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Electrogenerated Chemiluminescence 
XI. Electrochemistry and Electrogenerated Chemiluminescence in 

Scintillator Dye Melts 

Csaba P. Keszthelyi* and Allen J. Bard** 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Melts of sc int i l la tor  compounds which are  solid at  room tempera ture ,  
such as 2 ,5-diphenyloxazole  (PPO) and 2 ,5-diphenyloxadiazole  (PPD) con- 
ta ining severa l  qua te rna ry  ammonium salts as suppor t ing  electrolytes ,  were  
examined  as solvents  for e lec t rochemical  and e lec t rogenera ted  chemi lumines-  
cence (ECL) studies. Al though the  resistance of these solutions was high, 
cyclic vo l t ammet ry  of 9 ,10-diphenylanthracene and rubrene  in PPO showed the  
product ion  of s table radica l  anions and cat ions for both  compounds,  and the  
ECL emission was essent ia l ly  the same as the fluorescence emission of these 
compounds in PPO. ECL of rubrene  was also observed in mol ten  phenan-  
threne,  PPD, th ianthrene ,  and p - te rpheny l ,  as wel l  as in mix tu res  of PPO wi th  
1- or 2 -methy lnaphtha lene .  

There  has been much interest  in recent  years  in the 
appl icat ion of nonaqueous  solvents  in e lec t rochemis t ry  
(1). Many of these solvents have  the advan tage  of 
r a the r  wide  potent ia l  l imits  before  the solvent  i tself  or 
the suppor t ing  e lec t ro ly te  undergoes  reduct ion or 
oxidat ion  at  an iner t  electrode;  these solvents are  also 
often less l ike ly  to react  wi th  e lec t rogenera ted  species. 
Most solvents employed  are  l iquid at  room t empera tu re  
[e.g., N,N-d ime thy l fo rmamide  (DMF),  acetoni t r i le  
(ACN)]  while  severa l  l iquefy at low tempera tu res  
(SO2, NH3). Only a few studies of organic systems 
have employed as solvents  compounds which  are  solid 
at  room tempera tu re ;  these include d imethylsu l fone  
(rap 127~ (1,2) ,  mol ten  e thy lammonium chloride 
(3), and the A1CI~-KC1 mol ten  salt  sys tem (4). Recent  
studies involving aprot ic  solvents include e lec t rogen-  
e ra ted  chemiluminescence (ECL) of aromat ic  com- 

pounds, whe re  e lec t rogenera ted  radica l  anions (R T) 
+ 

and radica l  cations (R' ~ react  to form exci ted state 
species 

R : W R ' + - - > R *  + R '  or R'* + R  [1] 

* Electrochemical  Society S tudent  Member .  
**Electrochemical  Society Act ive  Member .  
Key  words :  nonaqueous  solvents,  e levated t empera tu re ,  lumines -  

cence, spectroscopy, scintil lators,  cyclic vo l t ammet ry ,  chemi lumines -  
cence. 

We have recen t ly  repor ted  on the ECL of the  scint i l -  
l a to r  ma te r i a l  2 ,5-diphenyl- I ,3 ,4-oxadiazole  (PPD)  
wi th  th ian th rene  in acetoni t r i le  solutions (5) and also 
on the  ECL of severa l  o ther  scint i l la tor  mater ia ls ,  in-  
c luding 2,5-diphenyloxazole  (PPO) ,  2 ,5-diphenylfuran  
( P P F ) ,  and p - t e r p h e n y l  (PTP)  (6). 

