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HYDROBORATE CHEMISTRY 

Robert Mesmer 

Lawrence Radiation Laboratory 
University of California 
Berkeley, California 

August 31, 1961 

ABSTRACT 

A study of the kinetics of the hydrolysis of hydroborate as 

a function of pH was made by chemical analysis of the reducing 

capacity in basic solutions, and also by means of a flow method 

for following the rates in acid solutions. Activation parameters 

of 8 kcal/mole and -3.5  eu were obtained for the reaction with 

hydrogen ions; 21 kcal/mole and -22 euwere obtained for the 

pH-independent term in the hydrolysis rate. 

Deuterium tracer experiments were performed in lieu of 

measuring the deuterium isotope effect on the hydrolysis rates by 

both paths in the rate law, and also in an attempt to prepare 

deuterogermane. Hydroborate does exchange its hydrogens with the 

water hydrogens but the reaction becomes significant only at high 

temperatures. The exchange was studied at 73.80 and 95.80C. 

Below 50 
0
C hydroborate is sufficiently inert toward this exchange 

to permit the determination of the deuterium isotope effect on 

rates of hydrolyses. The hydrogen-ion-dependent path in the 

hydrolysis shows an inverse isotope effect when deuterium is placed 

on the boron (deuteroborate reacts faster), and a normal effect 



viii 

when deuteriwn is placed in the solvent. More complex effects 

are observed, for the pH-independent path in the hydrolysis. 

A method has been developed for the preparation of deutero-

borate using a high pressure of deuteriwn gas and solid potassium 

hydroborate at 400 to 540 0C. Also, the equilibrium constant has 

been measured for this reaction at 5380
C. 

Studies on the competition between ferricyanide or As (III) 

with hydrogen ions for reaction with hydroborate ions suggest the 

existence of an intermediate such as Bit 5 . 

Proton magnetic-resonance experiments on decomposing 

hydro'borate solutions failed to give evidence for the presence of 

species other than BH. Proton magnetic resonance studies on 

partially deuterated hydroborate give a hydrogen-to-hydrogen 

coupling constant of 10.7 cps. The spectra also give shifts due 

to deuterium, and a semiquantitative measure of the species present. 
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I • INTRODUCTION 

A complete survey of the discovery, history, and physical 

properties of the hydroborate ion will not be presented here 

because reviews are available in the chemical literature0 

to Hydroborate" is the official name given to the tetrahedral 

species, BH, which was originally called "borohydride". The 

applications of hydroborate in organic chemistry have been 

summarized by Jensen, 1  and the aqueous chemistry has been review 

ed recently by Kramer, 2  

Since its discovery in 1913, one of the most significant 

uses of hydroborate in inorganic chemistry has been in the 

preparation of the volatile hydrides of the elements of groups 

IV and V of theperiodic table. These reactions in aqueous 

solution yield a variety of products from the metal to solid 

polymeric hydrides as well as hydrogen gas. Nothing is known of 

the mechanism for these reductions. Even the relatively simple 

hydrolysis reaction which proceeds quantitatively to form four 

males of hydrogen gas per mole of hydroborate is not understood. 

There are, however, some kinetic data and a few tracer experi-

nients on the hydrolysis reaction. The details of this available 

information will be discussed at that point in this paper where 

they have direct bearing. As a starting point for this work, the 

kinetics of the hydrolysis over most of the pH scale were 

reinvestigated and the rate law established. Without an accurate 

knowledge of this,the simplest of the reductions with hydrohorate, 



there is little hope of understanding the more complex reductions. 

Because kinetic isotope effects have often proved helpful 

in forming a more detailed picture Of the mechanisms of reactions, 

especially those Involving species containing hydrogen atoms, 

deuteriwn tracer studies on some reactions of hydroborate were 

performed. 

The only previous method reported in the literature for 

preparing deuteroborate is by reaction of B 2 
 D 6  with NaB(OCH3 ) in 

diglyme. We chose the more direct approach of exchanging 

deuterium gas with the solid hydroborate salt at elevated tempera-

tures. Potassium hydroborate, unlike the sodium and lithium 

salts, is nonhygroscopic and was used throughout this work 

because of the ease of handling. Methods of purification and 

analysis of the product of the d.euteration process had to be 

developed in order to carry out a quantitative kinetic-isotope-

effect study. 

Several chemical methods for the analysis of hydroborate in 

solution have been used1  that measure the total reducing capacity 

of the solution. Also, the polarographic technique 
4
has been 

used successfully, as well as the measure of the hydrogen 

evolved from acid solution. 

Evidence for the existence of intermediate species in a 

reaction also helps in understanding the detailed process. 

Magnetic resonance provides a useful tool for the detection of 

species containing hydrogen atoms because of the high sensitivity 

of the hydrogen nucleus. It was of interest to study the 
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proton-magnetic-resonance spectrum of a hydrolyzing solution of 

hydroborate in an attempt to detect intermediate species between 

hyd.roborate and the final product, the borate ion. 

Also, the proton magnetic-resonance spectrum may afford a 

method for measuring the deuterium content in the solid, if the 

resonance lines were completely resolved and the method calibrated 

with known standards. Since the hydrogen-hydrogen coupling on 

boron hasnot been reported, some partially deuterated hydroborate 

would be useful for the purpose of measuring this feature. 

The following sections in the thesis are arranged so that 

the introductory material pertinent to the aspect being described 

is presented first; then, after the experimental procedure is 

described, the results, a discussion of results, and the 

conclusions made are presented. 

The rate constants which appear in this thesis have the 

units of reciprocal minutes. 
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II. KINETICS OF THE HYDROLYSIS 

REACTION OF TEE HYDROBORAPE ION 

A rate law gives the formula of the activated complex for 

the slow step in the chemical process. Therefore, a careful 

kinetic study yields valuable information without which an 

understanding of the detailed mechanism of the reaction is imposs-

ible. 

The reaction of concern here is 

BH + 4 H20 = B(OH) + 4H2  

The stoichiotnetry is well established, and several investigators 

have recently reported on the kinetics of the reaction. 
11,5,6,7 

There is general agreement among the various authors on the rate 

law applicable to the pH range between 7 and 12. They report a 

rate law of the form 

-d(BH) = k (H)(BH) 

dt 

for this range, although Davis and Swain6  reported general acid 

catalysis and prefer replacing (H+)  by X, 

HA. This more correct 

form was confirmed by StocIayer and co-workers, although the 

effect of most buffer salts is relatively small. 

1 	 5 However, the data of Jensen, and Brown and Swensson, from 

experiments at p11 between 12.5 and 14.0 indicate a less-than-first-

order dependence on the concentration of hydrogen ions. These 

data were represented by the rate law 

-d(BH) = k (H)'(BH). 

dt 
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Davis6  has suggested that the fractional order with respect 

to (H +) occurs because of a reaction with the solvent, but there 

have been insufficient data to establish this point. 

A great discrepancy exists in the magnitude of the rate 

constants reported by McKinney and Kilpatrick 8  and those reported 

by all other investigators. Their constant at 25
0C differs by 

6 from that reported by Pecsok. On the basis of' data on t 10 	 he 

rate of evolution of hydrogen from strongly acid solutions of 

hydroborate, McKinney and Kilpatrick claimed to have measured the 

rate of the -reaction 

BH + H0 	]j2 B2H6  + H2  + H20. 

Therefore, we have attempted to establish the rate law over the 

whole pH range with special emphasis on the very acid and very 

basic regions. 

A. Chemical Analysis of Reducing Capacity vs Time 

The iodate method that was developed by Jensen1  is convenient 

for rate studies in basic solution because the reactions are qi!te 

slow near room temperature. Very likely the reaction which comes 

into existence at pH 12 has first-order dependence on hydroxide 

[ 
(H)] or has zero-order dependence on hydrogen ion concentrat-

ion, whIch surely represents a reactIon with the solvent. Because 

the ionic strength becomes too high, it is not convenient to work 

at a sufficIently high hydroxide concentration that the hydrogen 

Ion dependent term in the rate law becomes unimportant. Therefore, 

it is necessary to mske appropriate use of data In a pH range 

where both reactions compete for the hydroborate ions. 
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16 Experimental 7procedure0 

Potassium hyd.roborate received from Metal Hydrides Inc. 

(>97%) was used throughout this work without further purification. 

The major impurities are reported to be potassium hydroxide and 

' borates. The solid Im2PO and anhydrous K3PO were added to water 

for preparation of buffer  solutions. All hydroxide solutions were 

prepared by dilution of CO2 free potassium hydroxide (Co3  = was 

precipitated by a slight excess of Ba 
1) During each time study 

the flasks were kept stoppered, and were vented by means of 

capillary tubing through the stoppers. Small corrections to 

concentrations were made for density changes. Aliquots were 

taken at bath temperature and brought to room temperature rapidly 

before measuring accurately with pipets. Throughout the study, 

solutions were prepared in 250 ml Pyrex volumetric flasks and 

25 ml aliquots were taken periodically for analysis. 

All hydroborate analyses were made by the iodate method of 

Jensen. 1  This method meases the reducing power of the solution. 

An excess of iodate and iodide are added before adding acid; then 

the solution is t±trated with standard thiosulfate to the starch 

end point. The precaution was taken of using a two.fold excess 

of iod.ate to ensure quantitative reduction of the. hydroborate in 

the presence of acid0 The time in the kinetic runs was recorded 

when the acId was added in the analysis. 

All pH measurements were taken with a Becnan pH Meter, by 	- 

using a type E glass electrode. As a standard buffer, the 

saturated Ca(GH) 2  solution prepared at 25°C was used (as the 



7 

Bureau of Standards9  recoimnends for pH of about 15). 
0 

The constant-temperature bath thermostated. to 1-. 0.1 C and 

data were obtained between 10 0 
 and 500C. 

The possibility of surface catalysis was examined by 

following the hydrolysis of portions of the same hydroborate 

solution in two different volumetric flasks, one .of which was 

half-filled with glass wool and glass beads. The absence of any 

catalysis by glass surfaces was proved by the identity of the two 

rates. 

2. Results and discussion 

The curves of log iC vs pH are shown in Fig. 1. The curves 

are linear with unit slope up to p11 of approximately 12. This 

result confirms in general what previous investigators have found, 

i.e., the rate is first-order dependent on the hydrogen ion 

concentration. The well known first-order dependence on hydrobor-

ate concentration is illustrated in Fig. 2. 

In order to d.eternilne the correct rate expression that 

predicts the departure from linearity above pH of 12, the data 

were tested against the following rate law: 

-d(BH) = k1(BH)(H) + k2(BH). 	 (1) 
dt 

To test this expression a plot is made of (H+)  vs 1 , where 

k' = k1(H) + k2 . 	 (2) 

Figure 5 shows the data as calculated directly from pH measurements. 

The rate constants k1  and k2  In the above rate law are given by 



I .  = 
m 

t .  = 

a' 
0 

a' 
0 

-8- 

pH 
MU -24579 

Fig. 1. Variation of the log of the apparent rate constant with pH. 
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Fig. 2. The log of the concentration of hydroborate as a function 
of time at 49.7 0  C. 
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Fig. 3. The variation of (H+)/kI  with i/k from pH-meter data. 
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the reciprocals of the intercepts of these straight lines. The 

slopes of the log k vs 1 curves yield the heats of activation for 
T 

each of the constants (see Fig. 4). 

The heats and entropies of activation for the two terms 

in the rate law ares 	 -. 

constant 	£H* (kcal/mole) 
	is (ca]./deg/mole) 

	

7.9±1 	- 4.0 t 3 

	

22.1±]. 	 -18.4 t 3 

The M and AS for k1  can be compared with values obtained by 

Pecsok4  who used the polar,  Dgraphic wave height as a measure of 

hydroborate concentration. He obtained LH*  of 8.5 kcal/mole and 

of -3.7 cal/deg/mole. These results agree well within the 

experimental error. There are no data with which to compare the 

results for k2 . 

There is appreciable uncertainty and question as to the 

significance of pH measurements in solutions of high ionic strength. 

To relieve our doubts as to the validity of this use of p11 data, 

the rate law was determined by use of a completely independent 

measure of pH, i.e., hydroxide ion concentration as determined by 

titration. 

For this purpose hydroxide ion concentrations in solutions 

between 0.IN and l.ON potassium hydroxide were prepared by 

dilution of a standard stock solution free of CO -, . That both 

terms in the rate law are important in this region is shown by the 

curvature in Fig. 1. 
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The rate law previously written in terms of (H) can equally 

well be written in the form 

_d(Bç) 	
k(BH) + k2Bç , 	 ( 3) 

	

at 	(oii) 

k 
where k1 = K: and where K  is the equilibrium constant for 

the ionization of water at the appropriate temperature. In this 

	

1 	1 
case, a plot of -.. vs 

K(OH 
) provides k a 

 and k,, (see Fig. 5). 

The Arrheniu.s plots of these constants in Fig. 6 give the 

following heats and entropies of activation: 

C0nstat 	LH (keal/mole) 	As*(cal/deg/Inole) 

k 	 21.4+1 	 -22.2+3 
a 	 - 	 - 

	

20.6±1 	 -22.3+3 

In order to compare these values of LE*  and LS for ka  with those 

for k1, some account must be taken of the heat and entropy of 

ionization of water. The assumption will be made that y + for 

KOH is temperature-independent. 

The combination of the following reactions indicates the 

manner of calculation ofand AS from LH and AS 1 	1 	a 	a 

+ H20 = (BE5 ) 4:  + 0H 

CH 	
+ 

+HO = 2H20 

BE + H 3 0+  = (BE5 )* + H 2  0 
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there fore, AH = 21.4 kcal/mole AS = -22.2 cal/deg/mole 

AH =13. 1 . 	 LS°  = 19.2 

LSH = 8.0 
	

3.0 

There is excellent agreement between these two methods for deter-

inination of 
AHi and.  

Before discussing the significance of these activation para-

meters a brief mention will be made of the effect of buffer salts 

on the rate. Table I lists some rate constants in various 

(EP0Z - pot) buffers. The rate is influenced by the buffer content 

as was reported by Davis and Swain. 6  The results for i of 0.5 

give k 	of 2.9 x 10' M 1  m.in 1 . 

An ana1ptical expression for the temperature dependence of the 

rate of the hydrolysis is given by 

Rate = 2.18 x 1011T exp _4,000/T (H)(BH) min 	dsg1 4••1 

+ 1.72 x 107  T exp _10,380/T (BH) min'1  deg 	. 	(4) 

For the first term the mean values from the two sets of data were 

used, and in the second term the values from hydroxide data only 

were used. These values were considered more reliable because of 

the questionable nature of the pH measurement in strong base. 

