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- Contribution from the Chemistry Department, University of California,'andf
- the Inorganic Materials Research Division, Lawrénce Berkeley Laboratory,

Berkeley, California 94720

A Kinefit‘Study of the Intermediates in
the Hydrolysis of the Hydroborate Ion

By Francis T. Wang and Willism L. Jolly*

The stepwise hydroiysis,of hydroborate has been studied in cold
'-88/12 volume per cent methanol/water solutions in the hydrogen ion con-

 centration range 0.1-1.1 M. At -78°, BH,~ rapidly hydrolyzes to H_OBH.,

4
 “which, in turn, hydrolyzes to BH2(H20)2+ according to the rate‘equationv

. -d 1n [H0BH_]/at = 0.0015 sec™® + 0.0016 H* sec™ M™*

. The rate data
‘;vfbr the_hydrolysis of‘BHg.'(HaO‘)g+ solutions at -36°vare consistent with
" the folléwing rapid”equilibrium (K = 6.h)f HY + H,OBH,OH 2 BH2(Héb)2+.
" The BHé(ﬁ20)2+‘ion is stable.toward:hydrolysis,,whé?éas'its conjugate
base h&drolyzeé'to HZOBH(CH)Z according to thé'rﬁte eqﬁaﬁion_
" . In [HéOBHgoH]/dt = 0.017 sec™’. At 736°,.H20BH(0H)2 hydrolyzes to.
- B(0H), according to the rate equation -d 1n [H,OBH(OH),]/dt = 3.3x 107*
:égé-l. | | o
| The speciés H20BH$, BH2(H20)2+ and HZOBH(OH)Zvare converﬁed fg'the |
‘"gnibhs BH30H','EH2(0H)2' and BH(OH) ™, respectively, by the addition of
,hydroxidé. _These anions undérgo hydrolysis in hon-buffered stfongly
aikalinévsélﬁtionsvagcorQingAto ﬁhe rate eqﬁations -d 1n [BHBOH-]/dt—¥
»' 1;8 x 10°* sec™! at 20°; -d 1n [BH,(0H) " )/at =:2.é x’lo;$vsec'l ;na
*ld_ln[BH(OH)3']/dt = 1.1 x 107> sec™" at 0°. The boron-11 nmr’spectrum'
of BH,0H” is a 1:3:3:1 quartet, with Jy . = 87 Hz, centered 12 ppmi'

upfield from the borate singlet.



Introduction

| Thé_hydroboratevionr(otherwise known as borohydride,
tetréhydroborate_and tetrahydridoborate) undergoes hydrolysis
in aqueous solutions to givebbérié écidAbelow pH”9 aﬁd borate
- above pH 9. | | _
| BH,” + H' + 3H,0 — B(OH); + uH,

BH,” + 4H,0 -~ —~  B(OH),T + uH,

A-variéty of experimental dafa.haveishown;that'the hydrolysis

- proceeds in four steps;xwith tﬁevintermediate formation of tri -
hydfo;,!dihydfo—, énd.monohyérobdfon specieé.

The Egihydfoboron'intermediatéuhas béen detected in .
decomposihg hydrobdrate'solufions polérégraphically;l’z-by nmr,3
ahd b&’trapping with tfimethjzlam_iné.u 'In‘each of these studies, .
the solution under study was alkaline and'the'intermediate was
probably present pr1n01pally as the anion BH3OH

| The dihydroboron 1ntermed1ate has been prepared in essentlally
_quantltatlve ylelds by the acid hydroly81s of hydroborate in cold

5,6

J(<-60°) aqueous or water-alcohol solutlons. This intermediate

is relatlvely stable in cold ac1d1c solutlons, where it is-
belleved to ex1st as BH2(H2-0)2 5 but 1t is unstable toward further
hydbqusié_in neutral solutions, where it is assumed to exist

” o . _ : _ _

- as H2OBH20H.



The gggghydroboron 1ntermed1ate has been prepared
quantltatlvely by the reactlon of diborane with water—
alcohol solutlons5 at -75° and with 1ce8-at ~-80°. The
assumed formula of the product of these reactions is
HZOBH(OH)z._- Alkallne solutlons of the monohydroboron
inférmediate, presumably'contalnlng the-lon,BH(OH)3 s
have bésn preparéd by_tﬁe addition of KOH to watér—alcohsl
solutions of BH%H20)2+'and HZOBH(OH)Z.S’6

In the presenf study we héVe.shown_that the kinetics
of the four consecutive steps of the acid hydfolysis of
hydroborafe san.be'separately studied by appropriéte,adjustments
of the‘rsaction temperatﬁres and the hydrsgen ion concentrations.
We have'prepared_acidic solutions ‘in which the monohydroborsn
intermediate was the only boron—hydrogen species present,
and solutions in which either the.dihydro— or trihydro-

_boroﬁ infermediate'was the‘major.boroh—hydrogen species present;
Solutions containing the species BH(OH)3f, BHZ(OH)Q—.OP
BH30Hj~were prepared.by the addition of excess spdium hydroxide

to acidic solutions containing the appropriate intermediates.

