
FULL PAPER

DOI: 10.1002/ejoc.201201502

Turning-on the Quenched Fluorescence of Azomethines through Structural
Modifications

Satyananda Barik[a][‡] and William G. Skene*[a]

Keywords: Fluorescence / Fluorescent probes / Donor–acceptor systems / Conjugation / Structure–activity relationships

A series of fluorene azomethines were prepared to examine
the effect of structural modification on the absolute fluores-
cence quantum yields (Φfl). The change in fluorescence oc-
curring upon reversing the orientation of the azomethine
bond, the number of fluorene units, and alkylation at the
9,9�-positions of fluorene was examined. It was found that Φfl

could be tailored with these structural modifications with
0.05 � Φfl � 0.45. The highest Φfl was measured for the tri-
mer derived from 2,7-diamino fluorene with each fluorene
being alkylated at the 9,9�-positions. The fluorescence quan-
tum yields did not increase at 77 K, implying the absence of

Introduction

Conjugated materials prepared from azomethines
(–N=C–) are interesting alternatives to their vinylene coun-
terparts.[1] This is, in part, due to their isoelectronic proper-
ties relative to their carbon analogues.[2] More importantly,
they have the advantage of ease of synthesis without the
need for stringent reaction conditions or metal catalysts.
Azomethines can also be easily purified without hydrolysis
and they exhibit good thermal and reductive resistance in
addition to being air stable.[3]

Although their interesting optical and electrochemical
properties are suitable for use in plastic electronics, most
azomethines are nonfluorescent.[4] Their quenched fluores-
cence is problematic for use of these materials in sensing
applications and as emitting layers in organic light-emitting
diodes.[5] As a result, much effort has been devoted to un-
derstanding the fluorescent deactivation processes of azo-
methines, with the ultimate aim of designing and de-
veloping fluorescent materials.[6] Intramolecular photoin-
duced electron transfer between the fluorophore and azo-
methine, in addition to nonradiative deactivation involving
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fluorescence quenching modes involving internal conver-
sion. Fluorescence enhancement was also not observed upon
protonating the imine with trifluoroacetic acid. This confirms
that Waldon inversion and isomerization are not fluorescence
deactivation modes. Additionally, no photoisomerization was
observed either at room temperature or at 77 K when the
fluorene derivatives were irradiated at 354 nm. In contrast,
the Z photoisomer of a N-benzylideneaniline analogue was
spectroscopically detected both by absorbance and by 1H
NMR spectroscopy.

bond rotations, have been identified as efficient inherent
fluorescence quenching modes of azomethines.[7] Theoreti-
cal and experimental studies further confirmed that photo-
isomerization of the thermodynamically stable E to the Z
isomer also competes with fluorescence.[8] In most cases, the
Z isomer is unstable and thermally reverts to the trans iso-
mer as a result of a low Z�E isomerization activation bar-
rier (ca. 70 kJ/mol).[9]

Whereas the main deactivation modes that are primarily
responsible for quenching azomethine fluorescence have
been identified, this knowledge has not led to the successful
preparation of fluorescent conjugated azomethines. We
were therefore motivated to prepare the series of conjugated
azomethines shown in Scheme 1 to examine the structural
effects on the fluorescence quantum yield (Φfl). These com-
pounds were targeted because the effect of their different
degrees of conjugation, alkylation at the 9,9� positions, and
orientation of the azomethine bond on the fluorescence
properties could be examined. The fluorene derivatives were
chosen because of their inherent fluorescence and their rele-
vance for sensing and plastic electronic applications.[10] It
was surmised that the collective structural effects could sup-
press the known and undesired singlet excited deactivation
modes, notably internal conversion by bond rotation, and
restore the inherent fluorene fluorescence. As a result, the
preparation and photophysical and electrochemical charac-
terization of the fluorene azomethine derivatives 1–9 are
herein presented, with particular attention being devoted to
Φfl. The fluorenylazomethines are additionally compared to
their benzylimine derivatives 10 and 11, which are known
to photoisomerize.
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Scheme 1. Fluorene azomethine derivatives prepared and exam-
ined.

Results and Discussions

Photophysical Properties

Fluorenylazomethine derivatives were targeted because
of the inherent fluorescence of fluorene, the Φfl of which is

Table 1. Photophysical and electrochemical properties of fluorenylazomethines measured in dichloromethane.

λabs λfl Φfl Φfl Epa HOMO LUMO Eg
opt Eg

el

[nm] [nm][a] 298 K[b] 77 K [V][c] [eV][d] [eV][e] [eV][f] [eV][g]

(H+)

1 362 416 0.15 0.19 0.92 5.14 2.48 2.7 2.7
(0.17)

2 362 425 0.05 0.07 0.91 5.18 2.47 2.7 2.7
(0.08)

3 363 452 0.07 0.09 0.90 5.17 2.43 2.7 2.7
(0.09)

4 391 552 0.09 0.05 0.86 5.16 2.56 2.6 2.6
(0.03)

5 398 505 0.45 0.78 0.83 5.12 2.54 2.6 2.5
(0.47)

6 392 453 0.05 0.08 0.93 5.18 2.52 2.7 2.6
(0.06)

7 398 455 0.11 0.16 0.95 5.21 2.60 2.6 2.6
(0.12)

8 390 451 0.07 0.09 0.96 5.24 2.60 2.6 2.6
(0.08)

