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Abstract: We report the synthesis, electrochemistry, and luminescence of a novel ECL emitting compound
containing two electron-accepting hexyl-phenylquinoline groups covalently attached to the 3,3'-positions
of the electron-donating 10,10'-dimethylbiphenothiazine group. The optimized geometry as determined from
semiempirical MNDO calculations shows that the two quinoline groups are twisted 82.5° from the two
phenothiazine rings, indicating a lack of electron delocalization among these groups. This unique geometry
allows generation of localized radical cations and radical anions capable of generating ECL upon annihilation.
However, the phenothiazine rings are twisted 46.5° relative to each other, suggesting possible interactions
between the two moieties. This is evident in the electrochemical behavior in which two closely spaced
one-electron oxidations, rather than a single two-electron oxidation wave, were observed. The photophysical
properties of BHQ-BPZ show strong resemblances to the parent compound, BPQ-PTZ, which contains a
single phenothiazine moiety. In addition, the ECL spectrum produced via radical ion annihilation shows
good agreement with the fluorescence emission of the compound.

Introduction an excited species that emits light. A typical reaction sequence

We report here the synthesis, the electrochemical and €an be represented as:
photophysical characterization of #is-(6-hexyl-4-phenylquin-

olin-2-y)-10,10-dimethyl-1(H,10H'-[3,3]biphenothiazinyl (BHQ- A+e —A™" (reduction at electrode) 1)

BPZ), as well as the t_elect_rogener_a?ed_chem_ilu_minescencg (ECL) D—e —D™ (oxidation at electrode) @)

that results from radical ion annihilation. Similar properties of

the parent compound, BPQ-PTZ, have been previously re- A+ D"—D* + A (excited state formation) (3)

ported: D* —D+hv (light emission) @)
CBHB

where D is frequently PAH.In some situations, however, the
radical cation or anion cannot be generated prior to the
background oxidation or reduction of the solvent/supporting
electrolyte used for electrochemistry. In 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 annihilatiohln recent years, the field
was advanced by the discovery of reaction schemes for
generating ECL via the use of coreactants or other electrogen-
erated species capable of reacting with either the anion or the
cation alone to produce the desired excited state. However, there
are limitations in the choice of compounds or coreactants that
can fulfill the energetic criteria as well as other solution criteria.
Therefore, it is of great interest to investigate new compounds

BPQ-PTZ

Radical ion annihilation ECL involves electron transfer
i i H i in (2) For reviews on ECL, see: (a) Knight, A. W.; Greenway, G.Ahalyst
between electrochemically generated radical ions resulting in 1994 119 879, (b) Faulkner, L R.: Bard, A. Blectroanalytical Chemiatry

Marcel Dekker: New York, 1977; Vol. 10, p 1. (c) Bard, A. J.; Debad, J.

"The University of Texas at Austin. D.; Leland, J. K.; Sigal, G. B.; Wilbur, J. L.; Wohlstadter, J. N. In
* University of Washington. Encyclopedia of Analytical Chemistry: Applications, Theory and Instru-
(1) Lai, R.Y.; Fabrizio, E. F.; Lu, L.; Jenekhe, S. A.; Bard, AJJAm. Chem. mentation Meyers, R. A., Ed.; John Wiley & Sons: New York, 2000;
Soc.2001 123 9112. Vol. 11, p 9842 and references therein.

10.1021/ja036600q CCC: $25.00 © 2003 American Chemical Society J. AM. CHEM. SOC. 2003, 125, 12631—12639 = 12631



ARTICLES Lai et al.

containing both donor and acceptor moieties that are capablel0). Yield: 63.3%.*H NMR (200 MHz, CDC}), 6 (ppm): 7.24 (m,
of generating ECL. A few previous studies have investigated 2H). 7.18 (m, 2H), 6.94 (m, 1H), 6.83 (d, 1H), 6.65 (m, 1H), 3.34
the generation of ECL through the direct attachment of a donor (CHs, 3H). IR (KBr pellet), » (cm™): 1587 (Ar), 1451. MS (ESI
to an acceptor and have considered the possibility of the Mde): Found Mt 1, 292.2, 294.2; M- CHs, 277.2, 279.2. GHuor
formation of charge-transfer statésA previous study from Bri ,cheutl;le? g’:'oigoofg’ mzegtijgﬁenothiazine (b)First, 5.84 g ofa
our groups of the parent compound, BPQ-PTZ, showed that by _ =" o I : e

attaching phenylquinoline to 10-methylphenothiazine (10-MP). (20 mmol) and 5.34 g of AIGI(40 mmol) were dissolved in 20 mL of

| hemicall bl dical ani anhydrous Cgand cooled to 65 °C with an ice-water bath. Next,
we can electrochemically generate a stable radical anion Uponacetyl chloride (2.5 mL, 35.4 mmol) was added. The mixture was stirred

the reduction of each individual quinoline group, which readily for 3'h and poured into a mixture of ice (100 g) and concentrated HCI
underwent electron transfer with electrochemically generated (20 mL). The organic phase was extracted with dichloromethane (50
radical cations of phenothiazine to produce excited states thatmL), washed with water, and dried over anhydrous sodium sulfate.
emit light! In the present study, we investigated the photo- After the solvent was removed, 5.28 g of yellow solid was purified by
physical, electrochemical, and ECL properties of the new flash chromatography on silica gel with chloroform as the eluent.
donor-acceptor compound BHQ-BPZ, aimed at comparing the Yield: 79.0%.*H NMR (200 MHz, CDC}), 6 (ppm): 7.78 (s, 1H,
behavior of BHQ-BPZ and BPQ-PTZ, and especially noting Ar—H). 7.69 (s, 1H, Ar-H), 7.26 (s, 2H, Ar-H), 6.80 (s, 1H, Ar-H),

the effect of the dimeric PTZ core in BHQ-BPZ. Both of these 6k?36r Easéllle:)" f"(_c"rg; 1)3.'3;0(72 SZZ‘GEHZ\IE)B’E%?SlZG% g’é':)') C;fgos)' I\I/IRS
compounds_are also important model systems for understandin ESI mode) Found M+ 1, 334.3, 336.3- M+ Na, 356.2, 358.2:
the electronic processes and redox properties of related g¢onor

! 4 polvmers C1sH12BrNOS requires M, 332.98, 334.98.
acceptor conjugated polymets. 7,7-Diacetyl-10,10-dimethyl-10H,10H-[3,3]-biphenothiaziny! (c).

