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We report electrochemical studies, spectroscopy, and electrogenerated chemiluminescence (ECL) of four
monodisperse star-shaped truxene eaigofluorene compoundsl(—T4). All oligomers produced stable

radical anions and radical cations and showed blue ECL by ion annihilation with an intensity that could be
seen with the naked eye. ECL spectra showed that all ECL emissions were at the same position as the
fluorescence emission, except fof, the compound with the shortest fluorene arms that produced some
longer wavelength emission in addition to that seen in the fluorescence spectrum. Whasbtagriammonium

oxalate was used as a coreactantTor the emission was much weaker than that in ion annihilation with the
same long-wavelength emission observed, making it unlikely that this emission can be ascribed to excimer
formation. The ECL intensity of4 was about 80% of the common blue ECL emitter, 9,10-diphenylanthracene
(DPA), under similar conditions.

Introduction the photophysics of this promising class of conjugated poly-

Electrogenerated chemiluminescence (ECL) is a unique type mersﬁ’vg T.hely \;]vtere ‘:T‘tlts.o SZCC?SSMléf;gf;l?zemdeﬂt etmhitters
of electron transfer that generates excited states by the reactior] ©'9anic lignt-emitting devices ( - oeneraly, the
of radical ions (or other highly oxidized or reduced species). It environmental stability of monodisperse oligofluorenes (toward

has been extensively investigated and has found several apphotooxidation or as materials in devices) is higher than those
plications! Fluorene-based materials are often highly fluorescent Of polyfluorenes:* With the polymer analogues, faster degrada-
species and are promising candidates for various optoelectroniction and the appearance of undesirable green emission during
applications. Over the past decade, polyfluorenes have emergedhe PLED operation occurs due to the formation of fluorenone
as leading electroluminescent materials in polymeric light- defects on the polymer chains; this chemical instability serves
emitting devices (PLED) for display technologies, demonstrating to decrease the device performance by quenching emi&sion.
bright-blue emission coupled with high charge mobility, excel-  The pasic reactions in these OLEDs/PLEDs are the same as
lent thermal and electrochemical stability, and tunable properties 4t in ECL in solution where light emission is produced by an
through .chemlcal modlflcatlon:§ an_d copolymerizatiéther energetic electron-transfer reaction (equivalent to electhmte
electronic and photonic appl!catlons of fluorene-based ho- recombination) between electrochemically generated species at
mopolymers and copolymers include, for example, photovol- . . . i ;
taics3 field-effect transistors (FET),and solid-state lasefs. an electrode. Typically in ECL, rad|c_al lons of an organic
I- compound (A) are generated sequentially at the surface of an

Homologous series of oligofluorenes, as monodisperse, wel ) . L S
definedzr-conjugated systenfshave been fruitful in providing  €/€ctrode by cycling the potential within a short time interval
a correlation between electronic, optical, morphological proper- and react (annlhllate)_durlng the!r |nterd_|ffu3|on. The annlhllatlc_)n
ties, and chemical structure and molecular conformation, servingPY ECL between cation and anion radicals produces an excited

as models for polyfluorenes and providing deep insights into State (A) if the energy provided by the electron-transfer reaction
is sufficient to produce A When A is the singlet state, egs
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AT E AT = Ia% £ A (3) SCHEME 1: Truxene—Oligofluorenes (T1—-T4)
IAF— A+t (4)
If the energy provided by the ion radicals is not sufficient to
populate the singlet state, the triplet state can be populated (eq
5), followed by triplet-triplet annihilation to generate the singlet

state (eq 6). This is called the T-route or an “energy deficient
system”

AT+ AT =3 + A (5)

A +3Ax —1ar + A (6)

Another possibility, referred to as the E-route, results from the

production of an excimer in the annihilation reaction (eq 7) TLn=1

. . T2,n=2
ATHAT—(AY (7 T3,n=3
T4, n=4
(A)* —2A + v (8)
and opens the door for new materials for optoelectrofiics.
ECL can also be produced by oxidation alone by using a Various star-shaped conjugated oligomers with different
coreactant, a compound that can produce a strong reducing agentores and arms (oligofluoren&s?3 oligothiophene&# oligo-
from a reaction that follows the electrochemical ET reaction. (phenylenevinylenegP, oligo(phenyleneethynylene®, etc.)
These reductants must be energetic enough to react with thehave been synthesized, and their applications in OLEDS,
cation radicals of the emitters to produce their excited states. photovoltaicg49 FETs24¢fand nonlinear opti@®2’have been

