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We report here the photophysical, electrochemical, and electrogenerated chemiluminescent studies of four
new pyrenophanes. Comparison with the cyclic voltammogram obtained using the planar parent compound,
pyrene, showed these bent-pyrene-containing cyclophanes have a shift in the thermodynamic reduction potentials
to more negative values. AM1 semiempirical calculations support such findings in which the LUMO energy
increased with the degree of nonplanarity. The HOMO energy, however, remained essentially unchanged for
all the compounds in this study. The nonplanarity in these compounds resulted in a substantial decrease in
fluorescence quantum yield as well as a slight red shift in both the absorption and emission spectra. In addition,
unlike pyrene, no excimer emission was evident in the fluorescence spectra even at concentrations as high as
1 mM. However, the ECL spectra of all four pyrenophanes, produced by generating the anion radical in the
presence of benzoyl peroxide as a coreactant, showed broad “excimer-like” emission in addition to the monomer
emission observed at shorter wavelengths.

Introduction D" +D"—°%*+D (triplet excited state formation)

Many PAHs have been employed in the study of electro- )
generated chemiluminescence (ECL), in both fundamental and 3« +3p* - 1p* 4D (triplet—triplet annihilation)
applicational-oriented researélfyrene has been the subject of 5)

a number of ECL studies, which have demonstrated the

formation of the excited singlet state by annihilation of the Ipx — D+ ho, (monomer light emission)  (6)
radical ions in addition to the presence of extensive excimer

emissior?: Bodwell and co-workers have recently synthesized \yhere D, for example, is a polycyclic aromatic hydrocarbon
and studied pyrenophanes containing nonplanar pyrene moietiegpAH) * The ECL spectrum usually resembles the fluorescence
and we thought it would be of interest to see the extent to which spectrum of the compound in the same solvent. However, ECL
nonplanarity of the pyrene affects the electrochemical and ECL spectra of PAHs such as pyrene and perylene also show broad
responsé:> We show in this paper photophysical and electro- emission peaks at longer wavelengths than the normal emission.
chemical characterization of several nonplanar pyrenophanesThey have been attributed to the emission of excimers or to
(Figure 1a), as well as the ECL that results from both the radical decomposition products generated upon during the annihilation
ion annihilation and the use of a coreactant, benzoyl peroxide reactions:87 Such ECL processes can be represented as
(BPO). Classical ECL involves electron transfer between

electrochemically generated species, often radical ions, which D + D" — 1D2* (annihilation/excimer formation)

results in an excited species that emits light. The simplest ECL @

process is the radical ion annihilation reaction, which can be

represented as 'D* +D—'D,*  (excimer formation) (8)
D+e —D"  (reduction at electrode) (1) 'D,x —2D+hu,  (excimer light emission)  (9)
D—e —D" (oxidation at electrode) 2) In some situations, however, the radical cation or anion cannot

be generated prior to the background oxidation or reduction of

. w1 ) ) ) the solvent/supporting electrolyte used for electrochemistry. In
D* +D" —'D*+D  (singlet excited state formation)  this case, a second compound must be added to generate a stable

) radical counterion (a second reductant or oxidant to react with

the radical cation or anion) required for annihilation. In recent
*To whom correspondence should be addressed: ajbard@mail.utexas.eduyears.’ an Important advancg n ECL.WaS the discovery of
t The University of Texas at Austin. reaction schemes for generating ECL via the use of coreactants

* Memorial University of Newfoundland. or other electrogenerated species capable of reacting with either
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a) used. All UV—visible spectra were recorded on a Milton Roy
s dop 2MP Spectronic 3000 array spectrophotometer. The absorbance and
— —, <o fluorescence spectrum of the four pyrenophanes were obtained
?ﬁ with a 20 uM solution prepared with MeCN. The relative
0 e fluorescence efficiency was measured using arRDsolution

pyrene in MeCN compared to pyrene as a standatg=334 nm;®
pyrene= 0.60 in PhH)!!

