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Observation of Individual Chemical 
Reactions in Solution 

Maryanne M. Collinson* and R. Mark Wightman? 

Discrete chemical reaction events occurring in solution have been observed by single 
photon detection of a bimolecular, chemiluminescent reaction. The reactants were 
generated from 9,lO-diphenylanthracene in acetonitrile with potential pulses applied to 
an ultramicroelectrode. Electrogenerated radical ions of opposite sign react to yield the 
excited singlet state of the parent compound. The chemical reactions were restricted 
to a 20-femtoliter volume adjacent to the electrode by the use of rapid potential pulses. 
Individual chemical reaction events were stochastic and followed the Poisson distri- 
bution, and the interarrival time between successive reaction events was exponentially 
distributed. 

A t  a microscopic level, bimolecular chem- 
ical reactions generate products as a result 
of the collision of individual molecules. 
Normally, however, chemical reactions in 
solution are viewed as an ensemble of 
events, and the fluctuations associated with 
individual molecular collisions and their 
reactions are not observed. This is because 
both the location and time of an individual 
reaction event are usually undefined as a 
result of diffusion and encounter of the 
reagents before the reaction. In the gas 
phase, individual reactions can be exam- 
ined because methods exist for exquisite 
control of delivery of reactants (1) .  In sol- 
ids, the immobile nature of individual mol- 
ecules allow their examination by near-field 
scanning microscopy (2) and laser spectros- 
copy (3) .  Although such approaches cannot 
be used for chemical reactions in fluids, we 
show that single reactions can be observed 
by restricting the volume occupied by the 
reactants and the observation time. This 
approach is similar to that used for solution- 
phase single molecule detection where mol- 

ecules are spatially restricted in microdrop- 
lets (4) ,  a thin flow cell ( 5 ) ,  or at the focal 
point of a confocal microscope (6), and 
then temporally interrogated through laser- 
induced fluorescence (LIF). In this work, 
the solution reagents are restricted to a ., 
microscopic volume by electrogeneration 
with a microelectrode (7). The reagents 
undergo a chemiluminescent (CL) reaction 
(8) whose photon emission is time resolved 
with a multichannel scaler. This ex~er i -  
ment reveals the stochastic nature of mo- 
lecular reactions in solution and enables 
observation of the rates of chemical reac- 
tions at the level of individual events. 

Introduction of 9,lO-diphenylanthra- 
cene (DPA) in an acetonitrile solution into 
an electrochemical cell containine a micro- " 
electrode (9) pulsed between potentials suf- 
ficient to altematelv eenerate its radical , - 
cation and radical anion results in chemi- 
luminescence (Fig. 1A). The emission oc- 
curs predominantly during the shorter (50 
FS) cathodic pulse (Fig. 2)  as the electro- 
generated radical anion diffuses into the sea 
of DPA radical cations generated in the 
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Fig. 1. Schematic diagram of the chemical reac- 
tion. (A) A radical anion (R-) of 9,lO-diphenylan- 
thracene (DPA) is electrogenerated at a gold elec- 
trode during the cathodic potential pulse. It diffus- 
es away from the electrode and encounters a rad- 
ical cation (R") electrogenerated during the 
preceding time interval in which the electrode was 
maintained at a positive potential. The singlet-ex- 
cited state of DPA (R') is generated as a result of 
electron transfer between the two reactants. Pho- 
ton emission leads to detection of the single chem- 
ical reaction. (B) Concentration profiles of the re- 
actants for high concentrations of precursor as 
described by Eq. 2 (see text). Under this condition, 
the photon emission arises from a sharp plane at 
the intersection of the concentration profiles locat- 
ed a distance 6 from the electrode surface. 

nonemitting triplet state of DPA or the 
excited singlet state that relaxes to the 
ground state by photon emission (10). 
These events occur in a region adjacent to 
the electrode that has a volume of -20 
femtoliters defined by the electrode area (9 
x lop7 cm2) and the distance an electro- 
generated ion can diffuse from the electrode 
surface during the 5 0 - ~ s  step. 

