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tive viscosity, the diffusiou coefficient would be in-
dependent of the volume fraction of added third
component, if Stokes’ law were applicable. In-
stead, the data show a linear regression with volume
fraction of addend to within = 0.169,. The slope
of this line, following the forin of equation 1, is
1.66, compared to Wang's value of 1.5 for large
unhydrated spheres, This suggests tlie possibility
that an obstruction-effect theory may be devised
to account for experiments in which the presence
of small molecules slows the diffusion of other small
molecules. It is further suggested that the hydro-
dvnamic portion of the coucentration dependence
of diffusion, which has beeu treated as a question of

(5. W. ScHAEFFER, T. L. Korskr axp D. L. EXSTEDT
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solution viscosity,3.%% may possibly be reinterpreted
as a self-obstruction of diffusion by the small
diffusing molecules.*
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Etherates of Lithium Borohydride. I. The System Lithium Borohydride~Dimethyl
Ether!
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Pressure—composition isotherms for the system litliium borohydride—dimethyl ether at 20.0, 0.0, —45.2, —63.5 aud
—78.6° show that the three solid dimethyl etherates, LiBH,-2(CHj;):0 (I), LiBH,-(CH;),0 (II) and (LiBH,).-(CH;):0O (III),
exist. Values for the heats, free energies and entropies of dissociation of these compounds per mole of dimethy! ether
evolved at 25° are AHg = (I) 10.42, (IT) 11.13 and (III) 12.25 keal.; AFs = (I) —0.145, (II) 1.66 and (IIT) 2.21 kcal.;
and ASs = (I) 354, (II) 31.7 and (III) 33.7 eu. The lieats and free encrgies of formation and absolute entropies of the
etherates at 25° are AH® = (I) —157.1, (II) —102.4 and (IT1} —149.3 keal./mole; AF® = (I) —87.1, (1I) —60.0 and

(III) —91.0 kcal./mole; and S¢ = (I) 77.4, (II) 49.1 and (III) 66.3 e.u.

Introduction

In recent years, lithium borohydride has conie
into widespread use because of its unique properties
as a reducing agent for both organic® and inor-
ganic%* compounds. The reactivity of lithium
borohydride places serious restrictions on the media
which may be used to facilitate its reactions and
useful solvents have been generally found among
the ethers. In some reactions of lithium borohy-
dride, the ether acts not merely as a solvent, but
must play a more direct role in the chemical proc-
ess. A striking example® is the effect of diethyl
ether on the rate of production of diborane in tlie
reaction between copper(I) chloride and lithium
borohydride. The reaction rate increases with the
amount of diethyl ether until the mole ratio of
ether to borohydride is one to one; more than this
amount of diethyl ether is not reflected by a fur-
ther increase in the rate of production of diborane.
This fact has been interpreted to indicate that the
reacting species may be the one to one adduct of
lithium borohydride and diethyl ether rather than

(1) Presented at the 132nd meeting of the American Chemical
Society, New York, N. Y., September, 1957.

(2) Taken in part from a thesis presented by T. L. Kolski to the
Graduate School of Saint Louis University in partial fulfillment of the
requirements for the degree of Doctor of Philosophy, June, 1957,

(3) N. G. Gaylord, ""Reduction with Complex Metal Hydrides,”
Interscience Publishers, Inc., New York, N. V., 1956.

(4) (a) G. W. Schaeffer, J. 8. Roscoe and A. C. Stewart, THIS
JourNaL, 78, 729 (1936); (b) A. C. Stewart and G. W. Schaeffer, J. I5-
org. Nuc. Chem., 3, 194 (1956); (c) E. Wiberg, Angew. Chem., 65, 16
(1953).

(5) R. H. Toeniskoetter,
February, 1956.

M.S, thesis, Saint Louis University,

lithium borohvdride itself. Such a diethyl etherate
of lithium borohydride has been described by
Schlesinger and his co-workers,® who found that it
is fornied when dietliyl ether and lithium borohy-
dride are brought together at 0°.

