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Table I. Photochlorinations of Cyclohexane at 20 0C 

>hexane], M solvent 

9.2 
1.0 
0.10 
0.030 

3.0 
1.0 
0.30 
0.10 
0.050 
0.020 

1.0 
0.10 
0.020 

none 
CCl4 

CCl4 

CCl4 

CCl4 

CCl4 

CCl4 

CCl4 

CCl4 

CCl4 

CFCl3 

CFCl3 

CFCl3 

[C6H12] 

10 
9.7 

10 
11 

32 
30 
32 
31 
30 
33 

34 
31 
33 

product, %' 

6 
29 
53 
56 

20 
33, 33 
51 
57, 59 
63, 64 
63, 64, 68 

33 
58 
63, 68, 70 

" Polychlorides x 100 + ^monochlorides + polychlorides. 

Low-conversion photochlorinations of 0.10 M neopentane or 
0.10 M isobutane in inert solvents similarly result in formation 
of unexpectedly large amounts of the dichlorides. 

But, if benzene is used as the solvent, in place of CCl4 or CFCl3, 
the anomalous behavior is not observed: Chlorination of 0.10 M 
cyclohexane or 0.10 M DMB results in nearly exclusive formation 
of monochlorides in excellent yields, based on Cl2. 

In contrast, "normal" behavior is observed with methyl chloride, 
methylene chloride, ethyl chloride, and 1,1-dichloroethane under 
all conditions. For example, chlorination of 1000 /itmol of methyl 
chloride (0.10 M) in CFCl3 solvent (10-mL solution) with 103 
/imol of Cl2 (0.01 M) produces 78 /imol of CH2Cl2. Similar 
experiments (1) with methylene chloride in CFCl3 produce 83 
/*mol of CHCl3 and (2) with ethyl chloride in CFCl3 produce 90 
/imol of C2H4Cl2's. With these compounds similar results are 
obtained at high concentrations of substrate. There is no con
centration effect with these substrates such as that observed with 
alkanes. 

These results are understandable if one recognizes a consequence 
of attributing an encounter-controlled rate constant to the reaction 
of Cl- with an alkane.lb The alkyl radicals react with Cl2 to 
produce the alkyl chloride and a chlorine atom. These geminate 
reaction products are in the same solvent cage and react by transfer 
of a hydrogen atom from the alkyl chloride to the Cl-, thus leading 
ultimately to the dihalides etc. 

C-C6H12 + Cl- — HCl + C-C6H11- (1) 

C-C6H11- + Cl2 - [C-C6H11Cl -I- Cl-Jc (2) 

[C-C6H11Cl + Cl-]c — HCl + C-C6H10Cl (3) 

[C-C6H11Cl + Cl-]c -^* C-C6H11Cl + Cl- (4) 

Reaction of the cage partners accounts for the multiple chlo-
rinations; escape of Cl- from the cage leads to monochlorides. This 
cage effect should be most notable at low concentrations of alkane 
in relatively inert solvents. With the alkane as the solvent, cage 
"walls" would also consist of alkane molecules which react faster 
than the alkyl chloride with the chlorine atom, thus giving a normal 
product distribution. The same result is obtained with any solvent 
for which the rate of reaction with Cl- is encounter controlled, 
as, for example, benzene.2 

With low reactivity substrates, for which the rate constants for 
reaction with Cl- are substantially below the cage-escape rate, 
multiple consecutive cage chlorinations should not be important 
pathways. Substrates such as CH2Cl2 and CHCl3 react with 
chlorine atoms at rates 1-2 orders of magnitude less than those 
of primary C-H's of alkanes,la'3 thus explaining the failure to 

(2) (a) Russell, G. A. / . Am. Chem. Soc. 1958, 80, 4987. (b) Soumillion, 
J. P. Ind. CUm. Beige 1970, 35, 1065. (c) Skell, P. S.; Baxter, H. N., Ill; 
Taylor, C. K. J. Am. Chem. Soc. 1983, 105, 120. 

