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liminary study16 indicated that proton irradiation of 
pentaborane-9 produced higher boron hydrides which 
consisted of smaller boron hydride polyhedra coupled 
together. In fact, in more recent work,n it is found that 
deuteron irradiation of pentaborane produced decabor-
ane-16 with no detectable amounts of decaborane-14 and 
irradiation of decaborane-14 resulted in the coupling of 
two of these units (B I0Hi3) to produce icosaborane-26. 

Carboranes, carbon-boron-hydrogen compounds 
with delocalized electron-deficient skeletons, have been 
prepared by electric discharge through mixtures of a 
boron hydride, such as pentaborane, and an unsaturated 
hydrocarbon, such as acetylene.18 The tracing of the 
mechanism of these reactions while more complex 
than that of Bi0Hi6 synthesis is closely related to it, 
since BiCHi6 is found among the products of these 
reactions. 
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TABLE IV 

COMPARISON OF B5H9 AND B5D9 MONOISOTOPIC 

FRAGMENTATION PATTERNS 
B1^Dn-1 

Species 

B5Hs 
B5H8 

B6H, 
B5H6 

B6H5 

B5H4 

B6H3 

B5H2 

B5H 
B6 

B4H9 

B4H8 

B4H7 

B4Hg 
B4H5 

B4H4 

B4H3 

B4H2 

B4H 
B4 

B11JHn
 + 

(calcd. using 
1.17% Bi») 

100.18 
0.74 

100.00 
6.90 

133.75 
25.51 
26.50 
27.80 
23.43 
30.40 

0.45 
0.04 
0.06 
5.00 

11.08 
41.01 
27.91 
20.81 
13.59 
7.65 

Species 

B5D9 

B6D8 

B5D, 
B5D6 

B5D6 

B5D4 

B5D3 

B5D2 

B5D 
B5 

B4D9 

B4D8 

B4D, 
B4D6 

B4D6 

(calcd. using 
1.17% B1" and 

1.529% H) 

99.90 
0.63 

100.00 
4.17 

108.80 
16.14 
17.03 
18.83 
15.07 
17.62 

1.63 
- 0 . 0 1 

0.07 
5.33 
9.92 

Hebel for the actual programming of the fragmentation 
pattern problem. 
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Intense pulses of energetic electrons produce an absorption in the visible in aqueous solutions which is attributed 
to the hydrated electron, e_

a q . By following the decay of this absorption at 5780 A., rate constants for a num­
ber of reactions of the hydrated electron have been measured. The effect of ionic strength on the rate constant 
for e~aq + ferricyanide ion, as well as the fact that some of the added reactants are known electron scavengers, 
confirms that the absorption is due to e"\.q. Among the rate constants measured are: e~aq + H +

aq, 2.36 ± 0.24 
X 101 0Jf-1SeC.-1 ; e- a q + H2O2, 1.23 ± 0 . 1 4 X 101 0Jf-1SeC.-1 ; e~aq + O2, 1.88 ± 0.2 X 1010 Af-1 sec."1; and 
e~aq + e"aq, 1 X 101" M~l sec. - 1 ; all rate constants being for — d(e_

aq)/d<. 

The discovery2 of the broad optical absorption band 
of the hydrated electron in irradiated water makes it 
possible to observe directly a primary radiation chemical 
species in water. We have now used the technique of 
pulsed radiolysis to measure rate constants for reac­
tions of the hydrated electron. The apparatus used was 
developed by Matheson and Dorfman3 and has been 
described elsewhere.4 Generally, the decay of absorption 
at 5770-5790 A. was followed, but a few experiments 
at 6850 A. gave similar results. 

The species formed by irradiation of water are given 
in eq. 1. 

H2O > H2, H2O2, H+8q, e-a q , H, OH (1) 

The hydrated electron is a very reactive species and 
possible reactions with other species in 1 are 

e-»q + OH 

e"aq + HH 

+ H2O2 

- V O H - r a 

, > H 

OH " a q + OH 

(2) 

(3) 

(4) 

(1) (a) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission, (b) Post Doctoral Fellow from the Hebrew Univer­
sity, Jerusalem, Israel. 

(2) E. J. Hart and J. W. Boag, / , Am. Chem. Soc. 84, 4090 (19f>2); J. W. 
Boag and E. J. Hart, Nature, 197, 45 (1903). 