Cyclic voltammograms were recorded on a CH Instruments
Electrochemical Work Station (Austin, TX). A platinum disk
electrode (1.5 or 2 mm in diameter) was used as the working

b) electrode, and a platinum wire was used as the auxiliary
electrode. A silver wire was used as a quasi-reference electrode.
P 2MP 40P The potentials were calibrated versus SCE by the addition of
JML P oN ferrocene as an ir_]ternal standard usIE_?ch/Fd) = 0.4_24 Vv
< . A, 7 t" o | L & vs SCE2 All solutions were prepared in the drybox with fresh
o9t Yeonee S sebd anhydrous solvents and sealed in airtight vessels for measure-

ments completed outside the drybox. The concentration used
to obtain each voltammogram or ECL spectrum is given in the
corresponding figure caption.

JL_ P All ECL measurements were performed as previously re-
g“’ b, ..".. ported!® To generate ECL via radical ion annihilation, the
'-.’...' '.."..’ working electrode was pulsed between the oxidation and

reduction peak potentials of each compound with a pulse width

Figure 1. (a) Molecular structures of pyrene and pyrenophanes. (b) Of 0.1 s. The resulting emission spectra were obtained with a

Optimized ground-state molecular geometry of the same compoundscharged coupled device (CCD) camera that was cooledl@)

as calculated by AM1 semiempirical calculations. °C. Integration times were 2 min. In the presence of a coreactant,
the working electrode was pulsed betwéeV and the reduction

the anion or cation alone to produce the desired excited state.peak potential of the compound of interest.

These reactions could be observed on the basis of their ability

to generate energetic precursors at less extreme potentials upoResults and Discussion

bond cleavage of a coreactant such as oxalate, peroxydisulfate, . o )
and BPCB-10 Absorption and Emission SpectroscopyAbsorption and

fluorescence spectra of pyrene and the four pyrenophanes are
shown in Figure 2a,b. The absorption spectra were obtained in
the basis of their chemical structures, as are shown in Figurethe same solvent mixture used for all electrochemical measure-

ts, with the exceptions of pyrene and 10P. As observed,
la. The selected pyrenophanes were [10](2,7)pyrenophane (10P)men . .

[7](2,7)pyrenophane (7P), [2]metacyclo[2](2,7)pyrenophane fr}e zbsorptlonbsp%ctra of all flvedcognpzunds ShOW?d thr;;osets
(2MP), and 4-oxa[7](2,7)pyrenophane (40P).The fluorescence ©' @Psorption bands, th&, 4, andp bands, ranging from

and electrochemical properties of these compounds were!® 320 rr:m. F?L 2MP,I 40P, andd gp,dthe moge d(ljstor(tjed
investigated to locate energies and evaluate their potential for PYrenophanes, the over appifigand bands were broad an

ECL. The results obtained from these four pyrenophanes are{ealtureless, rangitr:g frgm %SZ%IO 300}2"“' These bagdts Tg;hi]:ed
compared with the parent compound, pyrene, in an attempt to O lower energy by abou nm when compared to » Iné

understand how deviation from planarity might affect their least strained pyrenophane in this study. The absorption

electrochemical, photophysical, and ECL behavior. These resultsSPECrUM of 10P showed resemblances to the spectrum of pyrene

. A : - in terms of band shape and was characterized by highly resolved
Eg%’;doeugggt?s: ér(lzsll_ght into future development of similar p' and  bands, each with two defined vibrational modes.