9 361 445 –[h] –[h] 1.53 5.60 2.70 2.9 2.9

[a] Fluorescence measured upon excitation at the corresponding absorbance maximum. [b] Absolute fluorescence quantum yield at room
temperature. Values in parentheses are absolute quantum yields measured upon azomethine protonation with TFA. [c] Oxidation potential
relative to saturated Ag/Ag+ electrode. [d] Relative to the vacuum level. [e] LUMO = HOMO – Eg

opt. [f] Spectroscopically determined
energy gap taken from the absorbance onset (Eg = 1240/λonset). [g] Electrochemically derived energy gap. [h] Insufficient solubility for
accurate absolute Φfl measurements.
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greater than 0.7.[11] Fluorene is also of particular interest
because it is the most commonly used derivative that is used
as an emitting layer in organic light-emitting diodes.[12] Flu-
orescent fluorenylazomethines would be beneficial not only
because of their fluorescence, which could potentially be
exploited for sensing applications and plastic electronics,
but also for their ease of preparation. The derivatives shown
in Scheme 1 were therefore prepared and examined. The
azomethine derivatives were prepared by condensing the
corresponding amine and aldehydes in appropriate stoichio-
metric amounts. The condensation reactions were per-
formed under mild conditions by stirring at room tempera-
ture in ethanol together with a catalytic amount of tri-
fluoroacetic acid. This is in contrast to standard methods
used for the preparation of azomethines, which involve
highly reactive titanium tetrachloride in anhydrous tolu-
ene.[13] The required aminofluorene derivatives were pre-
pared from native fluorene first by 9,9�-dialkylation using
standard methods,[14] followed by nitration using fuming
HNO3 and subsequent reduction over Pd/C and hydrazine
hydrate. Owing to the instability of the 2-amino-9,9�-dialk-
ylated derivatives, they were immediately reacted with the
corresponding aldehydes to form hydrolytically, oxidatively,
and reductively robust azomethines.

The absorbance and fluorescence spectra of 1–9 were
measured in dichloromethane, and the corresponding data
are found in Table 1. Given that the dimers and trimers dif-
fer in their degree of conjugation, this was expected to af-
fect both the absorbance and fluorescence spectra. As
shown in part A of Figure 1, dimers 1–3 consistently absorb
at ca. 360 nm, regardless of substitution at the 9,9�-posi-
tions. The exception is 4, which is bathochromically shifted
by 30 nm owing to the electron-donating effect of the
amine. The absorbances of the trimers were all redshifted
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by 30 nm relative to the corresponding dimers, which is a
result of the increased degree of conjugation courtesy of the
additional azomethine bond. The absorbance of the trimers
was slightly influenced by the alkylation at the 9,9�-posi-
tions, unlike the dimers. For example, the absorbance of
both the fully alkylated derivatives 5 and 7 is redshifted by
8 nm relative to 8. The observed shift is a result of the weak
electron-donating effect of the alkyl group.

Figure 1. (A) Normalized absorbance spectra of 1 (filled black
square), 2 (open red circle), 3 (open blue triangle), 4 (filled red
circle), 5 (filled blue triangle), 7 (open green square), 8 (black star)
measured in dichloromethane. (B) Normalized fluorescence spectra
of 1 (filled black square), 4 (filled red circle), 5 (filled blue triangle),
and 7 (open green square), measured in dichloromethane by exci-
tation at the corresponding absorbance maximum.

Fluorescence spectra are more sensitive than absorbance
spectra to both the fluorene alkylation and the orientation
of the azomethine bond. As shown in Table 1, the fluores-
cence of 2 is bathochromically shifted by 10 nm relative to
1, and 3 is further redshifted by 30 nm. Electron-rich 4 un-
dergoes the most pronounced redshift of 135 nm relative to
1. This is, in part, due to the intramolecular charge transfer
that takes place between the terminal electron-donating and
azomethine electron-withdrawing groups, which is evi-
denced by the appearance of two peaks in the emission

Eur. J. Org. Chem. 2013, 2563–2572 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 2565

spectrum. Whereas the trimers are bathochromically shifted
by 40 nm compared with dimer 1, there are only small spec-
tral changes between them. The exception is all-alkylated 5,
which is redshifted by 50 nm relative to the other trimers.
Given that the only difference between 5 and 7 is the orien-
tation of the azomethine bond, this is most likely responsi-
ble for the difference in their fluorescence. The redshift ob-
served for 5, concomitant with its larger Stoke shift, implies
that it has a more polar excited state than 7. Similarly, 1
and 3 differ only in the orientation of the azomethine bond.
The 50 nm difference between their fluorescence peaks can
also be assigned to the orientation of the azomethine bond.

The azomethine property that is of particular interest is
the fluorescence quantum yield Φfl. These values were mea-
sured with an integrating sphere, which provides absolute
measurement values that are independent of a reference.[15]

The absolute Φfl of 1–9 were subsequently determined by
using an integrating sphere. According to Table 1, substitu-
tion at the 9,9�-positions affects the Φfl. For example, Φfl �
0.10 was measured for all compounds containing an unal-
kylated fluorene. The Φfl increased to 0.15 when the fluo-
rene was alkylated as with 1. The highest value was mea-
sured with 5, the Φfl of which was nearly ten times greater
than its geometric analogue 7. The different Φfl for the geo-
metric analogues suggests that the orientation of the azo-
methine significantly alters the dipole moment, which, in
turn, affects the fluorescence emission. The collective data
and the image in Figure 2 clearly demonstrate that the fluo-
rescence quenching deactivation pathways of azomethines
can be suppressed with subtle structural modifications in-
volving alkylation at the 9,9�-positions and by altering the
orientation of the azomethine bond. The net effect is fluo-
rescent azomethines, especially when they are prepared
from the diamino fluorene derivative 14. This is in contrast
to other fluorenylazomethines, the emission yields of which
are so low that their Φfl cannot be measured.[16]

Figure 2. Combined picture showing the fluorescence of 1–9 (from
left to right) in dichloromethane upon irradiation with a UV lamp
at 254 nm.