(3) Russell, G. A. In "Free Radicals"; Kochi, J. K., Ed.; Wiley; New York, 
1973; pp 283-293. 

observe the anomalous behavior with the substrates CH3Cl, 
CH2Cl2, etc. 

One can predict this anomalous effect, resulting from reactions 
of the geminate pair, will be observed when (1) the solvent is 
relatively inert, (2) the substrate concentration is low enough to 
make improbable that substrate and chlorination product mole
cules will be found in the same cage, and (3) the rate of reaction 
of the geminate pair is equal to or greater than the rate of cage 
escape of the smallest member of the pair. 

We are seeking other instances of this "anomaly". 
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This laboratory recently described1 steady-state electron con
duction through submicron films of electroactive polymeric 
transition-metal complexes sandwiched between two electrodes. 
Complexes like [Os(bpy)2(vpy)2](C104)2 were electropolymer-
ized2'3 onto polished Pt and then overlaid with a porous film of 
evaporated Au, which was contacted by an electrolyte solution 
containing reference and auxiliary electrodes. In this paper, we 
show that voltammograms with large limiting currents can be 
obtained for similarly prepared1 Pt/poly[Os(bpy)2(vpy)2]-
(C104)2/Au sandwiches in the absence of an electrolyte solution, 
bathed only in acetonitrile vapor or dry N2 gas. 

The essential features of the previous1 sandwich voltammetry 
in electrolyte solution are summarized in Figure IA,B. Figure 
IA is a cyclic voltammogram where only EPt is controlled (vs. 
SSCE) and shows waves for the Os(III/II), Os(II/I), and Os(I/0) 
(formal) couples. In Figure IB, where both E?t and £Au are 
controlled (vs. SSCE), £Au at 0 V and En being varied, a 
steady-state current-potential wave appears when Ep1 passes each 
region of film electroactivity. In the wave at positive E7x, for 
instance, the limiting current (im/ii) means that all of the polymer 
next to the Pt electrode is Os(III) and all that next t o the Au 
electrode is Os(II), with linear concentration gradients of Os(III) 
and Os(II) states in the interior of the film as in Figure 1B inset. 
This ini/n limiting current is controlled by the rate of electron 

f Present address: AT & T Bell Laboratoris, Murry Hill, NJ . 
(1) (a) Pickup, P. G.; Murray, R. W. J. Am. Chem. Soc. 1983, 105, 4510. 

(b) Pickup, P. G.; Murray, R. W. J. Electrochem. Soc. 1984, 131, 833. (c) 
Pickup, P. G.; Kutner, W.; Leidner, C. R.; Murray, R. W. J. Am. Chem. Soc. 
1984, 106, 1991. 

(2) bpy = 2,2'-bipyridine; vpy = 4-vinylpyridine. 
(3) Calvert, J. M.; Schmehl, R. H.; Sullivan, B. P.; Facci, J. S.; Meyer, 

T. J.; Murray, R. W. Inorg. Chem. 1983, 22, 2151. 
(4) Similar results are obtained in pure acetonitrile liquid but because of 

an ionic impurity the limiting currents were less reproducible upon successive 
potential scans. 

(5) Electroneutrality will not rigorously apply at the interphases between 
phases at equilibrium or at steady state.6 However, space charges will only 
lead to minor deviations from the predictions made here. These deviations 
will be examined thoroughly in a future report.7 

(6) Buck, R. P. In "Ion-Selective Electrodesin Analytical Chemistry"; 
Freiser, H., Ed.; Plenum: New York, 1978; Vol. 1, Chapter 1. 
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diffusion and charge conservation statements to give7 

'iII/l/'lII/H = 1 + [-Oe(II/!)/^!!!/!!)] (1) 

AE(V) 