Because PPO has a low mel t ing  point  (70~ we 
thought  it  of in teres t  to inves t iga te  the  ECL of mol ten  
PPO itself, using a qua t e rna ry  ammonium salt  as a 
suppor t ing  electrolyte .  We had addi t ional  reason to 
invest igate  ECL in mol ten  PPO itself, because, a l -  
though the ECL of PPO in nonaqueous  solvents  is of a 
ve ry  unsa t i s fac tory  na ture  (6), showing low in ten-  
sity, uns table  spect ra l  d is t r ibut ion  of the  emi t ted  l ight  
and poor s tabi l i ty  of the  e lec t rogenera ted  cat ion rad i -  
cals, we  have also found tha t  the  presence of a 10-fold 
molar  excess of PPO wi th  respect  to DPA increases the 

+ 
D P A  ECL in tens i ty  when  only  D P A  ~ and D P A  u are  
e lec t rogenera ted  in an ACN-0.1M TBAP solution. In  
the  course of these studies we also inves t iga ted  PPO 
and re la ted  compounds as solvents  for e lec t rochemical  
and ECL studies of o ther  organic species. Al though 
mol ten  scint i l la tor  compounds have been used as nu-  
clear  reactor  coolants (7), to our knowledge  they  have  
not been used prev ious ly  as solvents  for e lec t rochemi-  
cal or spectroscopic studies. 
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Experimental 
Chemicals.--Scintillation grade 2,5-diphenyloxazole 

(PPO) was obtained from Aldrich Chemical Company 
and from Nuclear Equipment  Chemical Corporation 
(NEC). Phenanthrene,  98+%, obtained from Aldrich, 
was purified by four recrystall izations a l ternate ly  us-  
ing spectroscopic grade methanol  and hexane. A por- 
t ion of this purified sample was vacuum sublimed with 
no detectable improvement  in  the phenanthrene  sam- 
ple. Thianthrene  (TH) was obtained from Aldrich, and 
it was used without  fur ther  purification after its prop- 
erties were compared with specially purified th ian-  
threne samples (5). The p- te rphenyl  (PTP),  scinti l la-  
tion grade, was supplied by NEC. Scint i l lat ion grade 
2,5-diphenyl-l ,3,4-oxadiazole (PPD),  rubrene  (puriss),  
and one of the 9,10-diphenylanthracene (DPA) sam- 
ples were obtained from Aldrich. A second sample of 
DPA was obtained from City Chemical Corporation. 
The 1- and 2-methylnaphthalene  were obtained from 
Aldrich, and together with the scintil lation grade 
compounds, they were used without  fur ther  purifica- 
t ion after no electrochemical or fluorescent impurit ies 
could be detected. Because vacuum subl imation ac- 
tual ly  leads to considerable decomposition of rubrene  
and DPA, that technique was abandoned in favor of 
recrystall ization from spectrograde hexane. Several  
experiments  were conducted using as-received rubrene  
or DPA and there was no observable difference be- 
tween these results and data obtained using samples 
purified by recrystall ization from spectrograde hexane. 
Tet raphenylporphin  (TPP) was obtained from Mad 
River Chemical Company and was used without  fur-  
thur  purification. T e t r a - n - b u t y l a m m o n i u m  perchlorate 
(TBAP),  t e t rae thy lammonium perchlorate (TEAP),  
t e t ramethy lammonium perchlorate (TMAP),  t e t r a -n -  
bu ty lammonium fluoborate (TBABF4), and te t ra-  
me thy lammonium fluoborate (TMABF4), all polaro- 
graphic grade, were obtained from Southwestern Ana-  
lytical Chemicals, Inc., and used without fur ther  pur i -  
fication; they were dried for 48 hr at 90~ in a vacuum 
oven and stored in a desiccator over anhydrone.  In  
most exper iments  TBAP was used as a support ing 
electrolyte, although all other support ing electrolytes 
(except those containing chloride anion) behaved 
satisfactorily in mol ten PPO. 

Apparatus.--For pre l iminary  and spectroscopic ex- 
periments  a cell having a detachable Pyrex or quartz 
ground glass bottom compartment,  a central  electrode 
compartment,  and a vacuum adapter (8) was used; 
when luminescence was a result  of optical excitation, 
the central  section housing the electrodes was removed, 
so that the possibility of interference with the right 
angle excitat ion process could be eliminated. The cell 
used in most ECL experiments  is shown in Fig. 1 (a 
silver wire reference electrode, similar in size and posi- 

Sea led  u n d e r  ,,:10 - 5  t o r r  _ ._   n/w w , r .  

. . . .  . . . . . . . . . . . . . . . . . . . .  

