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ture. Substituting these values into eq 23 leads to 262 ns as the
time required for a naphthalene molecule to diffuse from the
interior of an SDS micelle to the surface. The significant fact
is that naphthalene triplet is sufficiently long lived [rnT =
(1.14 £ 0.07) X 1073 5] to diffuse out of the micellar interior
and transfer its energy to terbium chloride.

The role of micelles is the simple, albeit vital, compart-

mentalization of the energy transfer partners. It separates

naphthalene molecules from each other obviating thereby
triplet-triplet annihilation (reaction 12). Additionally, by
binding the terbium chloride electrostatically to the negatively
charged micellar surface, the effective concentration of the
acceptor molecules is substantially increased. The concen-
tration of countercations in the micellar Stern layer has been
estimated to be 3.0 M.?° In aqueous solution reaction 12 suc-
cessfully competes with reaction 15 and thus energy transfer
is not observable. These results emphasize the important roles
artificial and real membranes play in enhancing the efficiency
of energy transfer.
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Electrochemiluminescence from the
Thianthrene-2,5-Diphenyl-1,3,4-oxadiazole System.
Evidence for Light Production by the T Route
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Abstract: The chemiluminescent reaction between the thianthrene (TH) cation radical and the anion radical of 2,5-diphenyl-
1,3,4-oxadiazole (PPD) has been studied by the triple step technique. Emission transients decay very quickly and their magni-
tudes are extremely sensitive to the surface condition of the electrode. The current during the second step adheres very closely
to that predicted by digital simulation, and this agreement is taken as evidence that the diffusion patterns in solution are accu-
rately modeled by the simulation. The light intensity is proportional to the square of the redox reaction rate. This observation
is incompatible with the generation of any significant component of luminescence by the S route. It does correspond to a limit-
ing case of pure T-route behavior. A new type of experiment, in which the electrode is pulsed back to the initial potential for
a brief interval during the second step, has demonstrated unequivocally that the chemiluminescence arises after a few millisec-
onds from a solution phase reaction zone, rather than from the electrode surface. Absolute light measurements give an emis-
sion efficiency, ¢eq, on the order of 10—4. The precise value is highly dependent on conditions.

The electron transfer reaction between the radical cation
of thianthrene (TH) and the radical anion of 2,5-diphenyl-
1,3,4-oxadiazole (PPD) yields light mainly from the first ex-
cited singlet state of thianthrene, 'TH*.! Keszthelyi, Tachi-
kawa, and Bard showed early that this system follows the
pattern of behavior that is generally associated with the so-
called S route to chemiluminescence,!-3 in which the emitting
singlet is populated directly in the redox event itself.

TH* + PPD~ - 'TH* + PPD 1)

'TH* — TH + Av (2)

That is, the redox process is energetic enough to populate !TH*
(see Table I), and there is no magnetic effect on the chemilu-
minescence.

Magnetic effects have been used frequently as a diagnostic
tool for the differentiation of mechanisms for redox chemilu-.
minescence.!~7 Enhancements of emission with increasing field
strength have been observed for every studied case of energy-
deficient luminescence (i.e., one involving a redox reaction that
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is energetically unable to populate to observed emitting sin-
glet). Light from such systems is believed to arise usually by
redox excitation to a triplet which then undergoes triplet-
triplet annihilation (T route to emission). The magnetic effects
have been ascribed to field-dependent rate constants for trip-
let-triplet annihilation?8 and for the quenching of triplets
by radical ions.2*7.10 In contrast, no significant magnetic effect
has been seen in any approximately energy sufficient case,
except the energetically marginal rubrene cation-anion re-
action.23-7 The consistency of these results has led to the
widely accepted plausibilities that magnetic effects can be used
reliably as an indicator of mechanism and that electrochemi-
luminescence (ecl) arises mainly by the S route, whenever that
path is energetically possible. If TH-PPD is indeed an S-route
system, then the light emission rate 7 (einsteins/s) is related
to the electron transfer rate N (mol/s) by

I = ¢rpN (3)

where ¢ is probability of singlet formation in electron transfer
and ¢ris the fluorescence efficiency of 'TH*. Both ¢ and ¢
are constants of the experimental system; hence S-route be-
havior implies a rigid linear linkage between I and N.

We shall show below that I in the TH-PPD system is not
proportional to N but instead to N2. Such behavior is in-
consistent with the S route or an ST mixture, and can be un-
derstood within existing mechanistic models only via a pure
T route. The simplest such process is

TH* + PPD- — 3TH* + PPD (4)
STH* + 3TH* — 'TH* + TH (5)
ITH* — TH + hv (6)

These results demonstrate that ideas about the interpretation
and diagnostic utility of magnetic effects must be revised, and
they also cast doubt on our current understanding of the effects
of reaction energy on the mechanism for chemilumines-
cence.