(3) M. S. Matheson and L. M. Dorfman, / . Chem. Phys., 32, 1870 (1900). 
(4) I,. M. Dorfman, I. A. Taub and R. K. Buhler, ibid.. 36, 30.">1 (1902). 

H2O 
£ aq "T" C aq ^ " \ • ) 

H2O 
e-aq + H M?) 

(5) 

(6) 

The hydrated electron may also react with Water in a 
first-order reaction, but Czapski and Schwarz6 set this 
rate constant as probably less than 104 sec. - 1 (our re­
sults show an upper limit of 4 X 104 sec.-1) so that in 
our experiments with e -

a q concentrations of 2 to 30 
micromolar and second-order rate constants about 
1010 Af-1 sec.-1, second-order reactions predominate. 
The rate constants for 3 and 4 were measured by adding 
sufficient H2SO4 or H2O2 that the decay of e_

a q absorp­
tion became pseudo-first order with first-order rate 
constants proportional to [H+aq] or [H2O2]. These 
rate constants as well as those for reactions 7, 8 and 9 
are given in Table I. The constants for 7, 8 and 9 were 

e-aq + Fe[CN]6=- >• Fe[CNJ6
4- (7) 

e-aq + O2 >- O2 ".„ (8) 
e- a q + Cu + +aq >• Cu+

a q (9) 

measured in the presence of potassium ferricyanide, 
oxygen or cupric sulfate. 

The reactions of Table I are consistent with the idea 
that the absorption decay followed is that of the hy-

(5) O. Czapski and H. A. Schwarz, / . Phys. Chem., 66, 471 (1962). 
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Fig. 1.—kt as a function of ionic strength n at pH 10.30-10.47; 
except where specified, MeOH = 2.5 X 10~s M to scavenge OH 
was added: O, no salt added to K3Fe[CN]6; • , Na2SO4; C, 
KClO4; 3, NaOH(pH 12.45); CK4Fe[CN]6 ; no MeOH: ©, 
K4Fe[CN]6 as added salt and OH scavenger, pH 7 (OH" formed 
scavenges H+). 

drated electron. In addition the ratios of h:ki:k» 
given by Czapski and Allen6 are 1.0:0.54:1.0 from com­
petition experiments while the ratios from Table I 
are 1.0:0.52:0.80. Reaction 7 was used to obtain 
supporting evidence tha t the hydrated electron is 
involved by determining h in the presence of added 
salts. Czapski and Schwarz6 used the expression 

log I = 1.02ZaZb - ^ ^2 

derived from the Debye-Htickel theory and the Bron-
sted model of ionic reactions to provide evidence for 
e~aq as an intermediate in water radiolysis. Here k0 

is the rate constant at zero ionic strength for reaction 
between a and b with charges, respectively, Z 3 and Zb. 
They took a as unity6 which amounts to choosing a 
distance of closest approach of ions of 3 A. If the 
radius of the hydrated electron is about 10 A. then a 
might be taken as 3. The line in Fig. 1 corresponds to 
a = 3, Z a = — 1 and Zb = —3. However, no quanti ta­
tive significance is at tached to the line in view of the 
known difficulties in applying the Debye-Hiickel 
theory a t high ionic strengths. Added salt also gave 
a smaller and opposite effect on kt. 

TABLE I 

RATE CONSTANTS" OF THE HYDRATED ELECTRON AT 21-23° 
Rate constant Reaction />H 

ki' 2.36 ± 0 . 2 4 e - „ , + H +
a q 4.0 to 4.6 

ki 1.23 ± .14 e-ao + H2O2 7 
h° 0.30 ± .04 e - M 4 -Fe [CN] 6

3 - 7 and 10.3 
hd 1.88 ± .2 e'ac, + O 2 7 
h> 3.3 ± .3 e"aq + Cu + +„, 7 
° In units 1010 M~l sec."1. b L. M. Dorfman and I. A. Taub 

of this Laboratory independently find 2.26 (±0.21) X 10« M~l 

sec. - 1 . "For zero ionic strength by extrapolation. dJ. P. 
Keene9 obtained 1.5 X 1010 M~l sec."1. 