Typical coreactants for oxidations aretrpropylamine (TPrA), demonstrated.

which produces a strong reducing agent (TRFAand oxalate In this work, we describe the electrochemistry, spectroscopy,
(C20427), which produces a strong reductant, £O>17 and ECL of a series of star-shaped oligofluorene compounds
Alternatively a coreactant can be used in a reducing step by an(scheme 1). We describe both the electrochemistry and the
analogous route. For example, peroxydisulfatg)'® and spectroscopy of oligomefE1—T4 containing an hexahexyl
benzoyl peroxide (BPG}2° produce strong oxidizing agents  truxene core with three oligofluorene arms of different lengths,
upon reduction. from one fluorene unit1) to four fluorene unitsT4) in the

Star-shaped conjugated oligomers as intrinsically two- gyms.
dimensional conjugates (compared to more widely studied linear
1D conjugated systems) have been of great interest in recemExperimental Section
years. The 2D character of such architectures allows further deep
insight into the electronic processes in these compounds, Chemicals. The synthesis off1—T4 has been described
including aspects of electronic interactions between the arms, previously?® Anhydrous acetonitrile (MeCN, 99.93% in a sure-
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Figure 1. Cyclic voltammograms of1—T3 in MeCN/Bz (1:1 v/v) andl4 in MeCN/Bz (1:2 v/v), 0.1 M TBAPE, with a scan rate of 0.5 V/s and
a 0.5 mm Pt disc electrode.
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TABLE 1: Summary of Electrochemical Data?

oxidation peaks reduction peaks
(V vs SCE) (V vs SCE) D cnél/s
first second third first second third
oxidation oxidation oxidation reduction reduction reduction
peak peak peak peak peak peak
T1 Ep* or E,ded (exptl) +1.28 +1.51 —2.52
E° (from simulation) +1.26 +1.47,+1.52 —2.45 7 x 10°®
n 1 2 1
T2 Epa or Epc®d (exptl) +1.24 +1.48 —2.45
E° (from simulation) +1.20 +1.44,+1.49 —2.41 5x 107
n 1 2 1
T3 Epa or Epd® (exptl) +1.24 +1.4 —2.30 —2.46
E° (from simulation) +1.20 +1.34 —2.27 —2.41 3x10°
n 1 1 1 1
T4 Epa or Exd® (exptl) +1.23 +1.35 +1.54 —2.23 —2.31 —2.57
E° (from simulation) +1.20 +1.29 +1.52 —2.20 —2.27 —2.52 1x 106
n 1 1 1 1 1 1

a All electrochemical measurements were performed-a0&b mm Pt disc electrode in MeCN/Bz (1:1 v/v) fol—T3 and MeCN/Bz (1:2 v/v)
for T4; E° was obtained by simulatiorg,2* is the anodic peak potential for the oxidation procégge? is the cathodic peak potential for the
reduction process, antis number of electrons involved in the electron transtdihere is another irreversible peak-a1.79, which is partially
overlapped with the solvent.

40 - 225 (Bertan High Voltage Corp, Hucksville, NY). Cyclic
35 - voltammograms (CVs) were recorded on a Model 660 electro-
chemical workstation (CH Instruments, Austin, TX). The
working electrode was an inlaid Pt disc (0.5 mm diameter) [or
a Pt microelectrode (1@m diameter) for short-time chrono-
amperometry] a 2 mm diameter, J-shaped electrode was
used for ECL intensity measurements. All electrodes were
polished on a felt pad with 0.2m, followed by 0.05xm,

id(t)/idss
=

y=0.2918x+0.798

| 2_
10 R7=0.9828 alumina (Buehler Ltd., Lake Bluff, IL), sonicated in water and
51 then in absolute EtOH for 5 min, and finally dried in an oven
0 T T T T T 1 at 100°C before transferring to the dry box. A Pt wire served
30 50 70 90 110 130 150 as a counter electrode and an Ag wire as a quasi-reference
¢ electrode (QRE). All potentials were calibrated against SCE by

Figure 2. Plot of the experimental ratial(t/idssagainst the inverse the addition of ferrocene as an internal standard after a series

