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ABSTRACT
The étepwise hydroiysis of hydroborate has been studied in a cold
88 vdi%-méthanol/lé voi% water solution, in the hydrbgen ion coﬁcentra—
tion range 0.1-1.1 M. At -78°, BH#— rapidly hyérolyzes to HQOBH3; which,
2(H20)2+ according.to the rate equation
-d 1n[H,0BH_]/dt = o.001_5'sec"l + 0.0016[H"] sec™t Mfl, The rate data

in turn, hydrolyzes.tovBH

, . + . .
for the hydrolysis of BH2(H2O)2_ solutions at -36° are consistent with

the following rapid equilibrium (K = 6.4 2/mole): H + HEOBHon <

BH2(H2_O)2 . The BH2(H20)2 + ion is stable toward hydrolysis, whereas

its cbhjugate base hydrolyzes to H_OBH(OH) according to the rate equation

2 2

—a ln[HQOBHgoH]/dt = 0.017 sec_l. At -36°, H_OBH(OH). hydrolyzes to

2 2

B(CH), according to the rate equation -d 1n[H,0BH(OH),]/dt = 3.3 x 10"
-1 ‘ '

4
sec

- + v L
The species H,OBH BH2(H 0), and H OBH(OH)2 are converted to the

3° 272 2 »
(OH)Q—'and-BH(OH)3_, respectively, by the addition of

anions BH3OH_, BH

. hydroxide. These anions undergo hydrolysis ih_non-buffered Strongly

2

alkaline sdlutions\according'to.the rate equations -d ln[BHBOH_]/dt:

1.8 x 107" sec“l at 20°; -d 1n[BH,(OH), ]/dt = 2.2 x 1072 sec™ ana

-d»lh{BH(OH)B']/dt = 1.1 x 1073 séc™t at 0°. The hydrolysis rates
increase markedly when the pH is reduced to pH 10. VThe boron-11 nmr

spectrum. of BH3OH_ is a 1:3:3:1‘quartet, with J = 87 H25 centered

B-H



_vi -

l2_ppﬁ-unfield from‘the borate singlet.

‘The step&ise hydrolyéis of the B3H8f hés.alséibgen studied in the
cold methanol-water solution, in the»hydfogenii?n»conceﬁtrétion.range
1.0-3.5 M. At ;780, ong mole hydrogen pér mole.of B3H8— wasvobtaiqed,

3720

corrééponding to the formation of B_H_OH However in aqueous 8 M HC1
avtoﬁal_of 4.5 moles of hydrogen per mole of B3H8_ was obtained at —786.

The reaction mixtufe, when warmed to room temperature, will give another

h;S moles of hydrogen.
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PART I: A KINETIC STUDY OF THE HYDROLYSIS OF SODIUM HYDROBORATE

ABSTRACT

Theisﬁépwise.hydrolysis of hydroborate has been studied in a eold
88 vol% ﬁéthandl/lQ vol%'ﬁater solution, in thé hydrogen ién concentra-
tion range 0.1 - 1.1 M. At -78°, BHé' rapidly hydrolyzes to H,OBH,
which, in turn, hydrolyzes to BH,(H,0).* accofdi‘ng'tq the rate equation
4 1n [HéOBHB]/dt = 0.0015 sec™  + o.0016tH+] sec™ M™Y. The rate data
for thevhydrolysis of BH,(H,0)." solutions at -36° ére consistent with
the following rapid equilibrium (K = 6.4 £/mole): CH D+ H2<jBH20H Pad

BH2(H20)2+. The BHZ(H20)2+ ion is stable toward hydrolysis, whereas its
| coﬁjtgéte:base_hydrolyzes to H,OBH(OH), according to the rate equation
-d In [H_ OB _OH]/dt = 0.017 sec=l. At -36°, H,OBH(OH), hydrolyzes to
B(OH) 5 according ‘to the rate equaii@n -d 1n [H,OBH(OH)_.]/dt = 3. 3' x 107*
sec-L. . o : | _

: fhe species H,OBH,, BH,(H,0), and H,OBH( OH‘);Z are converted to the
anions BH5OH™, BH_(OH),” and BH(OH),~, respectively, by the addition of
hydroxide. These anions undergo hydrolysis in non-buffered strongly |
alkaline solutions according to the rate equations -d 1n [BH3OH']/dt =
1.8 x 1077 sec™' at 20°; -d In [BH,(OH),"]/dt = 2.2 x ib'5 sec”™ and
-d 1n “[BH'(IOH)Z']/dt' = 1.1 x 10" sec',l_ at 0°. '.vThe hydrolysis rat-es“‘v
indrease.ﬁarkedly when the PH is reduced to\@H.iO;4 The boron-11 nmr

spectrum of BH,OH™ is a 1:3:3:1 quartet, with J,_

B sz 87 Hz, centered.

12 ppm upfield from the borate singlet.
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- INTRODUCTION

L&

The hydroborate ion (otherwise kno&n'as borohydride, tetrahydro-
borate and tetrahydridoborate) undergoes nydrolysis in aqueous solutions

to give boric acid'below PH 9 and borate above PH 9. _
BH,” + H' + 3H,0 — B(OH); + LH,

BH, + LE 0 - B(OH),” + L1

A vafiety of expéfimentalldata have shown that the hydrolysis proceeds

in four steps, with thevintermediéte férmafion éf tfihydfoQQ‘dihydrp-,g

dnd monéhydroboron'épeéies;- h

The . trihydroboron intermediate.has been‘defected in decomposing
| hydrobordte solutions polaroéraphic;.liy,l’2 by”nmf;3'and by trapping'
with t‘.rimethyla.mine.)+ In each of these studies;:the solution.underv'
studytwés_alkaline and the intermediate was prdbabi& present principally>
as the anion BH3OH-.V | |
The dihydroboron inﬁermediate hé§ been prépéred in essentially
quantitative yields by the acid hydrolysis of.hydrdboraté in cold
. 5,6

(< -60°) aqueous or water-alcohol solutions. This intermediate is

relatively stable in cold acidic solutions, where it is believed to

exist as_BHE(H20)2+, but it is unstable toward further hydrolysis in .

neutral solutions, where it is assumed to exist as H,O0BH,OH.
The monohydroboron intermediate has been prepared quantitatively
by the»reaction of diborane with-water-alcohoi-SOlutioné5'at -75f-andf

with ice at 5806. The assumed formula of the;pfoduct of these

R
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'v'feaétibnébis H2OBH(OH)2.8 Alkaline solutions of the monohydroboron
intermediéte, presumably coﬁtaining»the ionéBH(OH)3', have been prepared
by the addition of KOH tOYWatef—alcohol solutions of BH,(H,0)," and
V’HéOBH(QH)2-5’6 . , .: v

| In-the present Stuay we have shown tﬁat the kinetics of the four
consécutive steps of the écid hydrolysis of hydroborate éan Be sépéraﬁely‘
studied by appropriate adjustments of the reactibn temperatﬁres and the
hydrogen ion concentratiéns.‘ We were able to prépare acidic solutibns
in which the monohydrobpron intermediate was the'énly boroﬁ—hydrogen
.specieé present, and solutions in which either thé dihydro- or trihydro—
boroﬁ intermediate was the major boron-hydrogén-species present.
- Solutions presumabiy contéiﬁing the species-BE(OH)3‘, BH_(OH),™ or
BH3OH' were prepared by the addition of sodiﬁm hydroxide to such. solutions.