When the photons are counted over 1-s 
intervals, no evidence for individual reac- 
tion events is observed. The ensemble av- 
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erage of the co~unts detected during 1000 
cathodic voltage pulses also masks individ- 
ual reaction events but reveals that the 
luminescence approaches steady state (Fig. 
2D) ( 1  1) .  When events during a single 
cathodic pulse are viewed with greater tern- 
poral resolution, photons resulting from in- 
dividual reactions are resolved (Fig. 2, E 
and F). Virtually no background photons 
are detected (12) so the corrections re- 
iluired w t h  LIF techniques are unnecessary. 
Thus, the individual c o ~ ~ n t s  (photons) 
shown in Fig. 2,  E and F, result solely from 
single chemical reactions between individ- 
~ l a l  DPA radical ions in solution. 

The stochastic nature of these events was 
characterired in two ways (Fig. 3). First, a 
histogram of the time between individual 
photons was co~lstructed (Fig. 3A) .  Such a 
histogram for random events should be an 
exponential whose frequency (X) glves the 
mean rate of the events 1 13 ). The value of X 

\ ,  

from the exponential was in excellent agree- 
ment with the mean rate of nhoton arrival 
obta~ned by ensemble averaging data from 
repetitive cathodic pulses. Second, the data 
follo\ved a Poisson distribution (Fig. 3B): 

where n is the n ~ ~ m b e r  of cathodic pulses 
evaluated. This distribution is characteristic 
of iiiscrete, random, Independent events 
113). The value of X was similar to that ob- ~, 

tained in the exponential distrib~~tion. These 
analvses show that the tlme scale of the 
measurement 1s sufficient to reveal individ- 
ual reactions in the restricted volume used. 

The measured value of X should be a 
fiunction of the generation rate and diff~l- 
sion of the radical ions, the rate and effi- 
ciency of the light-producing chemical re- 
action, as well as the photon collection 

efficiency (14). At  concentrations greater 
than 20 p,M, A ,  normalized by concentra- 
tion and electrode area, \\.as essentially con- 
stant (inset, Fig. 3B). The ratio of the mean 
photon rate (accounting for the detection 
efficiency) and the meall rate of generatloll 
of radical anions during each cathodic pulse 
directly yields the probability of a reaction 
generating a photon (&.). A t  the higher 
concentrations, this ratio yields a value of 
+i:L of 696, in good agreement with report- 
ed values for DPA in acetonitrile (8). At  
lower concentratio~ls, the ~lorlnalired value 
of X decreases (inset, Fig. 3B). 

The  concentration-depenJent behavior 
can be understood by consideration of the 
sequential steps that result in l ~ g h t  emis- 
sion. The  absolute rate of photon produc- 
tion (dN/dt) is a function of two sequential 
nrocesses: diffusion of a radical anion from 
the electrode, and its rate of reaction with 
an encountered radical cation. At  high con- 
centrations, the reaction occurs in a plane 
at \vhich the concentration of radical ions 
approach zero (1 0) located between the two 
concentration gradients of the reactive ions 
as illustrated in Fig. 1B. The  pseudo-steady 
state nature of the ensemble average of 
multiple cathodic steps supports the as- 
sumption of a constant concentration gra- 
dient of length 6 for the radical anion from 
the electrode surface. Thus, the expression 
for the rate of light production can be writ- 
ten as: 

where A is the emission area, taken as the 
area of the electrode, D is the diff~~sion 
coefficient of the radical anion (1.3 X 12-' 
cmL s-I),  a ~ l d  hr', is Avogadro's number. In 

Fig. 2. Temporal resouton of A 
slngle reaction events. (A) 
Chem~luminescence from a 
bolus of 15 pM DPA in aceto- 

l o 5 c p s ~ < ^  , B 2 v  

2 counts j 
nltrlle contalnlng 0.1 M tet- 
rabutylammon~um hexaflu- 
orophosphate. The electrode 0 100 200 300 0.0 0.5 1 .O 

was a gold disk (radus = 5.4 t (s) t (ms) 

pm) pulsed from 1 7  to -2 1 C 
I A-- V at 550-ws Intervals Data 

were co~~kcted durlng the 
tlme ntetval between 50 and I count 1 200 counts 1 

200 s have been expanded 
, . , . 

through a success~ve de- o 200 400 600 o 10 20 30 40 50 
crease In the bn size from 1 s t (IJs) 
(A) to 1 ps (B), I00 ns (C and E F 

t (PS) 