Igu . X | | | | Inv H —

square root of time for the oxidation of 0.4 mM. in MeCN/Bz (1:1 of measurements, takirigeorer= 0.424 V versus SC_E'

viv), 0.1 M TBAPF;, with a 10um diameter Pt microdisc; the sampling All ECL measurements were performed as previously de-

rate is 10us per point. The results of the linear regression are also Scribed?® To generate the ion annihilation reaction, the working

shown. electrode was pulsed between the first oxidation and reduction
] peak potentials with a pulse width of 0.1 s.

sealed bottle) and anhydrous benzene (Bz, 99.9% in a sure- pjgital simulations of the cyclic voltammograms were carried

sealed bottle) were obtained from Aldrich. Tetrdutylam- out with the DigiElch software packatfeto investigate the

monium hexafluorophosphate (TBARFwas recrystallized  mechanisms of the electrochemical processes.

twice by adding it to heated ethyl acetate, followed by

cyclohexane added dropwise, until a c_Ioudy haziness was Results and Discussion
observed. The crystals were then dried in a vacuum oven at
100 °C prior to transferring directly into an inert-atmosphere Electrochemistry of T1—T4. All electrochemical measure-
dry box (Vacuum Atmospheres Corp, Hawthorne, CA). Tetra- ments were carried out in 1:1 v/v of MeCN/Bz (except Tar
n-butylammonium oxalate (TBAOX) was prepared by mixing where, because of poor solubility, 1:2 v/v MeCN/Bz was used
oxalic acid (EM Science) and tetrabutylammonium hydroxide instead) with 0.1 M TBAPF as the supporting electrolyte.
in methanol (Fluka) in a mole ratio of 1:2 followed by Although cyclic voltammetry studies of1—T4 had been
evaporation and drying in a rotary evaporator. All solutions were performed previously with oxidation in G&l, and reduction
prepared in the dry box in an airtight cell for measurements in THF 23 these solvents are not appropriate for ECL because
completed outside the dry box. they have rather narrow potential windows. CVsldfand T2
Apparatus and Instrumentation. UV—vis spectra were  in MeCN/Bz at a scan rate of= 0.5 V/s showed two anodic
recorded on a Milton Roy Spectronic 3000 array spectropho- reversible waves and a single reversible cathodic wave before
tometer. Fluorescence spectra were recorded on a Fluorolog-dackground oxidation of the solvent/supporting electrolyte
spectrofluorimeter (ISA-Jobin Yvon Horiba, Edison, NJ) using (Figure 1 and Supporting Information, Figures-S84), while
a 1 cm path length quartz cuvette. The ECL spectra were takenT3 showed two reversible anodic waves and two reversible
using a charge-coupled device (CCD) camera (Princeton Instru-cathodic waves. Oxidation @4 showed two reversible anodic
ments, SPEC-10). ECL intensitfime curves were collected waves followed by a split quasi-reversible second wave and
using an Autolab potentiostat (Ecochemie) also connected to athen an irreversible peak that partially overlapped with the
photomultiplier tube (PMT, Hammatsu, R4220p). The PMT was background, and two reversible cathodic waves followed by a
supplied with 750 V from a high-voltage power supply, series smaller, less well-defined second wave. The observed peak
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Figure 3. Comparison between simulated and experimental oxidation and reduction wavds-fo# at 1 V/s. The model for these simulations:
oxidation (a)T1 (E,EE;k°, = 0.01 cm/sk® = 0.1 cm/sk’% = 0.5 cm/s), (c)T2 (E,EE; k% = 0.1 cm/s,k’, = 0.01 cm/sk® = 0.5 cm/s), (e)T'3
(E,E; k°1 = 0.06 cm/sk’ = 0.02 cm/s), (9)T4 (E,E,E;k°, = 1 cm/s,k®, = 3 cm/s,k°; = 0.1 cm/s); reduction (bJ1 (E; k® = 0.01 cm/s at 0.5
V/s), (d) T2 (E, k° = 0.01 cm/s), (f)T3 (E,E; k°, = 0.08 cm/sk°, = 0.05 cm/s), (h)I'4 (E,E,E;k°; = 0.5 cm/s,k® = 0.5 cm/sk’; = 0.01 cm/s);
- - - simulated,— experimental.