Cryofluorescence

The cryofluorescence of 1–9 was investigated to further
study the fluorescence deactivation modes. Deactivation
processes occurring by internal conversion such as bond ro-
tation can be identified with low temperature fluores-
cence.[17] Such deactivation processes are suppressed at re-
duced temperatures, resulting in increased fluorescence. In
contrast, singlet excited state deactivation by intersystem
crossing to the triplet state is a temperature-independent
inherent property.[17b,18] Cryofluorescence was performed in
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2-methyltetrahydrofuran and methylcyclohexane at 77 K.
The low-temperature Φfl value for the compounds was cal-
culated from the absolute room temperature values after
taking into account the temperature-dependent refractive
index change of the solvent. Variable-temperature fluores-
cence was also measured at discrete intervals between 300
and 180 K, as shown in the inset of Figure 3B. The lower
temperature limit for the cryofluorescence measurements
was 10 K above the solvent freezing point to avoid the large
solvent volume change that takes place at the solvent freez-
ing point. This could potentially crack the cuvette during
the measurements. In all cases, the Φfl increased by about
30% at 77 K. Whereas the Φfl of 1–4, and 6–9 could be
increased to 0.1, the most noticeable increase was for 5, the
Φfl of which increased to 0.78 at 77 K. This is consistent
with the Φfl of native fluorene. Whereas rapid intramolecu-
lar deactivation modes such as PET and photoisomeriza-
tion (see below) along with intrinsic intersystem crossing to
the triplet state cannot be unequivocally excluded as singlet
excited state deactivation modes, the temperature-depen-
dence studies confirm that azomethine fluorescence
quenching does not occur by bond rotation resulting in dif-
ferent rotamers or internal conversion. Moreover, the
ca. 50% increase in Φfl observed for 5 at low temperature
implies that it is significantly deactivated by internal deacti-
vation while still being inherently fluorescent at room tem-
perature. Of particular interest is the absence of Φfl increase
upon protonating the azomethine with trifluoroacetic acid
(TFA). It was previously shown that azomethine proton-
ation resulted in fluorescence enhancement, which occurred
by suppression of both Waldon inversion of the nitrogen
and photoisomerization.[19] The lack of increased Φfl with
protonation suggests that these two deactivation modes are
not responsible for the quenched fluorescence of the studied
fluorenylazomethines.

The temperature-dependent fluorescence of 5 was ad-
ditionally examined in different solvents to assess the effect
of polarity on the fluorescence. It was found that although
the fluorescence quantum yields did not change with po-
larity, the fluorescence spectra were affected differently as a
function of temperature in the different solvents. As can be
seen in Figure 3 (A), the fluorescence of 5 bathochromically
shifts by up to 25 nm with decreasing temperature in 2-
methyltetrahydrofuran. The same trend was observed in
dichloromethane. This trend is ascribed to the lower energy
rotamer being adopted at low temperatures, which is as-
sumed to be an all-anti-rotamer. In contrast, no tempera-
ture-dependent spectral shifts were observed for 5 in meth-
ylcyclohexane. The redshift in the fluorescence observed in
polar solvents implies that the excited state has a high di-
pole moment. Given that this trend was not observed with
the other azomethines investigated, the increased excited
state polarity is most likely a result of the orientation of the
azomethine bond in 5. The orientation of the azomethine
was previously shown to affect the fluorescence quantum
yields, with Φfl ≈ 0.5 being observed with unidirectional
azomethines.[20] This is in contrast to polyfluorenylazo-
methines having bidirectional azomethines similar to 4 and
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Figure 3. Cryofluorescence of 5 measured between 300 and 190 K
in (A) deaerated 2-methyltetrahydrofuran, and (B) methylcyclohex-
ane. Inset: cryofluorescence of 2 measured between 300 and 190 K
in deaerated dichloromethane.

5, the fluorescence of which is reduced by half (Φfl �
0.25).[19,21] The collective temperature-dependent fluores-
cence data provide evidence that internal conversion is re-
sponsible for quenching the fluorenylazomethine fluores-
cence, albeit only up to a maximum of 30%.

Isomerization

Fluorescence deactivation of the azomethines by photo-
isomerization from the E to the Z isomer was also investi-
gated. Significant changes in both the absorbance and fluo-
rescence spectra are expected for the two isomers. More
specifically, the reduced degree of conjugation of the Z iso-
mer should result in hypsochromic shifts in both the ab-
sorbance and fluorescence spectra. Changes in the ab-
sorbance spectra upon irradiating benzylimines 10 and 11
were first examined. These were chosen as reference com-
pounds because they are known to photoisomerize.
Furthermore, their Z isomer is thermally stable at room
temperature, allowing it to be spectroscopically observed by
standard absorbance spectroscopy.[8a] Given that 10 and 11
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are nonfluorescent, only their absorbance spectra were ex-
amined. As shown in Figure 4 (A), significant spectral dif-
ferences occur upon irradiating 10 and 11 at 365 nm for
5 min, with a blueshifted shoulder appearing for 10 at
290 nm. Moreover, the entire spectrum of 11 is hypso-
chromically shifted by 15 nm upon irradiation at room tem-
perature. Formation of the Z isomer upon irradiation of 11
was also unequivocally confirmed by 1H NMR spectro-
scopic analysis. As shown in the inset of Figure 5 (A), 11
has only one imine, according to the singlet at δ =
8.775 ppm for the E isomer. This is assumed to be the ther-
modynamically stable E isomer. Evidence of a new product
being formed upon irradiation comes from the splitting of
the peaks in the NMR spectrum (Figure 5, B). This pho-
toproduct is assigned to the Z isomer, according to the new
imine singlet at δ = 8.768 ppm. The upfield shift of the Z
imine proton is a result of its decreased degree of conjuga-
tion relative to the E isomer.