The entropy change for the association of ions to form weak 

acids in aqueous solutiox is roughly 20 eu. One might expect this 

entropy of solvation to be cancelled by the entropy decrease due to 

the loss of degrees of freedom in formation of a highly structured 

activated complex. The small heats and entropy of activation for 

the path with the activated-complex BH 5  x 1120 are consistent with 
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Table 1. Rate constants in various buffer mixtures. 

Pseuao 1st 

pH K3PO K2BPO KC2 Order k x 10 

(M) (M) (M) 
Constant 

(Mmin) 
(min) 

 0.1 11.2 0.01 0.01 -- 2.01 x 10 5.29 

 0.5 11.95 0.05 0.05 - 8.18 x 10 7.56 

 0.5 11.39 0.02 0.02 0.27 2.4 	x 10 6.00 

. 0.5 11. 1 7 0.01 0.01 0.36 1.75 x 10 5.17 

5 ,  1.0 11.96 0.16 0.026 -- 8.91 x 10 8.13 

 1.0 11.1O 0.11 0.096 -- 3.32 x 10 

 1.0 iO.46 0.06 0.20 -- 2.65 x 10 7.65 



a concerted mechanism. 

It is interesting to note that the activated conlex Bc x 

H20 has a heat and entropy of activation which differ from those 

of BE5  x H20 by the heat and entropy of ionization of the solvent. 

(Note that this is a different application of the ionization para-

meters for water that previously used to correlate pH meter and 

hydroxide data.) 

If the pH-dependent path involves a bimolecular reaction of 

the kind 

BH + H0 = ( ) 	l> products, 

then the pH-independent mechanism could be as follows: 
K 

2H20 W 

k' 
OH + BH + iço = ( )* 	2 > products. 

Eigents data on the rate of ionization of water at 250C shows 

that this rate is about 250 times greater than the rate of dis-

appearance of hydroborate. 1°  

The above two mechanisms give the following expression for 

the rate of disappearance of hydroborate: 

Rate = [k1(H30) + k K] (BH). 	 (5) 

One would expect the heat of activation for k to be eua1 

to or less than that for k1  because the hydroxide ion is present 

to aid the k reaction. Also one might reasonably expect the 

entropies of activation to be the same. Then the two processes 

differ only by the heat and entropy of ionization of water, i.e., 

the 0H and H 
3 
 0 ion concentrations are teerature-dependent. 
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On the other hand, if the pH-independent process is a reaction 

with a molecule of water, the rate-determining process must be 

BH + H20 = (BH5 ) + OH 

in order that the exact parameters for the ionization of water 

distinguish this from reaction with the H 3O ion. Kinetic data 

will not suffice to distinguish between these two paths for the 

pH-independent path. 

B. Flow Method in Acid Solutions 

The data of McKixmey and Kilpatrick8  indicate that there is a 

second term in the rate law for the hydrolysis which is also 

hydrogen-ion-dependent. Their data fit the rate law 

-d(BH)= 47 1min 1(:)(BH). 	 (6) 

dt 

This rate constant as about 10 times smaller than that measured 

in basic solution by all the previous investigators. A mechanism 

such as the following would explain such dependence on the 

hydrogen ion concentration: 

- 	+ k1  
BH4  + H30 	> products, 

Lw 	 BH + H2 	
k

0 < 
	

> BR5  + 0H, 

- 	 -2 

BR5 	> products, 

BH + H 2 0 	> products. 

The rate of formation of products is given by 
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Bate = [k1  (H) + ka 	+ k) (i4) 	 / 7 ) 

i%(oH)+l 

when the steady-state approximation is made on BH5, and when 

k and Ic. are combinations of the rate constants in the above 
a 

mechanism. Obviously this rate law is first order in hydrogen 

ion when k(H) is dominant, then again first order in (H) 

when ka 	is dominant, and finally, zero order in (H+)  when 

I%(oic) 

Ic4  is dominant. In an attempt to observe this unusual behavior, 

we utilized a flow method for following the hydrolysis rates in 

this pH region (<7). Half-lives of a few seconds to several 

milliseconds can be conveniently measured in this way. The mixing 

of reactants and the manner of quenching the reaction are of 

concern in flow methods of measuring rates of reactions. The 

reproducibility of rate constants measured with different flow 

rates and different volumes of the reaction zone was taken as 

indication that mixing and quenching were adequate. 

1.. Experimental procedure 

The experimental apparatus, shown in Fig. 7,consists chiefly of 

two graduated reservoirs (250 ml) connected by 8-mm tubing to a 

three-way stopcock, and a section of glass tubing connected to the 

exit of the stopcock to act as the reaction chamber. The 

stopcock itself was the mixIng chamber and its volume was small 

compared to the volume of the reaction zone. To ensure turbulence 

in the flow after the initial point of contact of the two 

solutions, an obstruction in the form of a glass bead supported 



Graduated reservoirs 

-a'- 

•ig 
inometer 

111 IV I 

3-way stopcock 

T ss bead 

ass sleeve 

gon connector 

s tubing of 
erent lengths 

MU — 2 4 5 8 5 

Fig. 7. Apparatus for use in the flow method. 
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by a glass sleeve was placed in the path of flow. 

The residence time in the reaction zone was controlled by the 

volume of the stopcock and tubing attached, and by the head of 

pressure forcing the reactants to flow. This residence time is 

simply equal to the flow rate divided by the volume of the re-

action zone. The time that the stopcock was open was measured 

with a stopwatch and the volume of each reactant determined for 

calculation of flowrates. A 1-liter beaker containing 250  to 

300 ml of 3N NaOH was placed at the exit of the reaction tube as 

shown in Fig. 7. To ensure rapid mixing of the base with the 

hydroborate solution, a stirrer with a glass bar of length 

slightly less than the diameter of the beaker was used at about 

1000 rpm. The stirring bar passed just below the tip of the 

reaction tube. The minimum residence time obtained was about 0.05 

sec, with about 10  cm pressure on the reactants and a reaction 

volume of 1.2 cc. 

No attempt was made to control the temperature accurately in 

this crude apparatus. The runs were made at room temperature 

between 23 and 260C, and the solutions were allowed to come to rooni 

temperature before use. 

Hydroborate solutions were prepared in 0.001N base to give 

suitable stability to allow time for an analysis before mixing the 

hydroborate and a buffer solution. The hydroborate concentrations 

before mixing and after reaction were determined by iodate titration. 

Rate constants were calculated from these data by the relationship 
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.(Bç) 
2.303 log 	

_ ( 8) (B 1 0 

t (Hf ) 

The pH of the run was taken as the mean value between the pH of 

the original buffer solution and the pH after mixing with the 

appropriate amount of hydroborate. solution. 

2. Results and discussion 

The rate constants measured by this flow method (Table II) are 

reproducible within about 10%,  and agree well with our work and 

that of the other Investigators. The constant measured at 

pH=3.83is considered a lower limit because foaming in the reaction 

zone could be observed. This factor decreases the effective 

reaction time by decreasing the volume of reaction zone occupied 

by solution. The same thing was observed in iN acid, although In 

this case the reaction was complete within the reaction time of 

0.05 sec. It was estimated that at least eight half-lives had 

occurred in this time, since no hydroborate could be detected by 

the iodate titration. 

These results do not indicate that there Is a new p11-dependent 

term occurring at lower pH values. Apparently the rate of 

hydrogen evolution, which was measured with a bomb reactor, does 

not parallel the rate of hydroborate disappearance. Davis and 

Swain6  have suggested that the rate of evolution of hydrogen might 

show an apparent first-order dependence on hydrogen Ion concentra-

tion over a small range of hydrogen ion concentration. 
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Table II. Rate constants measured by flow methods 

pH i' (observed) k 

(niin) (Mmin 	x io) 

6.88 5.56 4.2 

6.53 13.1 
b1 

5.02 503. 
c5.1l 

3.83 2130. d16 

0.0 >lo' e10-3 

a See Fig. 8. 

b Average of 5 runs 

c Average of 3 runs 

d Average of 2 runs during which foaming could be seen in the 

reaction zone; this foaming decreases the effective volume of the 

reaction zone and therefore the apparent rate (this is a lower 

limit). 

e Only this lower limit could be set )  because the reaction was 

complete before quenching. 
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It was also observed that although the hydroborate concentra-

tion is essentially zero within a fraction of a second the 

evolution of hydrogen persists for several minutes. This 

indicates considerable supersaturation of the solution with 

hydrogen gas when the gas is liberated in the solution. 
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III. PREPARATION OF POTASSIUM DEUTEROBORATE 

Sodium d.euteroborate has been prepared by reaction of 

B 2 
D  6 and NaB(OCH3 ) 4, followed by recrystallization from digJ.me 3 , 

Because this preparation uses B2D6, which must also be prepared, 

we chose to make use of the observations of Brown et al. 	They 

reported that a convenient rate of exchange of tritium-labeled 

hydrogen gas with the solid NaBH4  occurred at 550
0
C and less than 

I atm pressure of gas. This work suggested that direct exchange 

of D2  gas with KBH could be carried out. 

Disadvantages in this approach became apparent during an 

attempt to prepare deuteroborate in a vacuum system. First of all, 

in this preparation the quantity of gas must be large in order to 

prepare a reasonable quantity of the deuterated product. This is 

difficult at reduced pressures because large volumes are required. 

Also, it was noted that upon heating a sample of KBH in 25 cm of D 2  

for several hours at 15O°C,  there was appreciable decomposition of 

the hydroborate; this resulted in a red deposit on the cool part 

of the tube, considerable gray color to the solid, and a strong 

order of volatile hydrides when the solid was removed. Only 15% 

of the original quantity of KBH was recovered after 30 hr of 

heating, during which time the gas was replaced by fresh D2  three 

times. Only 16% of the hydroborate was converted to deuteroborate. 

Hig1i-pressure deuteration was then tried, in an attempt to 

eliminate the two major problems: (a) sufficient quantity of 

product and (b) decomposition of hydroborate. 
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A. Deuteration at High Pressure 

The apparatus shown in Fig. 11 was used for deuteration at 

pressures of 1000 to 1500  psi at 400 to 500
0
C. At 4000C there is 

no visible decomposition even after 200 hr. At 500
0C the solid 

has grayish color but the decomposition is slight. At 500
0C 

equilibrium is reached in one day.  ( the evidence for this is given 

in the subsequent section on quantitative measurements on the 

distribution of deuterium between the solid and gas phases). A 

cylinder of 99.4% deuterium from General Dynamics Corporation was 

used in all preparations of deuteroborate. 

One grain of KBH4  gave an 84% yield containing 98.8% deuteri-

urn when a 70-cc bomb with about 50 atm of D 2  at 5000C was used. 

The D2  was removed and replaced after 24 hr at 500°C. This pro-

cess was repeated three times before removal and analysis of the 

product. 

B. Extraction of Product with Liquid Aiinnonia 

There are few solvents in which potassium hydroborat.e has 

sufficient solubility to permit recrystallization or extraction 

k0f the hydroborate. Water is not useful because of the hydroly-

sis reaction. Liquid ammonia was chosen as the solvent for ex-

traction of the product of the deuteration from decomposition 

products and other impurities that might be present. 

The apparatus consists of a T-shaped tube with the solid in 

one leg and a pad of glass wool wedged loosely about 8 to 10 cm 

above the solid (see Fig. 11). About 5 cc of liquid ammonia, 



dried by reaction with Na metal before use, was condensed in 

vacuo onto the solid with a chloroform slush bath. The tube was 

sealed below the ball joint, and the ammonia was allowed to warm 

to room temperature. The T-shaped tube was shaken to dissolve the 

hyd.roborate, then was inverted. A chloroform slush was applied to 

the other leg of the tube for a moment - to draw the liquid 

ammonia through the glass wool. The ammonia was then distilled 

back into the first leg depositing the purified solute in the 

tube. 

In this manner KBH was extracted from a mixture of equal 

amounts of KBH, boron metal, boric acid, and KOH. The product 

yielded 97% of the theoretical reducing capacity; this meets the 

specifications for the Metal Hydrides, Inc. material (97%+). 

A sample of deuterated product gave 96% of the theoretical 

quantity of gas upon acid hydrolysis of the purified product. In 

this gas the mass analysis indicated 98.8% deuterium(see below). 

An x-ray powder pattern on the insoluble material indicated that 

and KOH were present. 

C. Analysis of the Hydrogen-to-Deuterium Ratio 

The hydrogen-to-deuterium ratios in deuteroborate preparations, 

or in other tracer experiments to be discussed later, were 

determined by mass analyses on gases evolved from aquecus acid. 

solutions. Mass analyses were performed on the Mass Spectrometer 

III at the Lawrence Radiation Laboratory (Type 21-103A, Consolid-

ated Engineering Corp.). The detailed description of the method 

12 
has been previously reported by Newton and Mohler. 	The percent 
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deuterium in the solid is calculated from the products of the 

hydrolysis of the solid deuterated hydroborate in light water0 

This percent deuterium is obtained from the sum of the percent 

HD and twice the percent D 2 . In this method the assumption is 

made that the percent H2  is high by the amount of the percent 

formed. In other words, all the hydrogen or deuterium from the 

boron ends up in the gaseous products of the hydrolysis. This 

point has not been proved exactly because of the difficulty of 

producing 100.0% pure 	However, the results of the hydrolyses 

listed in Table III do seem to approach this result of equal 

percents of H2  and D2  from i00% KBD1 . The results of the 

hydrolysis of hydroborate in heavy water also indicate this result. 

These results are discussed later in this section. Because the 

percent D2  from 100% KBD is small(extrapolated value in Fig. 9 

is 1.3%),  the errors due to this assumption will probably be 

small. 

The hydrolysis of deuteroborate in acidic light water yields 

small amounts of D but the chief product is ID. The percent of 

in the evolved gas varies slightly with temperature, as will be 

discussed later, but it is always less than 1 .5%. This srnall 

percent of D also depends on the deuterium content of the solid 

hydroborate. 

Figure 9 shows the percent D in the evolved gas vs percent in 

the hydroborate for a series of analyses by acid hydrolysis. The 

points on the graph show a nonlinear relationship, and plotted on 

the same graph is the solid line that represents a theoretical 

calculation which will be discussed below. 
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Table III. Experimental and Calculated values of the 

percent D2  evolved in the hydrolyses of deuterated KBH. 