For first-order reactions whose products do not ab­
sorb the analyzing light, the rate constants k are equal 
to the slopes of the —In D vs. t plots, where D is the 
optical density of the solution a t time t. For a second-
order reaction, plots of XlD vs. t will be linear, yielding 
slopes k/tl, where / is the light pa th in the cell and e 
the molar extinction coefficient. To obtain t the energy 
input into the reaction cell was measured with the 
modified ferrous sulfate dosimeter saturated with 
oxygen7 (G = 15.6 Fe3+ZlOO e.v.). From this energy 
input and an assumed G for electrons, Ge

_aq, of 2.5,8 

(0) G. Czapski and A. O. Allen, J. Phys. Chem., 66, 202 (1962). 
(7) J. K. Thomas and E. J. Hart, Radiation Research, 17, 408 (1962;. 

the initial concentration of electrons was estimated for 
an aqueous system pulse irradiated similarly to the 
dosimeter. This initial concentration combined with 
the initial optical density gave e = 11,400 ( ± 3 0 % 
including 12% uncertainty in Ge~aq) li ter/mole cm. a t 
5770-5790 A. for the decadic molar extinction coef­
ficient. Our Ge_aq X t a t 5770-5790 is 28,500, while 
Keene reports 18,700 a t 5430 A. and his data can be 
extrapolated to give 23,500 a t 5770-5790 A.9 

When reactions 2 and 3 were suppressed by adding 
methanol (0.005 to 0.1 M) to scavenge OH radicals and 
sodium hydroxide (pH 10 to 13) to scavenge H + a q 

ions, the decay of absorption followed second-order 
kinetics until about 6 5 % of the electrons had reacted. 
The second-order rate constant of 2.05 X 1010 M~l 

sec . - 1 is independent of methanol concentration, is 
somewhat lower a t higher pR's, and independent of a 
fourfold variation in the initial electron concentration. 
The evidence is tha t we are dealing principally with 
second-order reactions between species produced by the 
radiation. After the observed ra te constant of 2.05 X 
1010 M~l s e c . - 1 is corrected for reaction 4 (taking GHSOS 

= 0.710), a residual ra te constant of 1.70 X 1010 

M~l s e c . - 1 remains. This may be due to the reaction 
of e -

a q with • CH 2OH or to reactions 5 or 6 or to a com­
bination. A small salt effect suggests participation of 
a reaction of the electron with another negative species 
as in 5. Replacing methanol with ethanol or diethyl 
ether gave similar rate constants. 

In alkaline ferrocyanide solutions a second-order rate 
constant of 2.95 X 1010 M - 1 s e c . - 1 (2 X 1 0 - 3 M 
K4Fe[CN]6) was found. If OH + ferrocyanide gives 
ferricyanide directly, G0H = 2.4,10 and h = 0.6 X 
1010 M'1 s ec . - 1 a t this ionic strength (Fig. 1), we 
subtract 0.58 X 1010 for reaction 7 and 0.35 X 1010 

for reaction 4 to obtain 2.02 X 1010 M - 1 s e c . - 1 residual 
rate constant. This is experimentally the same as the 
methanol result except tha t correction has been made 
for the reaction of e -

a q with the product of OH plus 
scavenger. This suggests t ha t the residual ra te con­
s tant in both cases may be due to reactions 5 and 6. 

As to the possibility of reaction 6, we note only tha t 
the electron affinity of H is 18 kcal., and t ha t since the 
maximum GH estimate is 0.611 only a fraction of the 
electrons could react with H atoms. 

With regard to reaction 5 it may be noted tha t it has 
been suggested t ha t the dimer ( e - ) 2 exists in equilib­
rium with e - in potassium-ammonia solutions.12 

Also there is the small salt effect noted above. Our 
evidence provides support for reaction 5 with a rate 
constant1 3 of about 1.7 X 1010 M - 1 sec . - 1 . 

In alkaline solution a t pH 10.5 (no OH scavenger) 
the apparent second-order rate constant is 6.3 X 1010 

M-1 sec . - 1 . (A long-lived transient is noted if car­
bonate is present in the alkali, which transient is sup­
pressed by methanol.) This rate should be largely due 
to reaction 2 and gives k2 ~ 4.2 X 1010 M - 1 sec. ' 
or ~ 6 X 1010 M-1 s e c . - 1 depending on whether the 
rate in the alkaline methanol solution is principally due 
to reaction 5 or to e~aq + -CH2OH. 

We are continuing work on the reactions of the hy­
drated electron. 