However, the wavelengths of ti#¢andp bands are still slightly
red-shifted when compared to pyrene, probably due to the
substitutions at the 2 and 7 positions. We were, however, more
2MP, 7P, 40P, and 10P provided by Bodwell et al. were interested in thg bands, which could be used to determine the
synthesized as described elsewHé&he supporting electrolyte,  lowest singlet energy of these compounds. Previous research
tetran-butylammonium hexafluorphosphate (TBAJPFwas has also shown that thebands should not shift significantly
recrystallized twice and dried in a vacuum oven at 10@rior until the distortion becomes pronounced and a slight blue shift
to transferring it directly into an inert atmosphere drybox would be observe#! Among the four pyrenophanes, 10P
(Vacuum Atmospheres Corp., Hawthorne, CA). Pyrene (Aldrich, showed the lowest energyabsorption bands (340 nm) whereas
St. Louis, MO), anhydrous benzene (PhH) (Aldrich, ACS 2MP displayed the highest energypands (337 nm), suggesting
spectrophotometric grade) and anhydrous acetonitrile (MeCN) that 2MP is the most distorted pyrenophane in this series of
(Aldrich, ACS spectrophotometric grade) were used without compounds. Additionally, the intensities of théands of 2MP,
further purification. All solutions were prepared in the drybox 40P, and 7P are much weaker than those of 10P and pyrene,
with fresh anhydrous solvents and sealed in airtight vessels forwhich agree well with previous studies from Bodwell etaA
measurements completed outside the drybox. All fluorescencesummary of the spectroscopic data is given in Table 1.
spectra were recorded on a QuantaMaster Model QM-1 spec- The fluorescence spectra of the five compounds are shown
trofluorimeter (Photon Technology International, Lawrenceville, in Figure 2b. 2MP and 40P exhibited broad, structureless blue
NJ) modified with a continuous wave excitation lightsource. In fluorescence centered around 423 and 429 nm, respectively. 7P
all cases, a slit width of 2 nm and a resolution of 1 nm were showed two smaller vibrational structures around 380 and 390

We report here a new class of nonplanar pyrene derivatives
capable of ECL. The five compounds studied were chosen on

Experimental Section
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a) as internal conversion, which is directly related to the lack of
1.6 4 planarity in a molecule. The unusually low quantum efficiency
—— observed for 40P could also be attributed to the presence of
the oxygen atom in the aliphatic bridge across the 2 and 7
121 _ —e positions. Pyrene, a planar PAH, is also known to exhibit
A excimer emission at concentrations above @80 However,
.,\ no excimer emission was observed from any of the pyrenophanes
! in this study, even at concentrations up to 1 mM. On the basis
\\ of the optimized ground state geometry from AML1 calculations
A for these four pyrenophanes (Figure 1b), the severe distortion
in these compounds probably minimizes intermolecular interac-
tion and, therefore, impedes excimer formation within the
lifetime of the molecular excited staté.
20 20 20 20 20 a0 30 30 In summary, based on the emission wavelengths in the
Wavelength (nm) fluorescence spectra (Figure 2b), the energy needed to generate
the first singlet-excited state of each of these compounds ranges
from 2.9 to 3.2 eV. This energy must be generated in the
electrochemical annihilation reaction of the radical ions or in
the presence of a coreactant to generate directly the singlet
excited state and ECL emission. Detailed summary of the
spectroscopic data as well as ECL results are tabulated in Table
1.

Electrochemistry. Cyclic voltammetry was used to investi-
gate the effects of various aliphatic bridges across positions 2
and 7 on the pyrene ring system, with the aim of finding
correlations between the standard redox potentigyof Ei/),
and the degree of bending in the molecule, as found in previous
studies*!* Electrochemical results are summarized in Table 2.

- — Cyclic voltammograms (CV) of the four pyrenophanes and
3 S0 390 40 4 40 470 40 S0 50 pyrene in 0.1 M TBAPEin MeCN or MeCN/PhH obtained at

Wavelength (nm) a platinum electrode are shown in Figure 3. As observed, all of

Figure 2. (a) Optical absorption and (b) normalized fluorescence the Compoun_ds, except_lOE, displayed an irreversible oxidation
spectra of 2Q:M of 2MP (yellow), 40P (orange), 7P (green), pyrene and & reversible reduction in MeCN or MeCN/PhH.
(magenta), and 10P (blue) in MeCN. Excitation wavelength: 338 nm  In MeCN, 2MP, the pyrenophane with a singfephenylene
for 2MP, 339 nm for 40P, 340 nm for 7P, 335 nm for pyrene, and 342 ynit in the aliphatic bridge, showed a one-electron irreversible
nm for 10P. oxidation wave at peak potential of 1.18 VV vs SCE. Reversibility