-34°C, 
CH3CN vapor 

34 'C = 0 1 5 x f c 

Figure 1. Voltammetry of Pt/poly[Os(bpy)2(vpy)2](C104)2/Au sandwich 
electrode in various media; S = 31.2 mA/cm2, r0 s = 2.95 X 10"8 

mol/cm2 (ca. 400-nm film). All voltammograms at 25 °C were obtained 
with the same electrode with a scan rate of 50 mV/s except as noted. 
The electrode was thoroughly rinsed with CH3CN after electropolym-
erization, dried, and subjected to lCT'-torr vacuum and moderate heating 
during Au evaporation. It was stored in a desiccator and then, in the 
order of the experiments, exposed to N2 gas (D), CH3CN vapor (C), and 
electrolyte solution (A and B). (A) ip, vs. £p, in 0.1 M Et4NClO4/ 
CH3CN; (B) ip, vs. E^ with £Au = 0 V vs. SSCE in 0.1 M 
Et4NC104/CH3CN; (C) ;' vs. AE between Pt and Au electrodes in dry 
N2 saturated with acetonitrile vapor; (D) / vs. AE in dry N2 gas, scan 
rate = 2 mV/s; (E) i vs. AE in dry N2 saturated with CH3CN vapor at 
-34 °C using a different sandwich electrode. 

hopping between Os(III) and Os(I) sites in the film1 and is 

If the electron diffusion coefficients Z)e(in/ii) an^ A=ui/i) f° r the 
Os(III/II) and Os(II/I) couples in Figure IC are assumed to be 
the same as those in acetonitrile liquid bathed polymer in Figure 
IB, this equation predicts that im/i/hnju = 2.68, which is fairly 
close to the ratio observed in Figure IC and analogous experiments, 
2.1 ± 0.4 (average of seven electrodes). Equation 1 seems thus 
to give a good first-order account of the vapor-bathed experiment. 
The same theory predicts that concentration profiles of Os(III), 
Os(II), and Os(I) sites in the film when the InJ1 is flowing are 
as in the Figure IC inset. The diagram contains the elements that 
Os(III) and Os(I) sites react quantitatively in the interior of the 
film to form Os(II) sites, whose position of maximum concen
tration is determined jointly by the ion budget and the relative 
values of A. ( m / I I ) and Z>e(ii/i) and occurs at [£>e(in/ii)]1/2^/ 
([0.(111/1I)]1^[De(H/!)]1/2). 

As discussed previously1 for redox conductivity, eq 1 rests on 
electron conduction driven by concentration gradients of Os redox 
sites and not by trans-film potential gradients. The electron 
conduction in Figure IC in this respect differs from that discussed 
previously for dry mixed-valent films.8 Also, we believe I11Iy1 and 
the electron diffusion coefficients in eq 1 principally reflect electron 
rather than ionic mobilities in the polymer, and so iUI/1 is addi
tionally different from currents in polymer electrolytes9 with 
ion-blocking electrodes. The Figure IC experiment does find 
analogy to thin-layer electrodes containing solutions of redox 
species as described by Bard and co-workers.10 

Voltammetry of the same Pt/poly[Os(bpy)2(vpy)2](C104)2/Au 
sandwich in dry N2 gas shows (Figure ID) a recognizable wave 
even though solvent has not been deliberately11 added. The "dry" 
voltammogram shows significant differences from Figure IC. 
First, there is hysteresis between currents recorded when AE is 
increasing vs. decreasing; this effect is less pronounced for slowly 
scanned AE. Apparently, ClO4" counterions are less mobile in 
the absence of acetonitrile vapor, and on the time scale of the AJE 
scan do not move rapidly enough first toward and then away from 
the Os(III) side of the film (upon its oxidation and reduction, 
respectively) to achieve true steady-state currents and concen
tration profiles of Os sites. At the /'ni/n plateau, the ClO4" mobility 
should again become less significant in relation to the electron 
diffusion rate. Second, £1 / 2 for both increasing and decreasing 
AE scans, 2.47 ±0 .1 V and 2.14 ± 0.05 V (average for eight 
electrodes), respectively, are larger than that (2.02 V) for the 
vapor-bathed film of Figure IC. This suggests that one or both 
of the "dry" Os(III/II) and Os(II/I) formal potentials differs 
significantly from those of the vapor-solvated couples. Third, 
limiting currents J1Hy1 in dry N2 (Figure ID) are 2.5 ± 0.6 (average 
of seven electrodes) times larger than those in acetonitrile vapor 
(Figure IC). According to eq 1, this might occur either through 