Deuteriumin Hydroborate 

(%) 

D2  Calculated 

(%) 

100 1.30 

90 1.05 

75 0.73 

50 0.32 

25 0.08 

10 0.01 

0 0.00 

Composition of gas evolved by acid hydrolysis of 

deuteroborate M. 
H2  95.38 88.69 	84.08 62.83 16.71 	9.51  

ED 4.62 11.29 	15.85 36.911 82.110 	89.37 

D2  0.00 0.02 	0.065 0.23 0.89 	1.09 

HD+2D2  11.62 11.33 	15.98 37.110 84.18 	91.55 

H2  8.1 3.10 

ED 90.77 95.62 

1.08 1.28 

HD+2D2  92.93 98.18 
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The theoretical curve is a plot of the statistical prob-

ability of getting D2  from a 5-coordinated intermediate that 

decomposes randomly 5.2% of the time. The remaining 911.8% decom-

poses by a path that gives HD exclusively (The reason før the 

choice of 5.2% will become apparent later.) The first step in the 

decompositipn of the 5-coordinated intermediate is illustrated by 

the following reaction 

• 	-  ,BDH+D 

-BD3  + H]). 

Then the BD or BD2H forms a similar intermediate by adding a 

molecule of water which then decomposes: 

BHD(OH) + D2  
B])3  + H 2 

 0 —> BED3(OH) \BD
20H) + ID. 

This process of adding water to fQrm a 5-coordinated intermediate 

continues until all the hydrogens are used up (1  steps). 

The first intermediate is either BDH, BD3H2 , BD2H3, BDH4 , 

or BH5 , where one hydrogen in each case came from the solvent. 

The relative amounts of these species depends on the percent D in 

the solid, and for the purpose of our calculation the amounts are 

determined by statistics only. It is obvious that D 2  can be 

obtained from only the first three of the five species listed 

above. If the probability of getting])2  for each of these three 

is known through the whole sequence of steps in the hydrolysis 1  

then the percent D2  expected from this statistical argument can be 

calculated. Figure 10 shows the scheme of reactions for BD1 H; 

the fraction of each reaction going by a given path is written as 
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a fraction at the appropriate arrow. 

For BDH the probability that the first molecule of gas 

will be D is 6110; for the second is 6/10 x 1/6 plus 4/10 x 1/2, 

or 3/10; for the third is 6/10 x 1/6 x 1/3 plus 1/10 x 1/2 x 1/3, 

or 1/10; and finally, there is no chance of forming D 2  from the 

last step. The total is 1.0 for all four steps which means that 

in the four steps in the hydrolysis of BD 1 H, one molecule of D2  is 

formed. When the solid is 100% D, 5.2% of the reaction must go by 

the random mechanism to give 1.3%  D2 . ( Extropolation of the 

experimental data to 100% D in the solid gives 1.3% D 2 .) 

Then, with the knowledge of the probability of getting D2  

from each of the species BDH(1.0), BD 3H2(0.5), and BD2H3(0.15) 

and the statistical composition of the solid with a given 

deuterium content, the percent D expected can be calculated. 

The fact that this theoretical curve fits the experimental 

data is consistent with a statistical distribution in the solid, 

if our mechanism for producing D 2  is correct. For example, if 

only KBD1  and KBH1  were present in the solid the curve would be 

linear.  

In one experiment hydrolysis of KBH in 99.60% D 
2 
 0 was 

carried out. To 10 ml of 99.93% D20 was added 0.10 ml of 36N 

sulfuric acid. The mass analysis of the gas evolved was 

4.16% H2 , 92.21% HD, and 3.63% D2 . These percents of 112  and D2  

are comparable. The correction for the small amount of protium in 

the D20 would lead to a smaller percent of 112,  but we do not know 

exactly what the isotope effects in the mixed solvent would be. 



However, equal amounts are expected of 112  and D2  if there is no 

exchange of hydroborate with the solvent, other than that which 

occurs when H2  comes from hydroborate in heavy water or when D 2  

comes from deuteroborate in light water. When H 2  comes from a 

hydroborate, deuterium from the solvent replaces one hydrogen, i.e., 

BH4  + D —> BDH —> 112 + BH2D. 

No conclusion can be drawn from the fact that 4.2% of H 2  is 

evolved from hydroborate in D 
2  0 compared With 1.3%  D2  from light 

water. The isotope effects which we have measured were for the 

major hydrolysis reaction, which is not random, and in these two 

experiments isotope effects due to deuterium on the boron and in 

the solvent are occurring. The interpretation is further complic-

ated by the fact that the major part of the hydrolysis goes to 

form 1W and this reaction has its own characteristic isotope 

effects. 

D. Equilibrium Constants for the Distribution 

of Deuteriuni Between Gas and Solid KBH 

1. Experimental procedure 

The deuteration bomb and furnace that are illustrated in 

Fig. 11 were also utilized for measurement of the equilibrium 

constant for the distribution of deuterium between the solid 

hydroborate and hydrogen gas. The temperature was maintained at 

53820C by adjustment of a variac that provided power to a tube 	- 

furnace. The temperature was read by means of a chromel-alumel 

thermocouple inserted into the thermocouple well in the bomb. 

The hydroborate sample was placed in a pyrex tube near the center 
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of the furnace. 

A tank of d.euterium gas, which was analyzed as 99.37% D 

(General Dynamics Corp.), and a 1000 - psi pressure guage were 

attached to the bomb by heavy-walled steel pressure tubing. 

Needle valves were also Inserted for removal of samples and for 

handling the apparatus during the cooling procedure. 

Before adding D2  the system was evacuated. In two of the 

runs the D2  cylinder was replaced by a H2  cylinder and the D was 

introduced by using previously deuterated hydroborate (37.4%). 

The samples of gas were taken by evacuating the system up to 

needle valve 1 and then closing valve 2 and bleeding a small 

amount of gas into the section between the two valves. The first 

portion of this gas was discarded and the procedure repeated 

before collecting the sample. 

The initial contents of the bomb for four runs are listed in 

Table IV. 

Table IV. Experimental quantities of solid and gas used. 

Run 	 1 	 2 	3 	4 

Initial P at R.T.(psi) 	 540 	630 
2 

Initial PD 	
516 	 590 

2 

g of KBH4  .nitially 	0.50 	0.20 
37.4% Df 

g of IH4  Lnitially 	 0.50 	0.40 
I o.o%D) 
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Fig. 11. Apparatus for the deuteration of KBH4. 
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The apparatus was cooled suddenly by removing the bomb from 

the furnace and placing it directly in front of a powerful 

electric fan. 

2. Criteria of equilibrium 

There are two different criteria for equilibrium which can 

be applied to these experiments: (a) The % H or % D in the gas 

taken as a function of time levels off at equilibrium. (b) The 

value for the equilibrium constant is approached from both 

directions. That is, even though deuterium originates in the solid 

in some experiments and in the gas in others, and also under widely 

different deuterium content In the system the same result must be 

obtained. The equilibrium composition of the gas at 811
0
K must 

approach the equilibrium constant of 3.81 for the reaction 

= 211]). However, this equilibrium constant is an insensitive 

measure of the nearness to equilibrium because the data indicate the 

gas approaches its equilibrium composition more rapidly than the 

reaction occurs between solid and gas(see Table v). 

In order to determine the composition of the solid at 5380c 

it is necessary to cool the reactants rapidly to quench the 

reaction and thereby leave the equilibrium undisturbed. A cooling 

curve for one of the runs is shown in Fig. 12. The cooling was 

carried out by rapidly removing the bomb from the furnace and 

placing it in front of all electric fan. This experiment indicates 

that the temperature is diminished about 100
0
C in the first 3 mm, 

and 200°C in the first 8 mm. By coarison with the curves of 
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Table V. Experimental data for equilibrium at 8110K. 

Run 1. Analyses of gas at various times (%) Analysis of solid 
(%) 

Time (hr): 0 12 34 Cooled after 
314hr 

H2  0 2.19 2.80 2.95 16.71 

ED 1.25 214.31 27.142 27.07 82.140 

98.75 73.50 69.77 69.95 0.89 

1) 99.37 85.65 83.148 83.148 

K 00 3.67 3.85 3.55 

Run 2. Analysis of gas (%) 	 Analysis of solid 

Time: 	Cooled after 62 hr 	 (%) 

112 	 0.148 	 8.15 

RD 	 13.06 	 90.77 

D2 	 86.146 	 1.08 

D 	 93.99 

K 

Run 3. Analysis of gas (%) 	 Analysis of solid 

Time: 	Cooled after 68 hr 	 (%) 

112 	 79.86 	 88.69 

ED 	 18.98 	 11.29 

	

1.16 	 0.02 

D 	 io.6 

K 	 3.89 
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Table V. Experimental data for eqjiilibrium at 811 °K. (Continued) 

Analysis of solid Run b. Analyses of gas at various times (%) 
Tirne(hr):12 42 65 Cooled after 

65hr (%) 

112 93.85 91.07 91.55 91.31 95.38 

HD 6.05 8.71 8.25 8.149 11.62 

0.10 0.22 0.20 0.20 0.00 

D 3.12 14.58 14.33 11.145 

K 	3.90 	3.79 	3.72 	3.95 
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or %H as a function of time in Fig. 13 we can see that the cool-

ing should be rapid enough because the half-life of the approach to 

equilibrium composition is 5 to 7 hr at 8i15c. 
The measured equilibrium constants are in satisfactory agree-

ment with the calculated13  values (3.81) when we consider that the 

systems being studied were largely deuterium or largely hydrogen. 

In these systems one of the species exists in very small amounts, 

which gives uncertainty to equilibrium-constant calculations. 

3. Results and Discussion 

The most straightforward expression of the reaction which 

occurs is simply 

(1) 	H (s) + 1)2(g) 	BD(g) + D(s). 

The measured values for the above equilibrium constant from the 

four experiments are (see data in Table Pt): 

Run 1. 2.06 

Run 2. 1.99 

Run 3. 2.09 

Run 1.  2.06 

mean 2.05 + . 03. 

This equilibrium constant was also calculated from the mea-

sured. B-H and B-D stretches in lH1 4  and ID respectively, and the 

frce_enerr functions already in the literature for ED and D 2 . The 

reaction can be broken down into two steps for calculation of the 

change in free energy, 
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(B-H) + D = H + (B-D) 

D+H = HD+D. 

For Eq. (2) the. F 11  is about equal..to LSH° . From our measured 

stretching frequencies of KBH and KBD, 2250  cm and 168o cm, 

respectively, the LH equals -815 cal/mole. The .F 11  for Eq.. 

(3) was calculated directly from the free-energy functions in the 

1 15, literature 1 , 
	

as -509 cal/mole. 

The sum of the free energies for this reaction give the 

calculated equilibrium constant for Eq.. (1) as 2.28. Better 

agreement with the experimental constant is obtained by consider-

ing a statistical distribution of deuterium in the solid and gas. 

On this basis an equilibrium constant of 2.0 is predicted. 

Agreement of this value with the experimental one of 2.05 is an 

argument for a very nearly statistical distribution of deuterium 

in the solid. 

Because also the n.m.r. spectra of solutions of partially 

deuterated hydroborate indicate statistical distribution within 

the accuracy with which the peak areas can be estimated (+ 10%), 

it is of interest to express the equilibrium more specifically: 

KBH Ii D 	+ D 	KBH D 	+ lID. 
x -x 	2 - 
	

x-1 5-x 

Then the following equilibrium constants are calculated from 

statistics and measured. 



K 	Run 1 	Run 2 	Run 3 	Run 4 	Calculated x 
(statistics) 

K1 	0.515 	0.496 	0.523 	0.515 / 0.50 

1(2 	1.37 	1.33 	1.39 	1.37 	1.33 

5 	3.09 	2.99 	3.14 	3.09 	3.00 

K) 	8.31 	7.92 	8.36 	8.23 	8.00 

It should be pointed out that this close agreement between 

experimental and calculated values is Implied in the previous 

expression of the data. If one should choose to write these 

equilibria in terms of HD and H2  when the amount of deuteriuzn 

present is small, the above constants are multiplied by 1/3.81, 

which is the reciprocal of the equi1ibritn constant at 8110K. 
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IV. TRACER STUDIES ON REACTIONS OF HYDROBORATE 

A. Exchange of Hydroborate with Solvent 

Parry and Giradot17  have reported that hyd.roborate does not 

exchange its hydrogen atoms with the water hydrogen atoms in an 

aqueous solution buffered at pH of 12.45 in 17.5  hr at 20 to 250C. 

It was necessary for us to firmly establish this fact for the 

slightly different conditions under which the deuterium isotope 

effect on rates of hydrolysis was to be determined. We confirmed 

this in some experiments tabulated in Table VI. The exchange was 

less than 1%, which is an adequate level for isotope-effect 

studies. 

The 550-hr run with KBD4  in 10M hydroxide was analyzed be-

fore and after the run. Slight exchange appears to have occurred 

here. In the 240-hr run of IH4  in D 2 
 0 the analysis was made 

after diluting the D 2  0 with H 2 
 0 and evaporating several times. 

The small amount of D could have come from the solvent instead of 

hydroborate. In any case, these experiments showed the exchange 

to be slow enough for our purpose. 

Quite by accident we learned that hydroborate does indeed 

exchange at a measurable rate at about 9000. The experiments 

which led to this discovery are described in a later section. 

Briefly, an attempt was being made to catalyze the exchange be-

tween hydrogen gas and hyd.roborate in basic solution at 900C. 

Although the original objective was not accomplished the very 

interesting observation was made that about 13%  of the hyd.roborate 

did exchange with the solvent at this temperature within 24 hr. 



- 

Table VI. Exchange of potassium hydroborate with the solvent 
under the conditions by which the kinetic studies 
were made. 

T( °C) 49.7 	 50.3 20 to 25 a 

Time (hr) 	 2140 	 550 17.5 

Solvent IM (oif) 	1OM( oio) PH = 12 Ca( C) 
inD2O 

Reducing agent 	KBH4 KBD IH4  

Analyses (%) 	after run 	after run-before run after run 

H2  99.34 	3.51 	2.44 99.93 

Hi) 0.66 	95.26 	96.24 0.07 

0.00 	1.23 	1.32 0.00 

a 	This study was made by Giradot and Parry and this result Is 

the average of three runs. 
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This led us to perform the following more careful kinetic study 

of this exchange reaction. 