nm in addition to a broad emission band with observed maxima Was not obtained for the oxidation wave even at scan rates
of 424 nm. The emission spectrum of 10P is slightly blue-shifted Peyond 50 V/s. The irreversibility in the oxidation of the radical
(20 nm) from the rest of the pyrenophanes, characterized by cation is probably due to a following chemical reaction with
three defined vibrational structures around 387, 397, and 407 trace water or the solvent, acetonitrile. The chemical byproducts
nm, similar to the vibrational structures observed in a typical 9enerated were reducible at different potentials on scan reversal
fluorescence spectrum of pyrene. A relatively large Stokes shift by the reduction waves around 0.27daf V vs SCE, as

of 80 nm was observed between the absorption and emissionobserved in Figure 3a. Upon scanning in the negative direction,
maxima of 2MP and 40P whereas a smaller Stokes shift, 47 & reversible one-electron reduction wave was obtained at a half-

nm, was observed in 10P, the least strained pyrenophane in thigvave potential of—2.41 V vs SCE. The observed peak
study. However, the Stokes shift observed in 10P was still separation for this reversible reduction wave was about 100 mV,
greater than in pyrene, which showed a shift of 38 nm. An larger than that expected for nernstian behavior where a one-
increase in Stokes shift is observed with increasing degree of€lectron wave is expected to have a peak separation of 59 mV.
bending, probab|y Owing to the Changes in the molecular However, the internal Standard, ferrocene, which is known to
structure of the compound upon excitation. In particular, the show nernstian behavior, showed a similar peak separation under
difference in energy between the geometrically relaxed ground the same conditions; thus, the observed peak separation can be
state and the nonrelaxed excited singlet state is larger than thettributed to ohmic drop~1 k<) that is often observed within
energy difference between the geometrically relaxed excited @protic solvents. Additionally, the peak current ratj@/i,s) was

state and the nonrelaxed ground state addition, an increase ~ @pproximately unity down to a scan rate of 100 mV/s, indicating
in Stokes shift in larger and more flexible compounds could that the reduction to the radical anion is near stable. However,

also be due to solvent rearrangement in the transient groundupon reversing potential, two new small oxidation waves

state and singlet-excited state. appeared at1.3 and—0.04 V vs SCE (Figure 3a). These waves
Compared to pyrene as a standard, the fluorescence efficienrobably correspond to the oxidations of the protonated

cies of 10P, 2MP, 7P, and 40P measured in MeCN are 0.54,compounds or other chemical byproducts that are easier to

0.38, 0.37, and 0.19, respectivélyOverall, the observed OXidize than the parent compound.

fluorescence efficiencies appear to decrease with increasing 40P showed similar electrochemical behavior as to 2MP;

nonplanarity, with 10P being the most efficient. The differences however, the reduction peak current ratigd(,s) was ap-

in fluorescence efficiency among the pyrenophanes are probablyproximately unity only down to a scan rate of 500 mV/s,

due to differences in the rate of nonradiative deactivation such suggesting the presence of following chemical reactions that
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TABLE 1: Spectroscopic and ECL Data for Various Compounds

lmax(ECL) imax(ECL)
compound Amax(Abs) Amax(PL) Esi-so (via annihilation) (with BPO)
(solvent) (p band) (nm) (nm) (eV) Dpyy (nm) (nm)
2MP 337.3 422 2.94 0.38 430, 590
(MeCN)
P 338.5 423 2.93 0.37 439, 603
(MeCN)
40P 338.5 429 2.89 0.19 444, 607
(MeCN)
10P 340.7 397 3.13 0.54 414,587, 681 420, 589
(MeCN/PhH) (MeCN)
pyrene 334.5 393 3.16 0.60 513, 644 418, 514
(MeCN/PhH) (MeCN)

TABLE 2: Comparison between HOMO and LUMO Energies and Voltammetric and Spectroscopic Data

Compound Ep(R/R+) E1/2(R/RL) AEpfl/z Esyso HOMO LUMO
(solvent) (V vs SCE) (V vs SCE) ) (eV) (eV) (eV) AEnomo-Lumo

2MP 1.18 —2.41 3.59 2.94 —7.96 —0.391 7.57
(MeCN)

7P 1.24 —-2.32 3.56 2.93 —8.02 —0.769 7.25
(MeCN)

40P 1.26 —2.29 3.55 2.89 —8.04 —0.773 7.27
(MeCN)