proportional to the electron diffusion coefficient £>e(iii/ii) f° r the an increase in D^nm or a decrease in D1 

Os(III/II) couple and inversely proportional to film thickness d. 
Figure IC shows a Pt/poly[Os(bpy)2(vpy)2](C104)2/Au 

sandwich used as a two-electrode cell bathed in acetonitrile vapor 
(saturated, 25 "C). No current flows until the potential AE 
applied between the Pt and Au electrodes exceeds ca. 1.9 V. Then, 
a reproducible, steady-state voltammogram appears with an Ei/2 

= 2.02 ± 0.01 V (for seven electrodes) which equals the difference 
between the formal potentials +0.73 and -1.32 V of the Os(III/II) 
and Os(II/I) couples appearing in Figure 1A,B. 

We ascribe the electrical behavior in Figure IC to the pro
duction of Os(III) and Os(I) sites at Pt and Au electrodes, re
spectively. Without a bathing electrolyte solution, charge con
servation requires that for each Os(II) site oxidized to Os(III) 
at the Pt electrode, another must be reduced to Os(I) (releasing 
a ClO4" counterion) at the Au electrode. This can be called an 
ion budget, to emphasis the coupling of the redox chemistry of 
the film to its fixed but evidently quite mobile pool of electro-
inactive ClO4" counterions. 

The limiting current inyi in Figure IC can be related to that 
of the Os(III/II) wave O'HI/II) m Figure IB with simple electron 

e(III/II). Both effects have 
interesting connotations but further experiments must elucidate 
their origin(s). 

Low-temperature voltammetry of a Pt/poly[Os(bpy)2-
(vpy)2](C104)2/Au sandwich electrode in acetonitrile vapor 
(Figure IE) is similar to room temperature results (Figure IC) 
except for a slight hysteresis indicating lowered ClO4" mobility 
and a depressed i'm/i limiting current showing that electron hopping 

(7) Jernigan, J. C; Chidsey, C. E. D.; Murray, R. W. University of North 
Carolina, 1984, unpublished results. 

(8) (a) Pittman, C. U.; Surynarayanan, B. J. Am. Chem. Soc. 1974, 96, 
7916. (b) Cowan, D. O.; Park, J.; Pittman, C. U.; Sasaki, Y.; Mukherjee, 
T. K.; Diamond, N. A. J. Am. Chem. Soc. 1972, 94, 5110. (c) Cowan, D. 
0.; Kaufman, F. J. Am. Chem. Soc. 1970, 92, 219. 

(9) (a) Shriver, D. F.; Papke, B. L.; Ratner, M. A.; Dupon, R.; Wong, T.; 
Brodwin, M. Solid State Ionics 1981, 5, 83. (b) Hardy, L. C; Shriver, D. 
F. Macromolecules 1984, 17,915. 

(10) (a) Laser, D.; Bard, A. J. /. Electrochem. Soc. 1975, 122, 632. (b) 
Brilmyer, G. H.; Bard, A. J. /. Electrochem. Soc. 1980, 127, 104. 

