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UV-vis spectroscopy is not sufficient to characterize the highly 
colored, soluble intermediates in the pyrolysis of 1, particularly 
since any sort of "quantum confinement" (one-, two-, or three-
dimensional) would lead to the observed changes in absorption. 
Transmission electron microscopy provides more definite structural 
assignment since it allows the imaging of distinct particles. The 
micrograph shown in Figure 3 indicates that the soluble inter­
mediates in the pyrolysis of Cd(SePh)2 are nanoclusters of CdSe. 
The electron diffraction pattern of this material is consistent with 
that of CdSe. These clusters are structurally similar to those 
previously prepared by arrested precipitation and organic capping,7f 

although chemically they are different in being slightly air sen­
sitive. 

In this report we have shown that nanoscale compounds can 
be prepared by the solution phase thermolysis of molecular pre­
cursor compounds. This technique is a valuable complement to 
the now familiar arrested precipitation and offers the chance to 
prepare nanoclusters of materials which cannot easily be formed 
by simple precipitation. This work also directly demonstrates the 
intermediacy of large clusters in the formation of solid-state 
compounds by the precursor method. 

Supplementary Material Available: Tables listing positional and 
thermal parameters, significant distances and angles, and X-ray 
powder patterns of the products of the thermolysis reactions and 
an electron diffraction pattern of the TEM sample (15 pages); 
table of calculated and observed structure factors (34 pages). 
Ordering information is given on any current masthead page. 
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During the past 5 years we have developed a method for de­
termining heats of heterolysis (A//het) from the calorimetric heats 
of reaction (A#het = -A//reac,ion) of carbocations with carbanions, 
phenoxide, imide, and thiolate anions in solution.1 Well over 100 
values have been determined by this method for C-C, C-O, C-N, 
and C-S bonds from resonance-stabilized precursors and the 
AHhtl's are related in a remarkably simple manner to the pKR* 
of the carbocation and the pK^ of the conjugate acid of the an­
ion.1"3 

We now show that by combining the A//het's with the redox 
potentials of the cations and anions through a simple thermody­
namic cycle, heats of homolysis (A//homo) may be calculated, and 
the complete set of energetics for homolytic, heterolytic, and 
electron-transfer reactions related to each other. These data 
provide the first available quantitative criteria for the selective 
cleavage of such bonds in macromolecules to give resonance-
stabilized cations, anions or radicals. Our method is closely 
analogous to Bordwell's approach4,5 for the determination of bond 
dissociation energies for C-H bonds (BDEC_H) but differs in that 
a variety of carbocations take the place of the proton. 

Scheme I combines the redox potentials of the separate cationic 
and anionic species with the heats of heterolysis referred to above. 
The difference between the heterolysis and homolysis energies is 
the Gibbs free energy of electron trnasfer, AGET, obtained from 
the redox potentials of the cation and anion. 

Two obstacles might stand in the way of applying this approach. 
First is the difficulty of obtaining reversible redox potentials for 
the carbocations and carbanions using ordinary cyclic voltammetry 
(CV). We have applied second harmonic AC voltammetry 
(SHACV)6 to successfully determine reversible potentials which 
confirm Bordwell's irreversible CV values for a number of anions. 

The second problem is more fundamental—the mingling of 
A//het enthalpic measurements with redox free energy terms. 
Application of Scheme I requires that the entropy terms associated 
with electron transfer will have a negligible effect on combining 
the AGET terms with A//hct. If ASV1- = 0, then AGET = A//ET. 
Various arguments and several published reports4,7-8 support this 
assumption, but a more compelling argument is our demonstration 
that the temperature coefficients of the redox potentials, 
-(dAGKdox/dT) = ASredox are small for relevant ions. 