The kinetics of the hydrolysis of these anions was studied.
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EXPERIMENTAL
Material.,- Metal Hydrides sodium hydroborate (98%) was used without

further'purification. The absolute methanol, hydrochloric acid, sodium

- hydroxide and sodium chloride were all reagent‘grade,

Procedure, - Thevapparatus for thé kinetic Studyﬂih acidic solutions is
shown‘in_Fig; 1. Methanol waé pipetted into'the reaction véssél, and -
sufficient water was added so that, équnting the water added later as
aquéoﬁs HC1l, the volume ratio methanol/water was 7.35. The solutiqn
was made ég. 107* M'in'NaOH, and>15-30 ﬁg of sodium hydfoborate'was,
: added; Sufficient lithium éhlofide was added to make the final ionic
sﬁrength 1.2 M. when the sodium hydroboraté was completely.dissolved,
a fragile bulb coﬁtaining'7.78 M hydrochloricvacid was loWered_iﬁto'
the reaction vessel. The amount of acid correspénded'to at least-io
tinfes the amount of sodium hydrdborafe. The éolution was.theh cooled .
to -78° using a Dry ICéfacetone bath. It was hpted'that”ho sodium -
hydroboréte was precipitated. The system was then evacuated, the frégile
bulb waé broken, the timer was turned on, and the pressufe of the
‘evolved hydrogen was measured as a function of fime. ‘The_increasé in
fhe gas volume due to the lowering of the mercury ievél in the ﬁanometer
never_e#ceeded 3% of the total volume.

After,an houf; thevhydrogen evolution stopped (in runs with high
(H*]) or became very slow (in runs with low EH+]). The Dry Ice-acetone

bath was replaced by another cold acetone bathg?the temperature of

which was quickly adjusted to -369, A second sét of pressure measurements

i
|
I
i
i
!
i
i
i



‘and the temperature, measured with an ammonia vapor pressure thermometer,

was started. ‘During these measurements, the bath was vigorously stirred,

9

was mainteined at -36 £0.5° by the occasional addition of poWdered Dry

i

- Tee. After one and a half'hours, the cold bath was removed and the

éolﬁtion‘was_warmed to room temperature to effect complete decomposition
and to allow complete eVolutioh of eﬁy dissolved hydrogen. Any volatilized

methanel‘and water were condensed back'into the reaction vessel at -196°,

“and the;“infinite time" hydrogen pressures were measured after replacing

the -78° and -36° baths.

The epparatus for the kinetie_stﬁdy of alkaline solutions is shown
in'Fié.IQ. The initial solvenf‘was the same as that used in the stﬁdy
of acidicvsolutions.. The solﬁtion'was made ca. 0.03 M in NaOH and 15550

mg bf.sodium hydroborate was added. ‘Sufficient sodium chloride was

' added to make the final ionic strength 0.35 M. When the sodium hydro-

bofate»was completely dissolved, a fragile bulb containing 7.78 M
hydrochleric acid was lowered into the reaction vessel. The acid was

slightly in excess of that fequired to react with the sodium hydro-

- borate and the 0.03 M sodium ﬁydioXide combined. Another fragile bulb

containing a known amount of sodium hydroxide, dissolved in the same
solvent, was alédﬂlowered'lhto .ﬁhe reaction.veesel. (For runs in buffer
eolutlons, sodium hydroxide was replaced by other bases sﬁch as |
piperidine;) The solution wes»then cooled to -78° usingva Dry Ice-
acetone‘bath. ‘The system»was evacuated and thevfregile bulb' containing

hydrochloric acid was broken;

Y
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‘To prepare BHEOH‘,.sodium hydrokide (or’other bases for making\
_ buffer solutions) was added 30 sec after the.hydrochloric acid and
sodium hydroborate solutions were mixed at'-78f3‘ To prepare BH,(OH). ,
sodium hydroxide was added~90 minutes after the initial mixing, at
which time hydrolysis of the HéOBH3 was complete; ‘The_solutions were
| then .waméd to 0° for BH,(OH),™, or 20° for BH OH'_, and the hydrogen
evolntion was measured as a function of time. To prepare BH(OH)3 , &
solutlon contalnlng malnly the dlhydroboron spec1es at 78° was warmed
to -37 +* 3° for 40 minutes to allow all the»trlhydro- and dlhydroboron
spec1es to hydrolyze. Sodium'hydroxide Was.then added, and the solutions
were warmed to 0° for the hydrogen evolutlon measurements. In all runs,
after about 809 of the total hydrogen was evolved, the solutions were
heated to 55 + 5° for an hour to effect complete‘decomposition and to
allow complete evolution of any dlssolved hydrogen. Any volatilized‘
methanol and water were condensed back into the reactlon vessel at -l96°
and the infinite tlmer hydrogen'pressures were measured at 0° lfor
BH,(OH),  or BH(OH), , and at é’o°' for BH,OH . The sodium hydroxide
concentrations were determined by titration with'o.lo M hydrochlorio
acid, using bromthymol blue as indicator. The pH values of buffer
solutions were measured with avRadiometer nH meter. |

For the boron-1l mmr study of BH30H-,Vthe sample was prepared
following the same procedure descrihed for.BHéoH— solutions, eicept a
0.2 M sodium hydroborate solution waslused. Concentrations higher than
0.2 M are not recommended because the large heat of reactlon between

hydrochlorlc acid and hydroborate causes excess1ve heatlng of the'




SOlutibnvand decomposition of the H.OBHs. In order to obtain a better
nmfrspeétiqu thé concentration of BH5OH™ was'incréased by pumping off
1/3 to i/é‘of the solvent at -25 * 5°. Boron-ll nmr spectra were recorded

atg—EOd'bn a Varian HA-100 spectrometer equippedAwith a 32.1-MHz

oscillator. A 5 mm sample tube was used.
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( RESULTS

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

various runs are given'in Table I. The hydrogen évolution at Q78° was

Table T

.. The initial concentrations of HCl and NaBH, at -78°

.Run HC1 (M) / NaBH, (M)~
1 o010 o1l -
2 | 10.220  0.01k4

| 3  0.330 . ~0.017
4 0.0 o.022
5 0.600 0.028
6 o700  1 0[033
7 0.880 ©0.033
8 1.210 0.039

“initially very.rapid, and gradually dropped to a negligible rate in -
about one hour. During this time a total of two molés of hydrogen was
evolved per mole of'hydroborate,‘corresponding to the formation of

B, (1,0) .. 07

When the resulting solution was then warmed to -36°,
further rapid hydrbgen evolution occurred. In about 1.5 hours, " the
rate became very low, and the total yield of hydrogen almost corresponded

to thatvexpected for complete decomposition to boric acid.



Tnasmuch as the initial hydrogen ion concentration waS'always more
than 10 times the initial hydroborate concentration (see Tahle I)sthe
changes in hjdrogen ion. concentration during_the TUuns were negligible.
Therefore‘the.rate data_could be interpreted in terms of pseudo—first-

order reactions. .The following segquence of reactions was assumed.

o R » ° ) : .
BH,” + H' + H,0 ——'—7§—> H,OBH, + H, (1)
H_OBH +.Hb+v+Ho N BH_(H.0) " + H (2)
2 3 2 2y 2’2 2
+ -36° ' + ,
BH,(HZ0), + H,0 > HZOBH(OH), + H + H,  (3)
H,OBH(CH), ——=—> B(CH), + H, | (4)

' The pressure data.for runs 1 and 8 (for solutions initially O.llO
and 1. 210 M in HCl) are glven 1n Tables IT and III (the -78° data) and
in Tables IV and % (the -36° data) The "infinite tlme pressures, P "
correspond to the pressures observed at the indicated temperatures
after allow1ng the solutions to decompose completely.