splitting (AEp) for the reversible waves was100 mV, larger for the first oxidation waves of1—T4 (ip>*/ip™) was ap-
than the expected Nernstian erglectron waveAE, of ~59 proximately unity down to a scan rate of 50 mV/s, indicating
mV. However, the internal standard, ferrocene, which is known the absence of significant contributions from following chemical
to show Nernstian behavior, showed a simid, under these reactions (Supporting Information, Figures-S513).

same electrolyte conditions, suggesting that uncompensated Diffusion coefficients,D, were found by plotting the peak
resistance~{2 kQ2), frequently observed with aprotic solvents, current versus*2and are listed in Table 1, assuming each wave
is the cause of the slightly largaiE, values. All peak potentials ~ was a single electron-transfer step. To confirm the= 1

of oxidations Ep) and reductionsH,®) are summarized in ~ assumption, chronoamperometric measurements fowere
Table 1. Scan rate studies showed that the anodic and reversalso carried out at an ultramicroelectrode (UME) (Figuré®2).
cathodic peak currents of the first oxidation wavigs™, ip>¥) With this techniqueD can be determined without knowledge
were proportional ta¥2. Additionally, the peak current ratio  of n or concentration), andn can be determined from the
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TABLE 2: Summary of Spectroscopic Data

i T absorbance,
: i Amax (NM) fluorescence,
T4 compound (log €) Amax (NM)

T1 343 (5.07) 377, 398, 416sh
T2 362 (5.24) 400, 424, 452sh
1 T3 372 (5.41) 410, 434, 457sh
N T4 377 (5.46) 414, 438, 467sh

/ versus SCE for the second. Tipg®d~ 9.25x 107 A for both
i /i o~ \ overlapped peaks, which is approximately two times larger than
/\ I RN N N\ the ipd® for T1 and T2, suggesting the reduction peak is an
_ / /f\ AN overall two electron-transfer reaction, followed by another quasi-
/) ~ T reversible peak at-2.57 V versus SCE (Figure 3h and
s S T e Supporting Information, Figure S13).
The anodic CV ofT1 was characterized by two reversible
350 400 450 500 waves. The first anodic peak was a one-electron tranigfer(
wavelength nm ~ 3 x 1077 A), while the second peak was about twice as high

1 0X2 7 1 — H
Figure 4. Fluorescence spectra of 0.@8 T1—T3 in a mixture of (ipa . 5 x 107 .A)’ Sl_JggeStlngn 2 (Flgure 3a_and
MeCN/Bz (1:1 v/v) and 0.02M T4 in MeCN/Bz (L:2 V/v). Supporting Information, Figures S5, S6). This mechanism was

supported by simulation results, using a heterogeneous electron

steady-state limiting current, @ is known. TheD value found transfer for the first peak of° = 0.01 cm/s. The same trend
from the current transient agreed with that from CV, which was observed for th&2 oxidation, with the first anodic wave
confirmed then = 1 nature of the reduction wave (this was of n = 1 and the second wave of = 2, as two partially
also confirmed by comparison with CY, values for the overlapped peaks, as demonstrated by simulation (Figure 3c and
oxidation process). For the oligomefsl—T4, there was a Supporting Information, Figure S8). However, the longer
positive shift inEpd®d (from —2.52 to—2.23 V vs SCE) and a  oligomer,T3, showed two consecutive reversible oxidations with
negative shift inEp" for T1—T4 (from +1.28 to+1.23 V vs nearly the same peak current values3(x 10~ A), indicating
SCE) with an increase of the size of molecules. This can be the same number of electrons € 1) were involved in both
attributed to easier reduction and oxidation with increased oxidation processes (Figure 3e and Supporting Information,
delocalization. In summary, the results are consistent with Figure S10). This was confirmed by simulations of the difference
formation of stable radical anions and radical cations for the in behavior with the shorter oligomeT,1, where the second
first electron-transfer reactions, consistent with good ECL oxidation wave was twice as large as the first, suggesting some
behavior. difference in the electronic interactions between the oligofluo-