Isomerization studies were undertaken with 2 and 5,
which were chosen because of their respective low and high
Φfl. It was expected that 2 would show significant spectral
changes similar to those of 11, providing that its low Φfl is a
result of efficient photoisomerization.[22] Compound 5 was
chosen as a benchmark to ensure that the irradiation condi-
tions used did not induce any photodecomposition. Inter-
estingly, no changes in the absorbance or fluorescence spec-
tra of either 2 or 5 were observed upon irradiation at
365 nm even for prolonged times of 24 h at room tempera-
ture. No spectral changes were observed at 77 K, the tem-
perature at which even the most thermally unstable Z iso-
mer should be trapped (Figure 4, B). Compound 2 was also
irradiated in both deuterated acetone and methylcyclohex-
ane to verify the absence of photoisomerization by NMR
spectroscopy. Similar to 11, a new downfield shifted imine
proton should be observed if the Z isomer of 2 is formed
upon photoisomerization. Unirradiated 2 was used as a
benchmark for assigning the imine proton of the E isomer.
There are no noticeable differences between the unirradi-
ated and irradiated samples of 2. It should be noted that
the baseline peaks in the samples are contaminants and do
not arise from E/Z isomers. As shown in the insets C and
D of Figure 5, there is no change in the ratio of the protons
and no new protons appear in the imine region. The NMR
spectra confirm that the Z isomer is not produced upon
photoirradiation. The absence of aldehyde peaks in the
spectra further confirms that 2 does not photodecompose.

The collective spectral irradiation data of 2 and 5 con-
firm that the fluorene azomethines do not photoisomerize,
unlike their benzylimine counterparts.[8a,8b,23] The absence
of a spectroscopically visible Z isomer may be due to a
short lifetime because of a low thermal Z �E activation or
from a phantom state. However, this can be excluded be-
cause the Z� E thermal activation barrier of 2 is expected
to be much larger than that of 11. This is a result of the
alkyl groups and larger aromatic core, which collectively in-
crease the entropic contributions, requiring longer lifetimes
for the intramolecular arrangements associated with isom-
erization. Further evidence against isomerization was pro-
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Figure 4. (A) Absorbance spectra of 11 in methylcyclohexane prior
to (filled black square) and after (filled red circle) irradiation at
365 nm for 30 min at room temperature. Inset: absorbance spectra
of 10 in methyl-cyclohexane prior to (filled black square) and after
(filled red triangle) irradiation at 365 nm for 30 min at room tem-
perature. (B) Fluorescence spectra of 2 prior to (filled black square)
and after (filled red circle) irradiation at 365 nm for 30 min at room
temperature in cyclohexane. Inset: absorbance spectra of 2 at room
temperature prior to (filled black square) and after irradiating for
30 min (lilac filled diamond), 77 K (filled red circle), irradiating
at 77 K for 30 (filled green triangle) and 60 (inverted filled blue
triangle) min. The offset between the spectra is for visual purposes
only.

vided by the fluorescence lifetime and quantum yield mea-
surements in ethylene glycol (see the Supporting Infor-
mation). The isomerization should be significantly reduced
in this viscous solvent, resulting in increased fluorescence
lifetime and enhanced Φfl, providing the E�Z conversion
occurs via the singlet manifold.[24] However, no change in
the fluorescence lifetime or quantum yield was observed be-
tween ethylene glycol and dichloromethane. Deactivation of
the singlet excited states of fluorenylazomethines therefore
most likely occurs by other nonradiative means, unlike their
benzylimine counterparts. Intersystem crossing to form the
triplet state can also be discounted because no visible triplet
of arylazomethines has been reported for analogous fluor-
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Figure 5. 1H NMR spectra of 11 prior to (A) and after (B) irradiation at 365 nm for 5 min at room temperature in deuterated acetone.
1H NMR spectra of 2 prior to (C) and after (D) irradiating at 365 nm for 24 h at room temperature in deuterated acetone. The insets
show the expanded imine region.

enylazomethines.[7c,25] The collective fluorescence and irra-
diation data provide indirect evidence that rapid intramo-
lecular deactivation processes, such as intramolecular pho-
toinduced electron transfer between the fluorophore and
the azomethine, and internal conversion, among others, are
responsible for fluorescence quenching of the fluorenylazo-
methines. These deactivation processes are nonetheless re-
duced with 5, resulting in appreciable fluorescence.

Electrochemical Properties

The electrochemical properties of the fluorenylazo-
methines were investigated by using cyclic voltammetry to
further study the effect of alkylation and degree of conjuga-
tion. The electrochemical measurements were performed in
dichloromethane at a scan rate of 100 mV/s. The fluorenyl-
azomethines were found to undergo a one-electron oxi-
dation that was quasi-reversible, as shown in Figure 6, by
using equimolar amounts of ferrocene as an internal refer-
ence. The exception is 4, which underwent two reversible
one-electron oxidations at 620 and 880 mV. The quasi-re-
versibility is a result of the reactive radical cation, which is
known to undergo cross-coupling. The terminal amine of 4
prevents such reactions, resulting in the observed reversible
oxidation. The reversible oxidation of 4 also confirms the
stability of the azomethine connection towards oxidation.
Moreover, the oxidation potentials (Epa) of 1–9 were found
to be consistently ca. 930 mV and they varied only by
30 mV, contingent on structure. The absence of significant
variation of Epa between the dimer and trimers is not sur-
prising because the electron-withdrawing effect of the azo-
methines offsets any reduction in the Epa that arises from
the increased degree of conjugation of the trimers. However,
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less positive Epa values were found for 4 and 5 due to the
electron-donating terminal amine and orientation of the
azomethine bond, in addition to the multiple alkylations,
respectively. The effect of the azomethine orientation on the
oxidation potential is further confirmed by the 120 mV Epa

difference between 5 and 7. Because electron-withdrawing
groups influence the reduction and not the oxidation poten-
tials, the observed Epa between 5 and 6 confirms that the

Figure 6. Anodic cyclic voltammograms of 1 (filled square), 2
(filled circle), 3 (filled triangle), 4 (inverted filled triangle), 5 (open
square), 6 (open circle), 7 (open triangle), 8 (star) measured in de-
aerated dichloromethane.
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different dipole moments caused by the azomethine orienta-
tion significantly perturb the HOMO energy levels. The
electrochemical data further confirm the air stability of the
azomethine derivatives examined because their Epa values
are much higher than the reduction potential of oxygen.