Fig. !. Electrochemical and EC/cell. 

t ion to the p la t inum working and auxi l iary electrodes, 
is not shown in the drawing) .  Through a vacuum 
adapter  the cell can readily be evacuated to 10 -6 Torr 
when empty due to the absence of the more numerous  
ground glass joints used in usual cell construction. 
Since the solvent-support ing electrolyte system is 
solid at room temperature,  the usual f reeze-pump-thaw 
deaeration procedure is replaced by a pump-me l t -  
freeze (PMF) cycle; the pressure over the ECL mix-  
tures was reduced to ~10 -5 Torr by several PMF 
cycles. We have previously reported (9) that  a silver 
wire was an acceptable reference electrode in the case 
of d imethyl formamide-TBAI solutions; the use of a 
silver reference electrode in mol ten salt electrochem- 
istry has also been described (10). The applied poten- 
tial or current  was controlled using a PAR Model 170 
Electrochemistry System (Princeton Applied Research 
Corporation) which could be l inked with a Wavetek 
Model l14-G function generator  for fast electrogenera- 
tion. The ECL emission was detected using an Aminco-  
Bowman spectrophotofluorometer (SPF) in conjunc-  
tion with a Hamamatsu  TV Corporation R-456 photo- 
mult ipl ier  tube (PMT) which is required for spectral 
measurements  extending beyond 580 nm. To detect the 
very low intensi ty ECL of TPP the SPF was modified 
to allow operation of the PMT at l l00V d.c. ra ther  than  
at the original 700V d.c. The ECL cell was placed in a 
temperature-control led cell compar tment  (Aminco- 
Bowman part No. 4-8262) and hot water was circulated 
using a Labl ine-control led tempera ture  bath. In  the 
case of phenanthrene  it was found necessary to boost 
the heat ing rate obtained from the constant tempera-  
ture  bath by using a heat ing tape powered by an auto 
transformer, around the constant temperature  cell 
compartment  in addition to the hot water. The signal 
from the SPF was fed either into a Moseley 7005A X-Y 
recorder, or to a Tektronix  storage oscilloscope 
equipped with a Polaroid camera. An al ternate  heat-  
ing arrangement ,  main ly  used for electrochemistry and 
visual observation of ECL, involved use of a small 
Pyrex bath filled with water or minera l  oil, and heated 
with an immersed Nichrome coil. In  a typical experi-  
ment  the constant  tempera ture  bath and the controlled 
temperature  cell compartment  of the SPF are heated 
to reach the desired temperature  (commonly 95~176 
for the Labline bath and 75~176 for the cell com- 
par tment  heated by the circulating hot water)  while 
the clean cell is evacuated on a vacuum line to a pres- 
sure less than 10 -6 Torr. The solid compounds are 
next  introduced (usually 1.000g PPO, 0.100g TBAP, 
and 10.0 mg DPA or rubrene) ,  and the cell is evacu- 
ated again. Several PMF cycles are carried out before 
the cell is pe rmanent ly  sealed using a na tu ra l  gas-oxy- 
gen torch. Cells so prepared remain  in an  apparent ly  
contaminat ion-free  state for as long as 18 months as 
attested by essentially identical electrochemical and 
ECL results obtained at various t ime intervals.  The 
stabil i ty of the silver wire reference electrode in these 
systems appeared very satisfactory. 

Results and Discussion 
Electrochemistry of the melts.--In selecting a solvent 

for electrochemical work, it is necessary that  the po- 
tential  l imits of the solvent-support ing electrolyte 
system, i.e., the potentials at which the eIectrode-soI- 
vent  system shows reduct ion and oxidation, are wide 
enough to encompass the potential  region of interest. 
The potentials at which several of the scintil lator com- 
pounds and solutes of interest  reduce and oxidize in 
ACN solutions containing 0.1M TBAP are shown in 
Fig. 2. (The structures of these compounds and other 
compounds that are discussed in this work are shown 
in Fig. 3.) These potentials suggest that the pure scin- 
t i lator compounds, such as PPO and PPD, will  have 
sufficiently wide potential  ranges to be useful solvent 
systems. Some of the more useful mol ten  solvents and 
their approximate potential  ranges are given in Table I. 