The present paper describes an investigation of
the binary system lithium borohydride~dimethyl
ether and subsequent papers will describe similar
investigations of systems of lithium borohydride
with diethvl ether and with tetrahydrofuran. Itis
hoped that the information obtained in these stud-
ies will prove helpful in extending the usefulness of
lithium borohydride—ether systems and in elucidat-
ing the role of the ether in reactions of lithium boro-
liydride.

Results and Discussion

Pressure~composition isotherms for the system
lithium borohydride—~dimethyl ether at 20.0, 0.0,
—45.2, —63.5 and —78.6° clearly show the exist-
ence of three solid dimethyl etherates of lithium
borohydride: an hemi-(dimethyl etherate), (Li-
BH,): (CH3):0; a dimethyl etherate, LiBH-
(CH;),0; and a bis-(dimethyl etherate), LiBHy
2(CH;):0. Experimentally determined pressures
at varjous mole fractions of lithium borohydride
(n2) are given in Table I and plots of these data are
shown in Fig. 1.

In each of these phase diagrams, the uppermost
plateau indicates the constant vapor pressure of a
saturated solution in equilibriuni with the solid

(5) IL. 1. Schlesinger, H. C. Brown, H. R, Hoekstra and L. R. Rapp,
Tuls Jouryat, 7%, 199 (1933).
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TABLE I

DATA FOR PRESSURE—COMPOSITION ISOTHERMS AT VARIOUS TEMPERATURES FOR THE SysTEM LITHIUM BOROHYDRIDE-
DiveruyL ETHER

—78.6° —~63.5°

Comp., Press., Comp., Press., Comp.,

72 mm. ne mm. ne
0.000 34.3° 0.000 08.5“ 0.000
.034 31.8 .034 94.2 .034
1102 32.0 .103 94.4 .113
.176 31.8 .178 93.9 .274
.259 32.1 .262 93.8 .323
.325 32.0 .329 89.4 .333
.334 16.0 .333 65.3 .333
.382 0.1 .335 29.3 364
. 4358 1 .336 0.5 . 469
.508 0 458 .5 .500
.47 0 .508 .1 541
.547 .0 .634
.678
.741
,969

—~45.2°

0.0° 20.0°

Press., Comp., Press., Comp., Press.,
muml. nz mm. n2 mm.
286.4° 0.000 1086%° 0.493 76.7
271.9 .331 423.9 .529 33.3
272.6 .334 354.2 . 588 33.0
272.8 .351 193.7 .653 33.2
264.9 407 193.8 .678 29.8
129.9 .493 193.8 .679 20.8
5.8 .550 165.3 .686 12.7
4.0 .500 97.0 772 13.0
4.1 .518 8.3 .851 12.6
3.1 . 969 7.9 .974 13.0

0.1 .636 7.9

1 672 5.8

.0 .679 2.9

.0 .809 2.8

.0 .968 2.9

@ R. M. Kennedy, M. Sagankahn and J. G. Aston, THIS JOURNAL, 63, 2267 (1941). ° Extrapolated from data which

cover the range —83.2 to —24.2°,

phase, an interpretation which was corroborated
by visual observation. The next three plateaus
correspond, in order, to the discociation pressures
of the bis-(dimethyl etherate), the dimethyl ether-
ate and the hemi-(dimethyl etherate). The dis-
sociations of these three compounds may be repre-
sented by

(CH:),0(g) (1)
2LiBH, (CHs)0(s) = (LiBHg):-(CH;)O(s) +

(CH;)0(g) (2)

(LiBH,)s-(CH;3),0(s) = 2LiBHy(s) + (CH;):0(g) (3)

It is evident that the hemi-(dimethyl etherate) is
the lowest stable etherate formed in this system at
temperatures up to 20°, for the isothermal con-
stancy of the pressure of the system between n, =
0.667 and 7, = 1.000 shows that lithium borohy-
dride hemi-(dimethyl etherate) dissociates directly
into lithium borohydride and dimethyl ether.
Also, in view of the constancy of the saturated solu-
tion plateau up to n, = 0.333, there are no higher
stable dimethyl etherates of lithium borohydride
than the bis-(dimethyl etherate) at temperatures
as low as —78.6°.