Given the potential use of the fluorenylazomethines de-
rivatives in electronic devices, their HOMO and LUMO en-
ergy values, in addition to their energy gaps (Eg), must be
compatible with commonly used device electrodes. As a re-
sult, these energy values were calculated from the electro-
chemical data by standard methods from the oxidation and
reduction potential onsets.[26] This were calculated accord-
ing to the following equations: HOMO = 4.4 + Epa

onset and
LUMO = HOMO – Eg

opt, where Epa
onset and Eg

opt are the
oxidation potential onset and optical energy gap, respec-
tively. The calculated HOMO and LUMO energy values
were consistently 5.2 and 2.5 eV, respectively (Table 1). The
energy gap was calculated from the corresponding HOMO
and LUMO energy values and they were also consistent
(2.6�0.1 eV) regardless of structure. The measured Eg val-
ues are lower than their fluorenyl polymer analogues (Eg =
3.0 eV).[27] There is also good correlation between the spec-
troscopically (Eg

opt) and electrochemically (Eg
el) determined

energy gaps. This confirms that the electrochemically mea-
sured oxidation and reduction processes correspond to radi-
cal cation and anion formation, respectively, and not to re-
duction of the azomethine or to oxidative decomposition.

The stabilities of the electrochemically produced radical
cations were additionally investigated by spectroelectro-
chemistry. The measurements were performed in dichloro-
methane with 0.3 m tetrabutylammonium hexafluorophos-

Figure 7. Spectroelectrochemistry of 7 recorded in deaerated
dichloromethane at 0 (filled black square), 0.8 (filled red circle), 0.9
(blue filled triangle), 1.0 (inverted filled turquoise triangle), 1.1
(pink diamond), 1.2 (sideways left filled green triangle), 1.3 (side-
ways right filled blue triangle), 1.3 (open black square), 1.4 (open
orange circle), 1.4 V (green line). Inset: color observed for the neu-
tral (left) and oxidized (right) states at the platinum mesh electrode.
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phate as the electrolyte. The resulting spectral changes were
observed by applying a potential slightly more positive than
the corresponding Epa of the given azomethine. In all cases,
the absorbance of the generated radical cation was batho-
chromically shifted from the corresponding neutral form.
The most stark visible color change was with 7, whose color
changed from yellow to orange upon oxidation at 1.4 V, as
shown in the inset of Figure 7. The new absorbance at
540 nm corresponds to the electrochemically generated rad-
ical cation. The oxidized state could be neutralized by ap-
plying a potential of 0 V. Repeated switching between the
oxidized and neutral states was possible by applying 1.4 and
0 V, respectively, without detectable color fastening. The
consistent color demonstrates the robustness of the azo-
methines towards oxidation.

Conclusions

It was found that fluorenylazomethine derivatives could
become fluorescent by both simple alkylation at the 9,9�-
positions and by changing the orientation of the azometh-
ine bond. More notably, the absolute quantum fluores-
cence yield increased from 10 to 48 % with an all-alkylated
trimer derived from 2,7-diamiofluorene. Temperature-de-
pendent fluorescence studies confirmed that nonradiative
deactivation modes accounted for less than 30% of the fluo-
rescence quenching. Moreover, E� Z conversion through
photoisomerization was further precluded as a viable singlet
excited state deactivation mode. The collective spectro-
scopic data confirm that combinations of deactivation
modes are responsible for fluorescence quenching of fluor-
enylazomethines. The inherent quenched fluorescence of
azomethines can nonetheless be turned-on by structural
modifications that suppress these fluorescence deactivation
modes. The structurally induced fluorescence enhancement
provides solid evidence that highly fluorescent azomethines
are possible. This result demonstrates that these easily pre-
pared materials have optical and electrochemical properties
that are suitable for potential use as sensors and in plastic
devices. Moreover, these compounds can withstand re-
peated oxidation/neutralization cycles. With additional
structural modification and by including various electron-
rich and electron-deficient moieties, highly fluorescent azo-
methines are expected to have discrete emissions over a
broad range of wavelengths.

Experimental Section
Materials and Methods: Reagents and solvents were used as re-
ceived from commercial sources unless otherwise stated. Anhy-
drous and deoxygenated solvents were obtained by passing through
an activated alumina column system. 1H and 13C NMR spectra
were recorded at room temperature with a 400 MHz spectrometer.
All samples were dissolved in deuterated solvents and the spectra
were referenced to the solvent line relative to TMS.

Spectroscopic Measurements: Absorbance measurements were
made with a Cary-500 spectrometer and fluorescence studies were
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carried out with an Edinburgh Instruments FLS-920 fluorimeter
after thoroughly deaerating the samples with nitrogen for 20 min.
Fluorescence spectra were obtained by exciting the solution at the
maximum absorbance of the compound of study. Absolute quan-
tum yields were measured with an integrating sphere by exciting at
the maximum absorbance of the compound of study. Variable and
discrete temperature fluorescence was obtained with an Oxford In-
struments OptiStat DN cryostat. Fluorescence measurements at
77 K were performed with samples dissolved in either a 4:1 ethanol/
methanol mixture or in dichloromethane. The temperature-depend-
ent cryofluorescence measurements ranging between 77 and 190 K
were performed in 2-methyltetrahydrofuran and methylcyclohex-
ane. These solvents were chosen because of their capacity to form
transparent and homogeneous glass matrices in liquid nitrogen.