Downloaded 19 Feb 2009 to 146.6.143.190. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Vol. 120, No. 2 E L E C T R O G E N E R A T E D  C H E M I L U M I N E S C E N C E  243 

Oxidation 

§ +1 

O P A  

PHEN 

PPO 

PTP 

PPD 

RUB 

0 TPP I 
I , , I, 

0 - !  

TH 

PPO 

D p ;  PD 

i 
-2 

PTP 

-3  

Reduction 

Fig. 2. Oxidation-reduction potentials of scintillator dyes and 
solutes. Electrochemistry in solutions of 0.1M TBAP in CH3CN at a 
platinum electrode vs. a Ag wire reference electrode (except for 
PTP which was reduced in propylene carbonote-0.1M TBAP). The 
oxidation and reduction limits of DMF and ACN vs, the Ag refer- 
ence electrode ore Jr1.7 to 2.8 (DMF) and Jr2.3 to --2.9 
(ACN-TBAP). 

~ 
' ~  190 

V v s  

Fig. 4. Cyclic voltammogram of rubrene in molten PPO-TBAP. 
Sweep rate was 100 mV/sec; rubrene concentration was 3 mM. 

POO Thianthrene PPO 

PTP 

DPA Ruff . . . .  ( )  

P h e n a u t h r e n e  1- m e t h y l n a p h t h a l e n e  TPP 

Fig. 3. Structural formulas, Accepted abbreviations ( l | )  ore used 
where possible in naming the compounds. 

In ECL exper iments  a t tempted in the mol ten scintil-  
lator solvent systems without  added solutes other than 
supporting electrolytes (e.g., Table II, 5 and 18), no 
light emission was observed. 

Electrochemistry  of rubrene and DPA in me l t s . - -The  
melts  could be employed as solvents for the aro- 
matic hydrocarbons rubrene and DPA conventional ly 
used in ECL studies. Typical cyclic vo] tammograms in 
mol ten P P O - T B A P  are shown in Fig. 4 and 5. These 
vol tamrnograms are similar  in shape to those found in 
DMF and ACN and show that  the radical anion and cat-  
ion of rubrene  and DPA are  stable in PPO under  these 

Table I. Some of the molten solvents used and their useful potential 
ranges 

S o l v e n t  (MP) E lec t ro ly t e  

O x i d a t i o n -  
r e d u c t i o n  l i m i t  
( V  v s .  A g  re fe r -  
ence e lect rode)  

P P O  (70-72) T B A P  + 1 .5 / - -2 .2  
PPD (140-141) T B A P  + 1 .8 / - -2 .0  
T H  (154-6) T B A P  + 1 .1 / - -2 .4  
T B A P  (217-8) -- + 2 . 8 / - - 3 . 0  
P H E N  (I00-I) T B A P  + 1.4 / - -2 .2  

-2,15 

V vs. Ag 

Fig. 5. Cyclic voltammogram of 9,10-diphenylanthracene in molten 
PPO-TBAP. Sweep rate was 100 mV/sec; DPA concentration was 
3 mM. 

conditions. The differences of the peak potentials of the 
forward  and reversa l  waves are la rger  than those for 
nernst ian electrode reactions at these tempera tures  
(e.g., for rubrene  reduct ion Epc -- Epa ---- 400 mV 
(exp) ;  compared to 67 mV [ theoret ical] ) .  However ,  
the resistance of these solutions is high so that  uncom- 
pensated resistance effects are probable. The cyclic 
vo l tammograms all show an increase in peak currents  
under  continuous cycling (which is opposite to the 
usual behavior  observed for mult iple  scans) as well  as 
a decrease in the separat ion of the forward and rever -  
sal Ep-values. This effect may be caused by some kind 
of filming of the p la t inum wire  electrode in molten 
PPO, a film which is being removed under  continuous 
cycling, accompanied by an increase in the active area 
on the electrode. It  is also possible that  the  stable elec-  
trogenerated cations and anions make a contribution 
to the total  ionic populat ion of the solution, especially 
in the vicini ty of the electrode and decrease the un-  
compensated JR. 