The kinetics of the hydrolysis of these anions was_studied;
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d_Eerrimental
'Material, - Metal Hydrides sodium hydroborate (98%)

wasvused;without further purification."The absolute
| methanol hydrochloric acid;'Sodium hydroxide and sodium
chlorlde were all reagent grade
Procedure - The apparatus for;thevkinetic study in

acidic solutions is shown<in Fig.vl. Methan01.was pipetted
‘into -the reaction vessel, and sufficient_Water'was added so
that, counting the'water added later as aqueous HC1l, the
_volume‘ratio methanol/Water'waS 7.35.  The solution was

made ga‘[loiu M in NaOH, and 15- 30 mg of sodium hydroborate
waevadded. Sufflclent 1ithium chloride was added so that
‘lthe final ionic strength would be 1.2 M.  When the sodLum |
nhydroborate uas'completely_diSSOLVed, a fragiie bulb containing
7.7é ﬂ'hydrochloric acid was‘lowered into the reactionrvessel,
The amount'of acid corresbonded to at ieast 10 times the amount
of sodium‘hydroborate. The solution was then cooled to -78°
‘using a Dry Jce-acetone bath. It was noted that no sodium
hvdroborateVbrecipitated. 7The system was then evacuated, the
fragile_bulb was. broken, thehtimer was turned on,»and the
pressure-of the evolved hydrogen was meaeured»as a function of
time.* The increase'in the gas. volume'due to the lowering of
: the mercury level in the manometer never exceeded 3% of the_
“total volume | | o '

After an hour, the hydrogen evolutlon elther had stoppedA

" (in runs w1th hlgh 5 ]) or had become very slow (1n runs w1th‘r

'low [H . The Dry Ice- acetone bath was replaced by another a



cold acetone bath, the temperature.of'which was then

quickly adjusted to -36°. A second sét'of preséure
,measufements was startéd;'vDuring-these measurements, the
 ?béth was vigorously stirred, and fhé”temperature, measured
with an ammonia vapor pressure thermometéfig'was maintained
at -36 i 0.5° by the occasional addition of powdered Dry |
Ice. After one and a half hours,the ébldfbath was réﬁoved°'
and the'solution.was Warmedvfo réom temperatﬁre to effect
complete decomposifidn and to allow compiete evolution bf

any dissolved hydrogen. Then the volatilized'methéﬁol and
water were conden§ed back into the reaction Vessel.by cooiing
the later tol—196°, and the "infinite time" hydrogen pressures
were meaéﬁréd.after replacing the -78° and -36° baths.

The épparafus for the'kinetic'Study of alkaline solutions
is shown in_Fng_Z« The initiél solvent was the same as that
used.in'the'Stﬁdy of acidic solutions. The Solutionvwas made
gé, 0;03 M in NaOH,and_ls;SOfmg of sOdiumvﬁydroboraté waé addedf
Sufficient sodium chloride was added toﬁmake the final ionic
Strength 0.35 M. Whenvtheisodium hydrdborate was completely
- dissolved, a fragile bulb containing 7.78 M hydrochloric acidi
was lowered into the reaction vessél.‘ Thé acid was slightly’
in éxéess‘bf that required,to react_witﬁ the sodium‘hydroborate
"and the 0.03'§ sodium hydrdxidé.:.Anothef'fragile bulb containing
a known amount of sodium hydroxide, qissQlVed in the same solvent,

was also lowered into the reaction vessel.  (For runs in buffer



solutions,rsodium hydroxide‘was replaced by other bases such as
piperidine.) The solutlon was then cooled to -78° using a Dry Ice-
acetone bath. The system was evacuated and the fraglle bulb
cOntaining hvdrdchloric acid was broken.

To prepare BHsOH-, sodium hydrox1de (or other bases for making
,buffer solutlons) was added 30 ‘sec after the: hydrochlorlc a01d and
sod;um hydroborate-solutlons were mixed at 578?.* To prepare BHZ(OH)2
sodium:hydroxide'waé added 90 minutes after the initial mixing; at
which time hydrolysis of the ﬁzoBHé was complete..'The'solutiona were
then warmed (to 0° in the case of‘Bﬁz(OH)Q-, and- to 20° in the case

of BH,OH ), and the hydrogen_evolutibn'was measured as a function

3
of timev: To prepare BH(OH)'-, a solution edntaining mainly the di-
hydroboron species at -78° was warmed to -37 + 3° for L0 minutes to

allow all the trlhydro— and dlhydroboron species to hydrolyze;
Sod1um'hydrox1de was then added and the solution was warmed to 0°

for the hydrogen evolutlon measurement In all runs, after about

80% of the total hydrogen had been evolved the solutions were heated

to 55 + 5° for an hour to effect complete_decompos1tlon and to allow
complete evolution of any diasolved'hydrogen;d The volatilized methanol
and.Wafer were condensed.back'intdfthe,reaction‘vessel at -196°, and

tﬁe ihfihi%e time.hydrogen:preaSUres were measured at Osorfor_BHz.(OH)2

and BH(OH)é%,'and'at 20° for BH3OH_. The sodium'hyerXide‘CQQCentrations
were determined by»titration-withdq.lo M hydrochldric_acid, using
bromfhymol blue wasaindicatdr;a'The kavalueSxOf buffer'solutiohs were

measured with-a,Radiometer7pH‘meter.'