‘ Tables II and III show that at - 78°, one mole of hydrogen per mole
of hydroborate was evolved in the first fraction of a minute, and a
second mole of hydrogen was evolved in about 45 minutes. Plots of
log(%P - P) versus tlme are shown in Flg 3 and 4 for the -78° data

of runs 1 and 8 (data from Tables I and IT). The values of (&P, ‘P)lp;
extrapolated tot =0 from the main portlons of the curve are less

than the'expected ZP@, and a greater discrepancy occurred in the rund

with the higher hydrogen ion concentration. These discrepancies can
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- Table II ' ' _ Table IIT

Hydrogen pressure 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°

Time .. P ip, - P Time P P, - P °
(sec) ~ (cm) (cm) : (sec) (cm) (cm)
o 0 b1 0 0 6.55
12 2.28 . 2.13 30 hb5 2.10
38 .38 2.03 | 50 4.65 1.90
67 2.49 1.92 72 ~ 4.80 1.75
93 2.57 1.84 99 495 1.60
128 2.67 1.7k 116 '5.06 1.49
165 2.77 1.64 133 '5.16 1.39
213 - 2.89 1.52 153 5.27 1.28
270 3.03 1.38 179 5.37  1.18
340 3.19  l.2e. 203 © 5.48 1.07
411 3.31 1.10 235 5.58 0.97
462 3.40 1.01 265 T 5.68° - 0.87
530 3.50 0.91 | 300 . 5.79 0.76
608 3.61 0.80 345  5.89 0.66
690 3.72 0.69 3% 5.9  0.56
798 3.82 0.59 | Ls7 6.10 0.45
9L8 3.93 0.48 '538 6.21 _  0.34
1089 L.oh 1 0.37 612 . 6.30 . 0.25
1269 4.15 0.26 | 2400 - 6.55 0.00
1950 4.36 o.oS 5100 6.55 0.00
4050 4.56 -0.15
8808 L.72 -0:31
a a’

Po = 8.82 cm. - "' P = 13.10 cm.
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 Table IV ~ Table V

Hydrogen preésure as a function of Hydrogen pressﬁre as a function of
’ time at -36° (a continuation of ' time at -36° (a continuation of
the run of Table II) : ~ the run of Table III)
Time = P -  Pw-P Time P Pw- P
(sec) '_'. (cm) .(cm)ﬁ . (sec) + (cm) (cm)
0 . 6.9 2.76 0 ©8.68 7.32
31 7.09 2.59 35 8.79 7.11
% . 7.25 2.43 68 9.10 6.90
116 7.35 2.33 108 9.30 . 6.70
193 7.9 2.19 129 9.k0 6.60
26 7.59 2.09 167 9.61 6.39
348 - 7.67  2.01 . ee2 9.85 6.15
498 - 7.77 - 1.91 | 257  © 10.03  5.97
660 - 7.88 . 1.80 309 10.24 5.76
836 . 7.98 .70 372 10.48 5.50
1050 - 8.08 1.60 45  10.82  5.18
1239 - . 8.19 “1.49 510 10.97 ©  5.03
1470 . 8.29 1.39 578 - -11.18 C .8
1692 - 8.39 1.29 691 © 11.50 4.50
1950 - 8.549 1.19 . 828 - 11.80 4.20
. 2220 8.60 1.08 | o7% . 12.11 '3.89.
2514 . 8.70  0.98 1106 12.32  3.68
2877 - 8.8 0.86 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
oo 9.68 0.00 : 1756 0 13.2h 0 2076
' - 1975 - 13.45 2.55
2325 13.76 2.2
25860 . 13.96 2.05
2982 - 14.23 1.77 .
3195 - 14.33 1.67
3852 14.69 1.31
4107 14.79 o l.21
4605 . 15.00 1.00
LoTh - 15.10 0.90
w 0.00

16.00
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"be'expiained by prematﬁre decbmposition of'HgoBﬁj, berhaps as a,reéult
of the heat evolved upon mixing thé methanol and»hydfOChloric acid.
Because of the extremely rapid‘evplution éf the'first mole of hy&rdgen,
we were unable to deterﬁinéwthe‘rété constant for feaction(ls. However,
we were_ablé’fo calcuiaté the pseudé-first—ordei rate'éonstant for
reaction (9, k', by measuring“the slope of the main portion of the
curve. Values 6f k. ' calculated from data for all the runs are plotted
Qersus hydfbgen ion concentratio# in Fig.'S;»'Rﬁﬁs 1 and 5 were also
carried out without the addition ;f LiCl to ﬁaintain constant ionic
streﬁgth; the'valuesvof'kz' were essentiélly uﬁchanged.' This.indicates
that the value of k' 18 independent of ionicﬂétrength. |

When the solutions were warmed from -78°Ato -36°, ﬁhe.immediate'
pressure increase was greater than the sum of the increase in vapor -
preSSuré of the sglutionlo'and ﬁhé preséure increase Qf'the hydrogén due
to the temperature change. This result indicaﬁed that.at‘the time o
chosen for the start of the -36° measurements, rééction (3) had already

proceeded to a considerable extent. This was'espécially true at lowér

hydrogen ion concentrations. At "zero time", the solutions were

therefore mixtures of BHZ(HZO);, HZO_BH(OH)VE,‘ 'and’B(‘OH)3. The first
s : (H,0BH(OH) » ]

two species were present in a ratio defined as r = [BH (8.0) 10

: o 2\12V/ o Jg

where subscript zero stands for initial concentration. The presence

of boric acid does not affect the calculatioh of the rate constants
)

k,' and k,'. The number of molecules of hydrogen formed during time

3

t is equal to the number of B-H bondsvpresent’at time zero minus thé




{r
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number of B-H bonds present at time t. Using the factor C to convert

‘pressure of hydrogen into the"cbrfésponding solution concentration, we

write -

(Pp - P)C = 2[BH2(H20)2+]O +.[H20BH(OH)2]O
_ (P;- PO)C = {2[BH,(H.0) 5 ]o + [HZOBH(OH)g]O} - {2[BH2(H20)2
"+ [H,0BH(0H) ]} | |
: N . 11 . ' '
The integrated rate expression  can be written as

-k, 't

1

+
[BH(H,0), ] e |
R BHL(H.0) Y] o
. > 2Vv"2"2 ‘g -kt
{[HZOBH(OH)EIO + S } e

[BHE(H20)2+]

[HEOBH(OH)g]

3 w1 kMt
k' [BH (H,0), ] e 3
kj' - k_41

By combining the four preéeding equations With fhe relation

[HEOBH(OH)Z]O = r[BH2(H2O)2+]O, we obtain

- (. - F) f[k,' - 2x,° e [ k. ' e
- Voo o 3 4 k't 3 k't
(Pu - 2) = | [r g k4.] RO