1. Experimental procedure 

In these experiments 5 ml of solutions O.4l1 in hydroborate 

and lM to 5M in deuteroxide were used. The deuteroxide was pre-

pared by adding sodium metal to 99.82% D20. Individual solutions 

were prepared by taking an aliquot of a standard stock solution 

and diluting it with D 2 
 0 in a 5-cc volumetric flask. Because it 

was of interest to determine the effect of base on this rate, 

the ionic strength was kept at 5.4 with NaCl as deuteroxide was 

varied from 1M to SM. 

To avoid distillation of the solvent onto the colder parts 

of the apparatus, the design illustrated in Fig. 14 was used. To 

further reduce evaporation of the solvent, 5 ml of 5. 14M NaCl so-

lution was poured over the beads to saturate the air of the 

apparatus before solutions of hydroborate were added to the 

quartz tubes. Also, the whole apparatus was placed in the bath 

for 24 hr before the solutions were added. Solutions were then 

added at approximately bath tenerature. The apparatus has a 

standard tapered plug for removing aliquots of solution at vari-

ous times. Micropipets with volumes of 0.500  and 0.250 	were 

used. The aliquots were placed in the refrigerator until aria-

lyzed by acid hydrolysis in light water. 

Because the solvent was D20, it was necessary to dilute the 

d.euterium content with a large volume of light water in order to 

make possible uninbiguous interpretation of the mass analyses. 
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For this purpose 0.25 nil of solution was added to 50 nil of 1120 

in a vessel provided with a side arm for adding 1 nil of concen-

trated sulfuric acid, after evacuation. For a mass analysis gas 

was collected in sample bulbs by means of an automatic Toepler 

pump. The data are listed in Table VII. 

2. Results and discussion 

Figure 15 shows a plot of the log percent 112  from the acid 

hydrolysis of the substrate hydroborate against the. The rate 

was found to be independent of hydroxide concentration, as is 

evidenced by the curve for the data at 95.8
0  C. The heat and 

entropy of activation for the reaction have been calculated from 

data taken at 95.80C and 73.80C; the values are 25.9 kcal/mole 

and -10.2 eu, respectively. 

A hydride transfer mechanism such as the following is 

unlikely, 

BH = BR3  + 

H + D 2 
 0 = D + EDO 

D + BE3  = BH3D 

IC+D2o=ED+0I( 

Reaction 3 leads to exchange and Reaction 4 to hydrolysis 

of the hydride ion. The rates of exchange and hydrolysis were 

of comparable magnitude at the temperatures studied. This fact 

requires that the rate of reaction with a small steady state 

concentration of BE3  is faster than the reaction with 55M sol-

vent molecules. This seems unlikely since the reaction with 

the solvent appears instantaneous when NaB is added to water. 



T = 95.8°C 

Run 1 
Time (hr) 

112 
ED 

D2  

Run 2 

Time (hr) 

112 
lID 

D2  

Run 3 
Time (hr) 

lID 

0.00 1.25 

99.73 98.83 

0.27 1.17 

0.00 0.00 

0.00 2.92 

99.60 97.67 

0.40 2.33 
0.00 0.00 

3.25 9.75 
97.60 92.65 
2.40 7.35 
0,00 0.00 

9.60 23.27 

93.05 83.34 

6.93 16.66 

0.02 0.00 

23.42 
83.63 
16.32 

0.05 

33.83 

76.34 

23.56 
0.10 

0.00 2.63 9.33 23.25 33.67 

99.46 97.86 93.25 83.84 78.97 

0.54 2.14 6.75 16.16 21.06 

0.00 0.00 0.00 0.00 0.06 
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Table VII. Mass analyses of substrate hyd.roborate in D 2 
 0 at 

various times and temperatures. 

T = 73.70C 
Run 4 

Time (hr) 

112 
ED 
D2  

Run 5 
Time (hr) 

ED 

D2  

0.00 20.90 53.67 93.25 163.50 

99.57 98.54 96.35 93.62 88.57 

0.43 1.46 3.65 6.38 11.43 

0.00 0.00 0.00 0.00 0.00 

0.00 20.50 53.42 92.84 162.76 

99.60 98.61 96.57 93.23 88.08 

0.140 1.39 3.142 6.77 11.92 

0.00 0.00 0.00 0.00 0.00 
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Also, the reaction of NaH in D 2 0 has been reported to give 

87% ED, with the remainder H2  and This inicates that the 
 18 

rate of hydrolysis is much faster than the rate of exchange. 

Mechanisms that appear reasonable involve concerted attacks 

between hydroborate and D 2 
 0 or the terniolecular reaction with 

D 0 
+
and OD as follows: 

	

BH+D2O = 	 —D - BH3D + HOD 

	

D36 + BH + 0D = 	D 	-_--H ---- ö —D-4 BH 3D 

+ EDO + D 2 
 0 

We are not able to decide between these mechanisms from our 

kinetic data. 

B. Temperature Dependence of the D2-to-BD Ratio 

The small percent of D2  that always results from the acid 

hydrolysis of deuteroborate in light water could have a much 

different heat of activation from the reaction which gives ED. A 

temperature dependence of the percent of B]) and percent of D2  

would relate the difference in activation energies. 

If the, reaction which gives only ED and the one which gives 

D2  go through a conon intermediate, a mechanism such as the 

following would be appropriate: 

BD+HO=BDH 

•? D2+H2+2HD. 
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The reactions may also go through different paths, such as 

BD+H3OF kED 

and BD + H3O 	2 D4 2HD + H + D2 . 

The heats of the two reactions in these latter paths might 

be quite different because k involves attack of the H3O at a 

D on the BDj and the kD  involves the attach of H 0 at the B. 
2 

The * B for k and kD should also be different. 
2 

Experimental procedure 

The vessel used had two arms for two solutions, to be mixed 

after the whole system had equilibrated for 20 mm. in a thermo-

stated bath. A stopcock for degassing solutions and for collect-

ion: of gas after mixing the solutions was attached at the point 

where the arms joined.. In one arm was placed 1 ml of 0.1N hy -

droxide containing KBD with 98.2% D. These 1 ml aliquots were 

taken from a stock solution of the KBD in base so that the same 

solution was hydrolyzed at different temperatures (0.0, 22.6, and 

50.000. The second arm contained 5 ml of 6N sulfuric acid. It 

I 	 0 
was necessary to use silicone grease in the stopcock at 50 C. 

The entire quantity of gas evolved after mixing was collected by 

freezing the solution with liquid N2  and pumping off the gas with 

an automatic Toepler pump. The solution was allowed to melt and 

then was again frozen to liberate any entrapped gas. 

Results and discussion 

The % HD and the % D in the gas evolved were used to calcu-

late 	as follows. Each molecule of D is accompanied by two 
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molecules of HI) in the reaction giving the D2 . Also, one molecule 

of BD gives four molecules of HI) by the other path. Therefore, 

the following relationship was used for 

kED - (*HD) - 1  
2 	 () 

-  

A plot of the log 	vs i,k is shown in Fig. 16. The slope
kD  

gives 

- (6U)/(2.303), where L(L) is given by 

= ___ - 
	

= -0.60 kcal/mole. 

This difference in the changes in heats of activation is -0.60 

kcal/mole. From this is calculated the L(LS) of 3.8 eu where 

-LS=3.8eu. 

The heat of activation for the production of HI) is 0.6 kcal/mole 

less than for the production of I) 2. The activation parameters for 

the production of D are more compatible with the mechanism in-

volving the common intermediate, because different molecular vi-

brations of this species could lead to the production of either 

ED or D2. The ED production is more probable because a molecular 

vibration more readily leads to decomposition through that path. 

C. Gases Evolved in Strong Base 

The relative rates of reaction of hydroborate and deuterobor-

ate could be determined simply by analysis of the gases evolved 

from solutions containing mixtures of the two ions, provided each 

evolves a characteristic gas (112 or ED). Such a competitive re- 
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action is advantageous for the very basic solutions because the 

rates are extremely slow, and solvent effects are removed if both 

species react in the same solvent. When the reaction has proceed-

ed to a very small extent, the ratio of rates is 

kBI( 	H 	BD 

kB_ 	(ED) D1  

In order to make more than 95% of the reaction go by the mechanism 

which is pH-independent, it is necessary to use 10M hrdroxide con-

centration. However, our attempts to determine the isotope effect 

on the rate constant in this way were unsuccessful, for we redis- 

covered that hydrogen gas exchanges with the solvent under these 

conditions. This exchange of hydrogen gas with water was investi-

gated in detail by Wilmarth19  et al. in 1953.  They reported that 

exchange is base-catalyzed and occurs at a rapid rate at 100 °C. 

Our studies were made at 500C. After learning of the exchange 

problem from the, data in the top row of Table VIII, we attempted 

to use nonequilibrium conditions which might yield mostly the 

unexchanged gas. It is important that in each case the entire 

amount of gas evolvedwas removed.for analysis,so that the time 

measured indicates the period during which the gas was evolved 

in the flask. In general the data indicate that the % ED in-

creased with the time allowed for collection of the sample, either 

from hydroborate in heavy water or deuteroborate in light water. 

Also, the % D decreased with time in heavy water while the % H 

decreased with time in light water. These observations are 

seemingly incompatible with the explanation that the gas exchanges 
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Table VIII. Mass analyses of gases collected from solutions of lOM 
bases M. 

A • 	0.24 KBD I , in ic4 (OH) 

100-mi bulb 50-mi bulb 
10 days 	12 days 4 days 5 days 

H2  74.1 	64.4 76.2 68.0 
ED 25.0 	35.6 23.5 31.4 

0.9 	0.0 0.3 0.6 

D 13.4 	18.3 12.0 16.0 

0. 2M H4 	I n 10M (oD) 

100-mi bulb 100-mi bulb 

1 day 	1 day 	6 days 8 days 11 days 

H2  14.8 	17.5 	6.6 0.0 10.9 

ED 47.7 	51.3 	74.7 36.0 40.3 

D2  37.5 	31.2 	19.3 64.0 18.8 

D 61.4 	56.8 	56.6 82.0 68.9 

2. OM IH4  In 1M (oif) 

1Ahr lbr 

H2  6.35 5.16 

ED 74.98 91.10 

1)2 18.67 3.76 

1) 56.2 49.4 

0. 2M KBD4  In 10M (OH) 

15 mm 1 hr 3 hr 3 days 

H2  97.2 89.4 79.7 73.5 
B]) 2.7 10.3 16.9 26.1 

D2  0.1 0.3 3.14 0.4 

D 1.5 5.4 11.8 13.4 



6o 

with the solvent. On the other band, it is obvious that ex-

change does occur because in the gas from BD in light water the 

% D is less than 20%. 

We attempted to eliminAte exchange by removing the sample 

for analysis as soon as possible. Again the results, Row D in 

Table VIII and Fig. 17, are surprising in that the gas evolved 

in the shortest time shows more exchange with the solvent. 

All this could be explaIned on the theory that there is 

appreciable èupersaturation for considerable periods of time when 

gases are evolved from solution. When the solution reaches a 

certain stage of supersaturation, additional gases evolved es-

cape more readily into the gas phase where there is little oppor-

tunity for exchange. In Fig. 17 the gas approaches the composi-

tion of the solvent because even in short times such a small 

quantity of gas was evolved (1 to 5pM) that the rate of escape 

into the gas phase was slower than the rate of reaction. But in 

Row C of Table VIII the concentration of hydroborate was 2M, 

which enables this solution to reach its stage where the rate of 

reaction and the rate of escape in the gas phase are equal in a 

shorter time, and therefore less exchange occurs. 

With these observations it became apparent that the mass 

analysis of the gases evolved in strong base would, not be useful 

for kinetic isotope effects. This approach was abandoned in 

favor of absolute rate measurements to be described later. 

D. Attempts to Catalyze Exchange in Solution 

The deuteration of hydroborate by the gas-solid reaction is 

a convenient synthetic process but exchange in solution is of 
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interest because this process might give information about the 

nature of the hydroborate ion in solution. We had suspected that 

exchange might occur in the presence of a "cata1yst such as 

hydrogen gas and a strong base. 

1. Hydroxide ion catalysis 

Wiltnarth etal) 9  studied the exchange of D2  gas with the 

solvent in the presence of base. The reaction is base-catalyzed 

and has an activation energy of 23.8 kcal/mole. They proposed 

the following mechanism for the reaction: 

+ 0H 	
slOW D + HOD 

D+H20 fast+OH 

In this mechanism D is an ion in equilibrium with its solvation 

sphere before it reacts with a molecule of H 2 0 to give exchange. 

This mechanism was favored over one which involved a concerted 

attack by H20 and OH on D2 . It would seem that such a concerted 

attack would also show acid catalysis but the exchange is not 

acid.- catalyzed. 

The following experiment was performed to study the possi-

bility of carrying out the exchange of hydroborate hydrogens with 

the solvent due to the presence of the hydrogen atmosphere. The 

supposed mechanism would be 

H2  + OH = H + HOE 

H + BD = BD3H + 

+ 1120 = ED + c. 
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Experimental procedure. 

Three ml of 10M hydroxide and 0.314 deuteroborate were placed 

in the 70-cc hydrogenation bomb (see Fig. U). A pressure of 

2000 psi of hydrogen gas was introduced to the bomb, and the system 

was heated to 85 0 
 to 90 

0
C  for 24 hr. An aliquot was removed for 

acid hydrolysis and mass analysis in order to measure the rate of 

exchange of the hydromatic hydrogens with the solvent. The same 

experiment without the addition of an atmosphere of H 2  was also 

performed, as a blank. Titrations of the reducing capacity before 

and after heating indicated that 7% hydrolysis had occurred in this 

time. This system of reactants was used instead of BH 1  in D20 

plus D2  gas only because the deuteroborate was available and a 

greater pressure of gas was available from the cylinder of hydrogen. 

Results and discussion. 

Table IX lists the results for this experiment. The signifi-

cant result is the occurrence of the same amount of exc1ange with 

or without the presence of the H2  atmosphere. This result was un-

expected but was important in that we then had evidence of exchange 

with the solvent in this temperature range and hydroxide concentra -

tion. This work led to the quantitative study of the exchange as a 

function of temperature and hydroxide concentration described ear-

lier. However, we were not yet ready to abandon the possibility of 

exchange between hydroborate and the solvent through H2  gas and 

base catalysis. The catalysis by the stronger base NH was then 

attempted. 