For the boron-11 ﬁmr study.qf BH30H-, the sample was pfepared
following the samevprocedure described for’BHsoH-‘solutions, except
a O 2 M sodium hydroborate'éolution was used: 'Conéentrétiohs higher .
than 0.2 M are not recommended because the 1arge heat of reactlon
between hydrochloric a01d and hydroborate causes excessive heatlng
of the solution and decomp051tlon of the HZOBH . In order to improve

3

the nmr'spectrum, the concentration of BH,OH was increased by

3
pumping off 1/3 to 1/2 of the solvent at -25 + 5°. Boron-11 nmr
speétra were retorded at -20° on a Varian HA-100 spectrometer equipped

with a 32.1-MHz oscillator. A 5 mm sample tube was used.



 Results

~Acid Solutions.- The initial concentrations of HC1 and NaBH, in the

various runs are given in Table I. The'hydrogen evolution at -78° was

Table I

The initial COncehtrations éf HC1 and NaBH  at -78°

m -~ HC1l (M)

0.110

0.440

© 0.700

©® N M F oW D

0.220

0.330
- 0.600

0.880

1.210

NaBH, (W)

0.011

0.014
0.017

©0.022
0.028
0.033

| 0.033
0.039

initially\very rapid, and gradually dropped to a'negligible rate in

 about one hour. During this time a total 6f two moles of hydrogen was

-evolved per moleﬂof‘hydrdboraté,_correSponding to the formation of

+ 5:6

‘ vBHe(HéO)E . When the résulting solution was then warmed to -36°,

further rapid hydrogen evolution occurred: In3about'15 hours, the rate

becgmé very low, and thé tbtél‘yiel@‘of hydrégen_almostICOfresponded to

~ that expected for édmpleté:décbmp@sitiénvto EOrié'écid{
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Inasmuch as the initial hydrogen idn‘concentration was always more
than 10 times the initial hydroborate concentrationv(see Table I). the
changes in hydrogen ion concentration during the runs were negligible.
Therefore the rate data could be interpreted in terms of pseudo-first-

order reactions. The following sequence'of reactions took place.

cr = ot -78° o o '
BH, +H +H0 —/— | HQOBH3'+ Ha (1)
- H_OBH +H++Ho.———'—7§f—-> BH(HO)++H (2)
2773 -2 evtat/e 2 .
BH_(H_0)_* ——’16—:—% H_OBH(OH)  + H' + H (3)
2\2¥ 2 - 2 2 2 3
H_OBH(OH) =36 B(OH), + H, | ()

_ (EVidence for the formulas of the inﬁermediates_will‘be diScussedv
1eter;) . ' J o ' ,

>"-The pressure data for runs 1 and 8 (for solutions initially 0.110
and 1.'210)_4 in HC:L) are‘.given‘ in 'fables IT and IIT (the -78° data) and
in Tabiee,IV aﬁd V (the -36° dafa); The "ihfinite'time"'pressures, P,
corfespond to the preseures obSeived at the indicated temperatures after
' allowing the solutions to decompose completely.:

Tables &I'and ITI show that; at:-78°, one mole of hydrogen per mole
of;hydfoborate was evolved iﬂ the first fraction.of a minute, ana a
eecond mele of hydrogen was evolved in aﬁout hS minutes. Plots of
iog(éth— P)'veréue time are shown in Fig. 3 and 4 for the -78° data .

. of run$7l and 8 (dafa'from Tables.l'and-II),. The values of (P, - P)

_eXtrapolated to t =0 from thé.maih ﬁortiOns.of'the curveiare_less than
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" Table II L . Table ITT

Hy_droge_n pressufe-as a function = = Hydrogen pressure as a function
" of time for [H'] = 0.110 M at -78°  of time for [H'] = 1.210 M at -78°
Twe P $p,-P° Time =~ P = Pp - P.°

(sec) (cn)  (sec) (em) . (em)

N
N
hdl

kM1 - 0 0
.28 2.13 30 hs
.38 2.03 50 - L4.65
49 1.92 2 4.80
.57 1.84 o 9 k.95
.67 1.7 16 . 5.06
7T 1.64 133 .16
89 L.52 | © 153 .27
.03 - 1.38 179 .37
.19 l.ee 203 .18
31 110 . 235 .58
Lo 1.0 . 265 .68
50 091 300 . 5.79
61+ 0.80 . 35 5.8
72 0.69 396 .99
.82 0.59 = 457 .10
gl8 .93 . 0.48 . 538 .21
1089 .04 10.37 | 612 .30
1269_ o u.ls' S 0.26 0 - 2400 | .55
1950 .36 0.05 | 5100 .55
Woso k.6 w015
88 k2 -0.31

o
12
8
67
93
128
165

.10 |

75
.60
Lo
-39
.28
.18
.07
97
.87_
.76.
.66
56
45
b
.25
.00
.00 ..