(11) While the films have not been analyzed, the procedure for making the 
Au electrode contact of the sandwich (see Figure legend) leads us to expect 
that after Au deposition the polymer contains little residual acetonitrile solvent. 
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is an activated process in the vapor-bathed film. 
The significance of the experiments in Figure I C - E is that 

voltammetry that can be understood (at least to a first order) with 
a simple electron diffusion model is observable in the absence of 
an electrolyte solution. This opens a variety of possibilities for 
probing how electron-transfer events depend on their environment. 
An obvious requirement of the experiment is that the electroactive 
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Neurobiology of the Trace Elements. Volume 1. Trace Element Neuro
biology and Deficiencies. Volume 2. Neurotoxicology and Neurophar
macology. Edited by Ivor E. Dreosti and Richard M. Smith (CSIRO, 
Adelaide, Australia). Humana Press, Inc.; Clifton, NJ. 1983. Volume 
1: xix + 354 pp. $49.50. Volume 2: xix + 300 pp. $49.50. 

It is possible to distinguish among several classes of "essential" nu
trients. At one extreme is O2, so vital to our survival that intake occurs 
involuntarily, 24 h per day. At the other extreme are the required trace 
elements. Although essential, the consequences of a deficiency or excess 
of such a nutrient are slow to develop and proper intake appears to have 
been left to chance. We do not seem to be able to detect low dietary 
copper or high dietary lead and adjust our diets accordingly as we do for 
other essential elements of our diet, such as water or calories. A corollary 
of this is that it is difficult to determine a proper dietary level of such 
elements. Thus, it is fortunate that Drs. Dreosti and Smith have provided 
us with a comprehensive review of the current literature on the rela
tionship between the trace elements and the nervous system. The two-
volume work contains chapters on such elements as aluminum, cadmium, 
cobalt, copper, iodine, lead, manganese, mercury, selenium, and zinc. A 
chapter on lithium also is included because of the use of this element in 
pharmacotherapy for affective disorders. These chapters will serve as a 
useful resource for anyone wishing to explore the impact of a particular 
element on the functioning of the nervous system. The volume concludes 
with a helpful though all too brief attempt by the authors to provide a 
summary. Also noteworthy is the integration provided in the excellent 
chapter by Weiss on Behavioral Toxicology of Heavy Metals. 

The authors of these chapters understandably focus on what is 
known—the roles of these trace elements in certain biochemical reactions 
and the overt consequences of too much or too little. However, as we 
move toward defining acceptable intake limits for these elements, we 
must pay some attention to what we do not know, as well. The nervous 
system has a facility for compensating for insults. Thus, many neuro
logical disorders that appear late in life undoubtedly were initiated many 
years earlier but remained hidden from clinicians for years due to such 
compensation. A related problem, touched on by Weiss, is that imba
lances that occur during development may not be manifest as overt 
dysfunction until later. These problems make the establishment of casual 
relationships difficult. If ingestion of a lead paint chip during infancy 
leads to a lowered IQ as measured 6 years later, how does one establish 
a safe exposure level? Hopefully, some of the future investigations into 
the neurobiology of trace metals that are stimulated by these volumes will 
help to shed light on such issues. 

Michael J. Zigmond, University of Pittsburgh 

Annual Reports on Analytical Atomic Spectroscopy. Volumes 10 and 12. 
Volume 10: Edited by M. S. Cresser (University of Aberdeen) and B. 
L.Sharp (Macaulay Institute). Royal Society of Chemistry: London. 
1980. xii + 329. £36.00. Volume 12: Edited by M. S. Cresser 
(University of Aberdeen) and L. Ebdon (Plymouth Polytechnic). Royal 
Society of Chemistry: London. 1983. x + 404 pp. £45.00. 

This book is the 12th in a series which review exhaustively the field 
of atomic spectroscopy. Volume 12 contains 2492 citations, including 
conference abstracts, published during 1982. Volume 10 (1980) has 1782 
citations. The books are divided into four major chapters: Atomization 
and Excitation, Instrumentation, Methodology, and Applications. In 
addition, there are tables of New Books, Reviews, Meetings, Patents 
(Volume 10, only), References (complete citation plus the title and au
thor's affiliation), Author, and Subject Indexes. 