Experimental Section

The basic tool of this investigation was the triple step technique, in
which the two reactants are generated electrochemically from a
quiescent acetonitrile solution containing TH and PPD.23.11-14 The
experiment begins with the planar microelectrode at a potential where
no oxidation or reduction takes place. At ¢ = 0, the potential is stepped
to a value in a region for diffusion-controlled generation of the first
reactant (either TH* or PPD™). This forward step lasts for a period
tr, then the potential is changed to a value in the region for diffu-
sion-controlled production of the second reactant. This second, or
reversal, step also lasts for a period #, then the potential is shifted back
to the initial value, where both reactants are electrolytically destroyed.
Time measured into the second step from its start is denoted by #;. The
reactants diffuse together during the second and third steps and react
with a monotonically decreasing rate N. Light appears as a pulse that
decays away as NV declines. The shape of the light decay /(¢;), in
comparison to N(1;), contains the mechanistic information of interest.
Experiments like these were proposed initially by Feldberg, who
provided early interpretive schemes.!!-'2 Additions and improvements
to his methods for treating data have been advanced by others.!3.14

Chemicals. Thianthrene (TH) and 2,5-diphenyl-1,3,4-oxadiazole
(PPD) were either used as received from Aldrich or recrystallized from
benzene. Recrystallization produced no changes in their electro-
chemical or spectroscopic behavior.

Tetra-n-butylammonium fluoroborate (TBABF,) or tetra-n-bu-
tylammonium perchlorate (TBAP) was used as the supporting elec-
trolyte, always at a concentration of 0.100 + 0.001 M. Either they
were supplied by Southwestern Analytical Chemicals (Electrometric
Grade) and recrystallized from 5:1 ethyl acetate-pentane according
to House, or they were synthesized from the corresponding acid and
tetra-n-butylammonium hydroxide and purified by recrystallization
from 2:1 methanol-water and 5:1 ethyl acetate-pentane. Finally, the
electrolytes were dried at 90 °C.in vacuo for at least 48 h and stored
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Table I. Electrochemical and Spectroscopic Data

Peak potentials, V vs. SCE« Energy levels, eV

Compd  E,R/R¥) E(R/R™) E, E,
TH 1.25 Not reduced 3.0b.c 2.64
PPD Not oxidized =217 3.9¢d 2.54

@ Taken from ref 1. ® Estimated from data presented by E. A.
Chandross and D. J. Freed, J. Am. Chem. Soc., 97, 1274 (1975).
¢ Compare with the free energy of the redox process, AG® = —3.36
eV. 4 1. B. Berlman, “Handbook of Fluorescence Spectra of Aromatic
Molecules”, Academic Press, New York, N.Y., 1965,

over P,0Os. Each purified batch was required to show an absorbance
in 0.1 M solution of less than 0.1 cm™! in the 200-250-nm region and
less than 0.01 cm™! for wavelengths longer than 250 nm.

Spectroquality acetonitrile from Matheson Coleman and Bell was
used as the solvent. It was purified further by passing it through an
activated alumina column into an evacuated reservoir.'> The alumina
had been treated beforehand by heating at 400 °C for 48 h under a
vacuum. From the reservoir, the solvent was transferred sequentially
to two flasks containing fresh P,Os by bulb-to-bulb distillation on a
vacuum line. Finally, it was transferred into the ecl cell in the same
manner. After passing through the alumina column, the solvent was
not allowed to contact the atmosphere at any further stage of sample
preparation.

Electrochemical Cell and Sample Preparation. The electrochemical
cell has been described in detail elsewhere.'6 It was designed to fit into
the photometric apparatus described previously, and it resembled that
of Bezman.'3.'7 The working electrode was a polished Pt disk having
a geometric area of either 3.3 or 3.8 mm2. The counter electrode was
a 7-cm length of 30 gauge Pt wire coiled into a position outside the
photometric viewing area. A second length of this wire served as
quasi-reference electrode (QRE). A glass sheath controlled its access
to the current path so that it sampled the potential very near the
working electrode. The tip of the QRE was no further than 3 mm from
the disk. For a solution of 0.1 M TBABF, in acetonitrile, the time
constant for double layer charging was typically ~90 us.

Solutions were prepared in an auxiliary apparatus that allowed
collection and condensation of the purified solvent vapor, dissolution
of the weighed solutes to create a solution having a volume of 25.0 +
0.2 mL, degassing of the solution by at least three freeze-pump-thaw
cycles, and finally transfer of the working solution into the evacuated
cell itself. All of these operations were carried out without allowing
contact with the atmosphere or stopcock grease. After filling, the cell
was sealed by a Teflon needle valve, and the auxiliary apparatus was
removed. The details of these procedures have been presented else-
where. !9

Instrumentation. A Data General Nova 820 minicomputer con-
trolled both the electrochemical generation of radical ion reactants
and the acquisition of the light decay data. The software for these
operations has been described.!6

The potentials used for production of the radical ions were enforced
by a Princeton Applied Research Model 173 potentiostat equipped
with a Model 176 I/E converter. The potentiostat’s input was pro-
grammed by the computer, which operated through a 12-bit D/A
converter. Measurements of charge passed through the cell could be
accomplished by connecting the working electrode directly to a cus-
tom-built analog current integrator, whose output was monitored by
the computer through a sample-and-hold amplifier and an 8-bit A/D
converter.

The photomultiplier was part of the integrating-sphere detector
described previously.'6:'8 This detection system was calibrated for
absolute light measurements as noted earlier.'6:'8 Its output fed a
separate [ /E converter, which drove a voltage scaler constructed from
fast operational amplifiers. The gain of the scaler was selected by the
computer from the sequence 1, 2, 5,. . ., 200, and each gain was ac-
curate to better than 1%. The scaler output was read by the computer
through a sample-and-hold amplifier, whose output was converted
by a 10-bit A/D converter. The time constant for photometric mea-
surements was governed by the I/E converter. For the experiments
described here, it was 0.7 ms.