v

" 270
30
BRE]
. 62
530
. 608
60
798

W WwWwwwwwww PP MmMMB P P O

_v:__
© OO 0O 0O OO0 O OO PRk FHIRFERFPRRBERD

'0\0\_.0\0\0\\n\n\n\n\n\n\n\n

- fPRe=88em. . ¥p =130 cn
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Table IV - : ~ Table V

- Hydrogen pressure as a function of Hydfogeh'pressure as a fuhction of
i time at -36° (a continuation of . time at -36° (a continuation of
- the run of Table II) g the run of Table III)
Time P Pu-P Time P Po-P
(sec) . (cm) (cm)  (sec)  (em)  (em)
0 6.9 2.76 | 0 8.68 7.3
31 ..7.09 2.59 3 879 .11
76 res 2.3 68 9.0 6.90
16 7.35  2.33 108 .9.30  6.70
193 7.49 2.19 129 9.0 6.60
264k - 7.59  2.09 67 9.61 6.39
38 7.67 2.01 222 - 9.85 6.15
498 7.77 . 191 257 . 10.03 5.97
660 7.88 1.8 - 309 ©  10.24 5.76
8%  7.98 170 372 1048 . 5.52
1050 8.08 160 465 10.82 ©  5.18
12390  8.19 1.49 510 10.97 5.03
w0 8.29 1.39 578 11.18 4.82
1692 8.39 129 691 11.50 4.50
1950 - 8.49 . 119 88 - 11.8 4.20
2220 8.60 . 1.08 974 12,11 3.89
251L 8.70 . 0.98 1106 12.32 3.68
2877 8.82 0.8 1200 12,48 3.52
3204 8.90 0.78 1291 12.63 '3.37
3609 ',_ 9.00 0.68 1588 - 13.03 - 2.97
w  9.68  0.00 .- 1756 13.2k4 .76
© 975 1345 2.5
2325 ¢ 13.76 - 2.2h
2580 . 13.9%6 2.05
2982 - . 1h.23 1.77
3195 - 1h.33 1.67
3852 14.69 - 1.31
hior 1h.79 1.2
4605 - . - 15.00 1.00
Lotk . 15.10 0.90
o . 16.00 0.00 -
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the expécted‘%Pm;oa'éfeater diserepancy beihé’fonndiin the run with the
higher hydrogen ion‘ooneentfdtion;..TheSe diéerepencies‘can be ascribed.v
'to premature‘decompoéition-of H20BH3; probably Eaused‘by £he'heat”evolved
" upon mixing the ﬁethanolrand.hydrochloric.acidﬁfABeeaﬁse of'the extremely
" rapid evolution of the first mole of hydroéen; we were unsble to determine
the'rate’eonstant'for'reéction'1.10"However, we were able to calculate
the pseudo first-order rate constant for reactlon 2 k2 s, by measnringv
‘the slope,of‘the main portion of_the curve. Values of kg'_calculated
fron:thejdat;wof a1l the runs‘are ploﬁted'versuthydrogen ion‘concen-
‘tration in Fig 5. Runs with hydrogen ion concentratlons equal to those
or runs 1 and 5 were carrled ‘out without the addition of LiCl to main-
-tain constant ionic strength;-thenvalues of k2’ changed by less than 10%.
Thi's result indicates that the value of k,' is independent of ionic

. strength.

When the solﬁtions were wafmed from -78° to -36°,‘tne immediate
pressuré increase_Was-greaﬁer than the sum of the increase in vapor‘
pressnre ofiil:he‘solutio.nll and the.pressure‘increase of the hydrogen
due'to~the temperature change. _This-result'indieates that, aﬁ the time
.chosen for the startkof'the -36°'measurementsv("zero time“),reacfion (3)
v;had already proceeded to afconsiderable extent. This nas eSpecially
. true at’ lower hydrogen ion concentratlons At ”zero time",'the solutions-
‘ .were ‘therefore mlxtures of BH, (H o) -, H OBH(OH) s and B(O}I)3 »The'v fiz_«‘st

.two speoiesiwene present in e retio‘oefined as' r = {ggg?gig?ii}g-? where




-]_2..

the subscript zero stands for the .zero-tme coneentra.tlon The presence
of boric ac1d does not affect the calculatlon of the rate constants k'

_ and k4'. The number of molecules of hydrogen formed during time t is

_ equal to the number of B-H bonds present at zero time minus the number
?offB-H bonds preeent_at.time tg' USing the factor C to convert;pressure

of hydrogen into fhe corresponding solution concentration,rwe_write
(B, - P)C _ Q[EH;(H26)2+]O_+‘[HEOBﬁ<OH)2]0
_.(P Po)c :=. {2(BH2(H26);-].0'+ [H;OBH(OH)zl }
- (elBH,(1,0),"] + (1, osit (),