The re la t ively  high resistance of these mol ten solu- 
tions was evidenced by very  high uncompensated iR 
losses; for example,  when  currents  as low as 200 ~A 
were  passed, the ful l  iR compensation of the PAR had 
to be applied. 

ECL in mol ten  so lven ts . - -The  major  effort in this 
research was directed toward a study of ECL in the 
mol ten systems. Impor tant  requi rements  in observing 
ECL are that  the exci ted state species formed by the 
radical  ion annihilat ion react ion [1], are not quenched 
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to a large extent by the solvent molecules and that 
the solvent does not absorb the emitted radiation. To 
investigate these effects a study of the fluorescence of 
the solvent PPO, and of solutions of rubrene  and DPA 
in PPO was undertaken.  The fluorescence spectrum ob- 
tained in molten PPO itself, shown in Fig. 6, consists 
of a single peak shifted to the red with respect to PPO 
emission obtained in dilute solutions at 3800 nm. In 
cyclohexane solutions upon change of the PPO concen- 
trat ion from 0.1 to 25 g/liter,  the fluorescence emis- 
sion peak decreases in height and broadens toward the 
red region of the spectrum (11); this broadening, 
which is usual ly a t t r ibuted to excimer formation, is not 
found in the pure PPO melt. The a t tenuat ion of certain 
wavelengths of the emission beam in t raversing the 
ca. 6 mm of molten PPO from the center of the cuvette 
where excitation occurs may also be a factor. It  is also 
possible that  the observed fluorescence is caused by a 
trace impur i ty  in the PPO, al though the shape of the 
fluorescence emission spectrum is independent  of ex- 
citation wavelength from 2800-3800 nm. Both DPA 
and rubrene  exhibit  fluorescence spectra in PPO (Fig. 
7 and 8) which are very similar to those seen for these 
compounds in dilute solutions of ACN. 

When the p la t inum working electrode in a molten 
PPO-TBAP solution containing either DPA or rubrene  

+ 
is pulsed between potentials where R :  and R" are 
formed ECL results; typical  ECL emission spectra for 
pulse lengths of 0.05-1 sec are shown in Fig. 9 and 10. 
The ECL spectra are v i r tual ly  the same as the fluores- 
cence spectra in PPO and hence, near ly  the same as 
the ECL spectra in ACN and DMF, so that there is no 
evidence for interact ion between the PPO and the ex- 
cited states. Neither is there a temperature  effect on 

f 

I I I I I I 

�9 3 .4  $ .6 .7 .8 /~ 

Fig 6. Fluorescence spectrum of molten PPO. Peak at 0.34/~ 
represents scatter of ~. excitation. 

I 13 14 15 16 17 I 

Fig. 7. Fluorescence spectrum of %10-diphenylanthracene in 
molten PPO. DPA concentration was 3 mM; ~. excitation ~ 400 nm. 

the ECL spectra for DPA or rubrene  in  PPO as com- 
pared to ECL in ACN or DMF, although there is a 
small shift of the rubrene  ECL peak toward the red. 
The emitted ECL light was very steady with t ime on 
repeated cycling for both rubrene  (Fig. l l a )  and DPA 
(Fig. l l b ) ,  showing stabili ty of the radical  ion species 
in this medium. Exper iments  involving other support-  
ing electrolytes (TBABF4, TEAP, TMAP) in PPO and 
other scinti l lator melts  (PPD, PTP, TH, PHEN) are 
shown in  Table II. We also tried molten supporting 
electrolytes (e.g., TBAP, TBAC1) themselves as sol- 
vents. The electrochemical behavior of rubrene  and 

i r -  i i i i ! i 

.2 ,3 .4  ,5 .6 .7 .8 p 

Fig. 8. Fluorescence spectrum of rubrene in molten PPO. Rubrene 
concentration was 3 mM; peak at 0.40~ represents scatter of 
~. excimUon. 