2. P.mide catalysis 

It is also known 
20 that the exchange of hydrogen gas with 

ammonia is catalyzed by the strongly basic snide ion. In fact, at 
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Table ]X. Composition of the gases evolved upon acid hydrolysis 
of the deuteroborate solution used in exchange experi-
merit M. 

Original solution 	 1 	 2 
without H2 	 without H2 	 with H 
without heating 	 with heating 	with heaing 

H2 	3.10 	 13. 4 	13.4 	13.8 	13.4 

ED 	95.62 	 85.7 	85.6 	85.3 	85.6 

D2 	1.28 	 0.9 	1.0 	1.0 	1.0 

-500C the rate constant for this exchange is approximately ten 

thousand times as great as that for the hydroxide catalysis at 

+1000C. Logically enough, this behavior is attributed to the rela-

tive base strengths of the ami.de and hydroxide ions. There is 

again the possibility in this reaction that there exists a steady-

state concentration of hydride ions which could exchange with hy-

droborate according to a scheme such as follows: 

H2  + NH2  = H + NH3  

+ BD4  = BED3  + 

+2= ED + NH. 

The object of this experiment was to mix H2, NH, NH 3, and BD in 

the same vessel and measure the exchange that occurs. 

a. Experimental procedure. 

A potassium amide solution was prepared by addition of a clean-

ly cut chunk of potassium metal to 10-ml Uquid ammonia. A 0.04-g 

chunk of the metal was cut inside a dry bag (polyethylene) filled 

with a N2  atmosphere which was previously dried, by slow passage 

through Mg(Cl04 )2  and copper turnings heated to 4000C. 
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Decomposition of the blue-colored potassium-ammonia solution 

was catalyzed by a "clean" rusty nail. The color disappeared after 

30 nin at _450C. At this time the nail was lifted from the solution 

by means of a small horseshoe magaet and held there for the dura-

tion of the experiment. A potassium deuteroborate pellet was than 

added from a side arm. After the pellet dissolved, an atmosphere 

of tank hydrogen was added (about 50 cm pressure). The tempera-

ture was maintained at -630
C for 24 hr with a chloroform slush 

bath. 

The run was terminated by distilling 1 nil of 1120  into the 

ammonia to react with the amide and then pumping on the solution 

until all the ammonia was removed. A small portion of the remain-

ing solution was hydrolyzed by adding acid to produce a gas saiile 

for mass analysis. 

An identical procedure was followed on a solution to which no 

hydrogen atmosphere was added. Also, the amide solution was 

thoroughly degassed before adding the deuteroborate. 

b. Results and discussion. 

Identical mass analyses were obtained on the gases evolved 

from the two experiments. These analyses also agreed with the 

composition of the deuteroborate used. 

We cannot conclude from this that there are no hydride ions 

in this solution, but it is a definite negative result for exchange 

under the conditions used. 

E. Production of Deutero-germane with KBD 

Piper and Wilson21  reported the preparation of germane 

containing 20 to 25% deuterium by addition of sodium hyd.roborate 
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solution to acid Ge IV solution containing 45%  D20. They con-

cluded that this indicates some mechanism of formation of germane 

other than hydride transfer because hydroborate is known not to 

exchange with the solvent under these conditions. 

GeH3D has been prepared22  by reaction of DC1 in di-n-butyl 

ether with sodiuni germariyl and by reaction of LiA1D with GeH 3Cl. 2  

Also, GeD4  and some higher deuterated germanes have been prepared 

by reaction of Mg2Ge with DC1 in D2O.2  The appearance of some 

protluin in the germanes was attributed to exchange with light 

water in the system during the latter investigation. 

Weston studied the kinetics of the exchange of PH 3  and D 2  0 

and reported general acid and base catalysis. 25  Also, equilibrium 

studies on the distribution of deuteriumn between AsH3 26 or 

PH3 27  and water have been done. 

We wanted to verify that germane does exchange with solvent 

and qualitatively to determine the rate in order to interpret 

the results of a preparation of GeD using deuteroborate. 

1. Experimental procedure 

Three experiments were run to measure the exchange of ger-

mane in acid, base, and neutral solutions. Three 10-mi vessels 

with ground-glass joints and stopcocks for introducing the D 20 

and germane were used. In one was placed 5 ml of 114 acid; in 

another, 5 nil of heavy water; and in the other, 5 nil of lM base. 

In all cases D 2 
 0 was used as the solvent. This was made acid 

with concentrated sulfuric acid and basic with solid NaOH. In 

each case the % D in the solvent was at least 95%. Twenty centi-

meters of germane was placed over the solutions before placing 
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the vessels in a vigorous automatic shaker for 1 hr at room 

temperature (240C). The germane was removed and pyrolyzed in a 

quartz tube at 10000C by recycling the gas until no more H2  

could be collected. Mass analysis was taken on these gases. 

The procedure worked out by Jolly
28  for the preparation of 

germane was followed in the preparation of d.euterogermane with 

deuteroborate (98,8%) and. Ge02. As illustrated in Fig. 18, a 

30-cc three-necked reaction vessel was fitted with d.ropping 

funnel, a N2  inlet tube, and an exit tube going to a series of 

traps for colleetion and purification of the product. The pro-

duct in a -1960C trap in Fig. 18 was purified by two passes 

through a -1120C trap to another -1960C txap. A portion of the 

product was decomposed by pyrolysis as described above. The in-

frared spectrum of another portion was recorded by a Perkin-

Elmer Infracord in a NaCl cell. 

2. Results and discussion 

Table X Indicates that about half of the hydrogen of GeH 1  

did exchange with the solvent within 1 hr, and that the exchange 

occurs approximately to the same extent in 1M acid, neutral, or 

1M base. This exchange occurs at a considerable rate when we 

consider that the exchange occurs in solution and a small amount 

of the Gefl is dissolved. The rate of exchange In solution Is 

Rate in solution = apparent rate x moles in gas moles in solution s  

This rapid exchange could be utilized as a very simple method 

for preparing GeD. The GeH4  can be prepared by any of the 

usual methods then shaken with a few ml of D 2 0 until completely 
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Table X. Gas analyses of decomposed GeH 

After shaking solutions 1 hr.a 

(3fl 
1MD 2 	1 SO 1MNaQD D20 

4 20.5 cm 20.5 cm 20.5 cm 

Vol. of soin. 5.0 5.0 5.0 
(ml) 

Vol. of gas 6.0 6.1 6.3 
(ml) 

H2  (%) 45.1 56.9 62.9 

B]) (%) 26.4 15.2 17.5 

D2  (%) 28.5 27.8 19.6 

D 	(%) 41.7 35.4 28.3 

Prepared from KBD* a 

analysis of lD4  analysis of GeH 

H2  (%) 2.1414 7.02 

ED 96.23 42.20 

D2  (%) 1.32 50.78 

D 	(%) 98.87 71.88 

a 	
Gas analyses were made on gas produced in pyrolysis of germane. 



70 

exchanged. This is more convenient than the nthod used previously. 

The infrared spectrum of the d.euterogermane showed peaks at 

2100 cm and 1510 cm that correspond to the Ge-H and Ge-D 

stretching frequencies. The mass analysis of the pyroiyzed ger-

mane gave 71.88% D. Considering that the exchange occurs rapidly 

it seems reasonable that germane received all four of its hydro-

gens from hydroborate in this reaction, and that subsequently there 

is some exchange with the solvent. The observed exchange of 

germane with the solvent also explains the introduction of deuter-

iuin into the germane prepared. by Piper and Wilson.21 
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V. DEIYTERIUM ISOTOPE EFFECTS UPON HYDROLYSIS RATES 

Several review articles on the subject of isotope effects 

on reaction rates appear in the current literature. Isotope 

substitution provides an important tool for probing into the 

detailed nature of the activated complex for chemical reactions. 

The theoretical basis for isotope effects will be discussed only 

briefly here. This discussion is based on the presentation by 

Melander in his book. 29  

For the general reaction 

A+BM+N, 

the rate is given by the following: 

Rate = K' kT K* [AliBi 	7A7B  
[M*][N] 
	YN ' 

where K' is the transmission coefficient, y is the activity 

coefficient, and K*  is the thermodynamic equilibrium constant for 

the activation equilibrium. Because, classically, equilibrium 

constants contain partition functions in the form 

K = ii Q products 	e _Eclass/RT, 
It Q reactants 

where 	lass is the classical heat of reaction at absolute zero, 

the constant of the activation equilibrium is also written in terms 

of partition functions. Many terms are canceled when ratios of 

rate constants are written instead of individual rate constants. 

The ratio of rate constants for two isotopes can be written 

simply as 
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k 	S xS* 
lx 2 	1 

iç S1xS 

exp 
1  
3n*_7 

[- 
=  

I 

3n-6 

* - 2 + :1.1 	1 
I 

(u. 1_u. 2 )] 	(12) 

where S is the symmetry number, n is the number of atoms and u is 

hv/kT. This expression is the zero-point energy approximation. 

All the vibrations of the reactants and transition state that do 

not involve the isotopes 1 and 2 cancel in this approximation. 

The diagram (Fig. 19) showing the potential energy as a 

function of the reaction coordinate shows the zero-point energy 

levels for the reactants and transition state. It is the 

relatively sinail difference between the two differences in zero-

point energies for the two isotopes, 1 and 2, in both the 

reactants and the activated-complex which gives rise to the isotope 

effect. It is unrelated to the activation energy for the process. 

There are refinements to this approximation involving zero-point 

bending frequencies. The reader is referred to Ref. 29 for a 

discussion of this topic. 

On the practical side, large isotope effects indicate that 

the bond to that particular atom has been broken in the rate-

determining process. Because of the large deuteriuin-to-hydrogen 

ratio of masses, isotope substitutions in species containing 

hydrogen are especially fruitful. 

The role of the solvent in reactions can also be studied in 

this way. For example, the use of D 2 0 as the solvent gives 

information about the reactions such as 

A+H 

then, 	 AR r)products, 
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where the first equation is a pre-equilibrium before the slow 

step with rate constant kr• This class of reactions proceeds 

faster in D 2 
 0 because D 2 

 0 is a weaker base than H20, and therefore 

provides deuterons more easily to the base A. 

A. Reaction by Acid Mechanism 

In that pH region where the hydrolysis is first-order in 

hydrogen ion concentration it is convenient to measure the iso-

tope effect on the rate by either the competitive method or by the 

absolute rate method, because a suitable half-life can be obtained 

by proper selection of pH and temperature. 

Around pH of ten the hydrolysis has a half-life of a few 

hours at 50
0C. Tracer experiments already described have 

indicated that there is no exchange of the hydroborate hydrogens 

with the water under these conditions, to complicate interpretation 

of the results. 

1. Competitive method 

The advantages of carrying out simultaneous reactions of 

the hydroborate and deuteroborate in the same medi'mi are obvious. 

One need not be concerned with the possible existence of catalytic 

impurities, exact duplication of solvent and ionic strength, 

temperature fluctuations in a bath containing several solutions, or 

any other sources of error of these types. It is this method of 

measuring the deuterium isotope effect on the hydrolysis that is 

referred to as the competitive method. 

The treatment which was derived by Bigeleisen and Wolfsberg 3°  

for a general case has been applied to the hydroborate-deuterO- 
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borate system in the following way. 

The reactions can be written 

BH + H3O 	1 >products 

and 

BD + H3O 

At a given time the two reactions give the following simple 

relationship of the concentrations: 

log (Bc) = log (BD) x kH 	
(13) 

(BH)0 	(3D11)0 kD 

Here (BH) 0  represents the concentration of hyd.roborate at 

the start. Then by defining the ratios 

R = (BD) 	 (BD) andR0 - 

(Bc) 	 (3H4 )0  

and the fraction of reaction 1-f = (Bc) + (BD) , 

(BC) +(Blf) 
4o 

the ratio: of rate constants is simply. 

kD 	log R/RQ 	 (11) 

l+R log(l-f)( 	0) 
1+R 

This equation enables one to calculate the ratio of rate constants 

from a knowledge of the fraction of the reaction which has occurred, 

f, and the ratio of hydroborate to deuteroborate at the start and 

also at the time required for fraction f to react. The treatment 

just described is based on the analysis of the substrate 

reactants at zero time and after some fraction of reaction. There 
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is yet another competitive method which is based on the product 

of the reactions. This latter method can be described in the 

following way. For the two reactions with H 3 
 0 the rates can be 

written in terms of the product formation, such as 

d(x') = kD [(BDj)0  - x] [H-i-) 	 (15) 
at 

and 

d(x) = 1c.[(BH) - x] [H). 	 (16) 

dt 

Integration and setting the time of reaction equal for the two 

leads to the following relationship: 

	

r (BH) -x 1 	r (BDj) 	- x'1 	17 
log 

[ 	
° 	I = log [ 
	

° 	
j 

ç 	(BH) J 	 (BD) 0  

Then, by defining the ratio of the products of the deuteroborate 

hydrolysis to the products of hydroborate hydrolysis as 

+x 
R = x

F  and the fraction of reaction as 1' = x  
X 	 (BH) 0  + (BD) 0  

the following expression is obtained: 

kD - l\ log 	
/1 + R \ 	+ 	f(l+Ro)RL+Rx) 1 

( 

[(1f1 + Rj] 
log 

L 	Ro 	f) (1+Ro/1-RX)j (18) 

'¼c1 
The equation based on substrate analysis is more accurate for 

very large fractions (>0.9), and the method based on product 

analysis is more accurate for small fractions of reaction(< 0.1). 

Except in these extreme cases the two methods should give the same 	- 

result if there have been no experimental errors, such as 
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loss of some of the product or errors in mass analyses of substrate 

or product. 

a. Experimental procedure. 

A mixture of 0.012 g of KBD4  (91.9%) and 0.012 g of KBH 

was placed in 5 ml of solution buffered with boric acid and 

borate. The solution was placed in a pyrex vessel having a stop-

cock and side arm for later addition of acid to the unreacted 

material. The solution was placed in a bath for 1 to 2 hr, 

depending on the rates which were known approximately from kinetics 

work done previously. In various runs the fraction of the total 

reducing capacity which reacted was from 0.15 to 0.87.  In each 

case the quantity of gas evolved was determined by freezing the 

solution with liquid nitrogen and transferring the gas to a known 

volume by means of an automatic Toepler pump. 