The. integrated rate expression12 can be written as

(BH,(1,0)," ] = [BH,(H,0),] e >3 | |
R - ; » x.'[BH_(H.0)_"] .
. -3 - t
- [m0mH(oH),) = {[H,0BH(OH).] + — 2 =220 } e78a]
2 - A ok -k
' + -k, t
ko [BHQ(H20)2‘]0 e 3
k' -k,

e

" By camblnlng the four preceding equatlons with the relation [H OBH(OH) ]

r[BH (H O) * o’ we obtaln

(Pw-P) _..2k , k' .
(P, - B) = : § : ' k v b fr e 2 [ L (5
— 2+ r ||ky' -k, r ' ks-;‘xke ‘

The parameters k,', k,' and r were evaluated from the data for each -36°

run using a least-squares computer program written in FOCAL for a Small

PDP 8/I .camputer.
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' Semiloéarithmio plots of:(Pmr-,P)'versus time for runs 1 and 8 at
-36° are shown in Fig..o'and‘7."The smooth.curves drawn through the
points correspond to'the’computer-ealeuiated values of k", k,' and r.

A plot of k3 versus hydrogen ion concentratlon is shown in Fig. 8

The calculated values of k4 ‘were essentlally constant for all the runs.
The Value of k4"ues 3.3 x 10~* sec"l exceptifor run 4 (3.7 x»lo sec™?)
and runs 7 and 8 (3.5 x 107* sec”!). In a separate set of experiments at
0°, k,' was found to be 4.3, 4.3, 4.6 and 10.5 % 1073 sec™® at pH 1.00,
o.7o;'o;h6, and 5.6vrespectively, The first three of these pH.values
were maintained with hydroehloric acid; the last value was msintained by
& sodium benzoate—benzoio acid buffer._d. |

.ﬁécaugg of the possibility thatvthe hydrolyzing solutions were
supersaturated in hydrogen and that the measured rates were llmlted byv

the rate of evolutlon of gaseous hydrogen from these solutlons, we

/carried out several runs w1th the stlrrlng rate reduced by more than a

factor of 10.° The calcuﬂated values of k,' changed by less than 10%,
and the values of k3' and k,' were essentially unchanged. However, the
rate of hydrogen evolution'during'the.first perts'of the -78° runs‘was
markedly decreased hy more than a factor of five; Obviously the initial
rate of formation'of hydrogen in the -78°‘runs was greater thanbthel

rate at whioh it could escape from solution.

gxdrolxs1s of BHQ(Hgo)g in 8 M HCl solutlon - The hydrolysis of ;,’

BH (H O) *in aqueous 8 M HC1 solutlons in the temperature range - -35

to -509 was studred. The reactlons can be wrltten as:
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: 3}12(.}120)2 ———> H_OBH(OH), + H + H,

o K, S
H_OBH(OH), ——> B(OH),3 + H,

From plots of k, and k, versus 1/T the followihg activation energies
were calculated: for k., AE_ = 10.7 * 0.8 keal/mol ; for k , A =

11.6 * o;é kecal/mol .

Alkaline Solutions.- A sufficient excess‘of sodium hydroxide was
used in the preﬁaration of the ;olutions containing BH3OH-, BHg(OH)a-,
-and BH(OH)Z_ so that the hydrbxide concentration was at least 5 times
~ that of the total boron concentration. For ruhs between pH 10 and 12,
-only the piperidine/piperidinium chloride buffér system was found to
be'suitable. - (Other buffer sysfems weré unsuiﬁable because of low
$olubility in,the water-methanol solution, or because of high vapér
pressure.)

In strongly alkaline solutions the folloWing_net reéctions were
assumed. | |

. k! C ’
- ; N 6 - . X
BH,OH + 3H,0 ———> B(OH), + 3H, (6)

o o _
‘BH(OH) " + 2H,0 —"—> B(oH),” +2H, (7)

_ 7 e 3 »
BH(OH)Z- + H0 ———8———> B(OH) = + H, (8)

(Evidence for the formulas of the species will be discussed later.)
The reaction rates were measured using the Samé techniques used for

the acidic solutions. -
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Data for the hydrblySis of BH,OH at 20° in A'solution 0.35 M in
sodium hydroxide are given in Table VI. The'corfespondieg plot of
log(Pm - P) versus time,_shown in Fig;‘93 gives ‘a streightfline. This
iﬁdieates that the rate conStents fer reaétions 6, 7 and 8 inCrease in
the order k. ' <;k7'i< LY ivaHé(OH)éfkeﬁq BH(OH)B_;had been present
in the solution at the time chosen forfthe‘sterﬁ‘of the measurements at
' éo°, a ‘sudden iﬁcrease in the'hydrOéen-fressure would have been observed.
It is concluded that at "zero tme" "BH (OH) and BH(OH)3 had a.lrea.dy
'decomposed or had reached secular equllibrium with BH3OH .v Values of
the pseudo flrst -order rate constant k ' were obtained from the slopes
Qf the lines such as that in Fig. 9.  Values of'ksf are'l.7, 1.9, and

""""1.85(-10'4 at pH 13.5, 13.0, and 12.5,.respectively. 'The dependence
of k_' on buffer acid (piperidinitm ion) concentration at pH 10 was found
ﬁe be 'very elight; The ké’ values 6.5, 8.2,‘end 7.2 x 10~ sec~! were

| determiﬁed for piperidinium concentrations 0.1, 0,2; and 0.35 &;vreSpec-
tively. We shall take k' = 6.6 x 107> at [pipefniniﬁm] = 0. |
The data for unbuffered strongiy alkaline solutions (pH ~13) in
'whicthH(OH)B- was the only borqn—hydrogen'speeies yieided the foilowing
values ef‘k<'f 1.30, 1.10, 1.20 and 0.89 x 102 sec~t at 0°. Ina.

f buffered solutlon of pH lO k>" 9 x 10°> sec™? af 0°.