,j 

, ' ' ' I ,  �9 .3  .4  .5 .6 �9 .8 /~ 

J 
I I I I I I I 

�9 2 .3 .4  o5 .6  .7 .8 /L 

Fig. 9. Spectral distribution of the %10-diphenylanthrncene ECL 
emission in molten PPO-TBAP. Potential steps between --2.15 and 
~1.55 (V vs. Ag reference electrode) at 0.5 Hz (top) and 5 Hz 
(bottom); DPA concentration was 3 mM. 
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I 

I ~ 2 . 5 s e c  p u l s e s  

5 0  0 0 

1 I 
5 0 0 0  

6 0 0 0  

6 0 0 0  

I 
7 0 0 o  

1 1 
70O0 8OOO 

o.5 s e c o n d  pulses  > 
Fig. i l .  Intensity-time characteristics of the rubrene (a, top) and 

9,10-diphenylanthracene (b, bottom) ECL emission at the wave- 
length of spectral maximum in molten PPO-TBAP. 

a s  the variat ion of the ECL intensi ty  with applied po- 
tentials that  are still short of the foot of the wave, 
similar to what  we have found in the case of th ian-  
threne pre-annih i la t ion  ECL (5), may also involve 

Fig. 10. Spectral distribution of the rubrene ECL emission in 
molten PPO-TBAP. Rubrene concentration was 3 raM. Top: voltage 
pulses with ~4 .00 / - -2 .50  limits at 1 Hz; bottom: potential steps 
between --1.90 and -t-1.40 (V vs. Ag reference electrode) at I0 Hz. 

DPA in these was general ly unsatisfactory and no ECL 
was observed with them. In  molten TBAP the cyclic 
voltammetric  behavior of both DPA and rubrene  was 
characterized by irreversible waves and unstable  radi-  
cal ions. In  molten TBAC1 the reduction of DPA 
shows reversible cyclic vol tammetr ic  behavior at 
--1.4V vs. Ag reference electrode; the oxidation back- 
ground l imit  of TBAC1 occurs at ~ l . 5 V  vs. Ag refer-  
ence electrode, so that  oxidation of DPA or rubrene  to 
the cation radical  cannot  be observed. As shown in 
Table II, all of the following molten scint i l la tor-TBAP- 
rubrene  systems produced ECL: PPD, TH, PHEN, and 
PTP. Not all compounds with seemingly acceptable 
properties were usable, however; N,N-diphenylform- 
amide, for example, was found to be unsui table  to ob- 
serve rubrene  ECL. Also, the P P D - / T H  + pair, which 
has good ECL characteristics in ACN-TBAP (5), was 
found to yield no detectable luminescence in molten 
PPO-TBAP.  No luminescence was observed in b inary  
PPO-TBAP,  PPD-TBAP,  TH-TBAP, or PHEN-TBAP 
under  any conditions in the absence of DPA or rubrene.  

In  some experiments  "pre-annihi la t ion"  ECL was 
observed for PPO-TBAP solutions containing rubrene  
or DPA, when  the potential  was stepped to one where 
the anion (or cation) radical was produced and then 
stepped to potentials insufficient to produce the op- 
positely charged species. For example, when rubrene  
cation radical was produced first, l ight could be de- 
tected when  the electrode was stepped back to po- 
tentials more negative than  --1.0V vs.  Ag, although 
rubrene  anion radical  is not produced unt i l  --1.7V. 
Similar pre-annih i la t ion  effects were found for initial  
production of rubrene  anion and DPA ion radicals. 
Some unusua l  effects on the pre-annih i la t ion  ECL, such 

nonuni form current  densities and uncompensated i R  
effects in  these highly resistive media. 

As seen from experiments  23 and 24 in Table II, the 
addition of 25% by weight of 1- or 2 -methylnaphtha-  
lene to the PPO-TBAP solution resulted in an ap-  
proximately  two-fold increase in rubrene  ECL emis- 
sion compared to PPO solutions not containing methyl -  
naphthalene.  We have noticed similar increases in ECL 
intensities upon addit ion of less polar solvents, such 
as benzene or toluene, to ACN solutions (6). A sys- 
tematic investigation of the effect of solvent on ECL 
efficiency is cur rent ly  under  way. 