Timing for all measurements was controlled by a 10-MHz crystal
oscillator in the computer interface.

Fluorescence and ecl spectra were recorded on an Aminco-Bowman

Michael, Faulkner | Thianthrene-2,5-Diphenyl-1,3,4-oxadiazole System



7756

spectrophotofluorometer (SPF) equipped with a Hamamatsu R446S
photomultiplier. Factors for correcting emission spectra were obtained
as described previously.'®'8 Spectra displayed here were recorded with
6-nm emission band-pass.

Experimental Procedure. Since the potential of the QRE on an
absolute scale is subject to slow drift, the potentials to be used in each
triple step experiment for the generation of radical ions were deter-
mined immediately beforehand by cyclic voltammetry. After the
voltammogram was recorded, the solution was stirred briefly, then
allowed to rest for 5 min before the step experiment began.

The experiment started with entry of the step potentials and the step
duration, fr, at the keyboard. The potential for generation of each ion
was routinely set at a value 250 mV more extreme than the corre-
sponding cyclic voltammetric peak potential in order to ensure rapid
establishment of a diffusion-limited reaction at the working electrode.
The initial potential was 0 V vs. QRE. An option was available to pulse
the working electrode back to 0 V vs. QRE during the second step. The
beginning point and the length of this zero pulse were both vari-
able.

The output of the QRE was sampled at # = 0 and ¢ = ¢ to determine
the total charge passed through the cell in the forward step. At = ¢,
the generation of the second reactant was begun and the sampling of
the light decay curve was initiated. The data were taken at regularly
spaced intervals of ¢r/500 for the remainder of the reversal step and
for 0.5¢ thereafter. During the recording operation, the computer used
the scaler to maintain the signal at the A/D converter at a value be-
tween 30 and 100% of full scale, if possible. In addition, it measured
background signals at each scale setting and corrected the ecl inten-
sities appropriately. Finally, the program converted each intensity to
a floating point form and scaled all values to a common basis. The total
light output was obtained by integrating the decay curve according
to Simpson’s rule.

Electrochemical current transients were recorded in a similar
manner by substituting the potentiostat’s I/E converter for the pho-
tometric current follower.

Results and Discussion

Electrochemistry. The uncomplicated electrochemistry of
this ecl system has been described.! In our apparatus, TH was
oxidized to the stable cation radical at 0.92 V vs. QRE, and
PPD was reduced to the stable anion at —2.55 V vs. QRE.

For scan rates up to 100 mV /s the peak separation for TH
oxidation was 60 mV, which signified reversible one-electron
oxidation. Qur highest scan rate, 500 m/s produced a peak
separation of 75 mV, but this value can probably be partly
attributed to uncompensated resistance. The ratio of the re-
verse and forward peak currents was determined by the method
of Nicholson.'® For the slowest sweep rate of 50 mV/s, inc/ipa
= 1.01. Thus, TH*. was completely stable for the time domain
of the experiment.

Double step chronocoulometry was also used to study the
TH oxidation. Christie20 has shown that in the absence of
adsorption or complicating chemical reactions the charge (Q)
passed during the experiment should follow the relationship

Q@21 = 0(1)
o(7)
where 7 is the duration of the forward step. In these studies,
as in the triple step experiments, the potential applied to the
working electrode was set 250 mV beyond the cyclic peak po-
tential. For step times ranging from 10 ms to 2 s, the above
ratio yielded an average value of 0.59 with an average deviation
of 0.04. This supports the previous evidence that the oxidation
of TH is a simple reaction leading to a stable cation radical.

PPD exhibited some degree of charge transfer irreversibility,
as manifested by a voltammetric peak separation greater than
60 mV. Data from a scan rate study allowed an evaluation of
the standard heterogeneous rate constant (k) by the method
of Nicholson.2! Scan rates from 50 to 500 mV /s yielded ks p
= 1.4 X 10~2 cm/s for electrodes prepared in our standard
manner, which involved polishing to a mirror finish with 600
grit alundum powder. The data used in calculating kg were

= (0.5858 @)

typical; however, different electrode preparation techniques
may produce different values for &, . The relatively sluggish
electrode kinetics did not greatly affect the triple step experi-
ments. With the application of 250 mV potential oversteps, the
peak of the light decay curve was reached in less than 1 ms
regardless of the radical ion generation sequence.

This degree of irreversibility meant that the stability of
PPD™ could not be validly assessed by comparing the forward
and reverse peak heights in the conventional manner. Double
step chronocoulometric studies were conducted over the same
time range as those for the TH case. The ratio defined ineq 7
was equal to 0.58 & 0.02. Thus, the PPD radical anion s also
produced in a chemically simple electrode reaction and is stable
over the time domain of these experiments.

As a check for the possibility of adsorbed species, the double
step chronocoulometric technique of Anson was used to study
both the TH and PPD radical ion formation.22 For 50-ms step
times, the results indicated possible net adsorptions of the
radical ions, but for both TH* and PPD—, the charge required
to remove any adsorbed species was 0.25 uC or less. Since the
Faradaic charge passed in the forward step of an ecl experi-
ment in which ¢s = 1 s is on the order of 25 uC, adsorbed species
contributing 1% of this charge probably would not have an
appreciable effect on the ecl experiment.