10P 1.30 —2.29 3.59 3.13 —7.98 —0.867 7.11
(1:1 MeCN/PhH) (Exp=1.27) (3.56) (MeCN)

pyrene 1.28 —2.16 3.51 3.16 —7.96 —-1.04 6.92
(1:1 MeCN/PhH) (MeCN)

led to the rapid formation of byproducts, as shown in Figure compared to other compounds in this study. This again could
3b. The radical anion of 7P displayed greater stability, indicated pose problems in obtaining stable ECL via radical annihilation.
by the smaller byproduct oxidation peaks observed arothd A previous study from Bodwell et al. showed an increase in
and —1.3 V vs SCE. Pyrene, the planar parent compound, the potential for oxidation with increasing bending within the
showed the highest stability upon reduction indicated by the molecule!* Our electrochemical data showed a similar trend,
lack of any reoxidation waves corresponding to the oxidations with 2MP displaying the least positive oxidation, followed by
of byproducts generated from fast following chemical reactions 7P, 40P, pyrene, and 10P. However, it is not possible to directly
(Figure 3e). Unlike the reductions, the oxidations showed no interpret this trend to the degree of bending due to the
reversibility even at scan rates beyond 50 V/s for all the irreversibility of the oxidation wave observed in these com-
compounds in this study, except 10P. In addition, upon pounds. Like any irreversible cyclic voltammetric peak, the
continuous potential cycling over the range that encompassedoxidation peak potentials of these compounds shift with scan
the first oxidation and first reduction waves, the loss of rate and concentration, as well as the kinetics of the following
reversibility in the reduction wave became more pronounced chemical reactions so that peak potentials obtained from
with the increasing number of potential scans. The products of voltammetry could not be viewed as the thermodynamic
this reaction formed an insoluble film on the surface of the potentials for oxidation, but as a reference to the thermodynamic
platinum-working electrode, which altered the electrochemical oxidation potentials. Unlike the oxidations, the reductions in
behavior of these compounds as well as that of the internal all the compounds showed nernstian behavior and among the
potential standard, ferrocene. Such electrochemical behaviorfive compounds studied 2MP showed the most negative
could pose problems in ECL upon radical ion annihilation.  reduction potential, whereas pyrene showed the least negative
10P, the pyrenophane with the longest aliphatic bridge potential. This trend suggests a possible link between molecular
between the 2 and 7 positions, displayed slightly different geometry and the reduction potential in which the most planar
electrochemistry. Upon scanning in the positive direction, a compound shows the least negative reduction potential. 10P,
quasi-reversible oxidation was observed at peak potential of 1.30though substantially more planar than 40P, showed the same
V vs SCE. At scan rate beyond 1 V/s, peak current ratig ( reduction potential. This could be explained by the difference
ipd) Unity was obtained. The stability of the radical cation was in the peak shape between 40P and 10P. The presence of an
indicated by the absence of the characteristic reduction wavesoverlapping reduction peak from the impurity created a slight

of chemical byproducts observed at around 0@3@w vsSCE. difficulty in obtaining an accurate measurement of the standard
Similar to other compounds in this study, a reversible one reduction potential of the compound itself.
electron reduction was observed at half-wave potential229 We were also interested in using semiempirical calculations

V vs SCE. There was also a smaller reduction wave observedto locate the molecular orbitals of the compounds in this study
at around—2.2 V vs SCE. This smaller wave can probably be and to validate the shift in redox potentials with increasing
attributed to a hard to remove impurity. Reoxidation of this nonplanarity within the molecule. From the AM1 calculations
impurity as well as other byproducts from the fast following that we performed to determine the optimized ground state
chemical reactions were observed at potentials arouh®, geometry of the five compounds, the calculated energy levels
—1.2, and—0.8 V vs SCE, as shown in Figure 3d. Upon of the HOMO and LUMO of each compound were compared
potential cycling, an insoluble film was formed despite the to the energy levels determined by voltammetric data. These
enhanced stability of the radical cation. This film formation values are given in Table 2. Upon comparing the peak potential
process, however, occurred at a much slower rate whenfor the oxidation and half-wave potential for the reduction to
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Figure 3. Cyclic voltammograms of 1 mM solution of (a) 2MP, (b)
40P, and (c) 7P in 0.1 M TBARFKNn MeCN at a platinum electrode.
Voltammograms of 10P and pyrene in 0.1 M TBAR#K 1:1 MeCN/

PhH are shown in (d) and (e), respectively. Scan rate: 200 mV/s.