The experiment in D20 was performed by using a borate buffer 

prepared from Na metal, and deuteroboric acid which had been 

prepared by evaporation of D 2  0 from dissolved material. The buffer 

was prepared by adding the Na metal first, and the pH was obtained 

by adding the boric acid a little at a time. Air was excluded 

during this time by using a. large three-holed rubber stopper to 

hold the electrodes. 

2. Absolute rate method 

Besides the competitive method that employs mass specto-

graphic analysis of gases evolved from hydroborate and deutero-. 

borate solutions, we also used the straightforward chemical 

method of following the rates of reaction separately for hydrobor- 
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ate and deuteroborate in the saie thermostated bath and with 

elimination of as many of the other variables as possible: ionic 

strength, pH, impurities, etc. In some experiments, however, the 

solvent itself was changed with the hope of obtaining information 

about the role of solvent in the hydrolysis reaction. Experiments 

were run at 25.0 and 49.70C on the various systems. 

a. Experimental procedure. 

A borate buffer in light water was used at +9.70C. Initial 

concentrations of bydroborate and d.euteroborate in 100-mi portions 

of the same buffer were 0.001 25M and 0.0038114, respectively. In 

anther experiment the hydrolysis was followed for 6.0321M and 

0.0353M hydroborate solutions in borate buffers in light and heavy 

water (97.8% D). The pH of each of these solutions was recorded 

in order to correct for any difference in pH between the two solu-

tions in the calculation of the ratio of the rate constants. The 

conventional pH meter records the concentration of deuterium ions 

when Calomel and glass electrodes are used. 31  These solutions 

were placed simultaneously in a bath at 21.85°C, and aliuots 

were titrated by the iodate method after regular time intervals. 

3. Results and discussion. 

It should be repeated at this point that the activation 

parameters for the path under scrutiny here were 8 kcal/mole and 

-3 eu (see the section on Kinetics). The two methods for measure- 

ment of kBH1/kBD concur in the inverse isotope effect of 0.73 in 

light water at 250C (Table XI). This value also agrees with that 
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Table XI. Deuterluin isotope effects 

Competitive method 

Solvent 	Fraction of pH 	T o 	 H reaction 	 ( c) 	 4 
kBD 

Substrate Products 

1120 0.150 10.00 25.0 0.74 0.72 

1120 0.867 9.80 49.7 0.81 0.81 

D 
2 
 0 0.173 9.85 49.7 0.74 0.74 

Absolute rate method 

Reducing Solvent pH T Rate kBH 
4 0 

agent ( °c). constant 
(mm_i) kBD 

2 

BH1 1120 9.80 li.9.7 3.32 x 102 
0.77 

BD 1120 9.80 49.7 4.33 x 10 2  

BH4  H 0 2 10.28 25.0 4.71 

BH D20 10.26 25.0 1.26 x 10-3  
3.91 

BH4  D 2  0 9.6p 24.9 3.02 x 
0 62 

BDj D20 9.68 24.9 4.88 x lo 
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measured by Davis, et al. 32  who simultaneously obtained 0.70 by 

the use of the lodate method.' Reactions In which the deuterated 

species reacts faster than the protonated species are rare. Some 

small inverse secondary isotope effects have been reported. 32  A 

secondary isotope effect occurs when the deuterium is substituted 

at a position in the molecule that is not directly involved in the 

bond-breaking or bond-forming of the rate-determining step. 

Davis et al. 32  have suggested that it is largely this secondary 

effect that gives rise to the observed inverse effect in this 

reaction. This explanation postulates "bond stiffening" in the 

nonreacting bonds in the transition state, compared with the 

hydroborate ion. The solvent isotope effect (kH 
2 o/ 0 ),which has 

2 

not yet been reported for this reaction, is 3.9. The solvent 

effect for the reaction of hydroborate with phenol has, however, 

been reported as a normal isotope effect of 4 which indicates that 

the slow step does involve hydrogen transfer from solvent. 33  The 

hydrolysis also indicates that hydrogen transfer from the oxonium 

ion is part of the rate-determining step. This result rules out 

the possibility of a pre-eq.uilibrium such as 

BH + H 
3  0 
	BH5  + H 2  0 

BH5 slow> products. 

Reactions of this type normally proceed faster in heavy 

water than in light water because of the weaker basicity of heavy 

water with respect to light water. 28 

On the basis of a model in which the 0-H and B-H bonds are 
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completely broken in the activated complex, one calculates from 

Eq. (4): kBH 4' /kBD4 = 4.0 and kH2 
	2 

0 = 13.0 For this 

calculation the measured values of stretching frequencies for 

B-H and B-D in a sample containing 35% D were used 

(2250 cm
-1  and 1680 cm

-1  ). The measured stretching frequencies 

for H 2 
0 and D20 as reported by Libby34  are 3825 	and 2758 cm. 

This model does not represent the data at all well. However, if 

one considers the new bond formed in the activated complex, such 

as 

H 
3 

 B H H 

the calculation based on Eq. (4) then gives 

= ex[ 	(3817_4405_1680+2250 )} 0.96. (19) 

The stretching frequencies for H 2, HD, and D. are reported by 

Libby also (4405, 3817,  and  3117,  respectiveiy). 4  

And 	 = exp [ 
	

( 3817-4405-2758+3825)] = 3.2 	(20) 

for the reaction of hydroborate in light and heavy water. These 

values more nearly correspond to the experimental values of 0.73 

and 3.9. One could rationalize that the agreement could be made 

perfect by adjusting the extent to which the old bonds were 

weakened and the new bonds formed. The physical model in the above 

calculation is the situation in which BH3, H2, and H2O 

H3B H—H 

are formed. Better agreement would be obtained from the model in 

which the H2  was not quite formed and the BH3  was still attached. 



Further evidence supporting this model is furnished in a later 

section which reports on a study of the competition between 

hydrogen ions and ferricyanide ions. The conclusion from that 

work is that a species such as BH 5  would explain that data. 

A mechanism which requires the attack of the proton at the 

boron, such as 

H' 	 'H 
H 

would likely give a ratio of kB -/kB - greater than unity, based H4  

on the primary isotope effect. Also, because of the symmetry of 

the activated complex, this mechanism would lead to a great deal 

of exchange with the solvent, which we know does not occur in acid 

solutions. A symmetrical BH 5  such as this could not be expected to 

decompose to H]) almost exclusively (the hydrolysis of BD in H 20 

gives ED to D2  in the ratio 76:1). 

B. Reaction by pHIndependent Mechanism 

Based on the rate constants from the kinetic study, the re-

action proceeds 90% by the pH-independent path in 1OM hydroxide 

solution. We have previously demonstrated the need to use an 

absolute rate measurement of the rates of reaction under these 

conditions because of the exchange between the gas evolved and the 

solvent. The reaction is very slow at 500C at this hydroxide 

concentration. Less than i% of the reaction occurs in 2 weeks. 

In order to follow this reaction, the quantity of hydrogen 

evolved in a given time was measured since very small amounts of 

gas can be measured accurately. The extent of this reaction is 



far too little to permit use to the standard iodate chemical 

analysis. 

I. Experimental procedure 

The 10M hydroxide solution was prepared by first preparing a 

very concentrated sodii hydroxide solution from which the 

insoluble carbonate was filtered. After determining the hydroxide 

concentration by titration with standard acid, the solution was 

diluted to give lON hydroxide. Then the hydroxide concentration 

was again measured by titration of a sample, as a final check. 

About 0.3M solutions of both hydroborate and deuteroborate 

(98.8% D) were made up from this stock lOM hydroxide solution. 

The concentrations of hydroborate and deuteroborate were deter-

mined by the iodate method. These concentrations remained con - 

stant to within 1% throughout the runs. 

The apparatus for the collection of the hydrogen gas from 

these solutions is illustrated in Fig. 20. The essential feature 

is the Hg float valve which can be submerged in the bath at 50 0C. 

Greases are unsatisfactory for use at this temperature. The Hg 

level in the valve was raised during the run so that the gas 

evolved remained in the bulb at the left until the apparatus was 

removed for measurement of the quantity of gas present. 

Likewise, hydroborate and deuteroborate solutions in D 2  0 

(99.82%) were prepared. The method for preparation of 10M sodium 

d.euterorld.e solution was that previously described. Briefly, 

sodium metal was added to D 2 
 0 in such quantity as to prepare an 

excess of> 10M deuteroxide. The concentration of base was 
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Fig. 20. Apparatus for the measurement of hydrolysis rates 
in 10M base. 
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determined by titration, and then was adjusted to 10M by dilution 

with D20. Contact with air was avoided by handling the D 2 
 0 and 

heavy water solutions with hy-podermic syringes. 

The quantity of gas evolved in a given time was measured 

manometrically in a known volume by transferring the gas with an 

automatic Toepler pump. The solutions were thoroughly degassed by 

repeated freezing and thawing before starting a run and when 

removing the gas evolved. 

2. Results and discussion 

The results of the hydrolysis (Table XII) in 10M hydroxide 

are unusual in that the ratio of kBH_/k_  is different for each 
4 

solvent: 0.5 for light water and 1.4 for heavy water; and the ratio 

kO/kDO is different for BH (3.3) and BD (10). The isotope 

effect on the reaction of hydroborate and d.euteroborate in light 

water resembles somewhat that in the pH-dependent path, but the 

other effects are all quite different. The net result is that 

the production of liD is favored over the symmetrical species 

H2  or D in the systems 

BH + 1120 —> 

BD + 1120 —> 41w, 
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Table XII. Rates and ratios of rates in 10M base. 

Run 1. 

System BH + H 2  0 
BD 	+ H 

2 
 0 BH 	+ D 2  0 

BD 	+ D 
2 
 0 

(BH)a 0.3395M 0.2830M 0.3410M 0.2930M 

9.75M 9.75M 9.66M 9.66m 

Rate x 109(min) 5.07 11.1 1.55 1.09 

(BH 	a 

Moles of gas evolved per min x 109  

1.79 3.15 0.520 0.318 

1.73 3.15 0.530 0.318 

1.67 3.20 0.530 0.328 

1.68 3.12 0.311 

(mean) 1.72 3.15 0.527 0.319 

Run 2. 

System BH + H20 BD 	+ H20 BH 	+ D20 BD 	+ D20 

0.4231 M 0.3028M 0.3746M 0.3141M 

(DH_)a 10.39M 10.39M 10.16M 10.16M 

Rate x. 109(min) 5.08 11.0 1.50 1.08 
(BH)a 

Moles of gas evolved per min x 109  

2.13 3.36 0.572 0.333 

2.17 3.31 0.553 0.31 

(mean) 2.15 3.34 0.563 0.339 
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Table XII. 	Rates and ratios of rates in 10M base. (continued) 

System 	
BH 	+ H20 BH 	+ D20 BD 	+ ff20 	BH 	+ H20 

BD + H20 BD + D20 BD + D 
2  0 
	BH 	+ D 2  0 

Ratio of 
rates 	 0.16+.O1 	1.41+.03 	10.2±.2 	3.33+.06 

aspecies  that contains either hydrogen or deuterium, depending 

on the system studied. 

I! 
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BHJ  + D20 —> 4HD, 

BD + D20 —> 4D2 .. 

The activated complex for this reaction might be 

DB 	'O—H —> ED, 

so that the ED is always produced faster than H 2  or D2  from the 

same solvent, i.e., 

H 
HB 	'O—H —> 112• 

In either case the reaction is faster in light water than in 

heavy water. Qualitatively one might expect the unsymmetrical 

species to be slightly less stable. We are unable to give any 

quantitative treatment which would yield these results. Possibly 

the mechanism in the D 2  0 is appreciably different, so that the 

data in the two solvents are not pertaining to isotope effects of 

the same activated complex. If the activated complex is similar to 

that in the reaction between hydroborate and oxonium ion, then the 

following ratios of rate constants can be calculated from the 

stretching frequencies already listed. Calculations based on two 

models follow. 

1. BE 	H—H OH 

For Model I 	 is 4.0 and 	2°  is 13.0. 

kBD 
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II. BH3  H—H OH 

For Model II, the ratio 	H4 in light water is 0.96 and in heavy 
kBD 

kH  
water is 0.73, and the ratio 	20 for hydroborate is 3.2 and 

for deuteroborate is 3.8. 

Neither of these models explain the effect of the solvent on the 

ratio of 	H4 • Model II better describes the data in light 
kBD 

water. In D 2 
 0 the data is better represented by Model 1. 
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VI. STOICHIONETRY OF SOME REACTIONS OF 

The stoichiometry of the reactions of hydroborate with 

iod.ate, permanganate, hypochiorite, and hydrogen ion are 

quantitative and have been used as ana1rtica1 methods for hydrobor-

ate. 1  The permanganate and hypochiorite reactions are quantitative 

in basic solution. Often the reductions with hydroborate in acid 

yield hydrogen gas as well as the other products. We have studied 

the stoichiometry of two reactions which compete with the hydro-

lysis for the hydroborate - the reduction of As III and the 

reduction of ferricyanide. 

A. Reaction With As III 

Jolly has measured the yields of hydrides produced upon the 

dropwise addition of basic solutions of hydroborate, containing 

various Group IV and V elements, to an acid solution. 
28 In the 

case of As III a yield of 60% was obtained, based on hydroborate. 

An appreciable quantity of brown solid was also produced. We were 

interested in the amount of hydroborate used in the reduction of 

the As III compared to that yielding hydrogen gas. 

The apparatus previously described for the preparation of 

hydrides (Fig. 18) was used for the reaction, except for the 

nitrogen flow for sweeping out the volatile products. Instead, a 

Toepler pump was used after a series of traps to collect the 

hydrogen in a known volume. Liquid nitrogen was placed on two of 

the traps, and the second one contained glass beads to ensure 

efficient trapping. After the reaction was completed and the 
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evolution of hydrogen ceased, the crude AsH 3 .was purified by 

passage through Ascarite, magnesium perchiorate, anda -950C  trap. 

The yellow solid residue left in the original liquid-nitrogen trap 

was presumed to be the higher hydride of As known to result from 

the decomposition of As 2H. The solid material deposited in the 

reaction vessel was removed by filtration. The hydrogen content 

of the solid was determined by decomposition in a quartz tube by 

flaming until no more hydrogen was evolved. 