Slopes of the Q vs. ¢1/2 plots, together with the geometric
electrode area, yielded average diffusion coefficients of 2.7 X
1073 and 2.6 X 1075 cm?/s for TH and PPD, respectively.
These compare favorably with the results reported by Kesz-
thelyi et al. of 2.9 X 1075 ¢cm?/s for TH and 2.8 X 107> cm?/s
for PPD, as calculated from the cyclic voltammetric peak
heights.!

Luminescence Spectra and Efficiencies. Figure 1a shows
corrected spectra for ecl emission and thianthrene fluorescence.
The ecl spectrum was recorded by scanning the SPF while the
working electrode was alternated at a 10-Hz frequency be-
tween potential limits selected as described above for the triple
step experiments. An essentially identical, but noisier, ecl
spectrum was obtained point by point via individual triple step
experiments in which the integrated emission at a discrete
wavelength was recorded. The close resemblance between the
spectra of ecl and thianthrene fluorescence is apparent. The
shapes are identical on the short wavelength side, and this
correspondence strongly suggests 'TH* as a primary emitter.
However, the ecl spectrum shows an enhanced intensity in the
long-wavelength region. Figure 1bis the net ecl emission after
the normalized thianthrene fluorescence distribution has been
subtracted. The origin of this light is uncertain.

Several possible explanations can be disqualified. The
long-wavelength emission cannot be attributed to inner filter
effects or medium effects, because the solutions do not absorb
appreciably at wavelengths where ' TH* emits, and the TH
fluorescence spectrum is insensitive to the presence of
TBABF.. Since the PPD fluorescence peak is near 350 nm,’
emission from 'PPD* is certainly not responsible. Excimer
emission is conceivable, but the observed emission is probably
at too low an energy to be assigned to a PPD excimer, and
studies in this laboratory with solutions of TH at saturation
(~10 mM) in deaerated acetonitrile showed no spectral dif-
ferences in fluorescence, as compared to more dilute solutions.
Thus, it is not reasonable to assign the long-wavelength ecl to
thianthrene excimers formed conventionally by

ITH* + TH = 'TH* 8)
The analogous heteromolecular process yielding the exciplex
(PPD—TH™) can be eliminated as well, because 1.5 mM PPD
has no effect on TH fluorescence. Given the chemical stability
of the system, it is also unreasonable to suspect that the green

component arises from radical ion decay products excited ei-
ther directly in their own ecl reactions or by sensitization from
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Table II. Ecl Efficiencies ¢

Forward step Pect X 104
time, s +/-° —/+

Before Electrode Pretreatment

0.5 <0.05 0.69

1.0 <0.05 0.56

2.5 <0.05 0.50
After Electrode Pretreatment

0.5 1.6 2.5

1.0 1.3 2.0

2.5 1.0 1.2

21 mM TH, | mM PPD, 0.1 M TBABF, in acetonitrile. # Anodic
forward step. ¢ Cathodic forward step.

ITH*. Sufficient concentrations could not be produced without
being detected.

Other explanations deserve further examination: (1) The
emission could come from a TH-PPD exciplex produced in the
radical ion reaction or in a mixed triplet-triplet annihila-
tion.?3-25 (2) It could represent an excimer of thianthrene
produced in triplet-triplet annihilation or in redox reactions
involving ionic aggregates. (3) It may arise from triplet anni-
hilation involving low level impurities sensitized by 3PPD* or
3TH*. (4) It could be phosphorescence from 3PPD* or 3TH¥,
both of which reportedly have energies near the peak in Figure
1b.1:26

Tonic association requires careful consideration because
Szwarc and co-workers have actually observed the aggregation
of thianthrene radical cations in propionitrile.2” The radical
cation is in its monomeric form at room temperature at 1 X
104 M and has a single peak at 543 nm in its visible absorption
spectrum. At —80 °C and a concentration of 5 X 1073 M, the
presence of a thianthrenium perchlorate aggregate can be seen
by a double banded absorption spectrum with peaks at 470 and
594 nm.

Because the formation of such a complex in our system
might affect the ecl spectrum (e.g., by possibility (2) above)
and complicate the analysis of emission transients, a study
similar to that of Szwarc et al. was performed with acetonitrile
solutions. The thianthrenium perchlorate was synthesized
according to the method of Murata and Shine.28 The aceto-
nitrile was treated as described above. The solutions were
prepared in a drybox and spectra were recorded on a Cary
Model 14 spectrophotometer with a 1-mm absorption cell. At
a concentration of 1 mM at room temperature, only a single
absorption peak was observed near 540 nm. At 5 X 1073 M in
the presence of 0.1 M TBABF;, a small increase in absorbance
was noted in the 470-nm region relative to the peak at 540 nm.
This evidence suggests that the aggregate may be present in
the more concentrated solution, although to only a small de-
gree. From the absorption data it was concluded that for the
1 mM concentrations used in the ecl experiments, formation
of thianthrenium aggregates does not occur to a significant
extent in acetonitrile at room temperature, especially not in
the ecl reaction zone where radical concentrations are mini-
mal.

Possibility (4), which involves phosphorescence from fluid
solutions at room temperature, might seem very unlikely;
however, we note that Bonnier and Jardon have reported
phosphorescence from thianthrene at 25 °C in cyclohexane.2?
They found a high triplet yield (0.94) from intersystem
crossing and a triplet lifetime of 172 us. In addition, Park and
Bard reported benzophenone phosphorescence from several
ecl systems.3? Thus, triplet emission remains a possibility as
the source of the long-wavelength tail.