TaBLE II

DISSOCIATION PRESSURES OF THE DIMETHYL ETHERATES OF
LiTHITM BOROHYDRIDE

A. LiBH,-2(CH;),0

Temp., °C. —63.5 —45.2 —22.9 0.0 17.1
Press., mm. (obsd.) 0.5 4.1 33.6 194.5 601.9
Press., mm. (caled.) 0.6 4.3 33.6 104.4 601.9
B. LiBH, (CH;),0O

Temp., °C. —45.2 —22.9 0.0 20.0 29.6 57.3
Press., mm. (obsd,) 0.1 1.2 8.0 33.2 60.9 286.9
Press., mm. (caled.) 0.1 1.3 8.2 383.2 60.9 286.9
C. (LiBH,): (CHy):0

Temp., °C. —22.9 0.0 20.0 38.0 56.2
Press., mm. (obsd.) 0.4 2.0 12.8 43.6 129.9
Press., mm. (caled.) 0.4 2.8 12.9 43.5 129.9

The dissociation pressures of the etherates at
various temperatures are given in Table II. Table
TII gives empirical relations which best describe
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TapLe III

THERMODYNAMICS OF DISSOCIATION AT 25° ¥OR TuE DIMETHYL ETHERATES OF LITU1UM BOROHYDRIDE

Process

LiBH,4-2(CHj3)»0 to LiBH,- (CHy)2O (equation 1)
2LiBH,-(CHj3):0 to (LiBHy)»- (CH3):0 (equation 2)
(LiBH4)s (CH;).0 to 2LiBH, (equation 3)

l/gLiBHg‘z(CHs)zO to 1/2LiBH4
LiBH.-(CHj;)O to LiBH,

the dissociation pressure-temperature relationship
and the derived thermodynamic quantities for tle
dissociationn processes at 25°. Standard heats of
formation, free energies of formation and absolute
entropies at 25° for the three dimethyl etherates of
lithiminn borohydride which were calculated froim
the thermodynaniic properties of lithium boro-
hydride, dimethyl ether and the values of Table 11
are listed in Table I'V.

TanLe IV

HEeATs AND FREE ENERGIES OF FORMATION AND ABSOLUTE
ENTROPIES OF THE DIMETHYL ETHERATES OF LITHIUM
BOROHYDRIDE AT 25°

AL, AL, So,
Compound keal./mole keal./mole e,
LiBH,-2(CH;).0(s) —157.1 —87.1 77.4
LiBH,-(CHj3),0(s) —102.4 —69.0 19.1
(LiBH4)5-(CHy),0(s) —149.3 —91.0 66.3
LiBH(c)® — 46.36 —30.74 18.13"
(CHy),0(g)*® — 44.3 -27.3 63.72

¢ ““Thermodynainic Properties of Boron Comipounds at
25°C.,”" National Bureau of Standards, Washiugton 25,
D.C., April, 1854. *F. D. Rossini, ef al., “Selected
Values of Chemical Thermodynainic Properties,’’ Circular of
the National Bureau of Standards 500, p. 128, U.S. Govern-
ment Printing Office, Washington 25, D. C., 1952.

Because of the limitations imposed by the ex-
perimental system, it was not possible to extend the
observations into the range of dilute solution, but
it was visually noted that at the lowest conceutra-
tion measured at —43.2° (#; = 0.0344) the amouut
of solid phase remaining was extremely small.
Tle solubility of lithium boroliydride in dimethyl
ether might be estimated to be approximately 1.6
g./100 g. at —45.2°

Experimental

The reactivity of lithium borohydride with air and mois-
ture and the nature of the measurements involved 1ecessi-
tated the use of high vacuum techuiques. These are ade-
quately described in Sanderson’s mouograph.?

Apparatus.—The esscntial components of the apparatus
include a sample tube with its connected manometer and a
system of calibrated volunies for mcasuring amouts of di-
methyl ctlier added to or withdrawn from the sample at-
taclied to the usnal high vacuum apparatus. Mole frac-
tions were corrected for tlie amount of gaseous dimethyl
cther contained in this volume. In regions of composition
where an appreciable amount of liquid phase was present
in the sample tube, the liquid volume was computed froi
the density of dimethyvl ether at the teimnperature concerned

(7) R. T. Sanderson, “"Vacnum Manipulation of Volatile Com-
pounds,”’ John Wiley and Sons, Inc., New York, N. Y., 1948,

Vol. 79
o4 B

Log Du. = 4 — 55 AH, AL, AS,
<1 B keal. keal. e.u.
1), 6212 23765 10,42 —0.145 35.4
0.8159 2431.9 11.13 +1.66 31.7
10,2378 26761 12.25 +9.21 33.7
11.06 —+0.90 34.1
11.69 +1.94 32.7

and subtracted from the determined voluie of the vapor
space.