We were unable to prepare a solution. contalnlng BH, (OH) uncen-
tamlnated with BH(OH)3 . A plot of log(P - P) versus time for a
‘:“m;xture ovaHE{OH)Z and BH(OH),  in a solution~0 35 M in NaOH at 0°
is shown in Fig. 10. The BH(oH) hydrolyzes faster than the BH (OH) ,

therefore the hydroly51s of the mixture was Lreated as two parallel
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”pseudq—first;6rder fe#cfions; After 3000 seconds, there was.essenﬁially
no BH(OH)3_ ﬁresent'(only that in secular equilibrium with the BHe(OH)e-)
and thefefore the curveﬁin Fig. 10 becomes linéar, cbrresponding to the
hydrolysis of BHg(dH)z-. The.éxﬁféssibn'for.log(Pm - P) becomes |
log[BH_(0H) "I = log(®, - P) =_1og[BH2(0H)2*]oc'~ (k,'t/2.303), where

C is the factor thaﬁ conﬁerts solution concentration into hydrogen
preSSure; ?The linear portion of thé curve in Fig. 10 correéponds’td

-9.1x 1075t

P@ - P ='[EH2(OH)é-]C = 2,06 x 10 cm. The pressure cor-

- \ /‘ . . -
responding to BH(OH), was calculated by  difference, [BH(OH), ]C =

} -5y |
9:1x107% 4 semi-logarithmic plot of this quantity

‘Pw - P -2.06x 10
versus time is shéwn-in Fig. 11; from this plot we obtained kB'. By
such treatment of data fpr solutions at PH 13.5, 13.3, and 12.8, we
obtained the foliowing values for k', 2.1, 2.1 and 2.2 x 107% sec”?,
and the following values for ks': 1.3, 1.5 and l.h'g lOfgvsec'l,
respecti&ely.

:,Tp deﬁerm;nevthe rate of hydrolysis of é mixture of BH,(OH), and |
BH(OH)J- at lower pH, a run at PH 10 was trigd,-'Thé plot of log(P_ - P)
ve}sus time gave one straight line corresponding to a rate constant of

1.4 x 1072 sec™?

for the hydrolysis of BH(OH), . This indicates that
at pH 10 the dihydroboron species is rapidly hydrolyzed to'BH(CH)g_.
Appérently.lowering-the PH from 12.8 tb'lo makeé the rate of hydrolysis
of dihydfoboron species fastér thanjfhat'of BH(OHyj}.

. The boron-11 nmr spectrﬁm of BHBOH_ is shown in Fig. 12. In én |

attempt to obtain a boron-11 nmr spectrum of BHé(OH)g- at -20°t we

obsefvgd two broad peaks 3.5 ppm apart. The solution was warmed to 60°

F
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for-lO minutes and the spectrum was again recorded at —20° Only'a

s1nglet, 1dent1cal to the hlgh—fleld pe&k of the orlginal spectrum,was

observed. We identlfled the 31nglet as sodlum borate by substltutlon.

Discussion
. LV eV oW oW U W W e oV o V]

Tetranydroogrgtg - Our studies ‘of the effect of stlrrlng speed on

- reaction 1 showed that the rate of reaction 1 was greater than could be
bmeesured by,our.manometrlc technlque. This result was expected on_the
basis ofAextrapolation of:the_room-temperature data for the acidvhydrolysis
of hydroborate;l3 fron,these date and the measured activation energy one
-celculates a:half;life of'7.7 x 10~° sec for the hydroborate ion in

0.1 M H+_at -78°. Indeed,'the change of solvent from water too 88 vol%

. methanol is expected to make the nalfélife eﬁen shorter. (At 25° the

methanolysis is ten times faster than the hydrolysis.lu)

"~ The Trihxdroboron Species.- The fact thet one moie of hydrogen is
‘Very repidly evolved per molevof hydroborate inbthe acid hydroiysis at
v-78? and tnat further hydrbgen evolution occurs at a lower, measurable'
rate suggests the 1mmed1ate formatlon of a trlhydroboron spec1es. We
-belleve that the trlhydroboron spec1es which exists in acid solutlons ;
is H OBH -and that thls specles is converted to BH3OH by treatment w1th
base. Varlous types of ev1dence support these formulatlons.,