It is not possible to be much more specific about the origin
of this tail. We can only add that the time dependence of
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Figure 1. Corrected emission spectra from the TH-PPD system in ace-
tonitrile: (a) ecl from 1 mM TH, | mM PPD, and 0.1 M TBABF; (filled
circles) and fluorescence from | mM TH with right angle viewing (open
circles); (b) ecl emission with TH fluorescence band subtracted.

emission from the tail appears to be the same as that of the
shorter wavelength luminescence.

The ecl emission efficiency was computed from total
quantum output measurements as described in earlier publi-
cations.!316.18 The effective sensitivity of the photometric
apparatus was calculated for the ecl spectrum of Figure la and
was equal to 1.1 X 10'3 photons/uC.'® Correction for elee-
trolytic destruction of reactants in the third step was made via
the factor 8, which was applied as described previously.!33!
Table II contains the efficiency data for the TH-PPD system.
As indicated, sets of data were obtained before and after pre-
treatment of the working electrode. The pretreatment proce-
dure consisted of holding the working electrode nominally at
—5 V for 0.5 s in an unstirred solution. After a returnto 0 V
vs. QRE, a large (>10 uA) anodic current flowed through the
cell. The electrode was maintained at 0 V and finally stirred
for several minutes until the current had fallen to a negligible
(<10 nA) value.

This pretreatment was found to increase permanently the
light efficiency of the experiments involving initial generation
of the radical cation by more than a factor of 20, while it
roughly tripled emission from experiments using the opposite
generation sequence. Other than the increase of light intensity,
the only observable effect was a shift in the cyclic voltammetric
peak potentials, which indicated some change in the condition
of the QRE. Pretreatment did not produce any impurity peaks
or change the background limits relative to the peak poten-
tials.

It is important to realize that the intensity increase occurred
after passing a charge of only 500 uC through the cell. This
could produce an electrochemical product concentration of at
most 2 X 1077 M in 25 mL of solution. The final concentration
may have been much less because of the anodic electrolysis at
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Figure 2. Comparison of measured (points and solid line) and predicted
(dashed line) electrochemical currents. Conditions are detailed in the
text.

0 V after the pretreatment. The 3-mm? electrode used in this
experiment was clearly incapable of electrolyzing the entire
bulk of the unstirred solution in 0.5 s. However, it could have
produced some scavenger species that selectively removed
triplet quenchers (see below) from the solution. Perhaps a more
plausible explanation is that the —5 V pulse altered the surface
condition of the electrode to impede the electrochemical pro-
duction of quenchers from some trace impurity, e.g., oxygen
from water.

From an inspection of ¢ in Table II, it is apparent that
light production is a very inefficient process for this system.
Only about one electron transfer event in 10 000 ultimately
produces a photon. With the fluorescence efficiency of TH
equal to 0.04,2° one can add that approximately one electron
transfer event in 400 produces 'TH*. It will be possible to
comment further about the efficiency of redox excitation after
the data from the ecl decay curves have been discussed.

Decay Curves. The analysis of luminescence decay curves
produced by triple step experiments is based on a comparison
of the absolute light emission rate to the rate of the homoge-
neous electron transfer reaction as modeled by digital simu-
lation. Before proceeding with a discussion of the light tran-
sients, it is first necessary to establish that the digital simulation
can faithfully represent the concentration profiles and the
diffusion of the reactants in the bulk solution. The experimental
quantity that reflects them most clearly is the current decay
during the second step.

One can show rigorously that the current transient follows
the equation32

12

i = FAD2C =112 = (1, 4 197112 ©)
/2
under the assumptions that the diffusion coefficients of all
species are equal to D and the bulk concentrations of both ion
precursors are C. For the experiments described below, these
two assumptions are very nearly true.

Rearrangement of this equation to provide a dimensionless
current parameter Z, suitable for comparison with conven-
tional simulation output, yields

itfl/z

= — 1/2 1/2
Fapiac = T (10)

where T = 2t,~1/2 — (¢, + t;)~'/2. We note also that this re-
lationship holds regardless of the rate constant for the radical
ion annihilation.!1:16:32 This point is verified by the fact that
simulations involving rate constants varying from zero to in-
finity all provide the same current transient, which adheres
extremely closely to eq 9.

This linear linkage between the current and the parameter
T provides the format for the comparison between real and
predicted currents shown in Figure 2. The theoretical current
for a given value of T was obtained by multiplying the corre-
sponding simulated Z value by the factor FACD/%/t;'/2, which
was evaluated directly from chronocoulometric data acquired
during the forward step. The data points show measured cur-
rents taken from ¢./¢¢ = 0.1 to 1. They were obtained from an
acetonitrile solution 1 mM in TH and PPD and 0.1 M in
TBABF,. The experiment was initiated by a cathodic step, and
trwas equal to 1 s. The least-squares slope of the data is within
4% of that of the dashed line showing the predictions of the
simulation. Equivalent results were obtained for experiments
in which the initial step was anodic. The small difference be-
tween the predicted and observed slopes can be attributed to
inaccuracies in the assumption that the diffusion coefficients
of the two parent compounds and their radical ions are all
equal.