- The paraméters ks', k' and'f'were evaluated from the data for each -36°

run using a least-squares éomputer program written in FOCAL for a small
PDP 8/ computer (see Appendix).
'Sémilogarithmic plots of (Py -_P)*ver§us time at -36° for runs 1

and 8 are shown in Fig. 6 and 7. The smooth curves drawn through the

: poiﬁts éorrespdnd to the calculated values of k-', k,' and r. A plot of
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computer-calculated values of kz' versus hydrogen ion concentration is

shown in‘Fig. 8. The calculated values of k4f:were essehtielly,constant'

-

for allAthe runs. The valueﬁwesf3.33clo;%'seef% except for run k4
(3.7x107% sec™?) and runs 7 and 8 (3. 5xlO'4 see’l). We also studied
reection-(h) at 0° and the values of k,' are L. 3, 4.3, 4.6 and 10.5

(x lO'j's ") at pH 1.00, O. 70 O 46 and 5.6 respectlvely The latter
~ PH was buffered by an equlmolar mlxture of sodlum benzoate and ben201c
ac1d - |

Because of the poss1b111ty that the hydrolyz1ng solutlons were

vsupersaturated in hydrogen and that the measured: rates were llmlted by
~ the rate of evolutlon of gaseous hydrogen from these solutlons, we
carried out several runs with the stirring rate reduced by more ‘than a
_factor of lO. The calculated values of k' changed by less than lO%
and the,ualues of k,' and k' were essentially;unchanged. However, the
rate.Ofvhydrogen evolution during'the first_part of the -78°_runs was
markedly decreesed by more.than a factor of five. Obviously the initiel
Vrate of formation of hydrogen was greater than the rate-at which it

could escape from solution.

Alkaline Solutions,- The exact concentrations: of BH=0H , BHQ(OH)E_;

and BH(Oﬁ)3' were not known, but excess sodium hydroxide was'always
added so that the final hydroxide concentration was at least 5 timee
_that'of the initial.sodium hydroborate. Fer ruhS'betwee pH 10 and i2,
only the piperidine/piperidinium'chloride buffer system was found to

be suitable (due to low solubility in the water-methanol. solution, or
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/high rapor preesure of other possible compoundsy;. An equ;molar mixture
.of piperidine and piperidinium chloride gives a pH of 10. Below pH 10
the rapid hydrogen evolution;preVents accurate measurement.

In non-buffered.strongly aikaline solutions’the following-net

reactions are assumed.

k. ' :
~ S . -
BH,OH™ + 3 H,0 ~———> B(0H),  + 3H, (6)
E .-- . - ,k,?' . ‘
BH,(OH) .~ + 2H,0 ————> B(0H),~ + 2Hz (7)
. ) i k 1
BH(OH),” + H,0 ———> B(0H), + H, (8

The reaction rates were measured in the éame way as that used for
" the aéidic solutions% bThe data for a typieal'hydrolysis of BH,OH™ -at
.éoo ana 0.35-M‘in eodiuﬁ hydroxide are giVen in Table VI. Plots of.
log(P@ - P)'versus.time for the data in Table>VI'gave a straight line,
shown in Fig. 9. This inaicates that for the stepwise hydrolysis of
BH3QH-,:the rate increases with each step (k' >rk7'_> k'), Assﬁming
that BH,(OH). and BH(OH)3"hao been present:in the solution at -78°,
at the time chosen for the'start of the measurements at 20°, a suddeh'
increase 15 the hydrogen pressure should hare been.observed . If:ie
R concluded that a "zero time" BH (OH),™ and BH(OH)3 were already de-
cdmposed. The pseudo-flrst order rate constant k ' was obtained by

measurlng the slope of the llne in Flg. 9. Values of k ' are l T, l 9,

1.8 and 77 (x 107% s 1) at pH 13. 5, 13.0, 12 5 and 10.0 respectlvely



Hydrogen pressure as a function
for the hydrolysis. of BH,OH .at [OH”]

Time (sec)

.
69
171
398
558
789
%9

1152
1281
1458
1644
1824
2025
22h1
al7e
2655
2871
3114
3366
3846
4392
5214
5925
6585
7398
8364
19900 -
10920

Table VI

P (cm)
" 10.
10.
10.
10.
.62

10

10.
10.
11.
11.
11.
33
43

11

11,
11.

11.
11,
11

13,
13.
13.

13.
1k,
1k,

11
12
12
12.
12
12
13

=16

09
20
30
50

81

93

03
12
22

53
6L

38

.60
.89 .
.13
30
50

69
93
o7
76

o]

of time

= 0.35 M and 20°.

- P (cm)

.67
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o

k.56

L.46
- 4,26

b.1h
<95
.83
.73
.64
.54
A3
.33
.23
.12
.01
.91
.80
.69
.58
.38
.16
.87
.63
RIS
.26
.07
0.83
0.69
0




.;l7f

.Thé dependence of ieaction rate on piperidiniumiion concentration at
pH 10 is shown in Fig. 10. |

From the solutions containing BH(OH)3' as the only boron-hydrogen -
specieé,iﬁe_dbtained the rate conétant kg'.at 0° in the sameiway as k6'.
In nOthuffefed strongiy alkaline_solutions, thé values'of ka{ are 1.30,
1.0, 1.20 and 0.89 (x 1077 sec™?) at pH 13.5, 13.k, 13.0 and 12.8,
reépeétivély. In a buffered solution of pHvlo;vka' =9x10° sec™ .
It wasvnot poSsible to deﬁerﬁihe a ﬁeaningful dependénce of kei on
piperidinium ion cdnéentration,‘because the rapid evolution of-hydrdgen
at O°‘and_pH 10 prevented an accurate measurement.

The species BH2<GH)2- was always contaminated with BH(OH), . For
a typical run of a mixtuQe of BHg(oﬁ)g" and BH(OH),  at 0° and 0.35 M
in NaOH, a plot of log(P, -YP) versﬁs time is sgown in Fig. 11. It can
be séen tHat'af£er 3000 seconds the curve is linéar; The linear portion
éorrespéndsbto the hydrolysis of BH,(OH) . The hydiolysis of\BHg(OH)zf
is stepwise, with BH(OH) ,~ hydroiyzing faster than BH2(0H)2'._'Thérefore
we treat the hydrolysis of this mixture as two parallel pseudo—firSt;v
order reactionsle which produce hydrogen. After 3000 seconds, thére is
essentially no BH(OH)j;. The expression for 1og(P® -_P) becomes |
log[BH_(0H),"]C = log(P_ - P) = 1og[BH2(0H)2']OC’- (k_'t/2.303), where
C is the factor that conyerts;solution concentfation into hydrogen |
pressure.  From the slope and the ihtercept"of the line iﬁ Fig. 11, we

- e -1 A e . R - . - '
obtained /[BH,(OH)," ] C = 2.06 cm, k ' = 2.1 x 107" sec ' and [BH(oH) " Ic =
1079 1X107%

2.06 x cm. The pressure of [BH(OH)B_]C may'be‘calculated

. .- g -9.1x1075
by difference, [BH(OH), ]J¢ = P - P - 2.06 x 10 2. 1x10 =t
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A semi- logarlthmlc plot of it versus tlme is sﬁown in Fig. 12 from -
whlch we obtained k ', Values of k ‘, obtalned from the mlxture, are
| 2.1, 2.1 and 2.2 (x 10*5 ), values of k t are 1. 3, 1.5 and 1.4
(x 1072 s l) at pH 13.5, 13. 3 and 12. 8 respectlvely
To determlne the rate of hydroly81s of the mlxture at lower PH,

a run at pH lO was tried. The plot of log(Pm - P) versus tlme gave
one stralght line, which represents the hydroly31s of BH(OH)3 . This
indicates that at pH 10 the dihydrdboron species is rapidly hydrelyiéd
to BH(OH) ™. Apparently lowering the pH'fromd12.8 to 10 makes the rate
of hydrolysis of dihydroboron species faster than BH(OH)3 | |