The strongest ev1dence for formatlon of the BH OH 1on upon addlng

base to a solution contalnlng F OBH is the boron 11 nor spectrum shown



in Figu_;'e 13. The 1:3:3:1 §uart_et 15\ centered iz.o ppm upfield from the
| borételsinglet, with a'coupling‘conétan£ JBH’:~87 Hz. .Gardiner and CQllat3 .
have reported a boron-ll mmr spectrum for BH OH-, with the eignal centered - |
13 9 ppm upfield from the borate singlet end Jo —-82sz.'iAith0u€h we
were able to observe the proton nmr s1gnal of a solutlon 0. 05 M in BH
‘at -20°, we were unable to see the proton nmr s1gnal of a 0.2-0.3 M .
solution’ of BH OH”. Gardiner and Collat did not observe any proton nmr
peaks due to BH, OH™ in a solution contalning both BH OH and BH " and
concluded that the BH OH spectrum was masked by that of the BH, 1ion.
From ouf results it seems likely that the proton nnr signal of BHBOH_
- is broadened to the extent of sinking into the background by the 'B
quadru?olar relaxation effects. |

Gardiner and Collat? have reported'the rate law for the hydrolysis

of BH,OH as

] e, O

g

where (HA] is ﬁhe conCehtration of the acid coﬁponent of the buffer
-soiotion and where k=7 %3x 1078 M7t sec™? and ky o = 3.9'x 107*
sec-? at 20°. VIn'non-bﬁfferedé stronglyvalkalineAsolutioos (pH 12.5
to 13.5) the right side of Eq. chan be approximated as kHzOf In this
PH. range, we found the pH-independent rate constant k. '=1.8x 107*
sec'l._ The latter velue is in fairly good agreement w1£h Gardlner and

Collat's kH 0’ partlcularly in V1ew of the fact that the - solvents and

ionic strengths-were_quite-different;v If'wevgpply Eg. 9 to our kinetic
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study .of the h&drclysie,ochH3be at pH 10,'Weﬂob§ain,vueing our veiue
of ks;iat'tpiperiainium ion] = O,ka;[H+]'+ kHzO = 6.6 x 10~ sec-?
‘Substituting [H'] = 107% and kﬂzo: 1.8 x 107* sé_c‘l, we obtain k. =
6, h X 107 -1 eec'l. The latter value is in fair agreement with the
'kH+ value of Gardlner ‘and Collat.

| fIt is clear that the trihydrdborcn species in acidic soiutions is
different frcm that in alkaline sclutions, because the stability toward
hydrolysisvis meikedly increased upon'going ffom acidic to6 alkaline
soiuticn From Fig. 5 we see that k' is a linear function of hydrogen
fon concentratlon, with a flnlte value at [H*] = 0. The straight line
| corresponds to the rate law -d[H,OBH ]/dt = k [H OBH, ] + k, [H 1(H_oBH, ]
vwhere K, = 1. 5 x 1077 sec™® and k, =1.6x 1072 M™* sec™t at 78°.

The pH~1ndependent rate constant k a? is about ﬁen ﬁlmes greater (even
at -78°) than the PH- 1ndependent rate constant for the hydrolys1s of
YBH OH~ kH o’ at 20°. |

' It seems nost logical to assume that the change 1n react1v1ty upon
' goins from alkallne solution to acidie solutlon is due to protonatlon
~of the oxygen atom of the BH3OH ion to form the heutral H20BH3'Spec1es.
Indeed the fact that we found k,' to be independent of ionic strength'
is snpporting evidence for a.neutfal_trihydrdboron species in acidic
'_solution. » ‘ | A |
I we make.tﬁevplausible assumption thatiHQOBHz,endABH3OH- are

alweys'innrepid equilibrium;e',l." L B

HooBH, ——22-> gt 4 BH 0HT . . . (10)
277 e——————— SEMEE - o
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then we can caleulate K, from the relation K o = k ./l if the rate
cénstants kH+ and kza are known:at the_same'temperatuig. "By using'.v;
Gardliner and Collat;s gppfoximately-evaluated acfivation energy2 for

Kt (12 + 8 kcal/mble)”we'calculgte, for —78°; a lower limit of 4 M™%
sec™’ and an upper limit of 6_x'10‘6 Mt secf; for k+. Thus we calculate

that K lies between the limits of 2 x 10°1° and 4 x 1072 at -78°.

"‘Tﬁe*Dihxdroboron Sggéie .- At--78°L hy&rogen evolution stoﬁs, or
almosf s£ops, at two moles of hydrogen per mole of hydroborate when :
[H+] 3fQ.5 M, corresponding to the formation of>BHé(H20)2+. However
hydrogen evolution continues past two moles per molevof.hydrdbbrate
when [H*] < 0.5 M. This result-suggests that there is a species other
than BHZ(H2O)2+ in existence in acidic solutions at lower hydrogen ion

 concentrations'which is relaﬁively unétable.toward'hydquysis. We»
belieVe‘this”speéies is H,OBH,OH, the instability'of which has been
reported preViously.6 We write th¢ following mechanism, in which ﬁe
" assume that BH2(H%O) 2" and H,OBH_OH are in ;api-d eéuilibrium and that

,OBH_OH undergoes hydrolysis:

only
+ K R
‘H + H_OBH_OH ——> BH_(H_0),
ok | .
H,OBH,OH ——=— H_OBH(OH), + H,

If we define [BH,] as the sum of [H_OBH,OI] and [BHE(H20)2+], then we
may write '