The amazing results show that 87%  of the hydroborate reacts 

with the As III, and the remaining 13% with the solvent to 

liberate hydrogen (see Table XIII). This is an amazing result 

because we know the acid reaction to be very fast from our kinetic 

experiments. The rate constant at 25
0C indicates a half-life of 

1 I.Lsec for the hydrolysis. Also, the reaction of As III with 

hydroborate in base is very slow. The solution darkens upon 

standing as the arsenic hydride begins to form. Because we do not 

know the rate law for the reduction of As III we cannot conclude 

what species is doing the reduction, however. 
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Table XIII. Products of reaction between KBH 4  and As III 

Moles Equivalents %(based. on KBH4 ) 

1H48  000741 0.05928  

A s 2  0 3 
0.01225 

H2  0.00393 0.00786  13.3 

As 0.00416 0.01248 21.0 

(AS2H4)b 0.000696 0.00348 5.9 

AsH3  0.00591 0.03546 59.8 

100.0 

a000741 moles of IH4  and 1.213 g of As203  in 5 ml of solution 

were added to 45 ml of 4N sulfuric acid solution. 

bAH was calculated assuming that unaccounted-for KBH 4  went to 

formation of As 2H4  -- its presence was observed when gaseous 

products were allowed to warni, and an orange solid residue formed. 
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B. Reaction with Fe(CN) 

The kinetics of the reaction between the ferricyanid.e ion 

and hydroborate ion in basic media was reported by Freund. 35  

The ferricyanide is reduced to ferrocyanide by the reaction 

8Fe(CN) + 4H 2 0 + BH = 8Fe(CN) + 8H + B(OH). 

The rate law for the reaction is 

-d [ Fe(CN) 63  ] 
dt 

= k(H)(BH4 ). 	 (21) 

As Freund pointed out, the rate law and rate constant for the 

reaction are the same as for the hydrolysis. Therefore, the rate-

determining step is the same for both the reaction with ferricyanide 

and the hydrolysis. 

A study of the competition between the solvent and the 

ferricyanide for hydroborate would yield information about the 

products of the rate-determining step. For example, if the products 

of the first step )  which does not involve ferricyanide, were BH 3  

and 	the ratio of the equivalents of ferrocyanide formed to 

hydroborate reacted could be no greater than six since there are 

six equivalents of reducing capacity in BH 3 . Ratios less than 

six would not be helpful to discussing the mechanism but ratios 

greater than six would imply that BH3  and H2  could not be the 

products of the slow step. 

1. Experimental procedure 

Because of the reported light-catalyzed decomposition 3  

of ferricyanide to ferric hydroxide, ferrocyanide, and hydrogen 



cyanide, the thermostated bath was covered with black photography 

paper to keep out light. Solutions of ferricyanide and hydroborate 

in 0.01N hydroxide were prepared. The ferrocyanid.e formed during 

the reaction was titrated with standard 0.1N permanganate solution. 

The reduction by permanganate proceeds quantitatively by the reaction 

5Fe(CN) + Mn0 + 8H = 5Fe(CN) +Mn+2 + 4H 20. 

This method of analysis is described by Swift. 37  In each case a 

blank was run to determine the amount of permanganate in excess, 

to give the visible end point. Also, blanks were run that con-

tamed ferricyañide and no bydrbborate. 

A 19.70  C bath was used in this study, and the solutions 

were allowed to stand for 20 days, which is sufficient time for 

10 half-lives to occur by the hydrolysis alone. At this point acid 

was added to a portion of the solution in vacuo to check for 

completion of the reaction. A negligible amount of gas was 

evolved. 

2. Results and discussion 

The results of these runs in 0.01N hydroxide indicate that 

more than six equivalents of the reducing capacity of hydroborate 

are effective in reducing the ferricyanide (see Table xri). If 

BH3  is produced in the first step this number could not exceed six. 

Apparently all the products of the first step are effective in 

reducing ferricyanide. If there is only one species produced in 

slow step, the formula is BH 5 . The rate law for the reaction 

indicates this. It seems unlikely that two species such as BH 
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and H are produced in this step, because the ferricyanide uses 

nearly all the equivalents of the reducing capacity of the 

hydroborates (7.5). We were unable to detect the presence of 

free radicals during the hydrolysis reaction by using electron-

spin resonance. This technique set a permissible upper limit for 

concentration of free radicals at about lOAM. This does not rule 

out the possibility of a free-radical mechanism but there is no 

positive evidence found by ESR. 

The speculation about the nature of BH 5  is complicated by 

the electron deficiency in the species. However, some possible 

spatial configurations for the molecule are as follows: 

H 	 H 	H 

The structure I consists of a trigonal plane with BH3  and hydrogen 

above and below the plane one of which comes from the solvent 

(circled in the drawings). The structure II consists of the 

tetrahedral hydroborate ion with a hydrogen ion attracted through 

electrostatic attraction. Structure III consists of a tetrahedral 

hydroborate in which one of the hydrogens is replaced by H2  and is 

bonded to the boron by a three-center bond. Structures II and 

III would best explain the fact that the reaction produces RD 

almost exclusively when d.euteroborate reacts in light water. For 

I to evolve RD it is necessary for the atoms above and below the 



plane to combine, which seems an unlikely process because of their 

positions in space. Complex structures such as these are compatible 

with the low LS for the reaction. It is difficult to choose be-

tween these structures on the basis of,the isotope effects. 

Table XIV. Competitive reactions of solvent and ferricyanide 

with hydroborate in 0.01N hydroxide at 49.70C. 

Initial 	 Initial 	Final 	Ratio of 	. 
fern cyanide 	hyd.roborate 	ferrocyanide fferrocyanidel 

(Mx101 ) 	(MxlO) 	
hydroborate / 

o.6o4N 8.97 6.75 7.53 

o.601N 8.97 6.73 7.50 

0.3022N 17.94 11.05 6.16 
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VII. MAGNETIC-RESONANCE STUDIES 

Nuclear magnetic-resonance transitions are induced between 

the Zeenian levels when the absorption of energy quanta occurs. 

The transition between neighboring levels occurs when the frequency 

of the energy quanta satisfies 

(22) 

where H0  is the applied field, g is the nuclear magnetic moment, 

and I is the nuclear spin. The magnitude of the splitting of the 

levels depends on the environment of the nucleus, which gives rise 

to the chemical shift. As a result, resonance occurs in a 

different part of the spectrum for each chemically distinct 

nucleus. The displacement of a signal for different chemical 

environments in screening constants is referred to as a chemical 

shift . 38 

The nuclear magnetic-resonance technique was employed for 

the purpose of detecting species other than hyd.roborate during the 

hydrolysis reaction, and to get a rough measure of the amounts of 

the various species present in a partially deuterated sample of 

tas slum hydroborate. 

A. Attempts to Detect Other Species 

Goubeau and Kalfass39  proposed that a large concentration 

of BH3(OH) builds up during the hydrolysis of hyd.roborate. They 

suggested that after one-fourth of the reducing capacity of 

hyd.roborate was used up, BH(OH)_ was the major species present. 

This suggestion is not in agreement with the first-order depend- 
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ence of hydroborate to> 90% of reaction that we and others have 

found from our kinetic studies, but appreciable steady-state 

concentrations could exist. 

The n.m.r. spectrum of aqueous hydroborate has been reported 	- 

40 	 10 
by Ogg (see Fig. 21). The element boron has two isotopes: B 

with natural abundance 18.83% and B11  with 81.17%.. Because B11  

has a nuclear spin of 3/2 there are four equivalent lines from the 

(21+1) spin orientations with the coupling constant JB11H of 

84.1 cps (literature value 82). 
0 10 B , with a spin of 3, gives 

rise to seven equivalent lines with JBIHOf 27.1 cps (literature 

40 
value 27). 

Both the coupling constants and the chemical shifts should 

be different for each of the following species: BH, BH 3(OH), and 

BH2(OH)2, and other species in which the hydrogens exist in 

different environments. To illustrate this point, and to indicate 

the order of differences we might expect, some examples of coupling 

constants will be given. The coupling constant for the B 11  and 

the terminal hydrogen in B 2 H  6  is 125cps, 
for the bridge hyd.rogens 

Is 43cps,  and for the hydrogens of BH is 84.1 cps. In (CH3 ) 2 BH3  

it is 93 cps. 8  It is not possible to predict the value of the 

coupling constant but it Is unlikely that it would be the same for 

hydroborate as for the hydroxy species. 

An even more pronounced chemical shift could be predicted on 

the basis of chemical shifts in similar carbon compounds. The 

proton shifts of the methyl hydrogens for saturated hydrocarbons 

from CH4  to n-hexane range from 14.0 to 14.8 ppn from water. The 
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Fig. 21. Proton magnetic resonance spectrum of the hydroborate 
ion in water. 



ME 

chemical shift in the methyl group in CH3C1 is 2.10, in CH3OH Is 

1.85, and in CH3OCH3  is 2.63.  One could expect shifts on the 

order of 2 ppm upon going from BH to BH3(OH) - for a 60-Mc 

oscillator this corresponds to a shift of about 120 cps. The 	 - 

hydrogens of hydroborate come into resonance at about 150 cps 

upfield from the water hydrogens. The center of the four lines 

occurs at 277  cps upfield from water. 

In an attempt to detect the appearance of any boron species 

other than BH4  containing hydrogens these experiments were per-

formed: A stable solution of 2.014 hydroborate in 214 base was used 

to locate the resonance lines of hydroborate. A 600-cps 

sideband was superimposed for calibration of the spectrum. Then 

the spectrum was taken of an unbuffered solution of IM hydroborate, 

which had been allowed to react until 55% of the reducing capacity 

remained (determined by iodate titration). Also, the spectrum 

was taken of a 1M hydroborate solution buffered with 0.25M borate 

and 0.1214 boric acid (pH of 9.5) after 70% of the original 

reducing capacity had been used by hydrolysis. In neither case 

did any new lines appear. The spectrum was scanned for 600 cps 

on each side of the water peak. Thus we can say that there are 

no species other than BH )  of appreciable concentration in the 

solution. It is estimated that 0.0314 would have been detected. 

B. Proton Resonance in Partially Deuterated 

Because of our interest in a simple method for determining 

the deuteriuxn incorporated in hydroborate, we recorded the proton 
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magnetic-resonance spectrum of some partially deuterated hydra-

borate. The spectra were taken on the Varian A-60 spectrometer 

of samples of hydroborate containing 37.4%  and 814.2% D, which 

were equilibrated with D at 5000C. In order to measure small 

chemical shifts, the sweep width was set at 50 cps. The spectrum 

of one of the four lines due to B
11 
 coupling is shown in Fig. 22 

for 0.85M hydroborate (37.14%  D) in 3M hydroxide. It was verified 

that all four lines have this structure, as one would expect if the 

ion is symmetrical. 

These spectra are readily interpreted if one considers the 

spectra expected for BH3D, BH2D, and BHD. Each of the four 

lines due to coupling of proton spins with B11  spins is split by 

deuterium nuclei present. In the case of BH3D each line is split 

into a triplet of equal intensities, in BH2D each is split into 

a quintet with intensities 1:2:3:2:1;  and in BBD;  each is split 

into a septet with intensities 1:3:6:7:6:3:1. 

For assignment of the spectrum the statistical composition 

of the solid is helpful. The composition of the 37.14% D solid is: 

15.14% BH, 36.7% BH3D, 32.9% BH2D , 13.1% BD3H, and 2.0% BD 

Of course there is no proton spectrum of BD, and that due to 

BD3H would not be detectable in this mixture. Upon considering 

the number of lines given and the percent composition of the 

solid, the most intense line in this spectrum is from BH. Next 

in intensity are the three lines of BH3D, of which two are on the 

right and one to the left of the BH4  line in the spectrum. The 

smaller lines are attributable to BH2D. With this assignment 
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MU — 2 4 5 7 6 

Fig. 22. Proton magnetic resonance spectrum of a line from 
Fig. 21 when the hydroborate contains 37.410 deuterium. 
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we have calculated ratios of BH/BH3D/BH2D of (1)/(2.4-i-.3)/(2.01+.4) 

from the spectrum. This is confirmation of both our assignment of 

the spectrum and the statistical composition, since the ratios in 

the statistical distribution are 1/2.32/2.14. 

The spectrum of the sample containing 814.2%  D gives a broad 

peak with insufficient signal-to-noise to resolve structure. 

However, the peak is shifted to the right slightly, as is the trend 

with more D atoms per boron. 

These spectra also supply the coupling constants for proton-

proton interaction on the hydroborate ion, which has not been 

reported in the literature. The coupling constant for protons on 

methane is 12.14 cps. 	That for hydroborate is 10.7+.3 cps. 

This trend in coupling constants going from CH 4  to BH could be 

explained by the difference in bond lengths, 1.09A  and 1.26A, 

42 
respectively. 	Also, there is a shift of the center peak for 

any given species to higher field when deuterium is present. The 

shift is 1.2 cps per deuteriuin atom, and could be explained in 

that deuterium is more electron-releasing than hydrogen. Secondary 

isotope effects show that deuterium hinders carbonium ion 

formation in reactions involving the carbonium ion formation as 

the slow step. 29  This also indicates that deuterium is more 

electron-releasing than hydrogen. 

C. Boron Resonance in Partially Deuterated Hydroborate 

The B 
11  signal is split into five lines in hydroborate, 

with intensities in the ratio 1:4:6:4:1. The signal displayed 

in Fig. 23 was obtained fora 2M hydroborate solution. A 2M 
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Fig. 23. The B' 1  resonance spectrum in aqueous hydroborate 
solution. 
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solution of the hydroborate with 37.4% D gave a signal that we 

were unable to resolve. A superposition of spectra occurs. The 

BH3D should have the spectrum of BH3(l:4:4:l), each line of which 

is split by deuterium into a triplet. Also, BH 2D should have the 

spectrum of BH2(1:2:1), each line of which is split by two D nuclei 

into a quintet. Resolution of these lines probably could not be 

achieved. The observed spectrum for the 0.85M hydroborate 

(37.4% D) in IM hydroxide gave only a broad peak that could not 

be resolved, so no information could be obtained. 

D. Summary of Coupling Constants 

Table XV lists the coupling constants for hydroborate and 

d.euteroborates that have been measured. The values in parentheses 

were obtained by Qgg040  The chemical shifts are in cps as measured 

on the Varian A-60 spectrometer. The ratio of the coupling 

constants for B 10  and B 
11 with hydrogen in hyd.roborate 

JB10H/JBJ1R is 0.320 and the ratio of magnetorric ratios 

7 B  107 	i
11 

/ B 	s 0.335. This agreement is expected since the con- 

tributions to coupling constants J 
NN 

e between atoms N and N are 

proportional to the products of the magnetogyric ratios 
7N7N' 

38 
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Table XV. Proton coupling constants and chemical 

for hydroborate and deuteroborates (cps). 