Lai et al.

the calculated energy level of the HOMO and LUMO, there
appears to be a correlation between the reduction potentials and
the LUMO energies. The results showed that the LUMO energy
increases with increasing bending in the molecule, whereas the
HOMO energy remains essentially constant for all the com-
pounds in this study. The increase in the LUMO energy
correlates with the increase in the reduction potential, as shown
in the electrochemistry. However, without the standard potential
of oxidation for each of the compounds, we could not validate
the trend observed in the HOMO energies. The increase in the
HOMO energy contributes to an increase in the overall HOMO
LUMO energy gap for the severely bent compounds. Pyrene,
the only planar compound in this study, displayed the smallest
energy gap, which mirrors the annihilation energy obtained in
the electrochemistry. 40P and 7P showed very similar HGMO
LUMO energy gaps as well as annihilation energy, suggesting
similarities in their geometry in terms of the degree of bending.

On the basis of the HOMOGLUMO energy gap for these
compounds, one could expect the lowest absorption energy of
the bent molecules to be blue-shifted with respect to the planar
compound, pyrene. However, as shown in Figure 2a, the lowest
absorption energy (the laptband) for all four pyrenophanes
was red-shifted by about 5 nm when compared to pyrene. The
observed red shift does not agree well with the electrochemical
annihilation energy, which disagrees with the theoretical
HOMO—-LUMO energy gap. This could be attributed to the
difference between the oxidation peak potential and the thermo-
dynamic potential of oxidation of the compound. Thus, depend-
ing on the kinetics of the following chemical reactions, the
oxidation peak potential could appear to be more or less positive
than the true thermodynamic potential, which could have
contributed to the over- or underestimation of the annihilation
energy.

Overall, the reduction potentials agree well with the semi-
empirical calculations in which 2MP appears to be the most
nonplanar, followed by 7P, 40P, 10P, and pyrene. This trend,
however, does not support previous results obtained by Bodwell
et al. The degree of nonplanarity was previously determined
from the bending angl®, calculated at the AM1 level of
theoryl” These results suggested that 40P (19d3the most
nonplanar, followed by 2MP (106°§ 7P (104.8), and 10P
(54.4). This is due to the presence of the oxygen atom, which
effectively shortened the bridge across the 2 and 7 positions
because €0 bonds are generally slightly shorter thar-C
bonds* A shorter bridge, thus, induces a more bent conformation
for 40P when compared to 7P and 2MP. However, due to the
similarities between 2MP, 7P, and 40P, it is difficult to
accurately determine the true conformation of each of the
molecules and that minor differences in the calculations could
lead to a slightly different conformation as well as energy levels.
More computations are required and are currently under
investigation.

As a final note, the total free energy of the annihilation
reaction,AHann = AGann + TAS is based on the difference
between the peak potential of the oxidation and the half-wave
potential of the reduction wave in the cyclic voltammogram
with correction for entropy effects~0.1 eV). This energy,
which becomes available upon radical ion annihilation, should
be greater than the singlet enerd)( as determined from the
fluorescence spectrum to directly populate the singlet-excited
state. As calculated from the fluorescence spectra, all compounds
in this study are energy-sufficient for the singlet-excited states
to be directly populated upon radical ion annihilation. This
conclusion is valid, even though the oxidation half-reaction is
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Figure 4. ECL spectra of 1 mM of 10P and 10 mM of BPO in 0.1 M TBARR MeCN/PhH with pulsing between 0 anre2.3 V (vs SCE) (solid
line) and 1 mM 10P in 0.1 M TBAP§Fin the same solvent with pulsing (0.1 s) between 1.31 a8 V (vs SCE) (dotted line).