Electrochemical Measurements: Cyclic voltammetry measurements
were performed with a Bio-Logic potentiostat. The compounds
were dissolved in anhydrous and deaerated dichloromethane at
10–4 m with 0.3 m TBAPF6. A platinum electrode and a saturated
Ag/AgCl electrode were employed as auxiliary and reference elec-
trodes, respectively.

Photoirradiation: Samples were prepared in either quartz NMR
tubes or spectroscopic cuvettes. For absorbance and fluorescence
studies, the samples were prepared with an absorbance of less than
0.01 at an irradiation wavelength of 365 nm. Samples for NMR
studies were prepared with an absorbance of greater than 2 at
365 nm. All samples were thoroughly deaerated by bubbling with
nitrogen for a minimum of 20 min. The samples were sealed and
then irradiated in a photoreactor having either two or four lamps
for the prescribed time.

Syntheses: The precursors were obtained from commercial sources
including 2-aminofluorene, 2,7-diaminofluorene, 2-formylfluorene,
2,7-fluorenedicarbaldehyde, benzaldehyde, aniline, 4-formylbenzo-
nitrile, and 4-aminobenzonitrile. Compounds 12–20 were prepared
as outlined in Scheme 2 according to previously reported pro-
cedures.[28]

Scheme 2. Synthetic scheme used to prepare fluorenylazomethines. Reagents and conditions: (i) DMSO, 2 m NaOH, 1-bromohexane,
phase-transfer catalyst, room temp., 2 d; (ii) AcOH, conc. HNO3, reflux, 2 h; (iii) ethanol, THF, 10% Pd/C, hydrazine hydrate, reflux,
4 h; (iv) NBS, CHCl3/AcOH (1:1), room temp., 18 h; (v) TMEDA, hexane, THF, BuLi, DMF, –78 °C, 16 h.

www.eurjoc.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2013, 2563–25722570

Synthesis of Fluorenoazomethine Derivatives. General Procedure:
The appropriate stoichiometric amounts of fluorene dialdehyde/
monoaldehyde and fluorene diamine/monoamine were dissolved in
ethanol (40 mL) and a catalytic amount of TFA (1.0 m, 50 μL) was
added. The reaction mixture was stirred at room temperature for
16 h (Scheme S1 in the Supporting Information). The solvent was
evaporated and the product was extracted into ethyl acetate. The
organic layer was washed with brine solution and dried with
Na2SO4. After removing the salt by filtration, the solvent was evap-
orated under reduced pressure and the crude product was purified
by column chromatography over activated basic alumina using
various hexanes/ethyl acetate mixtures as eluent.

(E)-N-[(9,9-Dihexyl-9H-fluoren-2-yl)methylene]-9,9-dihexyl-9H-
fluoren-2-amine (1): Obtained from 9,9-dihexyl-9H-fluoren-2-ylam-
ine (16; 110 mg, 0.31 mmol) and 9,9-dihexyl-9H-fluorene-2-carbal-
dehyde (18; 95 mg, 0.262 mmol). The title compound was obtained
as a yellow solid (120 mg, 55 %) after purification by column
chromatography (hexane/ethyl acetate, 90:10). 1H NMR (CDCl3):
δ = 8.67 (s, 1 H), 8.02 (s, 1 H), 7.91 (dd, 1 H), 7.83 (d, 1 H), 7.75
(m, 3 H), 7.29–7.40 (m, 8 H), 2.05 (dt, 8 H), 1.09 (m, 24 H), 0.8
(dt, 12 H), 0.69 (t, 8 H) ppm. 13C NMR (CDCl3): δ = 160.7, 152.4,
152.0, 151.9, 151.8, 151.2, 145.0, 141.2, 140.7, 139.7, 135.6, 129.3,
128.3, 127.3, 127.2, 123.4, 123.2, 122.8, 120.7, 120.6, 120.38, 120.3,
119.9, 119.8, 116.5, 55.7, 55.6, 41.0, 40.8, 32.0, 31.9, 30.2, 30.1,
24.2, 23.0, 14.4 ppm. HRMS (+ve): m/z calcd. for [C51H67N +
H]+ 694.5274; found 694.5276.

(E)-N-[(9H-Fluoren-2-yl)methylene]-9,9-dihexyl-9H-fluoren-2-amine
(2): Obtained from 9,9-dihexyl-9H-fluoren-2-ylamine (16; 540 mg,
1.54 mmol) and 9H-fluorene-2-carbaldehyde (200 mg, 1.03 mmol).
The title compound was obtained as a yellow solid (250 mg, 40%)
after purification by column chromatography (hexane/ethyl acetate,
90:10). 1H NMR (CDCl3): δ = 8.66 (s, 1 H), 8.22 (s, 1 H), 7.88 (dd,
3 H), 7.73 (dd, 2 H), 7.62 (d, 1 H), 7.26–7.44 (m, 7 H), 4.01 (s, 2
H), 2.01 (t, 4 H), 1.07 (m, 12 H), 0.78 (t, 6 H), 0.69 (t, 4 H) ppm.
13C NMR (CDCl3): δ = 160.1, 152.4, 151.6, 151.2, 145.3, 144.6,
144.1, 141.4, 141.2, 136.7, 135.4, 129.0, 128.0, 128.0, 127.4, 127.1,
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125.6, 125.1, 123.2, 120.9, 120.6, 120.4, 119.9, 119.6, 116.7, 55.6,
40.9, 37.2, 31.9, 30.1, 24.1, 23.0, 22.6, 14.4 ppm. HRMS (+ve): m/z
calcd. for [C39H43N + H]+ 526.3396; found 526.3392.