Digital simulations of the CVs at different scan rates were rene arms and the truxene core or a difference in ion pairing of
carried out and compared to the experimental results to obtainthe two species. The longest oligome#, showed a broadened
better insight into the mechanisms and rates of both the anodicwave of two partially overlapping peaks #tl.23 and+1.35
and cathodic reactions; the results are summarized in Table 1V versus SCE, followed by a reversible peaktdt.54 and an
(see also Figure 3 and Supporting Information, Figures S5 irreversible peak at-1.79 V versus SCE. Simulation indicated
S13). The uncompensated resistance and capacitance weréhat the first wave consisted of two overlapping peaks (Figure
determined by performing a potential step in the relevant solvent 3g and Supporting Information, Figure S12).
system in a region where Faradaic reactions did not appear. These results can be interpreted as interplay of the charge
The geometric electrode surface area used in simulations wasdelocalization over the arms and electronic interactions between
determined by a potential step experiment performed in a the arms inT1—T4. For shorter oligomersJ1 and T2, the
solution of ferrocene in acetonitrildd(= 1.2 x 107° cn¥/s). truxene core is substantially involved in an initial one-electron

Although both the first anodic and first cathodic wave always transfer during the oxidation process. As a result, the next anodic
involved a single electron transfer, the nature of the waves electron transfer occurs at substantially higher potentials
depended on the chain length. The cathodic CVTafwas (AE{®1~9 = 0.23 and 0.24 V foiT1 and T2, respectively;
characterized by one reversible electron transfer, with a Table 1). It involves the arms, as there is not good charge
heterogeneous rate constak®t, of about 0.01 cm/s (assuming delocalization with the truxene cation radical. The next two
complete resistance compensation) (Figures 3b and Supportingelectron transfers occur at about the same potertialH 0.05

fluorescence intensity

Information, Figure S7). The cathodic reaction f62 also V, from simulation; Table 1), that is, essentially no interaction
showed one reversible electron transfer, vijff? essentially between the arms. The longer oligonT& demonstrates better
the same agJ°! for the reoxidation (3x 10~ A) (Figure 3d delocalization of the charge on the arm. Thus, the first oxidation

and Supporting Information, Figure S9). In contrast, the cathodic has a smaller effect on the further electron-transfer potential
scan ofT3 showed two reversible electron transfers with nearly resulting in decreaseflE, {1~ = 0.16 V; the arms interact
the same peak current values for both reduction waves, in a stepwise one-electron process. In the longest oligder
indicatingn = 1 for both reduction processd&{= 0.08 cm/s, the radical cation is almost completely delocalized over the
k°, = 0.05 cm/s), which corresponds to the formation of radical terfluorene arms, increasing the interactions between the arms;
anion and dianion species (Figure 3f and Supporting Informa- therefore, further decrease in splitting of the two first electron
tion, Figure S11). The first and second reduction waves were transfers is observe@dgp{>* 2?2 = 0.12 V). Next (third), one-
essentially Nernstian, with,4® andip® proportional tov'/2, electron oxidation ifr4 is significantly shifted (by 0.19 V; cf
indicating diffusion controlT4 showed two reduction waves, 0.05 V for T1 and T2 from simulation), indicating increased
with the first composed of two reversible peaks that partially interaction between the arms (Table 1).

overlap at—2.23 V versus SCE for the first one art2.31 V Spectroscopy.The truxene-fluorene oligomers are highly
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Figure 5. ECL spectra of 0.4 mMI'1—T3 in MeCN/Bz (1:1 v/v) and 0.4 mMI'4 in MeCN/Bz (1:2, v/v) with 0.1 s pulses by alternating the
potential betweer-1.65 and—2.21 V versus Ag wire (QRE) fof1, +1.6 and—2.22 V for T2, +1.58 and—1.95 V for T3, and+1.5 and—2.3
V versus Ag wire forT4. The integration time was 3 min.

TABLE 3: ECL Peaks of lon Annihilation Reactions and TABLE 4: Physical Data of the lon Annihilation Reaction
Fluorescence Emission for ECL
ECL, fluorescence, Epe Epced —AGann  —AHamm  Es
compound Amax (NM) Amax (NM) compound (Vvs SCE} (VvsSCEY (eV) (evy (evy
Tl 377,470 377,398 T1 +1.28 —2.52 3.80 3.70 3.29
T2 425 400, 424 T2 +1.24 —2.45 3.69 3.59 3.10
T3 434 410, 434 T3 +1.24 —2.30 3.54 3.44 3.02
T4 443 414, 438 T4 +1.23 —2.23 3.46 3.36 2.99