(8) Mean value between 2.3 and 2.8; see references M. S. Matheson, 
Ann. Rev. Phys. Chem., 13, 77 (1962), pp. 98-99. 

(9) J. P. Keene, Nature, 197, 47 (1903). 
(10) A. O. Allen, "The Radiation Chemistry of Water and Aqueous 

Solutions," D. Van Nostrand Co., Inc., New York, N. Y., 1961, p. 46. 
(11) (a) J. T. Allan and G. Scholes, Nature, 187, 218 (1960); (b) J. 

Rabani and G. Stein, J. Chem. Phys.. 37, 1865 (1962). 
(12) C. A. Hutchison, Jr., and D. E. O'Reilly, ibid., 3*, 163 (1961). 
(13) NOTE ADDED IN PROOF.—Experiments with ~0.1 M H2 and £H 13 

give H = 1 X 10'» Jl/"1 sec. "' at this pU. This result and other recent ex­
periments suggest reaction G accounts for an appreciable part of the rate 
constant 1.7 X 10'° M-' sec . - ' . 
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Introduction 
We have studied proton magnetic resonance in 

SnH4, the series of methylstannanes and (CH3)3PbH 
to determine the chemical shift of protons bonded 
directly to a heavy atom of the main group metals, 
and to compare this with the unusually high chemical 
shift of protons bonded to transition metals.2 The 
only reports of the chemical shift of tin-bonded protons 
in the literature are incomplete references to un­
published work, such as footnote 12 in the review by 
Green2b or the paper by Duffy, Feeney and Holliday.3 

For (CH3)3PbH, our results and interpretations are 
not entirely in keeping with the results nor with the 
interpretation of the spectrum previously reported for 
this compound.3 

We have also determined the constants for the spin-
spin interaction between the metal-bonded hydrogen 
with magnetically active isotopes of the metal, and with 
other protons in the molecule, which serve to indicate 
that no appreciable exchange of metal-bonded protons 
was occurring. The tin-proton spin-spin coupling 
constants in SnH4, the methylstannanes and (CHu)4Sn 
were compared to see whether any systematic trend 
was occurring in that series of compounds, similar to 
trends observed in the methyltin halides.4 

Experimental 
Sample Preparation.—The volatile and air-sensitive com­

pounds were handled and sealed into sample tubes on a chemical 
high-vacuum line.5 SnH4 was prepared and purified by the 
method of Emeleus and Kettle.6 (CHs)2SnH2 and (CHs)3SnH 
were prepared by the reduction of the corresponding chlorides 
with LiAlH4,7 (CHs)2SnCl2 was purchased from the Metal & 
Thermit Co., and (CH3)3SnCl prepared in 9 3 % yield from (CH8)*-
Sn and SnCl2 by an adaptation of the method reported by 
Anderson.8 (CHj)3PbH was prepared from (CHs)1PbCl, after 
Becker and Cook.9 

The reduction of CH3SnCl3 by LiAlH4 was found to give ex­
tremely poor yields of CH3SnH3. A milder reducing medium, 
the aqueous borohydride method of Schaeffer and Emilius,10 

was used to obtain that hydride from K(CH3SnO2); NaBH4 
(1.5 g.) was added to a solution of K(CH3SnO2") (prepared 

(1) This work was supported by Grant no. 1073-Al from the Petroleum 
Research Fund. 

(2) (a) G. Wilkinson and J. M. Birmingham, / . Am. Chem. Soc, 11, 3421 
(1953); (b) see also the recent review by M. L. H. Green, Angew. Chem., 
72, 718 (1950). 

(3) R. Duffy, J. Feeney and A. K. Holliday, / , Chem. Soc, 1144 (1962). 
(4) (a) J. R. Holmes and H. I"). Kaesz, / . Am. Chem. Soc., 83, 3903 (1961); 

(b) G, P. Van der Kelen, Nature, 193, 1069 (1962). 
(5) R. T. Sanderson, "Vacuum Manipulation of Volatile Compounds," 

John Wiley and Sons, Inc., New York, N. Y., 1948. 
(6) H. T. Emeleus and S. F. A. Kettle, J. Chem. Soc, 2444 (19S8). 
(7) A. E. Finholt, A. C. Bond, K. E. Wilzbach and H. I. Schlesinger, 