First, 1.65 g of Ni(COD) (6 mmol) and 0.937 g of 2\ipyridine (6
mmol) were added to a flask in a glovebox under argon. Next, degassed
Materials. 10-MP, acetyl chloride, anhydrous carbon disulfideCS ~ 0.74 mL of 1,8-cyclooctadiene (6 mmol) and 20 mL of anhydrous DMF
1,5-cyclooctadiene, 2:bipyridine, bis(1,5-cyclooctadiene)nickel(0),  were injected in with a syringe. The mixture was stirred for 30 min at
m-cresol, triethylamine (TEA), anhydrod§N-dimethylformamide, and 60 °C to form a dark blue catalytic solution. In another flask, 3.342 g
diphenyl phosphate (DPP) were obtained from Aldrich and used as of b (10 mmol) was dissolved in dry DMF under argon. The catalytic
received. Bromine, sodium hydroxide, chloroform, and methanol were solution was slowly transferred into solutidn by a double-ended
purchased from Fisher chemicals. The supporting electrolytes,BNBu  needle. The mixture was stirred overnight and finally was poured into
(CeFs)s and NBUB(CeH3(CFs)2)a, were prepared according to the 100 mL of methanol containing 1 mL of concentrated HCI. A yellow
published procedureThe precursors, lithium tetrakis(pentafluorophe-  powder was precipitated and filtered out. The crude product was purified
nyl)borate etherate and sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)- by silica gel chromatography with ether/chloroform (v/v: 1/9) as the
borate, were obtained from Boulder Scientific Co. (Mead, CO). Other eluent, and 3.81 g of product was obtained. Yield: 7386.NMR
supporting electrolytes, tetrabutylammonium hexafluorophosphate (499 MHz, CDC}), 6 (ppm): 7.79 (b, 4H, Ar-H), 7.26 (b, 12H, Ar-
(TBAPFs) and tetran-butylammonium perchlorate (TBAP), were H), 6.86 (b, 4H, Ar-H), 3.45 (s, 6H, 2x CHszN), 2.54 (s, 6H, 2x
recrystallized twice and dried in a vacuum oven at 2@0prior to CH3CO). IR (KBr pellet),y (cm™): 1665 (G=0), 1602, 1575 (&C
transferring them directly into an inert atmosphere drybox (Vacuum stretching in Ar). MS (ESI mode): Found M 1, 509.2. GoH24N20,S,
Atmospheres Corp., Hawthorne, CA). Anhydrous benzene (Aldrich, requires M, 508.13.
ACS spectrophotometric grade), anhydrous acetonitrile (Aldrich, biotech  Synthesis of BHQ-BPZ.This compound was prepared by following
grade), and anhydrous dimethylformamide (Aldrich, ACS spectropho- the reported procedure for the synthesis of oligoquinolines and
tometric grade) were used without further purification. All solutions polyquinolines’ First, 0.675 g of 2-amino-5-hexylbenzophenone (2.4
were prepared in a drybox with fresh anhydrous solvents and sealed inmmol) and 0.509 g of (1 mmol) were added along Wit g ofdiphenyl
airtight vessels for measurements completed outside of the drybox. phosphate (DPP) an5 g of m-cresol in a glass reactor fitted with a
3-Bromo-10-methylphenothiazine (a)This was prepared by fol- mechanical stirrer, two glass inlets, and a sidearm. Next, the reaction
lowing a reported method with a modified separation procedure. mixture was purged with argon for 20 min, and then the temperature
Sodium hydroxide (4.12 g, 103 mmol) was dissolved in 250 mL of was gradually raised to 98C under argon atmosphererft h and
glacial acetic acid under argon. 10-MP (7.5 g, 35.15 mmol) was added, then to 140°C for 12 h. After being cooled, the product was precipitated
followed by chloroform (50 mL). The solution was cooled te ®°C in a solution of 100 mL of methanol/40 mL of triethylamine (TEA).
with an ice-water bath. Bromine (1.81 mL, 35.15 mmol) dissolved in The yellow powder was extracted with 10% TEA/methanol solution
glacial acid (30 mL) was added dropwise. The suspension was stirred overnight and recrystallized in a mixture of toluene/ethanol (2/8 v/v),
at room temperature for 1 h. Acetic acid was removed by a rotavapo- and 720 mg of BHQ-BPZ was obtained. Yield: 72%. No melting
rator, leaving behind a purple powder. The solid was dissolved in transition was observed by a differential scanning calorimetry (DSC)
aqueous sodium bicarbonate (5% w/v, 100 mL) and dichloromethane scan under nitrogen; however, an apparent onset of decomposition was
(100 mL). The aqueous phase was separated from the organic phas@bserved at 220C. 'H NMR (200 MHz, CDC}), 6 (ppm): 8.14 (s,
and extracted with dichloromethane (100 mL). The combined organic 1H), 8.10 (s, 1H), 8.04 (s, 3H), 8.01 (s, 1H), 7.71 (s, 2H), 7.56 (m,
phases were dried over P80, and filtered through a short silica gel ~ 14H), 7.36 (m, 4H), 6.90 (m, 4H), 3.46 (s, 6H), 2.71Jt 18.7 Hz,
column. The crude product was purified by flash chromatography on 4H, 2 x CH,—Ar), 1.64 (m, 4H), 1.30 (m, 12H, 6C#ji 0.87 (t, 6H,
silica gel with etherhexane (1:19) as eluent. Six grams of white 2CHg). IR (KBr pellet), v (cm™): 2955 (CH asy stretch), 2923 (CH