The close agreement in Figure 2 implies that the digital
simulation accurately describes the diffusion processes during
the ecl experiment, and this conclusion provides assurance
about the simulation’s ability to predict the time dependence
of the total redox reaction rate, N. The simulation actually
supplies N as the dimensionless parameter w, = Ntg!/2/
AD'/2C, but for any given experiment, the time dependence
of wy, is the time dependence of V. Our simulations were based
on diffusion-controlled radical ion annihilation, but Feldberg
showed some time ago that w, is independent of the redox rate
constant k as long as k > 100/t;C."! Therefore, as long as k
exceeds 10° M1 s~!—and it is believed to be several orders
of magnitude greater—the simulated w, must be an accurate
experimental reaction rate in our systems.

With w, in hand, one can proceed to an analysis of the actual
light transients. The goal of this kind of study is to uncover the
linkage between the reaction rate NV and the total absolute
absolute emission rate I, or, equivalently, between their di-
mensionless representations wy, and w; = It;'/2/ 4D/2C. Initial
work was done with the curve fitting algorithm developed
earlier.’* The low-intensity luminescence decayed away
quickly, so that during the time period used for Feldberg plots
(log w; vs. (¢;/£7)"/? in the range of ¢,/t; = 0.2-1)'213 the data
were too noisy to obtain reliable slopes and intercepts. An
advantage of the curve fitting technique is that it uses the early
time region of the decay curve where the signal to noise ratio
is high.

The original fitting program was designed for application
only to triple step ecl experiments in which both reactants were
derived from a single parent, and w, was calculated from an
approximate analytical form. Because this approach would not
be applicable to mixed ecl systems or to some of the potential
programs that were to be applied, the fitting routine was
modified to accept any set of wy’s. The sets supplied to the
fitting routine were actually composites generated from three
simulations. The time intervals 0 < t./f; < 0.01, 0.01 <¢./t¢
<0.1,0.1 <t./t; < 1 were modeled separately in simulations
having resolutions of 103, 104, and 103 iterations per step, re-
spectively, so that each time segment could be treated with
adequate resolution.!4 In each simulation the dimensionless
homogeneous redox rate constant kt;C was set equal to the
number of iterations per step to provide a smooth w, set for the
curve fitting program. Experimentally, this was indistin-
guishable from using an infinite rate constant.!

The fitting algorithm is based on the proposed general
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Table III. Decay Curve Parameters®
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Pretreatment? Zero pulse¢ a X 102 8 ¥ (a?/8) X 10°

Cathodic Forward Step

No No 6.72 15.1 1.26 X 102 2.99

No Yes 9.23 25.6 1.11 X 1077 3.33

Yes No 2.79 1.07 2.49 X 10-3 7.27

Yes Yes 9.37 12.6 2.42%X 1073 6.97
Anodic Forward Step

No No 6.04 15.9 3.72 X 107° 2.29

No Yes 6.09 15.3 1.74 X 1079 2.42

Yes No 2.78 1.70 1.81 X 10-3 4.55

Yes Yes 6.82 11.2 3.18 X 103 4.15

21 mM TH, | mM PPD, 0.1 M TBABF, in acetonitrile. £ = 0.5 s. # See text for description of pretreatment procedure. ¢ Zero pulse applied

from t; = 50 to 60 ms.

equation linking w; to w, for an ST system:
wi=B8— (82 + afw,) /2 + 0.5 aw, + ywn (11)

The parameters o and 3 are aggregates of kinetic variables
relating to the T path, whereas v is the chemiluminescence
efficiency of the S route.!4

Results of the three-parameter fit for the TH-PPD decay
curves are listed in Table I11. One feature that is common to
each of the eight experimental conditions is the small y. When
v becomes insignificant the precision in determining it becomes
poor, as indicated by its large fluctuation. The physical
meaning of this result is that there is no discernible component
of emission which is directly proportional to w,, thus the
fraction of S-route emission is negligibly small or zero for ¢,
greater than 5 ms. This point is amplified by more detailed
examination of the decay curves.

Since v is negligible, we can rewriteeq 11 as

wi/B=1=(1 + aw,/B)"/? + 0.5aw,/B (12)

For the ratios of «/ B in Table 111, the expression aw,/g is al-
ways much less than unity over the fitting interval. This allows
the square root term in eq 12 to be evaluated conveniently by
a Maclaurin series. Using the first three terms of the series and
simplifying, one obtains the limiting case,!?

wi = o?w,?/88 (13)

Equation 13 shows that the data at hand allow neither « nor
8 to be evaluated individually. The quantity o?/88 is simply
the proportionality constant between w; and w,2, and it should
be a true constant for a given experiment. This prediction was
verified by supplying the curve fitting program with different
starting values of , 3, and v in separate trials with a single
experimental decay curve. The final values of @ and 8 varied
over an order of magnitude, but a?/8 was constant to within
less than 1%.