Although the experiments  described using the usual  
three-electrode, potential  step, technique are most ap- 
propriate for obta ining electrochemical data, ECL can 
also be produced in the two-electrode mode, em- 
ploying voltage or current  steps. In  fact in some cir- 
cumstances, par t icular ly  at higher frequencies or when 
reaction products can cause shifts in the potential  of 
the silver wire reference electrode, the two electrode 
mode, with the voltage span adjusted empirical ly to 
give ma x i mum l ight  output  and the applied program 
an asymmetric square wave with the potentiostat  refer-  
ence and auxi l iary leads connected together, can pro- 
duce larger ligh~ intensit ies than  the three-electrode 
mode. In  practical devices employing ECL, the two- 
electrode mode would, of course, be preferred. 

Although this work was not concerned with the con- 
struction of ECL devices, some possible applications of 
molten scintillator systems can be mentioned. The 
melt ing point of these compounds, or of their  mixtures, 
is constant  wi thin  a few degrees centigrade, and a 
range from room tempera ture  to over 200~ can be 
covered by varying  the composition. The ohmic resist- 
ance of a frozen mixture  is very high while the melts 
have a much lower resistance (less than 1000 ohms in 
the cells used here).oso that  a circuit incorporating one 
or several of these mixtures  can behave as a tempera-  
ture sensing device. Addit ion of DPA or rubrene  to 
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Table It Summary of electrogenerated chemiluminescence experiments 

Temper- 
No. Solvent a Electrolyte Solute(s) b ature c (~ Experimental conditions 4 Results and remarks, 

1 T B A P  - -  - -  220 CV; p o t e n t i a l  s teps ;  v o l t a g e  No  l u m i n e s c e n c e  d e t e c t e d  
pulses  

2 T B A P  - -  R U B  220 CV; p o t e n t i a l  s teps ;  v o l t a g e  No l u m i n e s c e n c e ;  u n s t a b l e  R U B  
pu l ses  ca t ion  & a n i o n  

3 T B A P  - -  D P A  220 CV; p o t e n t i a l  s teps ;  v o l t a g e  No l u m i n e s c e n c e ;  u n s t a b l e  D P A  
pu l ses  ca t ion  & a n i o n  

4 T B A C l  - -  D P A  80 CV; p o t e n t i a l  s teps  No l u m i n e s c e n c e ;  s tab le  D P A - ,  
TBAC1 u n s u i t a b l e  fo r  DPA+ 

5 P P O  T B A P  - -  80 P o t e n t i a l  s teps;  v o l t a g e  pu l se s  No l u m i n e s c e n c e  
6 P P O  T B A P  R U B  80 CV S tab le  R+ and  R-  
7 P P O  T B A P  R U B  80 P o t e n t i a l  s teps  R U B  ECL de tec t ed  
8 P P O  T B A P  R U B  80 Vol tage  pu l se s  R U B  ECL, b r i g h t e r  t h a n  above  
9 P P O  T B A P  R U B  80 Vol tage  pu l ses  (s ine wave )  at  R U B  E C L  for  30 days  c o n t i n u -  

60 cps ous, i n t e n s i t y  fe l l  
10 P P O  TBABF4 R U B  80 Vol tage  pu l ses  R U B  E C L  
11 P P O  TMABF4 R U B  80 Vol tage  pu l se s  R U B  ECL 
12 P P O  T E A P  R U B  80 Vol tage  pu l ses  R U B  E C L  
1 3  P P O  T M A P  R U B  80 Vol tage  pu l ses  R U B  E C L  
1 4  P P O  T B A P  TH & P P D  80 P o t e n t i a l  s teps  No l u m i n e s c e n c e  
15 P P O  T B A P  D P A  80 CV; p o t e n t i a l  s teps ;  v o l t a g e  S tab le  R + & R-;  D P A  ECL;o 