irreversible, because a following chemical reaction would shift the same experimental conditions, no measurable emission was
the measured potential to less positive values. Becayse observed from 2MP, 40P, and 7P, probably because of the
generally higher than the triplet enerds:) the triplet-excited enhanced instability of the cations as well as the anions in
state could also be generated in the same process. Thus, theolution. In all cases, film formation on the surface of the
observed ECL emission from these compounds would be a resultelectrode was evident after pulsing for 2 min, similar to what
of direct singlet emission as well as emission from triplet  was observed upon extensive potential cycling in the same
triplet annihilation (TTA). However, due to the instability of region.
the radical cations, BPO, a coreactant capable of generating a To circumvent this problem of radical cation instability, a
bulk oxidant in the negative potential region, was introduced known ECL coreactant, BPO, was used to generate a bulk
to the systems as discussed in the next section. oxidant to participate in the homogeneous electron-transfer
Electrogenerated Chemiluminescence (ECL)The ECL reaction with the electrogenerated radical arfié°The pro-
results are summarized in Table 1. To generate ECL by the posed ECL mechanism leading to both monomer and excimer
annihilation route, the platinum working electrode was pulsed emission in the presence of BPO can be represented as
between the peak potentials where oxidized and reduced forms  \1achanism |i
were alternately produced. The ECL mechanism leading to both

monomer and excimer emission via radical ion annihilation can Py+e— Py~ (17)
be represented as

Mechanism | BPO+ e— BPO (18)

Py+e— Py~ (10) BPO+ Py — BPO (29)

Py— e— Py (11) BPO — Ph-CO,” + Ph-CO, (20)

Py" + Py~ — 'Py* + Py or Py* (12) Ph—CO," + Py~ — 'Py* + Ph—CO,~ (21)

Py" + Py —%Py* + Py (13) Ph—CO, + Py~ — °Py* + Ph—CO,” (22)

*Py* + *Py* — 'Py* + Py or Py* (14) Ph-CO," + %Py*—Py" +Ph-CO,”  (23)

'Py* — Py + hy, (monomer) (15) PH-CO," + Py— Py + Ph—CO,” (24)

1Py,* — 2Py+ hu, (excimer) (16) BPO+ 3Py* — Py" + BPO (25)

Among the five compounds, very weak ECL was observed  Followed by reactions 121621920
from 10P and pyrene upon radical ion annihilation (Figures 4 When an electrode was immersed in a solution of 10P
and 5). As shown in the spectra, extra long wavelength containing 10 mM of BPO and was pulsed betwékV and
components were observed at around 650 and 680 nm for pyrenghe reduction peak potential, a bright blue light that was visible
and 10P, respectively. These emission peaks were red shiftecdby eye in a darkened room was produced at the electrode
from the emission wavelengths of both the monomer and surface. The ECL spectrum of 10P obtained in MeCN/PhH (1:
excimer and most likely represent emission from byproducts 1) containing 0.1 M of TBAPF as supporting electrolyte is
upon annihilation, owing to the instability of the cati® Under shown in Figure 4. Although the light appeared to be fairly
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Figure 5. ECL spectra of 1 mM of pyrene and 10 mM of BPO in 0.1 M TBARKF MeCN with pulsing between 0 and2.2 V (vs SCE) (solid
line) and 1 mM pyrene in 0.1 M TBARFn the same solvent with pulsing (0.1 s) between 1.28 V a2dl6 V (vs SCE) (dotted line). Inset:
Fluorescence spectrum of 1 mM of pyrene in MeCN. Excitation wavelength: 335 nm.