The fast decay of luminescence was unexpected and
prompted concern that the light might arise from a surface
reaction rather than the conventionally conceived homoge-
neous process. To test this possibility, we conducted a new type
of experiment in which the working electrode was pulsed to 0
V vs. QRE for 10 ms during the second step. During the zero
pulse, both reactant ions are electrolytically destroyed with
regeneration of their parents. If light production occurs at the
surface, the luminescence should immediately terminate upon
application of the zero pulse and resume coincidentally with
the end of the pulse. On the other hand, a homogeneous reac-
tion taking place in a zone some distance from the electrode
will feel effects from the changed boundary conditions at the
surface rather slowly, because the effects are transmitted by
diffusion.33

The results of an experiment in which the zero pulse was

w, x 10*
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Figure 3. Comparison of the measured intensity (open circles) and the
fitted simulation (closed circles) for the zero pulse experiment.

applied from ¢ /¢y = 0.10 t0 0.12 for #f = 0.5 s are shown in
Figure 3. Several conclusions can be drawn from the shape of
the curve and the ability of the fitted simulation to model the
data. The fact that the effect of the zero pulse on the light
decay curve lagged the actual application of the zero pulse by
almost 10 ms demonstrates that chemiluminescence arises
from reactions in solution at a site far from the electrode, ex-
cept at the earliest times in the second step. The simulation is
again supported as an accurate model for the effect of the
homogeneous redox reaction because it correctly predicts the
time of the minimum at about ¢,/¢; = 0.13. The ability of the
fitting routine to handle this type of experiment and the
agreement of o?/8 = 3.21 X 10~* with more conventional
potential programs also support the argument that the infor-
mation derived from the light decay curve is characteristic of
the homogeneous reaction, at least for ¢, greater than a few
milliseconds. We emphasize that the fit shown in Figure 3,
despite its apparent complexity, is really a one-parameter fit;
the aggregate o?/88 is the scale factor between w; and w,2.

A more obvious demonstration of this point is made in
Figure 4, which shows a plot of w; vs. w,2. The linear relation-
ship predicted by eq 13 is clearly borne out in the plot. The
points represent every data point taken over the interval from
t:/t; =0.02 t0 0.1 for an experiment in which the forward step
was cathodic and t¢ = 0.5 s. The least-squares slope of the line
in Figure 4 is equal to 3.63 X 1073 and agrees very well with
o?/883 = 3.74 X 1075 as determined by the curve fitting pro-
gram.

An inspection of Table III reveals that o2/ is relatively
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Figure 4. Plot illustrating the proportionality of w; to w,2. Data correspond
to the experiment described in the first line of Table I11.

constant for a given working electrode condition and forward
step direction. It ought to be independent of the application of
a zero pulse because the ratio is characteristic of the solution
phase reaction mechanism and not of the potential program.
However, o?/8 is seen to depend on the direction of the initial
step and the electrode pretreatment. This can be attributed to
the sensitivity of the quenching term, 3, to the presence of
small, variable quantities of electrochemically influenced
triplet quenchers.

Equation 3 shows that the S route cannot give a nonlinear
relationship between I and IV (or w; and w,) unless ¢r or ¢, or
both, depend on w,. Since the fluorescence lifetime of thian-
threne is only about 30 ns,?? it is totally unreasonable to pos-
tulate variations in ¢y in this system caused by time-dependent
quencher concentrations. The necessary concentrations simply
could not be achieved. Moreover, ¢, which is a branching ratio
for an elementary, solution-phase reaction, cannot show any
time dependence. One could conceive of ¢y as rising with w,
if stimulated emission played a role; however, the spectral
shape shows no indication of such effects. Thus we conclude
that the results are inconsistent with the production of light via
the S route, as that route is now understood. On the other hand,
the linear relationship between w; and w,?2, the low chemilu-
minescence yield, and the sensitivity of the system to the pre-
treatment procedure are easily understood in terms of the pure
T route.

If the T route is assumed, one can comment on the efficiency
¢, with which triplets are populated in the redox process. From
the measurement of ¢ we concluded that about 400 electron
transfer events were required to produce one 'TH*. The excited
singlet yield of triplet-triplet annihilation is usually only on
the order of a few percent. For a typical value of 0.05, one
would find 20 electron transfers per triplet annihilation event.
Since triplets are readily quenched by radical ions and other
species, and since w; becomes proportional to w,? only when
triplet-triplet annihilation is quite uncompetitive with
pseudo-first-order triplet decay, the large majority of the
triplets could not participate, then almost every electron
transfer event would have to yield a molecule in its lowest
triplet state. While ¢, is probably less than unity, previous
experiments involving triplet interception techniques have
shown values as high as 0.8 for the fluoranthene-10-phenyl-
phenothiazine ecl system.3* Even though the overall lumi-
nescent efficiency for the TH-PPD system is low, the excited
state yield of the electron transfer reaction may be quite high.
The inefficiency may arise from reactions following initial
excited state production.3s

The assignment of a pure T-route mechanism to this system
certainly does not accord with the S-route mechanism impli-
cated by studies of magnetic effects. Although this is a key
point of disagreement, it may not reflect a fundamental conflict
over the interpretation of the magnetic enhancements usually
observed with T-route systems, because special conditions can
cancel the field effect. Tachikawa and Bard found in delayed
fluorescence experiments that, by carefully adjusting the
concentration of a paramagnetic quencher concentration, the
magnetic enhancement of triplet lifetime could exactly coun-
teract the magnetic inhibition of triplet-triplet annihilation.3
With reference to ecl, however, it seems unlikely that the
paramagnetic quenchers in the reaction zone would be pre-
cisely at the right concentration to cancel the magnetic effect
in every experiment. Moreover, the lack of a field effect in the
TH-PPD system fits into the pattern of behavior generally
observed for energy-sufficient systems.