D). and 5 ns (E and F). The 2 v  

double-layer capacitance (1 4 
p9 and the solutlon resistance I count 1 
(75 kohm) were used to cal- 
culate the rise tlme of thevot- 0 10 20 30 40 50 33.5 34.0 34.5 35.0 35.5 
age pulses shown In (D) and 
(El The curve shown in (D) is t (vs) t (us) 

an ensemble average of kvents measured durng 1000 cathodlc pulses 

this expression, diffusion of the radical cat- 
ion and its concentration are incornorated 
in k ,  the pseudo-first order rate constant for 
forlnation of the excited singlet state at the 
edge of the radical-cation concentratioln 
profile. Thus, when d~ffusion 1s rate l i m ~ t ~ n g  
if~rst  term in the brackets), A should be first 
order in [DPA] as found at colncentrations 
greater than 20 ph't, but a higher order 
dependence should be obtained as the con- 
centration is lowered and the rate of the 
chemical reaction becomes rate limiting. 
The X values obtained in Fig. 3 at high 
concentration yield a value for 6 of -300 
nm, consistent with the calculated diffusion 
distance 6 = (Dt)"', where t is the time of 
the cathodic pulse ( 15). 

With the use of Inore conventional elec- 
trochemical techniques, we p~eviously Je- 
ter~nined the second-order, homogeneous 

+ A t  (ns) 

A (counts per ps) 

Fig. 3. Poisson description of single reactlon 
events obta~ned In an aceton~tri)e~solut~on contain- 
ng 31 p,M DPA (A) ~lstodram' (7000 interevent 
tmes and a bn size of 20 11s) ol nterarrva times 
and (B) h~stogram (375 volthgt! pulses and a bln 
size of 0.8 counts per microsecond). The counts 
used were from the last 25 ps of the voltage pulse 
where the emsson rate is pseudo-steady state. 
Dashed n e :  (A) exponentla fit to data with rate of 
205 counts per 50 ps and (B) Poisson f~t to data 
with rate of 200 counts per 50 ps. Other cond- 
tons as In Fg 2 Insert Plot of reatve A values (A 
normalzed by DPA concentration and electrode 
area and given as a rato of the hghest value) 
obtalned from Polsson dlstributlons Data were 
obtaned with electrodes of radl of 5.4 or 2.5 hm. 
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rate constant to  he 3 X lL1%M1 s M 1  for the  all of these applications, the stochastic n.a- 4095 (1994) M. M. Conson ,  P. Pastore. R. M. 

reaction of the  oppositely chargeJ radical ture of single reaction events adds a new Wlghtman, J Piiys Ciiem. 98, 1 1942 (1 994). 
11. Tlie t~nie-averaged photon em~ssion is pseudo- 

ions to generate the  excited singlet state dilnellslo~l that can now he probed. steady state because the amount of radca caton in 
11 0). Tllus, under lnore iiilute conditions, a souton exceeds the amount of radca anon qener- 

radical anloll can Jiffuse some distance into 
the  region where the radical cation exists 
~vl thout  reaction, and a sharp reaction zone 
no  longer exlsts. For example in the  pres- 
ence of 10  p M  radical cation, the  half life of 
the  reaction will be -25 ps,  anil only a 
nortion of the  raJical anions will react ilur- 
ing the 50-ps voltage pulse leadi~lg to  the  
lower nor~nalireii A value. Indeed, for con- 
centrations where low values of A are oh- 
talneil, the relative numher of photons pro- 
duced after the  c a t h o d ~ c  pulse increases, 
which sllo\vs that some radical anions fail to 
react during the pulse. Taken together, the  
c o n c e n t r a t i o n - d e d e n t ,  stocllastic data 
illustrate the dynamic competition bet\veen 
the  rates of d i f f~~sion and c h e ~ n ~ c a l  reactloll 
for a process whose rate constant is near the  
diff~~sion-controlled limit. 