Experimental Section

crystals was obtained after recrystallization from tolueathanol (1: stretching), 2852 (CHistretching), 1584 (€C stretching). MS (ESI
mode): Found M+ 1, 999.8; (M+ 2)/2, 500.6. GHeN4S; requires
(3) Kapturkiewicz, A.; Grabowski, Z.; Jasny, J. Electroanal. Chem199Q M: 998.44. UV-vis, Amax (NM) (benzene): 396 (log = 4.67).
279 55

Characterization. The FT-IR spectra were obtained with KBr pellets
by using a Bruker Vector 33 Fourier transform infrared spectrometer

(5) Jenekhe, S. A.; Lu, L.; Alam, M. MMacromolecule001, 34, 7315. under nitrogen!H NMR spectra were measured at 200 MHz on a
(6) Fungo, F.; Jenekhe, S. A.; Bard, A.Chem. Mater2003 15, 1264.
(7) LeSuer, R. J.; Geiger, W. BAngew. Chem., Int. E®200Q 39, 248.

(8) Ebdrup, SJ. Chem. Soc., Perkin Trans.1B9§ 1147. (9) Agrawal, A. K.; Jenekhe, S. AMacromoleculed993 26, 895.

4) Kapturkiewicz, A.; Herbich, J.; Nowacki, Chem. Phys. Lettl997, 275,
355
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Bruker DPX200 or at 499 Hz on a Bruker DRX499 instrument. Mass Results and Discussion

spectra were recorded on a Bruker Esquire LC/ion trap mass spec- Synthesis and Characterization.Scheme 1 describes the
trozfﬁolfsr::ge:csel smzcéteré were recorded on a Fluorolog-3 spectrof- synthetic route to BHQ-BPZ. After monobromination of 10-
P g-3 Sp methylphenothiazine, we prepared 3-acetyl-7-bromo-10-meth-

luorimeter (ISA-Jobin Yvon Hariba, Edison, NJ) using a slit width of Ioh hiazine by th iedeCraft lati . h
1 nm and a resolution of 1.5 nm. All UWvisible spectra were recorded ylphenothiazine by the Frie rafts acylation reaction. The

on a Milton Roy Spectronic 3000 array spectrophotometer. The 3.3-biphenothiazine was obtained by the Yamamoto coupling
absorbance and fluorescence spectra of BHQ-BPZ were obtained withreaction ofo. We first tried to synthesize a derivative of BHQ-
a 20 uM solution prepared with 1.5:1 PhH/MeCN. The relative BPZ without the hexyl groups; however, the resulting product
fluorescence efficiency was measured using a0solution in PhH/ was not soluble in normal solvents such as benzene, toluene,
MeCN (1.5:1) and calibrated with diphenylanthracene (DPA) as a and chloroform. Introduction of hexyl groups into the BHQ-
standard fex. = 380 nm; Pgpa = 0.91 in benzene}y. BPZ substantially improved the solubility in these solvents.
Cyclic voltammograms were recorded on a CH Instruments Elec-  The molecular structures of all of the intermediates and BHQ-
trochemical Work Station (Austin, TX). The working electrode in all BPZ were confirmed byH NMR, FTIR, and mass spectra. The
cases consisted of an ir_1|aid platinum _disk (2.0 mm diameter) that was NMR and FTIR spectra, which were summarized in the
polished on a felt pad with 0.&m alumina (Buehler, Ltd, Lake Bluff, Experimental Section, confirmed the attachment of phenylquin-

IL) and sonicated in water and absolute EtOH for 2 min and then dried . . . . .
in a oven at 100C before being transferred into an inert atmosphere oline rings to the biphenothiazine moiety and the completion

drybox. A platinum ultramicroelectrode (26n) was also utilized asa ~ Of the cyclization reaction forming the quinoline rings. In
working electrode to obtain steady-state cyclic voltammograms. A Particular, the strong carbonyl peak in the FTIR spectrum of
platinum wire served as a counter electrode, and a silver wire served 3,7-diacetyl-10-methylphenothiazine (1666 ¢ due to the
as a quasi reference electrode. The concentrations and solvents used tacetyl groups, was completely absent in the spectrum of BHQ-
obtain each voltammogram are given in the corresponding figure BPZ. Instead, new strong bands in the 140800 cnt! range
caption. All potentials were calibrated versus an aqueous SCE by thethat are characteristic of the quinoline ring imine<tl) group
addition olflfe_rrgcen_e as an intemnal standard takigigre)’ = 0.424 were observed in BHQ-BPZProton resonance due to the acetyl
Vys SCE._ Digital simulations were performed using Digisim V 3.03 group was also completely absent in the spectrum of BHQ-
(Bioanalytical Systems Inc., West Lafayette, IN). All electron-transfer BPZ, while new aromatic proton resonances characteristic of
reactions were considered fagt & 10 000 s?); all o values were S . . : .

quinoline ring appeared. The ratio of the integration of the

taken to be 0.5. Other parameters used for the digital simulations are . R
given in the figure caption. biphenothiazine methyl proton resonances to those of the hexyl