' The boron-1l nmr spectrum of'BH3OH' is shown in Fig. 13. We also
atteﬁpted to obtain a boron-il nmr specﬁrum ofeBHé(OH)g' at -20°. In
the'initial spectrum; recorded at -20°, a brqed doublet was observed;
the two peaks wereA315 ppm apart. The solution was warmed to 60°_for
-10 minutes and the spectrum Was again recorded'at>-20°.v Only a.singlet
was observed 1dent1cal to the hlgh field resonance of the orlglnal
doublet. We identified the singlet as sodlum borate using methylborate

as external reference.
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DISCUSSION

Reactioh‘i.- Our studies of thedeffect of etirring s?eed on reaction (1)
showed that the rete of reaction (1) was éreater than could be measured
by our manometric technique. The result was expected on the basis of
extretolation.of the room-temperature data for the acid hydrolysis of
hydroborate;13 from these data and the measured activation energy one
calculates a half-life of 7 7 x 10 -8 sec for the hydroborate ion in 0.1 M.
i at -78°. Indeed ‘the change of solvent from water to 88 vol% methanol
is exﬁected to make the half—llfe even shorter -- at 25° the methanolys1s
is ten tlmes faster than the hydrolys1s 1k |

The hydrolysis of hydroborate ion in ac1d1c solutlons at -78° rapldly
éave one mole of hydroged per mole of hydroborate This suggests the
.formatlon of a trlhydroboron species. When sodium hydrox1de was -added
30 seconds.after the hydrochloric acids sodium hydroborate'solutions
were mlxed at -78°_ this trlhydroboron spec1es was stablllzed, its
bororn- ll nmr in strong alkallne solutions (Flg. 13) is a 1:3:3:1 quartet,

= 87 Hz, centered 12.0 ppm upfleld from the borate
3

coupling constant J BH

singlet. The reported boron 11 nnr spectrum of BH OH has JBH = 82 Hz
and centered 13.9 ppm upfield fromuborate'singlet (obtained with a 19.3_
MHz Oscillator). .Although we observed the proton nmr signal of 0.05 M

_ hydroborate ion in this solvent at -20°, we were unable to see the proton

nmr signel of a 0.2-0.3 M solution of this trihydroboron specdes.

3

x

Gardiner and Coliet did not assign any peaks in the proton nmr to BHBOH-
and concluded that its spectrum was masked by that of the hydroborate

ion that was always present in their system.
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Reaction 2.- From Fig. 5 we see that k. ' is a linear function of hydrogen-
ion concentration, with a finite value at [H'] = O. The straight line

correSpondS’ﬁo.the equation k,' = k

— kzb[H*]'and indicates the following

two-term rate law -d[H,OBHs]/dt = kg [H,OBH,] + k_ [H"][H_OBH, ] where
ks = 0.0015 sec™ and k. = 0.0016 sec™ M™'. The value of k,' is’
independent of ionic strehgth;

Gardiner and Collat? have reported the rate law of the hydrolysis

of BH,OH™ as
ko= kg [A] vk, () vk e0) (9)

. ([BA] is the concentration of the acid component of the buffer solution)
with =7+ 3x10° M! sec”t and = 7 x 105 M°! sec™! at

kH'*' - kHZO - .
20°. They also reported the dependence of the rate constant on ionic
strength, and the activation energy for hydrolysis 'AEa(H+) = 12 + 8 keal
mol™*. In non-buffered strongly alkaline solutions (pH 12.5 to 13.5)
Eq.(9) can be approximated as k = ngo[Hgo].> In this pH range, we found
the rate constant k. ' = 1.8 x 107 see”™, independent of pH. ‘Byh
comparison;’Gardinar dhd Collat's rate constant between pH 12.5 and 13.5

is k_='3,9 x 107% sec”t.

_The agreement 1s fairiy good consideiing ﬁhe
different ionic strength (o.so'Gardinef and Collat; 0.35 for:thié work) =
and different solvent. | .

If we dpply Eq. 9 to our kinetic study of_the hydrolysis of thei
trihydrobéron species in buffer solution of pH ;6, ﬁe obtain, from the
value of k¢' at [piperidinium ion] = 0 on Fig. 10, k' (e [H"] + |

N
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k, (H O)[HgO] = 6.6 x lO ® sec”t. Substituting [H+]_= 107%° and

-1 _ A7 =1 -1
K (H 0 H20] = 1.8 x 107* sec™, "we obtain k' (54 —.6.4vx 107 M™" sec

" which shows»fair agreement with kH+ (7i3 X 106_M:lsec'l) of Gardiner and Collat;

The'dependenCe of-reection rate on the ionic strehgth of the tri-
hydroboroh species in elkaline solution led Gardiner and Collat to pre-
dict a negatitely charged species BHgoH'. Our'studies of the hydrolysis
of trihydroboron speciesvwere cafried out at éO° in strongly alkaline

solutions, 98°:higher‘than the studies in acidic solutions (-78°).  The

term independent ofvhydrogennion concentration in strongly alkaline

solutions (1.8 x 10™* sec™!) is 10 times lower than that in acidic
solutions (1.5 x lO'3 ec™!). If the same trihydroboron SPecies were

involved in the two systems, we would expect that the H+ independent

term Would be much greater, not lO times smaller, in the alkaline solu-

tions at 20° than in the acidic solutions at -78°. Therefore‘we conclude
that the.trihydroboron species in_alkaline solutions is different from
that in acidic'solutioﬁs; Althoughfthe'rate of hydrolysis of the tri-
hydroboron‘sﬁecies in acidic solutiohsbis dependent on hydrogen ion con-
centration,.it is independent of_ionic strength. This_suggestS'that the
trihydroboroﬁispecies‘in acidic'solutions is uncherged, and we assign it
the formula. H,OBHs. - |
The activation energy for the hydrolys1s of BH OH has been reported2
as AR (H ) 12 + 8 keal mol™t from which we calculated the lower limit
(with AR (i) = = 20 keal mol ) ‘and the upper limit (w1th AR (H+) L
kcal mol 1) of the rate constant k6 (5 at -78°. The values of k' (H*)

are 4.0 M sec™ (lower limit) and 6.4 x 10° M _ft sec™? (upper limit).
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Using these calculated values of'ks‘(H+), we obtained the limits of the
dissoeiation constant of the following reaction at -78°..