(E)-N-[(9,9-Dihexyl-9H-fluoren-2-yl)methylene]-9H-fluoren-2-amine
(3): Obtained from 9H-fluoren-2-ylamine (120 mg, 0.662 mmol)
and 9,9-dihexyl-9H-f luorene-2-carbaldehyde (18; 200 mg,
0.55 mmol). The title compound was obtained as a light-yellow so-
lid (180 mg, 62%) after purification by column chromatography
(hexane/ethyl acetate, 90:10). 1H NMR ([D6]acetone): δ = 8.64 (s,
1 H), 7.97 (s, 1 H), 7.76–7.88 (m, 5 H), 7.56 (d, 1 H), 7.49 (s, 1 H),
7.31–7.40 (m, 6 H), 3.97 (s, 2 H), 2.06 (t, 4 H), 1.1 (m, 12 H), 0.77
(t, 6 H), 0.65 (t, 4 H) ppm. 13C NMR (CDCl3): δ = 160.7, 152.0,
151.7, 144.9, 144.8, 143.7, 141.8, 140.7, 135.6, 129.2, 128.3, 127.3,
127.2, 127.1, 126.8, 125.4, 123.4, 122.9, 120.8, 120.7, 120.6, 126.5,
120.2, 120.1, 118.0, 56.1, 55.6, 40.7, 37.3, 31.9, 31.3, 30.1, 24.1,
22.9, 14.4 ppm. HRMS (+ve): m/z calcd. for [C39H43N + H]+

526.3396; found 526.3392.

(E)-N2-[(9,9-Dihexyl-9H-fluoren-2-yl)methylene]-9,9-dihexyl-9H-
fluorene-2,7-diamine (4): Obtained from 9,9-dihexyl-9H-fluorene-
2,7-diamine (14; 170 mg, 0.411 mmol) and 9,9-dihexyl-9H-fluo-
rene-2-carbaldehyde (18; 540 mg, 1.5 mmol). The title compound
was obtained as a yellow solid (90 mg, 31%) after purification by
column chromatography (hexane/ethyl acetate, 70:30). 1H NMR
(CDCl3): δ = 8.67 (s, 1 H), 8.01 (s, 1 H), 7.9 (dd, 4 H), 7.5 (dd, 1
H), 7.28–7.39 (m, 7 H), 6.65 (d, 2 H), 3.75 (br. s, 2 H), 2.08 (t, 8
H), 1.09 (m, 24 H), 0.8 (t, 12 H), 0.70 (t, 8 H) ppm. 13C NMR
(CDCl3): δ = 160.6, 159.9, 153.2, 152.6, 152.0, 150.3, 146.2, 140.7,
140.3, 139.5, 135.8, 132.6, 129.3, 129.2, 128.3, 128.2, 127.3, 123.4,
122.8, 120.7, 116.6, 116.5, 114.4, 110.2, 55.6, 55.3, 41.3, 40.8, 32.0,
31.9, 30.2, 30.1, 24.1, 23.1, 23.0, 14.4 ppm. HRMS (+ve): m/z calcd.
for [C51H68N2 + H]+ 709.5383; found 709.5386.

(N2E,N7E)-N2,N7-Bis[(9,9-dihexyl-9H-fluoren-2-yl)methylene]-9,9-
dihexyl-9H-fluorene-2,7-diamine (5): Obtained from 9,9-dihexyl-
9H-fluorene-2,7-diamine (14; 150 mg, 0.411 mmol) and 9,9-di-
hexyl-9H-fluorene-2-carbaldehyde (18; 450 mg, 1.23 mmol). The ti-
tle compound was obtained as a yellow solid (150 mg, 53%) after
purification by column chromatography (hexane/ethyl acetate,
90:10). 1H NMR (CDCl3): δ = 8.66 (s, 1 H), 8.0 (s, 1 H), 7.89 (dd,
1 H), 7.73–7.78 (m, 3 H), 7.45 (s, 1 H),7.28–7.39 (m, 5 H), 2.06 (t,
8 H), 1.07 (m, 24 H), 0.8 (dt, 12 H), 0.64 (t, 8 H) ppm. 13C NMR
(CDCl3): δ = 160.6, 152.6, 152.0, 151.4, 151.0, 145.0, 141.7, 141.2,
138.3, 135.6, 129.3, 127.4, 127.1, 125.9, 123.2, 121.5, 120.1, 119.7,
116.6, 102.2, 61.2, 55.4, 40.7, 31.9, 30.0, 24.1, 22.9, 15.6, 14.4 ppm.
HRMS (+ve): m/z calcd. for [C77H100N2 + H]+ 1053.7886; found
1053.7882.

(N2E,N7E)-N2,N7-Bis[(9,9-dihexyl-9H-fluoren-2-yl)methylene]-9H-
fluorene-2,7-diamine (6): Obtained from 9,9-dihexyl-9H-fluorene-2-
carboxaldehyde (18; 590 mg, 1.63 mmol) and 9H-fluorene-2,7-di-
amine (100 mg, 0.51 mmol). The title compound was obtained as
a yellow solid (230 mg, 51 %) after purification by column
chromatography (hexane/ethyl acetate, 80:20). 1H NMR (CDCl3):
δ = 8.66 (s, 1 H), 8.0 (s, 1 H), 7.9 (dd, 1 H), 7.78 (m, 3 H), 7.31–
7.39 (m, 5 H), 4.10 (br. s, 2 H), 2.07 (t, 8 H), 1.06 (m, 24 H), 0.78
(dt, 12 H), 0.63 (t, 8 H) ppm. 13C NMR (CDCl3): δ = 160.4, 152.7,
151.5, 144.9, 144.0, 143.7, 141.8, 140.3, 136.4, 130.8, 129.3, 127.2,
126.9, 125.4, 123.0, 120.8, 120.6, 120.1, 118.1, 55.9, 55.8, 40.7, 37.3,
32.2, 29.6, 24.2, 22.9, 14.4 ppm. HRMS (+): m/z calcd. for
[C65H76N2+ H]+ 885.6008; found 885.6004.