All ECL measurements were performed as previously repdfied. Ones in théH NMR spectrum was in accord with the proposed
Measurements were obtained with 1 mM BHQ-BPZ solutions, 0.1 M Structure. Furthermore, the electrochemical and photophysical
in supporting electrolyte in several different solvent mixtures. To properties of BHQ-BPZ described below are all in agreement
generate the annihilation reaction, the working electrode was pulsed with the molecular structure.
between the first oxidation and reduction peak potentials of BHQ-BPZ Absorption and Emission SpectroscopyAbsorption and
with a pulse width of 0.1 s. The resulting emission spectra were obtained f|,,orescence spectra of BHQ-BPZ in 1.5:1 PhH:MeCN are
with a charged coupled device (CCD) camera (Photometrics CH260, shown in Figure 1. The absorption spectrum shows a broad band
Photometrics-Roper Scientific, Tucson, AZ) that was cooled 100 ranging from 350 to 460 nm With &may at around 396 nm
°C. Integration times were 2 min. The CCD camera and grating system Th luti itted in th ax —vell . h
were calibrated with a mercury lamp prior to each measurement. e, same solution emitted in the green yellow region when

excited at 393 nm Amax = 550 nm) with a fluorescence

(10) Stevens, B.; Algar, B. El. Phys. Cheml968§ 72, 2582. efficiency, ® = 0.29, smaller than that of BPQ-PTZ which
(11) Dohad, J. D.; Morris, J. C.; Magnus, P.; Bard, AJJOrg. Chem1997 shows a fluorescence efficiency of 0.70 under the same
(12) McCord, P.; Bard, A. 0. Electroanal. Chem1991, 318, 91. experimental conditions.This compound shows evidence of

J. AM. CHEM. SOC. = VOL. 125, NO. 41, 2003 12633



ARTICLES Lai et al.

(1.5:1) and PhH/DMF (1:2) showed similarities. The oxidation
of BHQ-BPZ in PhH/DMF (1:2) with TBAPEwas character-
ized by two broad oxidation waves observed at peak potentials
of +0.81 and+1.30 V vs SCE. Upon close examination, the
first broad wave is composed of two closely spaced oxidation
waves, with an irreversible wave superimposed onto a quasi-
reversible one. The wave separation is more pronounced in
Figure 2b where only the first broad oxidation wave and the
first reduction wave are present. These two closely spaced
oxidation waves probably correspond to the formation of the
radical cation aE, of +0.69 V vs SCE (representing oxidation
of one PTZ) and the less stable dicationEgtof +0.81 V vs
SCE (representing oxidation of the second coupled PTZ). Due
to the instability of the dication in this solvent system, the
reverse wave observed-a0.63 V vs SCE most likely represents
Wavelength (nm) the reduction of the cation radical and some of the dication. At
Figure 1. Optical absorption (dotted line) and fluorescence spectrum (solid higher scan rates, the wave separation between the first and
line) of a 20uM solution of BHQ-BPZ in 1.5:1 PhH/MeCN (excitation  second oxidation was more pronounced; however, no defined
wavelength, 393 nm). reversal wave was observed for the second oxidation in this

| hromism in which both the ab . dth .. solvent-electrolyte system. The fact that these two closely
solvatochromism in which both the absorption and the emission spaced oxidation waves are one-electron wanes {) suggests

wavelengths red shifted slightly with increasing polarity of the -+ the two PTZ groups are not completely electronically

solvent. In PhAH/DMF (1:2), the absorption maximum was at oo nled, so that these two waves represent individual one-

399 nm, V\./h”e the emission maximum was ?t 558 nm. In both electron oxidation of each PTZ at a slightly different potential.
solvent mixtures, the absorption and emission bands are VeryThe overlapping oxidation waves indicate that the two PTZ
broad and without any vibrational structure. The breadth of the moieties have some molecular orbital interactions: however

absorption and emission bands can be attributed to the decrease{%ese are not strong enough to significantly alter the photo-
planarity of the molecules caused by the large steric interactionsphysimI properties of the compound

within the molecule. A relatively large Stokes shift of 150 nm . . S
y'arg The broad irreversible oxidation wave observed at a peak

was observed between the absorption and emission spectra . .
maxima. This large shift was also observed with the parent potential of+1.39 V vs SCE corresponds to the formation of
molecule, BPQ-PTZ, as well as with 10-MP. This shift can be the highly reactive trication and tetracation. Similar to the first
attributed to changes in the molecular structure of the phenothi-tWO oxidations, this broad wave is also composed of two closely

azine moieties upon excitation, in which the difference in energy spaced_ OX|dat|ons,_ although this is not_ as appa_lr_ent_ as the
between the geometrically relaxed ground state and the nonre_separqtlon of the_ f'@ tWO. waves. The |rreve_r5|b_|llty in the
laxed excited singlet state is larger than the energy difference oxidation of the.dlcat|on,.tr|catlon,_and tgtracatlon is probably
between the geometrically relaxed excited state and the non-due 1o a follong chemical rea(_:tlon with tra(?e water or the
relaxed ground stafé.Additionally, the fluorescence spectrum sglvgnt, .MeCNl. Prolonged cygllng at pgtentlals where the
of BHQ-BPZ is slightly red shifted¢10 nm) when compared dication is generated leads to fllm formation on the surface of
to those of BPQ-PTZ obtained under the same experimentalthe electrode. Moreover, th_e solution colgr char_19_es from yt_al_low
conditions. This shift could be due to a different rearrangement to red upon bulk eI(_actrpIyS|s ata potent!al sufficiently positive
of solvent molecules in the transient ground state and singlet- to generate both trications and tetracations.
excited state, because of the presence of two flexible aliphatic UPon scanning in the negative direction-t®.0 V vs SCE,
chains in addition to an extra phenothiazine moiety. Based on three reduction waves were observed: one reversible wave with
the absorption and emission wavelength of the compound, the@ half wave potential 0f-2.00 V vs SCE and two irreversible
energy needed to generate the first singlet-excited state is abouvaves with peak potentials 6f2.58 and—2.84 V vs SCE. In
2.68 eV therefore, it is this energy that must be generated in @ Separate experiment where a non-ion pairing electrolyte was
the electrochemical annihilation reaction of the radical ions to USed, the steady-state voltammograms obtained with @n25
generate the singlet-excited state and ECL emission. The singlelatinum electrode showed that the first two oxidations are
energy of BHQ-BPZ is comparable to that of the parent consecutive one-electron oxidations, while the first reduction
compound, BPQ-PTZ, which suggests that the two phenothi- Wave displayed characteristics of a single two-electron wave
azine groups are not in the same plane and that their molecula{Supporting Information). This reversible reduction wave,
orbitals do not interact strongly with each other. More extensive therefore, corresponds to the formation of the radical anion on
delocalization between the two PTZ groups would have caused®ach of the PQ groups that are reduced at essentially the same
a significant shift in the absorption and emission bands. potential. This wave was near nernstian with and ipc
Electrochemical Properties of BHQ-BPZ.Cyclic voltam- proportional tozY2 indicating diffusion control. Additionally,