_—2 N - +
H OBH, <————— " BH;OH + H

6 x 1072 < Kq € bk x 107%

Reaction- 3 - At 78° hydrogen evolutlon stops when two moles of hydrogen
per mole of hydroborate are obtained when [H+] > 0.53 M, but does not

stop when-[H+]<:O.53 M. This suggests that there is a species other than

BH2(H20)2+.in existence in acidic solutlons at lower “hydrogen ion concen-

trations which is'pelatively unstable toward hydrolysis. We believe the

species is H_OBH_,OH. The instability ovaéOBHZOH toward hydrolysis has

been repofted previously 6 ‘'The pH dependence of the HZOBHEOH concentra-~

- tion suggests that H,OBHLOH is in equilibrium w1th BH2(H20)2 . Fram
Fig. 6, we see that increasing_the hydrogen ion concentratlon decreases

' the rate of reaction. We write the following reactions:
* oy HLOBHLOH —S B (1,0,
H + Hy0BH,O _ H?( 202"
o Esa
H,0 + H OBH,OH ————> H,O0BH(OH) , + Hj
k

BH,(H,0)," + H,0 —2—> H_OBH(OH), + H, + H'

Tf [H,OBH_OH] + [BH2-(ﬁ20)2+] = A, and [BH, (H 0),*1/[n, OBH-OH][H”?] =

K, then [H_OBH,OH] = A/(1 + K[HJ?]) and [BHg(HE';o)__;] H+]K/(1 + K H+]) |

~
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-a[A] _ -d[BH2(H20)2']  d[HoOBH2OH]
d- T at T at

k,, [BH2(H20)2"] + kza[HQOBHQOH]J 

k. + Kk_ [HY]

_ 38, 3b A
1 + K[H']
. - ' +

, L g Kk, [H"] : .
Therefore " k ' = s o (10)
e - 1+ K[H'] S -

Values of kja; k3b; and K were calculated by a least-squares fit
of the data, and were found to be k_, = 0.017 sec™, k= -1.5 x 107*

b is, within experi-

".mental error; equal to zero or a small positive number. A calculated

sec”” and K = 6.4 £/mol. The negative value of k

curve of k3"versus‘[H+] was obtained by using k3a = 0.017 Sec'l, Ky =
0 ahd K = 6.4, Comparis¢n of this,curvé'with'éxperimental k,' is shown3
' in Fig. 8} By éssigning'RBbbvalues in the range 0-3.k x 1075 sec™?,
while keeping k3a_¥v0.bl7 sec™ and K = 6.h'2/m01e, we obtained equally
good-curQes, indicating that the apprpkimati¢n of kﬁb =0 or a small
positive number is reasonable.

when [H¥] Becomes sﬁfficiently low Eg. lO-éan-be approximated

' as k3’ £ k,,» corresponding to the hydrolysis of‘HEOBHéOH. At -365_

35 0.0l? sec” . Wevfound between pH'lE.S’énd 13.5 the rate constant

=

'suggeéts'the dihydroboron species in alkaline solutions is not HgoBHéOH. v

1}

2.2 x Z'LO'S_'sec"l at 0°. Since these values are so different,ithis

The species BH2(H20)+ can be converted to an unstable SPecies by‘lowering;

hydrogen ion concentration, and we found in alkaline solutions decreasing .

1
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the hydrogen ion cdncentration does not decrease the rate of hydrolysis.
Theréforé the dihydroboron épegies in alkalihe_solutions is not BHZ(H20)2+.‘ -

‘We believe it to be BHZ(OH)Z-. ThefhjdroiysiSIOf'BHg(OH)z' at 20° in
theva range of 12.5 and 13.5 was‘tbo rapid to bé measuredﬂ

" "Mochalov et al.15

have reported a kinetic study of the hydrolysis
.of BH;(OH)Z‘ at ionmic stréngth 0.4%0 and pH betwéen 9.7‘and 10.7, the rate
equation is -d[BH;(OH)Z']/dt = k[0 ] [BH(0H) "] Which indicates the
essential participation ofihydrggep ions. We found, between pH 12.5

and 13.5, the rate of hydrolysis is independent1of PH. Their value Qf
'k, is 0.5 x 10° sec™ M at 0°. Using [E'] _ 10710 M and k, = 0.5 x 10°
sec * g"?,'one obtains - -d 1n[BH2(0H)éf]/dt = 0.5 x 10™* sec™® and we
found it is greater than 0.1 x iO-lsecfl at 0°. For the results on the
hydroiysis of BH5OH™, BH2(OH)2"and BH(OH) 5~, the only agreement between |

our work and Mochalov's is the ﬂ}nding that the more B-H bonds an anion

has, the more slowly it undergoes hydrolysis.

i
Reaction 4.- In both non-buffered strongly acidic solutions and strongly
alkaline solutions we observed a pH-lndependent rate of hydrolysis of

the mohohydroboron species. At 0°, the pseudo-first-order rate constantj,

-1 ~1

is 4.4 x 1077 sec in acidic solutions and is 1.0 x 1077 sec in
alkaline sﬁlutioﬁs._‘This sugges£s that they are differént species;: We
believe it is H,OBH(OH), in acidic solutions and is BH(OH)," in-alkéline

. 2 .
solutions. In buffer éolutionS'of pH'5.6 andle.O, the rate ofvhydrdlysis
of mohohydroboron species is about ﬁwiée asvfest as"thatvin.acidic:

solutions. This might bé’explained using the following rate equation,
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o (tz0) 120 o)

-4 1n[BH(OH),7]/at = ko [HA] + (H )[H ] +k
In non-buffered sﬁrdngly alkaline solutions Eq. (10) can be approximated
as -d 1n[BH(OH) ]/dt = ka(HgO)LHgo] and the rate is 1pdependent ofv
PH. In non-buffered strongly acidic solutions Eg. (10) can be approximated

as -d 1n[BH(OH). l/dt = k [H ] which is kinetically indistinguishable
) 3 ) .

s(H" N
from the hydrolysis of H,OBH(OH),. In buffer solutions, when all three
‘terms contribute significantly, a higher rate than that in strongly

acidic solutions may be observed. However we were unable to determine

the dependence of reaction rate on [HA], because the evolution of hydrogen

was too rapid to measure accurately.

 Hydrolysis of BH2(H20)2' in 8 M HC1 solution.- The hydrolysis of

BH (H O) in aqueous 8 M HC1 solutims at a temperature range from

-35° to -50° was also studled. The reactions cén be written as:

BH_(H_0) * 5 H_OBH(OH), + H' + H
2 2 2 27 . 2 .2

| | k, o

. HQOBH(OH)Z —_— B(OH)3 + H,

Values of k, and k, were obtained in the same way as k' and~k4'
from Eq. 5. Plots of ky and k, versus 1/T are shown in Fig. 14 ffom-

whlch the follow1ng actlvatlon energles were calculated for k

AEaB# = 10.7 * O. 8 keal mole %5 for k,, AEa4¢ 11.6 + 0.9 keal mole ;a

i
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PART II: UNFINISHED KINETIC STUDY OF THE HYDROLYSIS

OF OCTAHYDROTRIBORATE ION'

ABSTRACT

. The stepwise hydrolysis of the B3H8' has also been studied in the
cold methanol-water solution, in the hydrogen iqn concentration range

1.0-3.5 M. - At -78°, one mole hydrogen per mole of B,H,~ was obtained,

corresponding to the formation of B,H. OH. HoWever in aqueous 8 M HC1

a total of 4.5 moles of hydrogen per mole of B5H8' was obtained at -78°.