. . . . . . a Oxidation, anodic peak potentials 51 —T3 in MeCN/Bz (1:1 v/v)
fluorescent species both in solution and in the solid state, with andT4 in MeCN/Bz (1:2 viv); 0.1 M TBAPE. b Reduction, cathodic

th_e photoluminescence quantum efficiencigs, ) for higher peak potentials oT1—T4 V versus SCE® —AGam = Ep — Epd®

oligomers close to those for linear polyfluorene. Absorption and ¢ —AH.,, = —AGau — 0.1% ¢E; = 1239.85Ama"" (Nm).

fluorescence spectra were taken in the same solvent systems as

those used for electrochemistry (1:1 v/iv MeCN/Bz Tdr—T3

and 1:2 v/iv MeCN/Bz forT4) (Figure 4 and Supporting _ ECLwithout cutofffitter lon-annihilation)

Information, Figure S14). The results are summarized in Table

2. The fluorescence spectra©i—T4 taken with an excitation

at the absorption maxima display a fine vibronic progression

typical for rigid-rod oligofluorene/polyfluorene structures. The

position of the absorption and fluorescence peaks shifted toward

the red fromT1—T4, again consistent with increasing delocal-

ization. The intensity of fluorescence was increased fiidn

to T4, and no luminescence above 500 nm was observed.
Electrogenerated Chemiluminescence (ECL): lon An-

nihilation. When ECL was obtained by continuous pulsing _ o _

(pulse width 0.1 s) between the first oxidation peak and the 'T’?l\j\;i‘tahe)(.) in;e;j';ﬁé'gi;lt’é\r’r?a{ic:gat';]rgh;gg?}g;glét&?ée‘i?gpgﬁgd

first reduction peak in the same solutions as those used in the_, 51 'y \',ersus Ag wire QRE; - - - current light.

electrochemical studies, with millimolar levels ®1L—T4, all

compounds produced ECL emission, with easily observed

with the naked eye in a semidarkened room, and the longer

oligomersT2—T4 were seen even with the lights on. Typical 0f T4 decreased to nondetectable levels aft&000 s of pulsing
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ECL spectra are shown in Figure 5. Since the ECL$2f T4 probably because of the formation of a polymer film on the
were very intense and could be seen with the naked eye, eversurface of the electrode (anodic electropolymerization of oli-
under ambient lighting, a comparison df4 with 9,10- gofluorenes is described in the literattfje If the cell was

diphenylanthracene (DPA), a very bright ECL emitter, was returned to the glove box and the electrode polished after this
carried out. The ECL fronT4 was about 80% of the ECL  loss of ECL, emission was again restored, consistent with
emission of DPA under the same conditions. However, the ECL filming of the electrode during pulsing.
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Figure 7. Intensity—time curve for coreactant ECL for compoumd with 0.1 s pulsing by alternating the potential betweeh65 am 0 V versus
Ag wire QRE, without a cutoff filter and with a cutoff filter LP 425 nm; - - - current,light.

The red shift observed in the ECL emission peaks proceed- multiplier (PMT) using filters to estimate the emission wave-
ing from T1—T4 is consistent with the fluorescence spectra lengths. To test the excimer, a LP-425 nm long-pass filter was
(Table 3). The differences in the resolution due to the wider used to cut off all wavelengths below 425 nm. As demonstrated
slit width (0.5-1 mm) used in recording the ECL spectra in Figures 6 and 7, the ECL emission with the filter was close
account for any apparent differences with the fluorescence to the emission without it; therefore, excimer formation was
spectra, except foifl. The energy available (enthalpy of not demonstrated.
annihilation, AHa,) between the radical cations and radical
anions of the oligomers for the annihilation reaction, as Conclusions

calculated from the electrochemichy, results (shown in Table Truxene-oligofluorene star-shaped oligomers show clean
4) is much greater than the S||ng|et eneigy from thehemlslsmnl electrochemistry in a MeCN/Bz solution, with good stability
spectra. S£e§|e§2—hT4f:jlsp ayed ECL spectra that closely ot ot the anion and cation radicals. They show intense biue
corresponded to the fluorescence emission. HoOweVdr, g omission that is clearly visible to the naked eye when
showed, in addition to the more Intense emission ?OrreSpond'nggenerated by ion annihilation when the potential is pulsed
to the fluorescence at 377 nm, a significant emission at a longery e yeen the first reduction and first oxidation potentials. The
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