- a[BH=]

. . ) . "' .: . N k . . . N v !
. ' . . = 3 )
at = k= [BH=] = k3 [HQOBHgC‘):H]: = W [BHQ] e (ll)
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By a least-squares fit»6f the datﬁ plotted in Fig. 8 to equation 11,
we detefmined'k3 = 1;7 x 1072 sec'l'and.K-= 6.4 at -36°. The curve
" drewn through the points in Fig. 8 was constfuéted using theée values
for ks and K. | | |

We found that the dihydroboron sfecies in'soiutions of pH 12.5-
13l5_undergoes'hydrolysis with a pHQindependénﬁ_rate constant.k7' =
: 2;2 #'10;5 Sec_l’ét 0°. This rate constan£ is much lower than k3vaf v
. -36°; clearly a dihydroboron specieé of much greater stabilit& than
_ H20BH20H,forms upoh going to alkaliné'solutions. IWe propose that -this
species-is‘BHe(OH)é-, the logiééi_deprotohation prdductioﬁ‘of HéOBHgoH.

Mochalov.gg g&.}s'have reported the following rate law for the

fl

hydrolysis of BH,(OH), in the PH interval 9.7-10.7: -a[BH,(0H),"]/at

k[H"](BH,(OH),"]. They found k= 5 x 105 M™* sec™ at 0° and ionic

strength 0.40 M. These data are at variance with our attempt to measure
‘the hydrolysis of BH,(OH),  at pH 10, in which we found -d 1n[BH_(OH), ]/at
to be greater than lo'?’sec'l at 0°. By substituting [H*] = 107'© into

the rate law of Mochalov et El" we'calculate'-d In[BH_(OH), ]/dat =

5x 107° sec™?t. >We'have no explanation fbr the discrepancy, and Mochalov

.gﬁ_gi. give no experimental details tb aid in seeking an explanatiop.

-The Monohxdroborbn Species.- In both non-buffered strongly acidic
»solutionsfand strongly alkaline solutions we observed pH-indepéndent

rates of.hydrolysis of thevmohohydrdboron species. 'At,Q°, the pseﬁdo-

first-order rate constant is h.h_x‘lof3 sec™" in acidic solutions and

is 1.0 x 1072 sec™ ig.alkaliné‘solutions, 'Although the rate constants
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aieiéf similaf magnitudé, the& probably cbrfespond to the hydrolyées
‘of different speciéé. We believe that the species in acidic solutions
is H,OBH(OH), and that the species‘in alkaline Solutionsiis BH(OH)B-.
In buffer solutions of pH 5.6 and l0.0, the rate of hydrolysis‘of.the
monohydroboron species was found-tq'be about twice that in acidic
solutions. Perhéps this rate increase was dﬁe tb reaction of BH(OH)B'

with the acid component of the buffer solution.
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Figure 6.

Eigure 7.

Figure 8.

'0.1O‘sec’l,‘k4' = 3.3 x 10™* sec
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The apparatus for the kinetic .study in acidic solutions.

The‘apparatus for the kinetic study in alkaline solutions.

Log(3P., - P) vs. time for the hydrolysis of BH; and H_OBH, |
at [H"] = 0.11 M and -78°. |
Log(ZP_ - P) vs: time for the hydrolysis of BH, and H_OBH,

at [H'] = 1.21 M and -78°.

Values of k2‘_£s a function of [H'] for the hydrolysis of

| H,OBH, in acidic solution.

Log(P_ - P) vs. time for the hydrolysis of the dihydroboron
and ménohydrdboron intermediates for [H'] =.0.105 M at -36°..
The curve waS'éalculated from Eq. .5 using the values kﬁ' =

"l and r = 3.2.

Log(P, - P) vs. time for the hydrolysis of the dihydroboron
and monohydroboron intermediates for (1] = 1.16 M at -36°.
The curve was calculated from Eq. 5 using-the(values k' =

0.0023 sec™?, k,' = 3.5 x 10™* sec~ -and r = 0.39.

- Values of k3i as a function of [E"] for the_hydrolysis-of

~ the dihydroboron intermediates (BH,(OH_ )" and H,OBH_OH) in

acidic solution. -



Figure 9.
Figure 10.

' Figure 11.

© 2,06 x ;

Figure 12.
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Log(P_ - P) vs. time for the hydrolysis of BH,OH  at [OH ] =

0.35 M and 20°.

Log(P, - P) vs. time for the hydrolysis of a mixture of

BH,(OH) ,~ and BH(OH) ,” at [OH"] = 0.35 M and 0°.

’ - ;.5 .
Log(P_ - P - 2,06 x 1079-1 %10 t) vs. time. The function
09:1¥107%¢ , proportional to the concentration

% of BH,(OH),” at time t. (The paremeters of the latter

function were evaluated from the straight-line portion of

Fig. 11.)

Boron-11 nmr spectrum of a water-methanol solution of BH,OH .
The singlet is due to borate decompo_sition production; the

quartet is due to the BH,OH ion.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor

- any of their contractors, subcontractors, or their employees, makes

any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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