The reaction mixture, when warmed to room temperature,_will give

another 4.5 moles of hydrogen.-
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INTRODUCTTON

'Thé ocﬁahydrotriborate ion undergoes hydrolysis at room temperature

in aQueous acidic solution to give boric acid and hydrogen:

B_?HB' + HY + 9H,0 —— 3B(OH), + 9H,

The sfudy of the kineﬁics of stepwise hydrolysis of h&droborate‘

~ between -78° and -35° led us to investigate the hydrolysis.of B,H ~ at
lowef éemperatures to see if stepwise h&drolysis 0ccﬁrs. Oniy the
pofassium salt was used for this study>becéusé it is soluble in methanol-

water solutions at low temperature and is non-hydroscopic.
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EXPERIMENTAL

Material.- Sodium octahydrotriborate in the fotm of the trisdioxane
‘complex was prepared by the literature procedure.l6 Potassium octa-
hydrotrlborate was prepared by the addition of concentrated KOH solutlon
to=a nearly saturated NaBsHg solution. The pota331um octahydrotriborate
'wasithen precipated. Potassium hydroxide is insoluble in:THF and can

be ea51ly separated from KB H

The potassium octahydrotriborate was then. prec1p1tated from “the

THEF solution by the addition of dioxane. The potassium salt was isolated
by evaporating an aqueous solution to dryness and then‘vacuum dryings
the solid at lOO°.f17 The hydrogen analysis sﬁoﬁed it is 97% pure.
Tetramethylammonium octahydrotriborate, supplied.by Alfa Inorganic inc.,

was used without further purification. Other compounds were all reagent

grade.i

Procedure. - The apparatus;ased is shown inﬁFig. lf sThe solvent of
88 vol% methanol 12 tol%'water'was pipetted ihto the reaction vessel;
and a known amount of HCI, dissol?ed in the same solfent, was added.
Sufficient lithium chloride was added to make the final'ionie strength
3.5 M. i |

A fragile bulb, containing 35-55 mg KBsHg iﬁ 2 ml of solvent, was
lowered into the reaction vessel. The solutionrwas then cooled to -785
using a Dry Ice-acetone bath, whereupon no KBsH, precipitated inside
the fragile bulb. Thevsystem was then evacuated, the fragile bulb Was

brokeh, the timer was turned’on,'and the pressure of the evolved
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hydregen was'measured as a function of time. The tetal amount of hydmogen
- evolved at -78° was then measured.

The:eéme.procednre was uSed'fdr'ﬁhe;runs in aqueous 8 M HC1l. solutions.
Aév—78°, after 6 hours the hydrogen evolution.had‘essentially ceased and
the emount of H2 was me&sured. The Dry Iee-acetone bath was then repiaced
byAanother cold acetone beth of the desired temperature (—hg,u°’ -h3:5o’
-38.4°, end -35.6°). A second reaction vessei, containing a solution of
BHg(Hgo);+ 5,6 in 8 M HC1, was als0 placed in this bath. Fach reaction_
Vessed'was connected to e manomeﬁer and the nydrogenveVelved measured as
e function of time. During these measurements, the bath was vigorously
stirred and the temperatume, measured withvan emmonia Vaporvpressure

9

‘thermometer,” was mainﬁained‘in a range of t0.5°.5y the occasional
addition'of Dry Ice. After a few.houre, the cold batn wasvremoved and
the eolution waslwarmed to room tempeiature to effect complete decompo-
sitien and to allew complete evolution of any dieeolved hydrogen. .Any
volatilized HC1 and water were condensed back into the feection vessel
at -196°, and the "infinite time" hydrogen p:essnre was measured after

/

replacing the cold bath.

1}
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' RESULTS AND DISCUSSION

Methanol-water solution.- At -78°, the hydrolysié of KBsH_ yielded one

mole 6f hydrogen per mole of BSHB_; typical ratios of the moles of hydrogen

evolved per mole of B3H8- consumed were: l.OQ’(at [H+j = 3.4 M), £L03
(5] = 2.9 M), 1.06 (tH+] - e;olg) and 1.07 ([H'] = 0.9 M)." This cor-
respOnds to the formation of B3H7°OH2 which ié-é very stable species in
" acidic soiution ([H+] < 3.4 M) at —78°;

For all runs the hydrogen ion concentratioh‘is'always a fewnhundred
times thatfof KB_H_; therefore the rate data couid be interpretéd in'
térmé of pseudo-first;order‘reéction; The rate-déta from a typicai,run
of the -78° hydrolysis of KBsH, at [H'] ='3;5 @ is shown ianéble VIL.

A plot of log(P, - P) versus tiﬁe forvfhé.data of'Table VII is shown in
Fig. 15..:(Here P, corresponds to the pressure -of one'ﬁole df hydrogen.
per mole of KBl at -78?.) Between hydrogen ién concentration rangé
1.0-3.5 M we were unable to‘determine a méaningful dependence of the
h&drolysis.réte on [H+],'becau§e at the lowerrhydrogen ion ¢6ncentra£ion
([#"] = 1.0 and 2.0 M) the large quantity of 1iCl present prevented rapid
stirring of the solution, and it was ﬁot possiblé to ﬁeasure accuratélf
the hydrogen evolution; This reaction should be investigated again in

a hydrogen ion concentration‘range bétwéen O{i and 1.0 M. | | |

When the B3H7OH2‘solutions were warmed to -40°, complete hydrolysis :

was observed:
BH_OH, + 8H_0 —> 8H, + 313_(01{)3

The stable compound B3H7OH2-formed;at -78° should prove a useful

intermediate in the preparation of pther B3H7 adducts.
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Table VII

"Hydrégen pressure as a function ot time for the

 hydrolysis of KB3H8 at_[H+] = 3.5 M and -78°

Time (sec) P (em) P, - P (cm)
0 o 0 o l.26
18 | 0.22 }:.1.ou
48 0.3  0.83
60 0.53 0.73
78 X 0.6L4 ’ -~ 0.62
96 \ 0.7h L 0.52 :
120 | 0.74 '  }o.u2
1k ) 0.94 - .0.32
192 | | .oh - o.22 :
26 | N IS
ko2 | - 1.25 |

Looo -1.26
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In a separate exﬁeriment, a largé exce%s.pf cold 8VM HC1l was addéd
to a beéker céntaining a mixture of (CH3)4NB3H8‘and methanol-water
,‘solvent; After three hours‘a cold Solutioh of éodiuﬁ hydroxide wagb
added to see if the B3H7OH2 formed would be étabilized in alkaline
solution. :The reaction ﬁixture was warmed to room temperature'and a
boron-11 nmr spectrum was recorded. The spectrum is identical to that
of a mixture of hydroborate and borate. This réactioh may be Worfh a
more careful study, fbr example ﬁsing KB Hg and the apparatus in Fig. 2

which would allow the hydrogen evolution to be followed.

Aqueous 8 M HC1l.- At -78°, 1.05 moles of hydrogen per mole of KB Hg were

evolved within 70 sec. in the hydrolysis of KB3H8, corresponding to the

formation of B3H7OH2.

4.5 moles of hydrogen in 5 hours and an unknown state of boron-hydrogen
intermediate which Whén_warmed to room temperéture will give _another
4.5 lees éf hydrogen tq the complete hydrolysis of B3H8_

-

- + -
B,H, + H + 9H,0 ——> 3B(OH) + 9H

The rates of hydrolysis of the unknown boron-hydrogen intermediates

at -49.k°, -L3.5°, —38;hf and -35.65 were compared with those of BH2(H20)2+

solution. A typical run at -35.6° is shoﬁn in Fig. 16. The different
initial'slopes of the two-plots indicate that if the unknown mixture
‘contains BH2(0H2)2+, it_ié'not‘the only speciés present. However it is
apparent that the hydrolysis invglvés H_OBH(OH), immediately before the

formation of boric acid.