"ARAAS" is more than a mere listing of citations. The authors are 
remarkably well organized and provide cross-references to material which 
appears in other sections. The real value of "ARAAS", however, lies in 

•Unsigned book reviews are by the Book Review Editors. 

material be a good ionic conductor. However, two redox couples 
are not strictly required since one can, for instance, start with an 
Os( I I I / I I ) mixed-valent film.7 
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it style. The authors summarize research accomplishments in a clean, 
easy-to-read manner which could not be reproduced by any computerized 
data-base listing. The presentation and analysis allow the reader to 
determine the real value of the research with regard to his or her specific 
need. Major concepts are underlined in the text, and the "signal-to-noise" 
ratio is high—all the 1982 references in my subspeciality were cited. 

The narrative portion of the book has been reproduced from type
written material (new in Volume 12), but the legibility is quite good. 
Many of the applications are presented in type-set tables sorted by matrix 
(primary key) and analyte (secondary key). These tables contain suf
ficient information for the practicing chemist to determine if the method 
is likely to be usable for the intended application. 

"ARAAS" is highly recommended for researchers and industrial users. 
The cost is approximately the same as 2-3 computerized literature 
searches, but it is far more useful. 

Scott R. Goode, University of South Carolina 

Studies in Organic Chemistry. Volume 15. Ozone and its Reactions with 
Organic Compounds. By S. D. Razumovskii and G. E. Zaikov (Aca
demy of Science of the USSR). Elsevier Science Publishers: Amsterdam 
and New York. 1984. xiv + 480 pp. $100.00. 

This monograph has two redeeming virtues. It brings notice to the 
extensive and often overlooked Soviet literature on ozone chemistry. It 
also devotes much attention to kinetic studies, as expected from the 
authors' research interests. These foci will be useful to an expert who 
can place the work into a large perspective. However, for a general 
reader, the monograph may be perilous. The survey of the non-Soviet 
literature is incomplete. Even some landmark reviews are not cited. The 
treatment of the solution ozonolysis reaction mechanism is some 10 years 
out of date. A section dealing with gas-phase kinetics mistakenly includes 
some liquid-phase reactions. In summary, this is a place to learn what 
the Soviet scientific community has done and thinks about organic ozone 
chemistry as of about 1975. However, it cannot be regarded as a com
prehensive or critical survey. 

The numerous typographical errors, spelling errors, punctuation errors, 
and the largely hand-drawn reaction equations in this photoreproduced 
volume give it an unprofessional and irritating appearance. It is apparent 
that the publisher undertook little editing (perhaps none), a circumstance 
that is unacceptable given the origin of the authors. It should be noted 
that this is the translation of "Ozon i Ego Reaktissi c Organicheskimi 
Soedineniiemi". The translator is not identified and the date of the 
original work is not given. 

Robert L. Kuczkowski, University of Michigan 

Macromolecules. Volume 1. Structure and Properties. Volume 2. 
Synthesis, Materials and Technology. Second Edition. By Hans-Georg 
Elias (Michigan Molecular Institute, Midland, Michigan). Plenum 
Press: New York. 1984. xiii + 1342 pp. ISBN 030641077X. Volume 
1: $65.00. Volume 2: $95.00. ISBN 0306410850. 

The two volumes are a comprehensive introduction to polymer science 
suited to a graduate level course or for self-study as an introduction to 
the field. A good understanding of organic and physical chemistry at the 
undergraduate level is assumed. 

The arrangement of the topics and their development is very organ
ized. In Part 1 of Volume 1, on structure, there is an introductory 
chapter and following chapters on the constitution, configuration, and 
conformation of polymers. The final chapter in this part is on super-
molecular structures. In this latter chapter, the techniques used to ex
amine the crystalline and/or amorphous nature of polymers are discussed. 
Part 2 covers solution properties. The beginning chapters are theoretical, 
covering solution thermodynamics, transport phenomena, and molar mass 
distributions. The last and largest chapter in this part discusses tech
niques used to determine molar mass distributions. Part 3, the last part 