Chemical shift from 

B11H 	B10H 	3DH 	
BH 

BH 	81.7 	27.1 
(82) a 	(27)a 

BH3D 	 1.65+.05 	l.2+.05 

BH2D2 	
1.70+.l 	2.4.05 

BED;  

he values in parentheses were measured by 0gg.
0 

 

p 
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APPENDICES 

A. Rate Measurements at =1.0 

Rate measurements at 49.7±.10C 

(oio) 	 0.2442 	 0.7227 

pH 	12.20 	 12.41 	 12.73 

k (min 1 ) 1.96x1O 	1.43x10 11. 	9.39x10 5  

Time (Bc) Time (Bc) Time (BH) 

(hr) (Mx103 ) (hr) (Mx103 ) (hr) (Mx103 ) 

0 11.330 0 11.215 0 11.105 

17.40 3.565 23.112 3.515 23.58 3.595 

23.68 3.260 48.25 2.805 48.41 3.070 

41.45 2.710 72.58 2.300 72.57 2.790 

48.43 2.450 122.58 1.495 122.57 2.135 

72.15 1.885 143.56 1.270 143.69 1.905 

122.90 1.005 

143.75 0.810 

(oH) 	0.8548 	0.6106 	 0.4885 

pH - - - - 	 - - - - 	 - - - - 

k (ntin) 8.80x1O 5 	9.93x10 	1.11x10 

Time (BH4 ) Time (BH) Time (BH) 

(hr) (Mx103 ) (hr) (Mx103 ) (hr) (Mx103 ) 

0 4.900 0 4.510 0 5.990 

42.17 3.960 43.17 3.500 43.50 4.460 

75.17 3.370 74.42 2.945 75.08 3.615 

9 
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APPENDICES 

A. Rate Measurements at. .t=1.0 

Time (BH) Time (BH) Time (BH) 

119.84 2.665 96.25 2.560 96.58 3.150 

143.84 2.1100 119.50 2.2110 120.91 2.715 

216.51 1.51+5 1113.50 1.900 1113.66 2.250 

192.67 1.1120 168.99 1.625 

(oH) 	0.3708 

pH 	 11. 111 	 10.67 

k(min 1 ) 	1.23x10 	1.09x10 3 	2.50x10 3  

Time (BH) Time (BH) Time (BH) 

(hr) (Nx103 ) (hr) (MxiO3 ) (hr) (Mx103 ) 

0 11.915 0 1+.695 0 11.6115 

23.75 1+.165 5.92 3.305 0.87 3.760 

1+3.17 3.600 18.25 1.1+95 1.50 2.965 

74.50 2.865 20.37 1.375 2.12 2.1+30 

96.31+ 2.385 24.29 1.060 2.81 1.985 

119.50 2.115 24.51 1.035 4.33 1.210 

143.1+2 1.650 1+3.24 0.290 6.21 0.650 

168.58 1.110 49.17 0.275 -- -- 
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Rate measurements at 149.7±.i0C  (continued) 

(oH) 

pH 	10.99 	10.19 

k (min 1 ) 5.21x10 3 	1.65x10 2  

Time (BH) Time (BH) 

(hr) (Mx103 ) (hr) (MxiO3 ) 

0 I.755 0 3.970 

1.00 1 .085 0.35 3.285 

1.65 3.820 0.68 2.340 

2.87 3.155 1.05 1.585 

4.35 2.520 1.35 1.180 

6.27 1.905 1.6 0.820 

8.32 1.188 2.05 0.540 
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Rate measurements at 37.9+0.10C 

(oio) 

p11 	fl.Lii 	 11.18 	 10.38 

k (min) 	5.70x10 	9.49x10' 	 6.11x1O'3  

Time (BH) Time (BH) Time (BH) 

(hr) (MxiO3 ) (hr) (Nx103 ) (hr) (Mx103 ) 

0 4.660 0 4.510 0 2.995 

0.8 4.535 0.53 4.360 0 , 50 2.620 

3.28 4.360 1.76 4.115 1.50 1.760 

7.11 3.695 2.09 3.895 2.05 1.365 

22.19 2.230 4.94 3.390 2.50 1.185 

27.20 1.900 7.51 2.870 3.75 0.775 

29.51 1.685 22.61 1.195 

(oH) 	0.9888 	0.7416 	 0.4944 

pH 	13.37 	 13.24 	 13.05 

k (mm"1 ) 	2.02x10" 5 	2.36x10'5 	2.78x10" 5  

Time (BH) Time (BH) Time (BH) 

(hr) (Mx103 ) (hr) (Nx103 ) (hr) (Mx103 ) 

0 5.035 0 4.965 0 5.460 

25.91 4.860 26.25 4.790 25.95 5 , 195 

94.24 4.475 94.28 4.320 50.80 4.955 

193.31 3.980 193.35 3.750 116.70 4.525 

309.31 3.445 309.40 3.180 192.41 3.920 

309.34 	3.110 



112 

Rate measurements at 37.9+0 . 10C 

(oi() 	0.2472 

pH 	 12.80 

k () 	3.79x10 5  

	

Time 	(BH) 

	

(hr) 	(Mx103 ) 

0 	5.010 

	

7.78 	4.875 

	

25.99 	4.675 

	

50.42 	4.425 

117.03 3.900 

193.30 3.255 

309.25 2.440 
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Rate measurements at 25.04.05
0
C 

(oi() 	0.9803 0.8173 0.5433 

pH . 	13.40 13.32 13.05 

k (min) 	532x10_6 6.16x106 6.99X10_6 

Time 	(BH) Time 	(BH) Time (BH) 

(hr) 	(Mx103 ). (hr) 	(Mx103 ) (br) (Mx103 ) 

0 	4.12 0 	4.47 0 3.92 

96.23 	3.98 96.28 	4.26 96.33 3.80 

265.13 	3.77 264.28 	11.02 264.28 3.61 

502.68 	3.47 503.01 	3.66 503.08 3.01 

668.23 	3.33 669.30 	3.49 669.31 2.69 

912.18 	3.17 912.38 	2.18 

0.1630 

pH 	 12.94 	 11.96 	 11.40 

k (min) 1.06x10 5 	8.68x10 5 	 3.32x10 4  

Time (BH) Time (BH) Time (BH) 

(br) (Mx103 ) (br) (Nx103 ) (br) (Mx103 ) 

0 5.025 0 5.000 0 4.515 

72.03 4.785 1.55 4.995 3.05 4.250 

168.44 4.530 4.25 4.325 4.86 4.080 

244.79 4.305 43.87 3.480 28.24 2.595 

68.15 3.055 55.45 1.510 

120.36 2.360 72.15 1.100 
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Rate measurements at 25.0+.05
0

C 

Time (BH) 	Time (BH) 	Time 	(BH) 

(hr) 	(Mx103 ) 	(hr) 	(Mx103 ) 	( hr) 	(Mx103 ) 

	

1140.26 	2.180 	96.85 	0.770 

	

167.76 	1.8145 

(oH) 

pH 	io.146 

k (min) 	2.65x10 3  

Time (BH) 

(Jar) (Mx.103 ) 

0 3.795 

1.60 2.980 

2.68 2.1495 

4,56 1.800 

6.13 1.1470 

8.64 0.950 

8.91 o.86o 
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Rate measurements at 10.5+.1 
0C 

(oH) 

pH 

1.- i k nu.n ) 

11.71 	 11.23 	 10.98 

6.92x10 5 	1.72x10 	 3.10x10 

Time (BE) 

(hr) (Mx103 ) 

0 18.85 

11.13 18.12 

20.72 17-54 

30.92 16.91 

45 - 51 16.26 

55.56 15.51 

68.01 14.90 

Time (BH) 

(hr) 	(Mx103 ) 

0 	16.51 

11.07 14o93 

20.66 	13.10 

30,89 12.00 

45,44 10.44 

55,16 	9 ,1  

67.99 8.29  

Time 

(hr) 

0 

2.55 

3.47 

10.72 

20.31 

30.51 

15.08 

55.11 

67.51 

(BH) 

(Mx103 ) 

13-48  

13.3i 

12.78 

11. 31i 

9.44 

7.95 

5.91 

4.86 

3 , 93 

(oH) 	0.1980 0.3936 

pH 	- 

k (min) 	1.51x10 6  1.30xi0 6  9.25x10 7  

Time (BH) Time 	(Bc) Time (BH) 

(hr) (Mx103 ) (hr) 	(Mx103 ) (hr) (Mx103 ) 

0 9.75 0 	9.450 0 10.1150 

1611.3 9.325 166.6 	9.275 167.3 9935 

382.7 9.105 382.5 	8.890 382.11. 9.775 

711 ,1 8.950 713.7 	8.915 713.9 9,645 
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Rate measurements at 10.5±.1
0 

 C 

(oio) 	0.9900 

pH 

k (m1n 1) 8.41x10 7  

Time 	 (BH) 

(hr) 	 (Mx103 ) 

0 	 10.100 

	

167.3 	 10.015 

	

381.7 	 9.910 

	

713.8 	 9.735 



117 

B. The Effect of Ionic Strength on Rate of Eyd.rolysi& 

at 24.9±.150
C 

II 	 0.1 	 6.5 	 0.5 

pH 	11.42 	 11.95 	 11.39 

k (min 1 ) 2.01x10 	8.48x10 5 	2.44x10 

Time (BHj) Time (BH) Time (BH) 

(hr) (Mx105 ) (hr) (Mx10 5  (hr) (Nx103 ) 

0 5.300 0 5.960 0 4.460 

4.25 5.035 4.07 5.845 3.73 4.065 

17.13 4.105 16.97 5.475 16.70 3.375 

43.80 3.070 43.85 4.820 43.45 2.265 

53.38 2.775 52.90 4.620 53.44 2.030 

65.55 2.440 65.23 4.240 65.37 1.715 

78.06 3.911 

98.03 3.225 

0.5 1.0 1.0 

pH 	11.47 11.96  11.40 

k (min) 	1.75x10 4  8.68x10 5  3.32x10 4  

Time (BH) Time (BH) Time (BH) 

(hr) (Nx103 ) (hr) (Mx103 ) (hr) (Nx103 ) 

0 8.00 0 5.000 0 4.515 

3.73 7.645 1.55 4.995 3.05 4.250 

16.68 6.745 4.25 4.325 4.86 4.080 
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B. The Effect of Ionic Strength on Rate of Hydrolysis 

at 211.9±.15
0 

C 

(BH) Time (BH) Time (BH) Time 

(hr) (Nx103 ) (hr) (Mx103 ) (hr) (Mx103 ) 

1 3.43 1.790 43.87  3.480 28.24 2.595 

53.36 4.645 68.15 3.055 55.45 1.510 

65.29 4.080 120.36 2.360 72.15 1.100 

11O.26 2.180 96.85 0.770 

167.76 1.815 

1.0 

pH 	 io.16 

k (min) 2.65x10 3  

Time (BH) 

(hr) (Mx103 ) 

0 3.795 

1.60 2.980 

2.68 2.495 

4.56 1.800 

6.13 1.470 

8.64 0.950 

8.91 0.860 
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C. Absolute Rate Measurements of Deuteriuin Isotcrne Effects 

T = 	25.00C and .t = 0.2 

pH 10.26 10.28 

Solvent D20 

k(min) 1,26 x 4.71 x 10 

Time (BH Time (B11j) 

(hi-) (Mx10 3 ) (hi-) (Mx10 3 ) 

0 32.12 0 35.30 

1.35 28.58 1.08 26.47 

2.60 26.37 2.17 19.00 

5.25 	- 21.25 3.53 13. 45 

6.72 18.25 4.53 10.00 

T=49.7°Candt=0.05 

pH 9.80 9.80 

Solvent H20 H20 

k(xnin) 3,32 x 10_2  4.33 x 10 2  

Time (BH) Time (BH) 

(hr) (Mx103 ) (hi-) (Mx10 3 ) 

0 4.248 0 3.808 

0.27 2.512 0.13 2.680 

0.43 1.944 0.23 2.056 

0 , 55 1.472 0.35 
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C. Absolute Rate Measurements of Deuterium Isotope Effects (cont, 

Time (BH) Time (BH) 

(br) (Mx103 ) (hr) (Mx103 ) 

0.77 0.952 0.55 o.864 

0.92 0.656 0.73 0,1488 

1.07 0.6o 0.98 0.296 

1.37- 	0.288 

T = 29.85
0c and t = 0.2 

pH 	 9.60 	 9.68 

Solvent 	 D 
2  0 
	 D 

2 
 0 

k(min) 	 3.02 x 10 	 4.88 x 10 

Time (BHj) Time (BD) 

(mm) (Mx103 ) (mm) (Mx103 ) 

- 0 32.0 0 18.13 

10.25 31.3 11.50 17.19 

26.50 29.7 37.50 14,89 

89.00 214..7 106.25 11.25 
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D. Sample Calculation of kBH 	D /c by the competitive method.a 

Data: 

T = 49.7°C 

Moles of H evolved = 1.34xl0 3  

Moles of BH and BD left in solution = 2.05x10 

Initial % 1D 4  in solution = 50.2% 

Final % IKBD 4 in solution 
= 39.14% 	 - 

Fraction of reaction 0.867 

Mass analyses (%): 

H2  evolved 	 From BH and BD left 

H2 	 148.9 	 61.0 

HD 	 50. 4 	 38.6 

	

0.7 	 o • I. 

Calculation based on substrate 

o.6o 
-1 	log l.007' 	 = 0.2 kH 	

log [(1-0.867)( 2.007 

Calculation based on H2  evolved 

log ri ..(1.007 - 1.075) (0.867) ()2.007 

[ 	
(1-0.867 	007 

=0.24 
(!kH // 	r 	(2.007' 	

X 22  075) 

log L°33 \2.o75) 

a This ratio is abbreviated as 
kH 
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E. Data from an Experiment on the Hydrolysis of NH 

and KBH in a Mixture of Light and Heavy Water 

Ten nil of a mixture of light and heavy water 48.3% D) which 

was 0.2N in sulfuric acid was added separately to small amounts 

of solid Nail and KBH. The gas evolved in each case was (%): 

Nail 

112 	727.9 

lID 	35.9 
	

15.0 

D2 	1.2 
	

0.2 
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