\)(/lth suffic~ent temporal and spatial res- 
o l ~ ~ t i o n ,  all bimolecular chernical reactlolls 
should have the  stochastic annearance re- 

L L 

vealed in this work. However, with the  
e x c e ~ t i o n  of measurements of ion fluxes 
througll individual channels in  biological 
melnhralles 1 1 6 ) ,  there are few other exam- 
ples that so clearly reveal these f ~ ~ n d a ~ n e n -  
tal events in  solution. Most investigations 
of stochastic events involve the  random 
actions of ~ S I > L I ~ S  of particles as opposed to 
the individual events observed here 117). ~, 

For example, the  stochastic nature of the  
electrical noise generated bv fluctuations of 
electro~ls and ions at the electrode-electro- 
lyte interface (18)  and the process of elec- 
tronucleation of multiple atoms during met- 
al denosition o n  electrodes 11 9 )  arise from , , 

stochastic processes. Indeeil, these events 
for a si~lqle molecule have recentlv been 

u 

measureil with :a scallnillg electrochemical 
microscope (2Q).  In  the  measurements 
sl~o\vn here, however, individual reaction 
events that can be counted and yet arise 
from a collditioll \\,here all of the  reagents - 
are freely di f f~~sing solution components. 

T h e  ahilitv to ohserve individual cherni- 
cal reactions in  solution opens lnany ne\v 
possibilities for investigatio~l in addition to 
this new way to deterlnine the rate-limiting 
step of himolecular reactions. For example, 
althougll the excited singlet lifetime of DPA 
is too short for resolution in these experi 
ments, longer lived inter~nediates in chemi- 
lumi~lescent reactions, s ~ ~ c h  as the excited 
triplet state of ruthenium trisbipyriiline 
(21 ), should have a lifetime accessible with 
this techniilue. With  a polychromator, the 
energy of each inilividual reaction could he 
probed. In addition, the Poisson distribution 
descrihillg the  res~llts observed in these ex- 
perilne~lts defines the standaril ileviation for 
t h ~ s  methoil \vhen useil in trace analvsis. In 

REFERENCES AND NOTES 

1. G. Scales, D. Bassl, U. Buck, D. Lane. Eds Atoinic 
and IWo!ecu!ar Beam n/letii.ods (Oxford U~IPI. Press 
Oxford 1 988), vol. 1 

2. R. Kopetnan and W. Tan Science 262 1382 (1 993); 
E. Betz~g and R J. Chicliester, iuid, p. 1422, J. K. 
Trautman eta/.  Nature 369, 40 (1 994); X S. Xie and 
R. C. Dunn. Science 265, 361 (1994). W. P. Am- 
brose et a!., iuid. p 364. 

3 W E. Moerner, Science 265 46 (1 994). 
4 M D. Barnes, K C. Ng. W. B. Whltten J. M. Rani- 

sey, Aria!. Chem 65, 2360 (1 993). 
5 R A Mathes et ai. iuid 62. 1786 (1 990), J. T e n g -  

husen et a/. bid.  66 64 (1 994). 
6 S. N e  et ai. Science 266, 101 8 (1 994). 
7. R. M. W~glitman Scieiice 240, 41 5 (1 988); - 

and D. 0 .  Wpf ,  Acc. Chem. Res. 23, 64 (1 990). 
8. R. E. Vlsco and E. A. Chandross J Am Chem. Soc 

86 5350 (1964); L. R Faukner and A. J. Bard, Elec- 
troaiiaiytica/ Chemistry A. J. Bard, Ed, (Dekker, New 
York, 1977), vol. 10, pp. 1-95. F. E. Bedeman and 
D M. Hercules J. Phys. Cii.ern 83 2203 (1979). 

9. The expermental arrangement has been descrbed 
prevousy (10) Tlie nicroeectrode was encased 
n epoxy and fornied the floor of an eectrochenical 
cell whose he~ght was 0.1 5 nim. A pliotomultipl~er 
tube (Haniniamatsu 56OOP), attaclied through a 
high-speed atnplifler to the d~scr~m~nator  of a 
mult~cliannel scaler was uaced 2 mni from a nass 

ated during the cathodc pulse. A steady-state gen- 
eration rate s desrabe to meet tlie reqLrrenient for 
statonarty necessari for a Posson distrb~tton. 

12. The background in ths  expernient IS neg igbe on 
the 50-ks tn ie  scale of each voltage pulse and IS due 
to the dark counts of the phototnult~pl~er tube (501s). 
A suspected background count IS seen at 195 ks  In 
Fig. 2C 

13. N. G van Kanipen Stochastic Processes in Piiysics 
and Chernlstry (North-Holland, Amsterdam. 1981). 
S. M. Ross Stochastic Processes ( W e y  New York 
1983). 