Table I presents data for trityl and triphenylcyclopropenium 
cations which represent the extremes of the stability range of ten 
carbocations that we have studied with a variety of anion types. 
The family of substituted fluorenide anions shown here duplicates, 
for the most part, the studies by Bordwell's group.4'5,9 Stein's 
estimate10 of less than 15 kcal/mol for the trityl-trityl bond in 
hexaphenylethane corresponds well with our determined value of 
13 ± 3.5 kcal/mol for A//homo for the trityl-9-phenylfluorenyl 
bond. 

Several trends and correlations are noteworthy that are es­
tablished with the full data set which is presently being prepared 
for publication. Properties which involve the conversion of a 
neutral species to an ion or vice versa (e.g., p#a, pA"R+, A//het, AGET, 
and redox potentials) all correlate quite well with each other.1-3 

The overwhelming factor in such cases is the distribution of charge 
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Table I. Heats of Heterolysis, Homolysis, and Free Energy of Electron Transfer (kcal/mol) of Two Carbocations with Fluorenyl Anions in 
Sulfolane/3-Methylsulfolane (5%) at 25 0C 

anions 

9-PhFl 
9-PhSFl 
2-Br-9-PhSFl 
9-PhSO2-Fl 
9-CO2Me-Fl 
9-CN-F1 
2,7-Br2-9-C02Me-Fl 

P*a 
17.9 
15.4 
13.2 
11.55 
10.35 
8.30 
6.52 

£,/2(ox),° V 

-1.101 (-1.028) 
-0.882 (-0.849) 
-0.732 (-0.720) 
-0.392 (-0.309) 
-0.555 (-0.492) 
-0.481 (-0.424) 
-0.286 (-0.243) 

trityl 
P^R+ 

£1/2(red) 

A^He1* 

35.51 ± 0.56 
33.61 ± 0.34 
29.41 ± 0.52 
28.35 ±0.59 
25.81 ± 0.42 
24.62 ± 0.62 
19.76 ± 0.85 

= -6.63 
= -0.133 V 

AGET 

-22.32 
-17.27 
-13.81 

-5.97 
-9.73 
-8.02 
-3.53 

cation 

A#Ho m o C 

13.18 
16.34 
15.60 
22.38 
16.08 
16.60 
16.23 

triphenylcyclopropenyl 
P*R 

£1/2(red) 

A#H«* 

29.34 ± 0.28 
27.49 ± 0.18 
25.40 ± 0.50 
22.23 ± 0.36 
20.62 ± 0.12 
19.56 ± 0.30 
16.22 ± 0.10 

+ = 3.1 
ium 

= -1.304 V 

AGET 

4.68 
9.73 

13.19 
21.03 
17.27 
18.98 
23.48 

A W 1 W 
34.02 
37.22 
38.59 
43.26 
37.89 
38.54 
39.70 

"Reversible E^1 of oxidation from anion to radical vs the £1//2 of ferrocene/ferrocenium measured in sulfolane/3-methylsulfolane at 25 0C by 
cyclic voltammetry or second harmonic AC voltammetry on a BAS-100A Electrochemical Analyzer. Standard deviation = ±15 mV. Parentheses 
contain irreversible E0x in DMSO measured by CV in Bordwell's laboratories.9 b A#Het measured in a calorimeter at 25 0C using A//Hel = -A//R,„. 
'Calculated by using the equation, A//Homo = A//Hct + AGET where AGET = 23.06[£1/2(C") - £, / 2(C+)]; standard deviation = ±3.5 kcal/mol. 

Scheme I 
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The method reported here offers the first opportunity to obtain 
quantitative comparisons between homolytic and heterolytic bond 
energies over a wide range of structure variation from experimental 
data in solution. 
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internally by resonance or externally by solvation. On the other 
hand A//homo 's and BDEc_H 's involve the creation of uncharged 
radicals from neutral molecules. These properties are much less 
sensitive to structural variation than the five listed above, and they 
do not correlate with them, although A//h o m o and BDE's (not 
shown) do correlate with each other. Significantly, a plot of A//het 

vs Atfhomo >s a random scatter of points. 
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