This further hydrolyzes at -78° to give a total of
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Figﬁre Captions

The apparatus for the kinetic study in acidic solutions:

The apparatus for the kinetic study in alkaline solutions.

fLog(%Pm - P) vs. time for the hydrolysis of BH, and

H,OBH, at [H'] = 0.11 M and -78°.

Log(-;--P°° - P) vs. time for the hydrolysis of BH, and

"] = 1.21 M and -78°.

Values of k2‘vas a function of [H+],for'the hydroiysis of

H20BH3 in acidic solution.

Log(Psx - P) vs. time qu the hydrolySis of the dihydroboron

and monohydroboron intermediates for [H+] = 0.105 M at‘-36°.

The curve was calculated from Eq. 5 using the values
k.' = 0.10 sec™*t

- , k' = 3:3%x107% sec™ and r = 3.2.

Lo_g(Po° - P) vs. time for the hydrolysis of the dihydroboron

and monohydroboron intermediates for [H'] = 1.16 M at -36°.

 The curvé was calculated from Eq.55 using the values

k,' = 0.0023 sec™t

, k,' = 3.5 x 107 sec”™ and r = 0.39.
Values of k3' as a functiOn.of [Hf] for the hydrolysis of -
the dihydroboron inﬁermediates (BH2(0H2)+ and H2OBH20H) in

acidic solution.
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\

. Log(P, - P) vs. time for the hydrolysis of BHsOH at

[o5™] = 0.35 M and 20°.

" Values of k6' as a function of the piperidinium ion

concentration.

Log(P,_ - P) vs. time for the'hydrolysisvof a mixture of

- BH_(OH),  and BH(OH)s at [OH ]’'= 0.35 M and 0°.

9.1 x 10 t) vs. time. The

- ) -5 . .
9.1 x 1077 ¢ is proportional to the

concentration of BHZ(QH)Z- at time t.' (The parameters

of the latter function‘were evaluated from the straight-

line portion of Fig. 11).

Boron-11 nmr spectrum of a wateremethanol solution of

BH3OH-. The singlet is due to borate decomposition product;

the quartet is due to the BH5OH ion.

Log k5 and log k; vs. l/T for 8 M HCL. The starting

solutions contained pure BH2(0H2)2+.

Log(P, - O) vs. time for the.hydfolysis:of KB, H, at

[H*] = 3.5 M and -78°.

Comparison of the hydrolysis of BH,(OH)," in 8 M HC1 (A )

~ with the unknown boron-hydrogen intermediate in 8 M HCIL.

(®) at -35,6°,
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APPENDIX

C-8< FOCAL 1969

@1.05 TYPE %8.85, "KINETICS LEAST SQUARES"
@1.18 ASK “NO. JOF POINTS ', NO,!

@1.12 SET J= NO-1 o -
@113 FOR 1=0,J3T 2, 141," "5 2842554 “T"TCId)s™ Y"sY(I)s!
B1415 ASK "TRIAL™, " H2 INF',HZ," KI",K1," K2",K2,!
D116 ASK ' GAMMA™, G, !

@1.19 SET L=3

21.20 SET Sl=1.E+1@

@1.29 SET $=0 o |

@1.30 FOR J=0,23 FOR K=0,33 SET A(J+L*X)=0

@1.35 FOR I=@,NO-13 DO 2.0 S

@1.36 T "SUM OF SQUARES ", S, !

@140 IF ( FABS(S-S51) = 1.E=5 ) 1.9, 1+95145
@1.50 SET S1=S -

@1.51 DO 10

91.52 SET G=G+X(@)

B1.54 SET KI=K1+X(1)3 SET K2=K2+X(2)

@1.55 GOTD 1.29

@1.99 FOR 1=0,NO-13 DO 3

Dle9l T 15 "K1"»Kl, " K2, K2,!
Q1.92 TYPE " . GAMMA - "5 G, !

21.95 QUIT

P2.81 SET Bl=X1/23 SET B2=K1-K23; SET B3=Bl1-K2
02.02 SET B4=B2xB23 SET BS=K1-2*K23 SET 86-K2/2
@2.03 SET B7=B1/B2 -

"32.05 SET Cl=FEXP(~-K1*T(I))3 SET C2= FEXP(—KZ*T(I))
@2.06 SET C3=(B1-X2)/B23 SET C3=C3*T(I) :
@2.07 SET C4=2+G

22.028 SET'Dl-((B3/B2)*Cl+(87+L/2)*C2)/C4

92.09 SET D1=C2/2-D1

02.10 SET D2=(Bé6/B4- CS)*CI-(86/84)*C2

P2.15 SET D3=-(B7/B2)*C1-((B7+G/2)*T(I)~ B7/B2)#C2
P2.20 SET Y1=((B1-K2)/B2)*%Cl + (B7+G/2)*C2

#2.50 SET D2=z=H2#D2 - o -
#2.52 SET D3=H2%D3 ‘

@2.54 SET Y1=H2#*Y1

02.60 SET DI=C(2%¥H2)/CAa)*D1 .

@2.62 SET D2=(2/C4)*D2 -

P2.64 SET D3=(2/C4)*D3 '

P2.66 SET Y1=(2/C4)%Y1

@2.89 SET DI= YCI) - Y1 _

02.90 SET A(Q)=ACR)+D1*D1 ,

P2.91 SET A(3)=A(3)+D1*D23 SET AC1)=A(3)

B2.92 SET A€(6)=AC6)+D1xD33 SET A(2)=A(6)

32.93 SET A(9)=A(9)+D1*DI

@294 SET AC10)=AC13)+D2*DI

@2.95 SET AC11)=AC11)+D3*DI

02.96 SET AC4)=AC4)+D2%D2 : :

B2.97 SET AC7>=A(7)+D2%D33 SET A(S)=A(T)

02.98 SET A(8)=A(8)+D3%D3 . _

#2.99 SET S= S+ DI*DI - . . S .

A

Lo
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23.10
23.20
33.30

19.05
18.10
19.14
1016
1917
19.18
10.20
19.22
10.23
12.26
192.28
19.29

11.05
11.190
11.20
11.22

12418

12.20
12.30
1249

13.108
13.20

-55- "

D) -2 S
T TCI), ™ 5 YCIds " ", Yi, !
RETURN
N
C SOLVE MATRIX EQ AX=8B o
SET N=L=-13 S I==13 FOR K=0,N3 SET R(K)=K+l
SET M= l.E~-6 = . o o
FOR J=3,N3 FOR K=@,N3 DO 11.0
SET R(PY=0D - :
FOR K=0,L3 SET AC P+L*K) = A(P+L*K)/M
FOR J=0>N3 DO 12.0 ' : ’ o0
SET I= I+1i
IF CI-N) 18.145, 10.26, 12.14
FOR J=0,N3 FJDR K=@,N; DO 13.0 . :
FOR K=0,N3 TYPE !5 %2, "X('" K,'") ",%8.05, X(K)
TYPE '!3 RETURN :

IF € RCJY ) @5 1135 111

IF ¢ FABS< ACJ+L*K] >-FABSC ™M 1 ) 11433

SET M= A( J+L*K )
SET P=Js SET Q=K
RETURN

IF € J-P ) 12.2, 12.4 » 12.2

SET D=AC(J+L*Q) v

FOR X=@,L3 SET ACJ+L*K)=ACJ+L*K)-A(P+L*X)*D

RETURN -

IF (1.0E-6 -FABS[ A<J+L#*K> 1) 13.203 RETURN
SET X(X) = ACJ+L*L) .3 RETURN
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