Materials.-—Lithiuin boroliydride of 9539, purity was ob-
tained from Metal Hydrides, Inc. Purification was accoin-
plislied by solution in diethyl ether and filtration of the
solution in an enclosed filtration apparatus. Samples pre-
pared in this manuer showed a purity of 99.0-100.0%, on the
basis of livdrogen cvolution, amout of acid consuied dur-
ing hyvdrolysis, or boric acid titration,

Dintethiyl etlier was fraetionated slowly at —78.6, — 140
and —196°. The fraction lield at —140° was coudensed
o11 an excess of lithiun borohydride which had been pumped
for several hours to remove adsorbed gases. The complex
formied lhiad a dissociation pressure of about 8 mui. at 0°.
Asswining that all non-ether gaseous impurities would be in
vapor phase above the complex, tlie vapor was successively
puinped off and allowed to build up scveral times. Pure
dimethyl] etlier was then collected by decomposing the re-
maining etherate. After degassing, the following vapor
tensions were noted: 1.5 mu, at —111.8° (lit. 1.5 nun.),
34.1mm. at —78.6° (lit. 34.3 mm.) aund 284.2 min. at —45.2°
(lit. 286.4 mun.).

Introduction of Lithium Borohydride into the Apparatus.—
An 8 uun. glass tube with one closed end was prepared which
fit closely into a 10 mn. side arm sealed to the sainple tube
at an augle of approximately 20° above the horizontal.
The side arin was sealed off at the end to allow the systemn
to be thoroughly puinped aund ‘‘baked out’’ prior to iutro-
duction of the saniple. The 8 mun. inner tube was charged
with purified lithiun borohiydride in the dry-box, stoppered
and weighed. Dry, deoxygenated nitrogen was slowly ad-
mitted through the vacuum apparatus into the sample tube
and when the nitrogen pressure i tlie systeim was soinewliat
above atinospheric, the end of thie side arin was cracked off.
With nitrogen flushing through the sample tube and out of
the side arin, the charging tube was opened in tlie nitrogen
strecam and inserted in the side arm. Tlic clharge was
transferred into the sample tube by geutle tapping, after
which the charging tube was carefully withidrawn and re-
stoppered. The side arm on the sample tube was then
scaled off, great care being taken not to allow any sucking
back of air into the system. It was cssential for the side
arm to be of sufficient length to preveut water vapor from
the torch from finding its way into the system. Inmedi-
ately after sealing off the side arm the apparatus was cvacu-
ated and puinping was continued for several hours to remove
any adsorbed gases from the solid. The weight of the lith-
iun borohydride introduced into the systemn was taken as
the difference in weight of the charging tube before and
after thie addition.

Determination of Isotherms.—Composition of tlie sample
was varied by Doth additions and withdrawals of dimethyl
cther, liquid nitrogen being used to condense thie dimethyl
ether portion in ecither the sammple tube or the vapor-inecasur-
ing system. Tlic amount of each increment or decrement
was measured in the systein of calibrated volunies by appli-
cation of the ideal gas relationship. After each addition or
withdrawal, the sample tube was maintained at the desired
temperature until the observed pressure of the systemn
reaclied a coustant value. This usually required several
lours.  In most cases the equilibrium pressure was deter-
mined by approaching from both a higlier and a lower tem-
perature to assure that tlie mcasured pressure was associated
with true equilibrium.

Constant Temperature Baths.—The ordinary low tew-
perature slush batlis or a small constant temperaturc bath,
arranged so that it could be elevated abont the sample tube
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and which would maintain the temperature constant to
within 0.1° were found adequate. In the event that equi-
librium was not reached before the bath was nearly spent, a

ErrecT OF WATER ON AcIp—-Base EQUILIBRIA IN ACETIC ACID
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fresh bath could be substituted for the depleted one rapidly
enough so that the sample tube did not warm.