mograms of BHQ-BPZ in various solvenélectrolyte systems e ratio of the peak currentg(ips) was unity, indicating no
obtained at a platinum electrode are shown in Figures 2 and 3.70llowing chemical reactions. Howeveky, and Eyc shifted
As observed, the cyclic voltammograms obtained in PhH/MeCN

Absorbance
Fluorescence Intensity

330 380

(14) Perichon, J. IrEncyclopedia of Electrochemistry of the Elemeriard,
A. J., Lund, H., Eds.; Marcel Dekker: New York, 1978; Vol. 11, Chapter
(13) Mehlhorn, A.; Schwenzer, B.; Schwetlick, Retrahedrorl977, 33, 1489. 1, pp 132-135.
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a)
| 5 uA
N
1.5 0.5 0 A 1.5 - 2.5 -3
Potential (V vs SCE)
c)
| 5ua
0 0.5 -1'.5 2.5

Potential (V vs SCE)

Figure 2. Cyclic voltammograms foa 1 mM solution of BHQ-BPZ in (a,b) 0.1 M TBAPRFin 1:2 PhH/DMF, with different scan limits, and (c) 0.1 M
TBAPFs in 1.5:1 PhH/MeCN at a platinum electrode (ared.015 cnd) (scan rate, 200 mV/s).

e ——

"""" 4 : Potential (V vs SCE)

Figure 3. Cyclic voltammogram ba 1 mM solution of BHQ-BPZ in 0.125 M [NBy[B(CeFs)4] in 20:1 PhH/DMF at a platinum electrode (are20.013
cm?) (scan rate, 200 mV/s) (solid line). The dotted line shows a simulated voltammogram of BHQ-BPZ at a scan rate of 0.2 V/s. Parameters used in the
simulation wereR = BHQ-BPZ, Erir+? = 0.6 V vs SCE Er/re*® = 0.8 V vs SCEErr® = —2.13 V vs SCEErr° = —2.18 V vs SCELR) = 1 mM,
R, = 100009, Cy = 1.5uF, T = 289.2 F, planar electrode area0.013 cni. All species were assumed to have a diffusion coefficient af 105 cn¥/s.

slightly with the scan rate because of uncompensated resistance. The second and third reduction steps were irreversible
The fact that the first reduction occurs in a two-electron wave processes, presumably because the more highly reduced species
(n =~ 2) indicates that the two phenylquinoline groups are not formed upon reduction of the dianion are sufficiently basic to
electronically coupled through the PTZ moieties, so that this abstract protons from any source present in the medium,
wave represents individual one-electron reduction of each PQincluding trace water and MeCN. Even in an aprotic medium,
at essentially the same potentiaiThis also suggests that the this protonation reaction is very fast in comparison to the time
highest filled MO in the PTZ moiety is not greatly perturbed of the voltammetric experiments, thus making the reduction
by the attached PQ groups and that the lowest unoccupied MOswaves irreversibleig. > i,) at scan rates up to 50 V8.

of the PQs are similarly not affected by the PTZ. This same Additionally, upon reversing the sweep direction, after a scan
observation was also found with the parent molecule, BPQ- beyond the second reduction wave, a new oxidation wave
PTZ, and is consistent with the theoretically determined structure appeared at-0.7 V vs SCE (Figure 2a). This wave probably

of the molecule, which will be discussed in the next section. corresponds to the oxidation of a protonated species that is easier
to oxidize than the parent compound. Similar redox behavior