The difference between the conclusions drawn from decay
curve analysis and from magnetic effects might also be re-
conciled by considering the fact that the two experiments deal
with different segments of the light pulse. The magnetic ex-
periments were conducted by observing the effect of the field
only on the height of the pulse.! No attempt was made to study
the shape of the curve or its integral as a function of field
strength. Decay curve analysis deals only with light emitted
later than ¢,/¢¢ > 0.01. It is conceivable that there is a dual
mechanism in which light in the earliest part of the pulse arises
via a field-independent S-route path, perhaps taking place only
near the electrode surface in a special environment, while the
redox reaction in solution yields only triplets producing the
observed decay curves. However, the known ability of metal
surfaces to quench excited singlets?? could complicate this
idea.
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Abstract: 13C magnetic resonance spectra of 1-cyclohexyl derivatives of uracil, thymine, 5,6-dihydrouracil, 5-bromouracil, and
4-thiouracil and their 1:1 mixture with 9-ethyladenine were observed in chloroform solutions. The signals of the 2- and 4-car-
bonyl carbons show remarkable downfield shifts at higher concentrations. By computer analysis of the chemical shift-concen-
tration curves, association constants and limiting shifts were obtained. From the values of the limiting shifts it can be inferred
that the self-association using the 4-carbonyl group is more common in uracil and the ratio of the 4-carbonyl dimer to the 2-
carbonyl dimer gradually falls in the order thymine, 5,6-dihydrouracil, 5-bromouracil, 4-thiouracil while that of the 2-carbonyl
dimer rises in the order. However, with adenine association the ratio is highest in thymine and this is followed by uracil, 5-bro-

mouracil, and 4-thiouracil in descending order of magnitude.

In the double-stranded structures of deoxyribonucleic acid
and ribonucleic acid, adenine forms specific hydrogen bonds
with thymine (or uracil) and guanine with cytosine. The spe-
cific bonds are believed to be the molecular basis of information
transfer in nucleic acids. Much work has been done to find the
basis of this specificity by the use of synthetic poly- and
oligonucleotides and single base derivatives. Some infrared!-8
and proton magnetic resonance studies®!! clearly showed that
even single base residues interact by means of specific hydrogen
bonds in solution. The data obtained in these experiments re-
vealed the strength of interaction on the amino and imino
protons, but little is known about the acceptor sites of the hy-
drogen bonds. In the base pair model proposed by Watson and
Crick, thymine (or uracil) pairs with adenine by using the C-4
carbony! group. However, x-ray analyses showed that 5-bro-
mouracil'? and 4-thiouracil!3 derivatives formed complexes
with themselves and with adenine derivatives through the C-2
carbonyl group.

In the present experiment we observed *C magnetic reso-
nances of single base derivatives in solution and tried to find
interaction sites from the concentration dependency of
chemical shifts. When hydrogen bonds are formed, '3C nuclei
at the nearer hydrogen bonded sites suffer perturbation in the
electron distribution of the sites; this perturbation disturbs the
diamagnetic circulation of electrons. The resultant downfield
shift of the 13C magnetic resonance is smaller than that of the
"H resonance of the bonded proton, because the carbon atom
does not participate directly in the hydrogen bonding and is
located at least one bond from the site. Also the resonance
frequency of 13C is one-fourth that of 'H. In spite of the smaller
shifts, 13C resonances promise to provide powerful information
on the effect of the bonding on the molecule skeleton. The
present experiment indicates the population of the carbonyl
carbons bonded to hydrogen atoms and the population’s de-
pendency on substitution at the 5 position of the uracil resi-
due.

Experimental Section

Materials. 9-Ethyladenine (A), 1-cyclohexyluracil (U), 1-cyclo-
hexylthymine (TH), l-cyclohexyl-5-bromouracil (BU), l-cyclo-
hexyl-5,6-dihydrouracil (DU), and 1-cyclohexyl-4-thiouracil (TU)
were purchased from Cyclo Chemical Co., Los Angeles, Calif. 9-
Ethyladenine was recrystallized from a mixture solvent of carbon
tetrachloride and chloroform, and the other compounds were used
without further purification. '3C magnetic resonance spectra were
measured for their chloroform-d; solutions. Chloroform-d, obtained
from CEA, France, was dried by passing through an alumina gel
column in a drybox. Chloroform is a favorable solvent for investigating
intermolecular interaction because it has relatively weak polarity and
scarcely interacts with adenine and uracil derivatives.

Methods. '3C magnetic resonance spectra were obtained at 25 MHz
with a JEOL PFT-100 pulse Fourier transform NMR system locked
on deuterium. The protons were completely decoupled at 100 MHz
for 13C NMR spectra of all the uracil derivatives. Tetramethylsilane
was used as an internal standard and chemical shifts were measured
relative to the '3C resonance of Me,Si by data reduction. The spec-
trum of each uracil derivative was obtained in a concentration range
from 0.2 to 0.025 M, and the spectra of mixtures with A were mea-
sured for solutions from 0.2 to 0.025 M. The temperature of the sample
tubes was kept at 27 °C throughout the experiments.

Procedures for the Calculation of Association Constants and Pop-
ulation Differences. The equilibrium equation for the formation of
a 1:1 complex of adenine and uracil derivatives is expressed as

A+U=AU (1)

but in the present case, various conformations of dimers as shown in
Figure 1 should be taken into account, because A and U have two
proton acceptor sites each. Taking all the possibilities into account,
the above relation can be rewritten as follows:

A+Us kA U+ 1A.U; + mA Uy + nA;U, 2)

Here the relationof k + 7+ m + n = 1 holds for k, I, m, and n. Then
the association constant K can be defined as follows:

K = C*a102C" a702€" A1uaC a7u4/ CACU 3
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