ccording to Fig. 5. The absence of any significant decomposi-
ion under the intense photon flux confirms the robustness and
he photostability of the azomethine bond. Similarly, 11 exhib-
ted high photostability with no apparent decomposition after
h of intense irradiation at 254 and 300 nm. Less than 20%
ecomposition occurred only after 15 h of irradiation at 300 nm
hile the same amount of decomposition was observed after 3 h

f irradiation at the more intense 254 nm wavelength. Since no
hotodecomposition or photoisomerization was observed for the
ryl azomethines, deactivation of their excited state produced
y energy transfer from a triplet donor most likely occurs by

Fig. 4. The two possible geometric isomers of azomethines.

u
C
e
D
I

R

ig. 5. Effect of irradiation time on the photostability of 11 and 12: no decom-
osition ( ) and less than 20% decomposition (//). (A) 11 irradiated at 254 nm.
B) 11 irradiated at 300 nm. (C) 12 irradiated at 300 nm.

onradiative means and is in agreement with the fluorescence
tudies.

. Conclusion

Steady-state and time-resolved investigations of fluorene
erivatives revealed their fluorescence is significantly reduced
pon incorporating an azomethine linkage, which is respon-
ible for deactivating the singlet excited state by nonradiative
odes. The heteroconjugated bond does not promote ISC to the

riplet manifold; rather the azomethines efficiently deactivate
he inherently formed triplet state by energy transfer. Triplet
elf-quenching by the conjugated azomethines via intramolecu-
ar energy transfer completely suppresses undesired long-lived
mission while providing pristine fluorescence. This behavior
akes the photostable fluorenoazomethines ideal replacements

or currently used emission layers in functional devices owing
o their intrinsic quenching properties. These suppress the
nwanted triplet state that is otherwise inherently formed in
igh yields because of electrochemically derived selection rules
eading to contaminated emission in functioning devices.
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