(15) (a) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson, FJCAm. Chem.
Soc.1978 100, 4248. (b) Ammar, F.; Sdeat, J.-M.J. Electroanl. Chem. (16) Andruzzi, R.; Trazza, A.; Greci, L.; Marchetti, . Electroanal. Chem.
1973 47, 215. 198Q 108, 49.
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was observed with 1.5:1 PhH/MeCN as the solvent (Figure 2c), phenothiazine ring. If the two PTZ groups were completely out
with one notable difference in the oxidation waves, where the of plane or orthogonal to one another, a single two-electron
cation radical and dication appear to form a precipitate, as oxidation wave, similar to the two-electron reduction wave of
indicated by the CV wave shape. This probably involves the the noninteracting quinoline groups, would be observed. As with
anion of the supporting electrolyte, TBARRn this medium. BPQ-PTZ, the lack of a major shift in the half wave potentials
Certain weakly coordinating electrolytes have been shown in the oxidation and reduction of BHQ-BPZ when compared to
by Geiger and co-workers to be very effective in solubilizing 10-MP and 2-PQ suggests the absence of any intramolecular
cations produced in anodic electrochemical reactions andand intermolecular charge transfers occurring at this concentra-
minimizing ion pair formatiorf:}” On the basis of previous tion.8 To confirm the proposed electrochemical processes of
studies, NByB(CeFs)4 and NBuB(CgH3(CFs)2)s were chosen BHQ-BPZ in this solventelectrolyte system, digital simulations
as the two non-interacting electrolytes in this study. The of the cyclic voltammetry were carried out. Figure 3 shows two
structures of these two electrolytes are shown in the Supportingsimulated CVs (dotted linehia 1 mMsolution of BHQ-BPZ
Information. Figure 3 shows the cyclic voltammogram of BHQ- at a scan rate of 0.2 V/s, with the parameters shown in the figure
BPZ obtained in 0.125 M of NBiB(CgFs)4 in PhH/DMF (20: caption. The good fit between the experimental and theoretical
1). A higher concentration of electrolyte was used to lower the voltammograms supports the assumption that the first two
resistance in this highly resistive medium. In this solution, two Oxidation waves obtained experimentally are two closely spaced
well-separated oxidation waves appeared with peak potentialsconsecutive one-electron oxidations, and the first reduction wave
of +0.63 and+0.83 V vs SCE, and the second oxidation showed involves a two-electron reduction at essentially the same
a quasi-reversible behavior when compared to the cyclic reduction potential or, more exactly, two one-electron reductions
voltammogram obtained in the presence of TBARE the with a potential difference less than 50 mV.
electrolyte. This indicates that both the cation radical and the MNDO semiempirical calculations were used to obtain the
dication are less ion-paired in the presence of this electrolyte, optimized molecular geometry of this compound to determine
and this promotes separation of the two closed-spaced oxidationa possible reason for the localization of charge upon the
waves’ A third, irreversible, oxidation wave was observed at a oxidation and reduction of BHQ-BPZ.As shown in Figure
peak potential of+1.53 V vs SCE. Similar to the behavior 4aand b, the phenothiazine rings are twisted by 82din the
observed in the DMF/PhH system, this broad irreversible wave plane of the quinoline substituents, while the phenyl groups
probably corresponds to the formation of the unstable trication appended onto the quinolines are twisted 87efative to these
and tetracation. The reduction of BHQ-BPZ in this solvent  moieties. This geometry suggests minimal molecular orbital
electrolyte system was characterized by a reversible reductionoverlap between the orbitals of the quinoline groups and the
wave at a half wave potential 6f2.12 V vs SCE, a value orbitals of the phenothiazine leading to little delocalization
slightly more negative than the reduction potential observed in of the electronic charge. Moreover, one phenothiazine ring is
the solvent-electrolyte systems discussed above. In this solvent twisted by 46.5 relative to the adjacent phenothiazine ring,
electrolyte system, the last two irreversible reduction waves were suggesting some charge delocalization between the two rings.
not observed prior to the reduction of the background. However, This is evident in the electrochemical behavior of BHQ-BPZ
those redox reactions are not the focus of this study becausein which the two oxidation waves of the PTZ moieties were
the electrochemical stability of the first oxidation and reduction slightly separated instead of behaving like a single two-electron
is most important in determining the compound’s ECL ef- oxidation wave occurring at the same potential. Results obtained
ficiency. from the same calculation also confirmed the localization of
Overall, the electrochemistry of BHQ-BPZ was similar to the HOMO and HOMG-1 orbitals on the phenothiazine
that of the parent compound, BPQ-PTZ, in all of the solvent ~Moieties and the LUMO and LUM®L1 orbitals on the phe-
electrolyte systems studied. The observed reduction potentialshylquinoline subunits, which further support the observed
(Ez1 = —1.96 V, Ep» = —2.61 V vs SCE) and oxidation electrochemical behavior. However, the calculated energy
potentials of BPQ-PTZHy21 = +0.69 V,Ey» = +1.32 V vs difference between the HOMO and HOMQ orbitals was only
SCE) are very close to the redox potentials of BHQ-BPZ. The 0.014 eV, slightly less than half of 0.035 eV, the energy
redox potentials of BPQ-PTZ were previously shown to be very difference between the LUMO and LUMEL orbitals. How-
close to the redox potentials of the parent compounds, 10-MP €ver, because of the importance of solvation effects and ion-
and 2-phenylquinoline (2-PQ), indicating that oxidation was Pairing interactions, these small, calculated energy differences
occurring in the PTZ moiety and reduction was occurring on cannot be directly compared to the potential differences observed
the quinoline group.Because of the electrochemical similarities in the electrochemistry.
between BPQ-PTZ and BHQ-BPZ, the oxidation of BHQ-BPZ  In addition, the MO energies were calculated as a function
probably also occurs at the two PTZ moieties and the reduction Of the angles between the PTZ and PQ moieties in the molecule.
occurs at the two quinoline groups. The two major differences When compared to the planar geometry where the PTZ and PQ
in their electrochemical properties are the presence of two groups are coplanar (angte 0°) to each other, the calculated
closely spaced oxidations of the two PTZ rings and the presenceHOMO and LUMO energies of the molecule in its nonplanar
of a third reduction wave. The overlapping, but split, oxidation ground-state geometry were slightly larger; that is, the HOMO
waves suggest that the two PTZ moieties have some intramo-and LUMO energies of the bent molecule were about 0.39 and
lecular interaction, so that oxidation of the first phenothiazine 0.28 eV higher than the HOMO and LUMO energies of the
ring makes it somewhat more difficult to oxidize the adjacent

(18) Boulas, P. L.; Gomez-Kaifer, M.; Echegoyen,Angew. Chem., Int. Ed.

1998 37, 216.
(17) Barriere, F.; Camire, N.; Geiger, W. E.; Mueller-Westerhoff, U. T.; Sanders, (19) MNDO semiempirical calculations performed with HyperChem by Hy-
R.J. Am. Chem. So@002 124, 7262. percube, Inc., Gainesville, FL.
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Figure 4.