pu l ses  D P A  ECL 
1 6  P P O / P P D  T B A P  R U B  115 Vol tage  pu l ses  R U B  ECL 
1 7  P P O / P T P  T B A P  R U B  95 Vol tage  pu l ses  R U B  ECL 
18 TI-I T B A P  - -  150 CV; p o t e n t i a l  s teps  No l u m i n e s c e n c e  
1 9  T I t  T B A P  PPD 150 P o t e n t i a l  s teps  No l u m i n e s c e n c e  
20 P H E N  T B A P  R U B  100 Vol tage  pu l se s  R U B  E C L r  
21 P P D  T B A P  R U B  140 Vol t age  pu l se s  R U B  ECL 
22 P T P  T B A P  R U B  220 Vol t age  pu l se s  R U B  ECL 
23 P P O / 1 - m e t h y l -  T B A P  R U B  80 P o t e n t i a l  s teps ;  v o l t a g e  pu l se s  R U B  ECL;  b r i g h t e r  t h a n  u s i n g  

n a p h t h a l e n e  PPO a lone  
24 P P O / 2 - m e t h y l -  T B A P  R U B  80 P o t e n t i a l  s teps ;  v o l t a g e  pu l se s  R U B  ECL;  b r i g h t e r  t h a n  u s i n g  

n a p h t h a l e n e  P P O  a lone  
25 N , N - d i p h e n y l -  T B A P  R U B  80 Vol tage  pu l se s  No l u m i n e s c e n c e  

f o r m a m i d e  
26 P P O  T B A P  T P P  80 CV; p o t e n t i a l  s teps ;  vo l t age  T P P  E C L  of  v e r y  l ow  i n t e n s i t y  

pu l se s  

a The  t y p i c a l  r a t i o  of s o l v e n t  to  e l ec t ro ly te  to  so lu te  was  100:10:1, r e s u l t i n g  in  so lu t ions  a p p r o x i m a t e l y  5 m M  in  solute .  W h e n  a m i x e d  sol-  
v e n t  was  used,  the  c o m p o n e n t  added  to P P O  wa s  a p p r o x i m a t e l y  25% by we igh t .  

b RUB = r u b r c n c ;  D P A  = 9 ,10 -d iphcny l an th r a c e ne .  
c E s t i m a t e d  s a m p l e  t e m p e r a t u r e s  in  the  v i c i n i t y  of the  e lec t rode .  The b a t h  t e m p e r a t u r e  w a s  c o n s i d e r a b l y  h i g h e r  t h a n  these  va lues ,  e . g . ,  in  

the  case of m o l t e n  T B A P  the  b a t h  had  to be h i g h e r  t h a n  235~ to p r e v e n t  so l id i f ica t ion  of  t he  sample  in  the  v i c i n i t y  of the  e lect rode.  S ince  
the e lec t rodes  are good h e a t  conductors ,  the  t e m p e r a t u r e  in  the  v i c i n i t y  of the  e lec t rode  is l o w e r  t h a n  t h a t  of  the  res t  of the  ECL so lu t ion .  

d Vol tage  pu l ses :  two  e lec t rode  mode  of e l e c t r o g e n e r a t i o n  (see t e x t ) ;  CV: cycl ic  v o l t a m m e t r i c  e x p e r i m e n t ;  p o t e n t i a l  s teps ;  t h r ee  e lec t rode  
mode ;  p o t e n t i a l  is  s t eppe d  b e t w e e n  f irs t  r e d u c t i o n  a nd  f irs t  o x i d a t i o n  process.  

e Visua l  o b s e r v a t i o n s  in  case of  h i g h - t e m p e r a t u r e  e x p e r i m e n t s  by the  d a r k  a d a p t e d  eye, 
f Mol t en  p h e n a n t h r e n e  was  f o u n d  to s u b l i m e  exc e s s ive ly  in  the  ECL cell  d u r i n g  e x p e r i m e n t s .  
g D P A  E CL i n  P P O  is a p p r o x i m a t e l y  tw ice  as i n t e ns e  as t h a t  o b t a i n e d  in  A C N  u n d e r  s i m i l a r  condi t ions .  

these mixtures  would  also result in the emission of 
light upon melt ing when  a cyclic signal is applied to 
the electrode and this process is a reversible  one fol-  
lowing the sol id-l iquid phase transitions. 
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