strong during the first few minutes, the instability of the radical the only planar compound in this study. In addition, the
cations as well as the side reactions from the reduction of BPO monomer/excimer ratio of these compounds appeared to change
presented problems in obtaining stable ECL over a period of with time; therefore the spectra shown in Figure 6 were each
time. As shown in the spectrum, there are two defined emission obtained with a cleaned and polished electrode. As expected,
peaks around 420 and 589 nm. On the basis of previous studieghese results do not agree well with the trend observed in the
of pyrene and pyrene derivatives, these two peaks probablyelectrochemistry mainly because the formation of excimer in
correspond to the monomer and excimer emission of28P. the presence of BPO is related to the geometry of the compound
However, the byproducts generated upon BPO reduction andas well as the stability of the radical cation, which differs for
the quasi-reversible oxidation of the compound itself could also each compound. As observed in Figure 5, more excimer
contribute to the longer wavelength emission observed in the emission of pyrene was evident in the ECL spectrum when
spectrum?® When compared to the fluorescence spectrum compared to the fluorescence spectrum obtained at the same
(Figure 2b), the monomer emission of 10P in the ECL spectrum concentration. The fact that the excimer emission is much more
appears to be broader in shape, structureless, and slightly shiftedntensive in the ECL spectra than in the fluorescence spectra of
to lower energy €15 nm). This is probably due to an inner the same concentration may be due to the different modes of
filter effect as a result of the high concentrations of the excimer formation. In fluorescence spectroscopy, the excited
compound needed to obtain measurable ECL, as well as themolecule requires an encounter with an unexcited molecule to
difference in resolution between the two instruments where the generate an excimer. In ECL, excimers could be formed directly
spectra were collected. In addition, the monomer and the in the electron-transfer reaction between radical cations and
“excimer-like” emission peak of 10P are better-resolved when anions or by TTA. Previous research by Akins et al. suggests
compared to the ECL spectrum of pyrene obtained under thethat radical cations could be generated via oxidation of the triplet
same conditions (Figure 5). Such behavior was observed in allby the intermediate radical of BPO or by BPO itself (eqs 23
the other compounds in this study, as shown in Figure 6. Among and 25); these cations could then participate in radical ion
the five compounds studied, 10P showed the most stable ECL,annihilation, thus forming a larger amount of excim®#g.
probably because of the enhanced stability of the radical cation,Chandross and co-workers, however, assumed that the potential
as observed in its electrochemistry. However, the ECL obtained for oxidation of the benzoate ion (i.e., PRO,~ — Ph—CO,*
from 10P appeared to be the least intense, even in the first cyclet+ e) was around 1.5 V vs SCE rather than 0.8 V vs SCE as
when film formation had not yet occurred. This may be proposed in Akins’ work? In this case, radical cations could
attributed to the difference in the experimental conditions to be generated via direct oxidation of the ground-state molecule
accommodate solubility. Among the compounds studied, 40P by the intermediate benzoate radical, as shown in eq 24. Because
showed the lowest ECL stability, as indicated by the loss of no further research was conducted to validate either of the
ECL after 6 min of pulsing between the redox peak potentials values, both values were considered in our proposed ECL
in addition to film formation that was evident upon radical ion mechanisms. However, if Chandross’ suggested value were
annihilation. closer to the true oxidation potential of the benzoate ion, direct
If the long wavelength emission can be ascribed to the population of the singlet excited state would be possible (eq
excimer, the integrated area ratio between the monomer and21). This will lower the yield of the triplet states available for
excimer should be a function of the geometry of the compound, TTA and less excimer emission will be observed. But in either
in which planar compounds would favor excimer formation. case, radical cations could be generated either via reactions
As shown in Figures 4 and 5, the monomer/excimer ratio of shown in egs 23 and 25, as suggested by Akins et al., or via eq
10P is slightly higher than that for pyrene, suggesting that 10P 24 based on Chandross’ theory. The difference in the monomer/
is slightly more bent than pyrene. However, 2MP showed the excimer ratio between similar compounds such as 2MP and 7P
highest monomer/excimer ratio, even when compared to pyrene,could also be explained by the difference in the stability of the
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a) semiempirical calculations in which the LUMO energy increases
with decreasing planarity within the molecule. However, the
HOMO energy remains essentially constant for all the com-
pounds in this study. The nonplanarity in these compounds
effectively lowered the fluorescence quantum yield in addition
to red-shifting both the absorption and emission wavelengths
when compared to pyrene, the planar molecule. The instability
of the cation as well as the anion in some systems gave rise to
a lack of ECL or low ECL intensity upon radical ion annihila-
tion. In the presence of BPO, more intense ECL was obtained.

. ; . The ECL spectra, however, showed monomer emission in
300 4;,0 5;,0 s('m 700 800 900 addition to broad “excimer-like” emission that was not present
in fluorescence spectroscopy.
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