Potential (V vs SCE)
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Figure 5. Cyclic voltammograms foa 1 mM solution of BHQ-BPZ in 1:2 PhH/DMF at a platinum electrode before (dotted line) and after 200 cycles
between 0.0 and 1.0 V (vs SCE) (solid line) (0.1 M TBAPScan rate, 200 mV/s).

planar molecule, respectively. This, again, suggests that the As shown in Figure 5, upon continuous potential cycling over
planar geometry promoteselectron delocalization, making it  the range that encompassed the first two oxidations (Bl
easier to oxidize and reduce as well as decreasing the totalV vs SCE), the two oxidation waves showed a pronounced loss
annihilation energy of the molecule, while the optimized ground- of reversibility, as did the reduction wave. This loss of
state conformation limits MO interactions between the PTZ and reversibility indicates a following chemical reaction involving
PQ groups, leading to higher redox potentials. Thus, on the basisthe dication, that is, the radical cation of each phenothiazine
of the calculated structure, MO energies, and electrochemical moiety. Because the two oxidation waves are near one another,
results, we can conclude that the two closely spaced oxidationsthe radical cation cannot be generated without generating some
observed in the cyclic voltammogram involve the formation of unstable dication. Thus, even when the cycling was performed
the cation radical in each phenothiazine group, while the next to a less positive potential than the oxidation potential of the
two oxidations are the formation of the trication and tetracation. radical cation (i.e., to+0.7 V vs SCE), a loss in reversibility
Furthermore, the structure shows that the two-electron reductionwas observed, but at a rate slower than when the cycling
wave of BHQ-BPZ represents formation of the radical anion potential was positive enough to generate the dication. On the
on each of the quinoline groups, while the second and third contrary, upon extensive cycling in the negative region where

reductions represent formation of the dianion and trianion on the dianion, tetraanion, and hexaanion were formed, no sign of
each group. loss of reversibility or film formation was present. The products
J. AM. CHEM. SOC. = VOL. 125, NO. 41, 2003 12637
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of quenchers and film formation on the electrode surface, which
eventually led to the loss of any observable light.

In a typical ECL experiment, the radical anion reacts with
the radical cation; however, in our case, we are generating the
radical cation, the dianion, and a small amount of dication upon
oxidation and reduction. However, as shown in our group’s
previous studies on similar systems with rubrene and Rugbpy)
(where bpy represents 2;Bipyridine), the ECL efficiencies of
such systems were lower when compared to systems where only
the radical cation and anion were generated, because of the lack
of unit probability of such reactions as well as the generation
of a large amount of local quenchers (i.e., radical aniéh&).

In this system, the dications are quite reactive and probably do
not participate significantly in generating ECL via this route.
Overall, the excited BHQ-BPZ can be produced via at least two
possible electron-transfer mechanisms:

PL Intensity
ECL Intensity

400 500 600 700 800
Wavelength (nm) Mechanism |:
Figure 6. Fluorescence spectra (20) of BHQ-BPZ in 1.5:1 PhH/MeCN

(dotted line) and ECL spectra (solid line) of 1 mM BPQ-PTZ in 0.1 M —*p). - -PO° - . -PO—
TBAPFs in 1:2 PhH/DMF with pulsing (0.1 s) between 0.70 .05 V PQ-PTZ-PTZ-PQ + PQ PTZ*-PTZ-PQ
(vs SCE). PQ-PTZ-PTZ-PQF (PQ-PTZ-PTZ-PQ)* (5)

of the dication reaction form an insoluble film on the surface —*pQ-pTz-PTZ-PQF PQ-PTZ"-PTZ-PQ—

of the platinum-working electrode that alters the electrochemical PQ-PTZ-PTZ-PQ+ (PQ-PTZ-PTZ-PQ)* (6)
behavior of both BHQ-BPZ and BPQ-PTZ in solution and that

of the internal potential standard, ferrocene (voltammogram not Mechanism II:

shown). In the presence of the noninteracting electrolytes, the

second oxidation wave was quasi-reversible instead of totally “*pPQ-PTZ-PTZ-PQ" + PQ-PTZ-PTZ-PG=

irreversible, as shown in Figure 3. In this case, the enhanced 2 PQ-PTZ-PTZ-PQ (7)
stability of the dication slowed the rate of electrode filming and
the loss of reversibility of the redox waves. “PQ-PTZ-PTZ-PQ+ PQ-PTZ*-PTZ-PQ—

As a final note, the total standard enthalpy of the annihilation PQ-PTZ-PTZ-PQ+ (PQ-PTZ-PTZ-PQ)* (8)

reaction AHann = AGany + TAS®), which is based on the
difference between the half peak potentials of the first oxidation =~ The ECL of BHQ-BPZ is characterized by a broad emission
and first reduction wave in the cyclic voltammograt&yoxred) band between 450 and 800 nm, with an emission maximum at
~ 2.8 eV) with entropy effects~0.1 eV) subtracted out, is 575 nm. When compared to the fluorescence spectrum, the ECL
about 2.7 e\2 This energy, which is available upon radical ion spectrum appears slightly broader in shape and slightly shifted
annihilation, is greater than that required to directly populate to lower energy (25 nm). This is probably due to an inner filter
the singlet-excited state (2.68 eV) as previously determined from effect as a result of the high concentrations of the compound
the absorption and fluorescence spectra. needed to obtain measurable ECL, as well as the difference in
Electrogenerated Chemiluminescencé/Vhen an electrode  resolution between the two instruments where the spectra were
immersed in a 1.0 mM solution of BHQ-BPZ is pulsed between collected. In addition, the observed ECL emission band shows
the compound’s first oxidation and reduction waves, a bright significant emission in the longer wavelength region as com-
yellow light that is visible by eye in a darkened room is pared to the fluorescence spectrum. This emission might be due
produced at the electrode surface. The ECL spectrum of BHQ- to the formation of side products generated during the annihila-
BPZ obtained in DMF:PhH (2:1) containing 0.1 M of TBAPF  tion. However, no change in the absorption and fluorescence
as supporting electrolyte is shown in Figure 6. Although the spectra was observed before and after extensive potential
light appeared to be fairly strong during the first few pulses, cycling, eliminating this possibility. The longer wavelength
the instability of the dication as well as filming prevented component in the ECL could also be due to the formation of
obtaining stable ECL over a long period of time (i.e., 8 min) in excited-state aggregates at the concentration used to obtain the
this solvent-electrolyte system. However, by keeping the spectrum. No shorter wavelength absorption band was present
potential about 150 mV before the second oxidation peak even at concentrations down to 1.2M in several solvent
potential, we could observe relatively efficient ECL. In systems systems, suggesting the lack of ground-state aggregates. More-
containing NBuB(CgFs)4 or NBuwB(CsH3(CFs)2)4, more stable over, due to steric hindrance, the ground-state molecular
ECL was observed due to the enhanced stability of the dication. conformation appears to be nonplanar which discourages
In addition, the more pronounced separation between the twoformation of ground-state aggregates; however, it is difficult to
oxidation waves allowed generation of the radical cation without predict the conformation of the molecule in its excited state.
generating a large amount of dication. Thus, the observed ECL Although we could not exclude the presence of excited-state
from these systems lasted about 20 min without a significant
decrease in intensiy or fim formation. However, prolonged (20) Mloy, ;1. 8, A, 33 Am Chem Soaort ea,s068.
potential cycling or pulsing for abod h promoted generation 1973 95, 6582.
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aggregates, no major shift in the fluorescence wavelength waswhich would lower the observed ECL efficiency. In addition,