(N,N�E,N,N�E)-N,N�-[(9,9-Dihexyl-9H-fluorene-2,7-diyl)bis-
(methanylylidene)]bis(9,9-dihexyl-9H-fluoren-2-amine) (7): Obtained
from 9,9-dihexyl-9H-fluoren-2-ylamine (16; 245 mg, 0.702 mmol)
and 9,9-dihexyl-9H-fluorene-2,7-dicarbaldehyde (20; 98 mg,
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0.219 mmol). The title compound was obtained as a yellow solid
(130 mg, 89%) after purification by column chromatography (hex-
ane/ethyl acetate, 70:30). 1H NMR (CDCl3): δ = 8.69 (s, 1 H), 8.05
(s, 1 H), 7.91 (dd, 2 H), 7.45 (dd, 2 H), 7.28–7.39 (m, 5 H), 2.06
(dt, 8 H), 1.10 (m, 24 H), 0.83 (dt, 12 H), 0.64 (br. s, 8 H) ppm.
13C NMR (CDCl3): δ = 160.3, 152.7, 152.5, 151.7, 151.2, 144.0,
141.2, 139.9, 136.4, 129.64, 127.2, 123.3, 123.2, 123.0, 121.0, 120.6,
119.9, 119.8, 116.5, 55.9, 55.6, 41.0, 40.8, 32.2, 32.0, 31.9, 30.4,
30.2, 29.7, 29.6, 24.2, 23.0, 14.5, 14.4 ppm. HRMS (+ve): m/z calcd.
for [C77H100N2 + H]+ 1053.7886; found 1053.7884.

(N2E,N7E)-N2,N7-Bis[(9H-fluoren-2-yl)methylene]-9,9-dihexyl-
9H-fluorene-2,7-diamine (8): Obtained from 9,9-dihexyl-9H-fluor-
en-2-ylamine (14; 150 mg, 0.411 mmol) and 9H-fluorene-2-carbal-
dehyde (290 mg, 1.31 mmol). The title compound was obtained as
an orange solid (110 mg, 37 %) after purification by column
chromatography (hexane/ethyl acetate, 80:20). 1H NMR (CDCl3):
δ = 8.68 (s, 1 H), 8.23 (s, 1 H), 7.93 (dd, 3 H), 7.73 (s, 1 H), 7.61
(s, 1 H), 7.39 (dd, 2 H),7.28 (m, 2 H), 4.02 (br. s, 2 H), 2.04 (t, 2 H),
1.08 (m, 6 H), 0.8 (t, 3 H), 0.74 (t, 2 H) ppm. 13C NMR (CDCl3): δ
= 160.4, 152.7, 151.5, 144.9, 144.0, 143.7, 141.8, 140.3, 136.4, 129.3,
127.2, 126.9, 125.4, 123.0, 120.9, 120.8, 120.6, 120.1, 118.1, 55.9,
55.8, 40.5, 37.4, 32.2, 30.2, 29.6, 24.2, 22.9, 14.4 ppm. HRMS
(+ve): m/z calcd. for [C53H52N2 + H]+ 717.4130; found 717.4131.

(E)-N-[(9H-Fluoren-2-yl)methylene]-9H-fluoren-2-amine (9): To 9H-
fluoren-2-ylamine (93.3 mg, 0.51 mmol) was added 9H-fluorene-2-
carbaldehyde (100 mg, 0.51 mmol) in anhydrous ethanol, under N2

and a catalytic amount of TFA. The solution was stirred at room
temperature for 12 h until a yellow precipitate was formed. The
mixture was filtered and the product was isolated as a yellow solid
(183.7 mg, 100%). The product was insoluble in common deuter-
ated solvents for NMR characterization and its subsequent charac-
terization was not possible.

(E)-N-Benzylideneaniline (10): Obtained from benzaldehyde
(50 mg, 0.471 mmol) and aniline (44 mg, 0.471). The title com-
pound was obtained as an orange solid (30 mg, 35%) after purifica-
tion by column chromatography (hexane/ethyl acetate, 70:30). 1H
NMR (CDCl3): δ = 8.6 (s, 1 H), 7.98 (dd, 2 H), 7.53–7.55 (m, 3
H), 7.43 (dd, 2 H), 7.23–7.28 (s, 1 H) ppm. 13C NMR (CDCl3): δ
= 160.6, 152.5, 152.2, 145.6, 137.0, 131.6, 129.6, 129.1, 129.0, 126.2,
121.2 ppm.

(E)-4-[(4-Cyanobenzylidene)amino]benzonitrile (11): Obtained from
4-formylbenzonitrile (100 mg, 0.72 mmol) and 4-aminobenzonitrile
(90 mg, 0.72). The title compound was obtained as a white solid
(158 mg, 95%) after purification by recrystallisation from ethanol.
1H NMR (CDCl3): δ = 8.77 (s, 1 H), 8.2 (d, 2 H), 7.97 (d, 2 H),
7.86 (d, 2 H), 7.46 (d, 2 H) ppm.

Supporting Information (see footnote on the first page of this arti-
cle): Absorbance and fluorescence spectra, cyclic voltammograms,
and 1H and 13C NMR spectra are provided.
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