/ . Am. Chem. Soc, 69, 2692 (1947). 
(8) H. H. Anderson, lnorg. Chem., 1, 648 (1962). 
(9) W. E. Becker and S. E. Cook, J. Am. Chem. Soc, 82, 6264 (1960). 
(10) (a) G. W. Schaeffer and Sr. M. Emilius, ibid., 76, 1203 (19.54); 

(b) see also, W. L. Jolly, ibid., 83, 335 (1961). 

experiments, S. Petrek in improvement of apparatus as 
well as very helpful discussions with R. L. Platzman, 
L. M. Dorfman and LA. Taub. 

according to Pfeiffer and Lehnardt" from SnCl2-2H20 (15 g.), 
excess KOH (30 g.) and CH3I) which was then added over 
0.5 hour to a well-stirred solution of 6 M HCl (150 ml.) in a 
three-necked flask. The resulting evolved gas was collected at 
— 78° under reduced pressure, and subsequently fractionated 
on the vacuum line giving approximately 3 g. of CH3SnH3; v .p . 
found 268 mm., required7 273.5 mm., at - 2 3 ° . 

Solutions of the alkyltin anions were prepared in CH3NH2 
by reduction of (CH3)3SnCl or (CH3)2SnCl2, with the calculated 
amount of Li. N.m.r. tubes containing samples were stored 
at reduced temperature. At room temperature irreversible 
decomposition occurs; hence such tubes should be handled 
carefully as the pressures developed (due to solvent and, per­
haps, some H2) can lead to explosions. 

Apparatus and Procedures.—Proton magnetic resonances were 
measured on a Varian A-60 spectrometer both for neat liquids 
and solutions in neopentane and cyclopentane. Neat samples 
of SnH4 and of (CH3)3PbH and its cyclopentane solution were 
not stable at room temperature, and were scanned at —50° on 
a Varian 4300B spectrometer (at fixed frequency, 40.000 Mc. 
at 9,396 gauss) equipped with a temperature-regulating probe. 
Only the low field satellites of the tin-bonded proton resonance's 
fell within the normal operating range of the A-60 spectrometer, 
but the high-field satellites could be brought within range and 
the tin-proton spin-spin coupling measured by the side-band 
technique, using a calibrated Hewlett-Packard model 200 D 
audiofrequency oscillator. The spectra obtained on the 4300B 
spectrometer were measured and also calibrated by this audio­
frequency oscillator. A complete set of spectra will be sent to 
the Chemical and Petroleum Research Laboratory (Carnegie 
Institute of Technology, Pittsburgh 13, Pa.) for publication in 
the catalog of nuclear magnetic resonance spectral data of the 
A.P.I . Research Project 44. 

Results and Discussion 
The results of our measurements are summarized in 

Table I. Data for the tetramethyl derivatives were 
repeated for purposes of comparison; these were in 
good agreement with previous reports. The values 
reported here are believed to be accurate to within 1%, 
or better, especially when obtained on the A-60 spec­
trometer. The solutions of the hydrides in hydrocar­
bons contained traces (ca. 0.5 to 1%) of dimethyl ether 
or dioxane from the reaction mixtures from which the 
hydrides were obtained. Separate experiments on 
solutions of these hydrides at concentrations up to 50% 
ether by volume showed that the chemical shift be­
tween the methyl protons and the metal-bonded pro­
tons varied only up to 0.14 p.p.m., with no change in 
the spin-spin coupling. 

The data for (CH3)3PbH are only partially in agree­
ment with previously reported work.3 The absolute 
r-values for the chemical shifts of Vh-H and Pb-GrY3 
appear to be in poor agreement with our values, but 
this is only because of differences in the standards 
being used in the two experiments. In fact, the dif­
ference between the resonance of the methyl protons 
and one of the resonances at T = 2.98 (Table I) taken 
as the PbH proton in the previous work is in good agree­
ment with the difference between these two resonances 

(11) P. Pfeiffer and R. Lehnardt, Ber., 36, 1057 (1903). 
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Proton magnetic resonances in SnH4, the methylstannanes [(CH3)nSnH4-n], (CH3)3Sn~, L i + and (CH3)3PbH 
have been obtained. Chemical shift of the protons as well as spin-spin coupling between the various mag­
netically active nuclei in these molecules has been determined. The protons bonded to tin or lead are less 
shielded than those bonded to carbon in these derivatives. The trends observed in tin-proton spin-spin coupling 
constants are discussed in the light of possible structural changes occurring in the stannanes. 