observed even at concentrations up to 1 mM. the dianion itself could act as a quencher in this system, thus
Another possible explanation is the presence of an intramo- lowering the overall ECL efficiency.

lecular charge-transfer emission between the radical anion of conclusions

PQ and the radical cation of PTZ. The proposed mechanism is

We report here the synthesis of BHQ-BPZ, a new denor
as follows:

acceptor compound capable of ECL. The presence of phenothi-
azine dimer as the electron donor and phenylquinoline groups
PQ-PTZ-PTZ*-PQ+ PQ-PTZ-PTZ-PQ"— as the electron acceptors allows the generation of ECL without
~PQ-PTZ-PTZ-PQf (PQ-PTZ-PTZ"-PQ ")* (9) the addition of a coreactant or a second compound. On the basis
of semiempirical MNDO calculations of this compound, the
(PQ-PTZ-PTZ*-PQ *)* — PQ-PTZ-PTZ-PQ+ hv (10) phenylquinoline group is twisted 82.Eelative to phenothiazine,
indicating no molecular orbital overlap between these two
Preliminary measurement of fluorescence spectra of BHQ-BPz 9roups. This molecular geometry, therefore, favors localization
in solvents such as DMF. MeCN. and PhH shows evidence of Of the negative charge of the individual radical anions of the
solvatochromism, suggesting some intramolecular charge-diamon onto each quinoline group and of the positive charge
transfer character. of the individual radical cation onto each phenothiazine group.
Due to the enhanced stability of the dication in addition to a !N @ddition, the first phenothiazine is twisted 48r8lative to
more pronounced wave separation in systems containing weaklytN€ adjacent phenothiazine group, suggesting a possible delo-
coordinating electrolytes, the ECL efficiency of BHQ-BPZ was calization of charge between these two moieties. However, this
obtained in a PhH/DMF solvent mixture (20:1) containing interaction is not strong enough to cause a pronounced effect
NBWB(CsFs)s. The ECL efficiency was determined by compar- in its photophysics. As a result of this slight interaction between
ing the number of photons emitted per coulomb passed by the two phenothiazine groups, the oxidation of the first
comparison to a standard system with known ECL efficiency, Phenothiazine group creates a slight energetic barrier to the
Ru(bpy)}?+ (where bpy represents 2:8ipyridine), as a stan- oxidation of the adjacent phenothiazine group, characterized by
dard?? This yielded efficiency®ec. = 0.003 for BHQ-BPZ two closely spaced one-electron oxidation waves. Overall, BHQ-
comparable to the ECL efficier'my of BPO-PT@{c, = 0.004)' BPZ showed electrochemical, photophysical, and ECL properties
obtained under slightly different experimental conditions. Similar to those of its parent compound, BPQ-PTZ. Most
Because the fluorescence efficiency of BHQ-BREE( = 0.28) importantly, the energy of the annihilation reaction for BHQ-
is significantly lower than that of BPQ-PTZ, = 0.70), this BPZ is sufficient enough to generate the singlet-excited state
suggests that BHQ-BPZ has a higher ECL efficiency (excited @nd corresponding ECL emission. Doracceptor block
states produced per annihilation event) than BPQ-PTZ. This &rchitectures such as this may provide a general approach to
could be attributed to the enhanced solubility and stability of d€signing new materials exhibiting efficient ECL.
the dication in the presence of these weakly coordinating Acknowledgment. We thank Ms. Yan Zhu (University of
electrolytes. However, the ECL efficiency of BHQ-BPZ is about Washington) for providing 2-amino-5-hexylbenzophenone. This
6% of that of Ru(bpy#" (®ec. = 0.05) and is much lower  work was supported by the Texas Advanced Research Program
than similar polyaromatic hydrocarbohs? (0103), U.S. Army Research Office TOPS MURI (DAAD19-
As mentioned earlier, additional ECL measurements taken 01-1-0676), and IGEN, Inc.
as a function of time showed a drop in emission intensity that  supporting Information Available: H NMR, FTIR, and
correlated with the CyC”C Voltammetry becoming more irrevers- mass Spectra of BHQ_BPZ’ and Cyc”c V0|tammogram ofal
ible upon film formatiqr]. Even when the anodic potentialllimjt mM solution of BHQ-BPZ in 12:1 PhH/DMF at a 26m
was kept at a less positive value to avoid generating the dication, p|atinum microelectrode (0.125 M [NBJIiB(C¢Fs)J]; scan rate,

it is possible that dication formation during this initial pulse 25 mv/s). This material is available free of charge via the
and by disproportionation may contribute to the film formation, |nternet at http://pubs.acs.org.
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