14. The quantum efficiency of the photomult~plier tube IS 

0.2 and the efficiency of collect~on of photons is 
estimated to be 5O6 by conventona eectrocheniical 
um'nescence experiments (10). 

15. For h = 205 counts per 50 ~s 20,500 ight-produc- 
n g  reactions occurred. Th~ts. dNldt = 4.1 X l o 8  
reactons per second. 

16. D. Colquhoun and A. G. Hawkes, Sni.g!e Channe! 
Hecordirig, B. Sakniannn and E. Neher, Eds. (Pe- 
nutn New York 1983). pp. 135-1 88. 

17. A. H. W. Beck, Statistics! ivleciimics Fluctuations 
aii.dNoise (Arnold, London 1976); A. Bezegh and J. 
Janata, k17ai. Cl2eni 59 494A (1987). 

18. C Gab l i e  F Huet M Keddani J Chem Phys 99 
7232 (1 993); ihid , p.  7240 

19. P. Bndra, M. Fleschmann, J. W. Odf~eld. D. Singe- 
ton, Faraday Disci~ss. Cii.ern. Soc. 56, 180 ( I  974) 

20 F. F Fan and A. J. Bard Science 267 871 (1995) 
plate that fornied the cell top. No lenses were used. 21. W. L. Wallace and A. J. Bard, J Piiys Cheni. 83, 
Reagents were ntroduced n t o  tlie cell w ~ t h  a loop 1350 (1 979). 
Injector w t l i  a flow rate of 0.3 trAr/mn. Potentas 22. Dscussons w~ th  M. Beritow~tz, L. Pedersen, and K 
are given jlersus a s v e r  w~ re  pseudo-reference Maness are gratef~ry acknowledged as IS the a d  of 
electrode P. Pastore w~ th  s~niulat~ons of this problem. Ths work 

10. M. M. Coll~nson and R M Wlghtnian, Ana!. Chenl. was supported by the Natona Scence Foundation. 
65, 2576 (1993), M. M. Conson  P, Pastore, K. M. 
Maness R M. Wlglitman, J. Am Cilenl. Soc 116, 8 February I 9 9 5  accepted 5 May 1995 

Skulls and Anterior Teeth of Catopithecus 
(Primates:An thropoidea) from the Eocene 

and Anthropoid Origins 
Elwyn L. Simons 

Recent finds of Catopithecus browni at an upper Eocene fossil site in the Fayum de- 
pression, Egypt, reveal features of the earliest higher primates. This basal anthropoidean 
shows a set of derived cranial and dental features that first occur in combination in this 
fossil. Old World Anthropoidea or Catarrhini can now be traced back to Catopithecus in 
Egypt. Size, shape, orientation of incisors and canines, and other features of the teeth and 
skull relate Catopithecus both to later Anthropoidea and to the early and middle Eocene 
cercamoniine adapoids. Most defining characteristics of higher primates cannot be doc- 
umented earlier than the late Eocene of Africa. 

Oligocene primates from the  Fapum, 
Egypt, sho\v selllarkable diversity. Twelve 
primates of five different taxonolnic h m i -  
lies have heen described. Until  recently, 
antecedents to these primates were un- 
known ( 1 ) .  Fillds ~ n a d e  in Egypt since 1987 
of a secollil and different series of an t l~ ro -  
p ~ i d s  from Eocene iieposits give eviilence 

Department of Biological Antliropology and Anatomy, 
Duke Unversty. Durhar .  NC 27705-5000. USA 

a I 0  
ahout the  roots of the  anthropoid family 
tree. This second set of early higher pri- 
lnates colnes'from a site, locality 41 (L-41), 
situateJ north of Lake or "Birket" Qarun in  
the  Jebel Qatrani Formation, Fayum Prov- 
ince, Egypt, which is ilateil at ahout 36 
lnillion years ago. T h e  L-41 prim'ltes belong 
to  seven different genera and species, one of 
which is untiescribeil (2-4). This hrings the 
total of kno~vn  Fayurn primate species to 19. 
These Eocene species could helong to six or 