St. Louls, MISSOURI
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Acid-Base Equilibria in Glacial Acetic Acid.

V. The Effect of Water on Potentiometric

and Indicator End-Points in Acid-Base Titrations in Acetic Acid

By S. BRUCKENSTEIN AND I. M, KOLTHOFF
RECEIVED JUNE 14, 1957

Tlhe effect of water o acid-base equilibria i1 acetic acid can be calculated quantitatively for titrations carried out potenti-

owmetrically or with indicators.

Tlie equations governing the shape of potentiometric titration lines of basesin acetic acid as a

function of water concentration have been derived and experimentally verified. These rclatiouships have been used to
calculate the change in e.m.f, in the vicinity of, at and after the equivalence point for bases of different concentration and

strength.
an accurate procedure.

They predict that titration to an equivalence potential, whicl is independent of concentration of base,'will.be
The relationships determining the ratio of acid to basic color of an indicator base over the titration

range in water containing acetic acid also have been established and tested and used to predict the color change of p-naph-

tholbenzein (PNB) in a sodium perchlorate solution.

Water is an undesirable contaminant in the
titration of bases in acetic acid.!=® With increas-
ing water concentration the magnitude of the first
derivative in a potentiometric titration of a base
and the sharpness of the color change of an indica-
tor in the region of the equivalence point de-
creases. Furthermore® the potentiometric end-
point is found after the equivalence point, and the
titration error increases with the water content of
the acetic acid. Water is a weak base in acetic
acid, and it is possible to calculate quantitatively
its effect upon titration curves in acetic acid™® and
particularly upon the break in potential and the
sharpness of the color change of an indicator near
the equivalence point, using the various equilib-
rium constants for acids, bases and salts reported
in previous papers.’2¢

Water reacts with perchloric acid to form hydro-
nium perchlorate according to equation 1. The

equilibrium constaut for the reaction as written,
KszOCI()a

H,0 + HCIO, = H;0C10, 1)

is 34 In order to account quantitatively for the
effect of water over the entire region of a titration
curve it is necessary to know the over-all dissocia-
tion constant of water as a base, Km0, and the
over-all dissociation constant of hydronium per-
chlorate, Km,ocio,, One simple way of determin-
ing these constants is to study the change in hy-
drogen ion concentration of a perchloric acid solu-
tion as a function of the water concentration, using

(1) J. B. Conant and N. F. Hall, THis JourNaL, 49, 3047 (1927).

(2) (a) J. S. Fritz, Anal. Chem., 22, 1028 (1850); (b) J. S. Fritz
and M. O, Fulda, ¢bid., 28, 1837 (1933); (c) J. S. Fritz, ibid., 26, 1701
(1954).

(8) P. C. Markunas and J. A. Riddick, ¢bid., 24, 1837 (1952).

(4) C. W. Pifer and E. G. Wollish, ¢bid., 24, 300 (1952),

(5) A. H. Beckett, R. M. Camp and H. W. Martin, J. Pharm. and
Pharmacol., 4, 399 (1952).

(6) A. Anastasi, U. Gallo and L. Novacic, 7bid., 7, 263 (1955).

(7) (a) 1. M. Kolthoff and S. Bruckenstein, THIS JOURNAL, T8,
1 (1956); (b) S. Bruckenstein and I. M, Kolthoff, ¢bid., T8, 10 (1936);
(c) 78, 2974 (1956); (d) 1. M. Kolthoff and S. Bruckenstein, ibid.,
79, 1 (1957).

a chloranil electrode as the hydrogen ion indicator
electrode. Since the acetate ion concentration is
negligible in such a solution, we can write

[H+*] + [HO%] = [ClO,7]

From the expressions of the various equilibrium
constants we find [C104~] = Kucio,Cucio,/[HT]
and [HsO*] = KmuoCuolHT]/K, After rear-
rangement, equation 2a may be written as

(2a)

(2b)

The symbol C refers to the equilibrium concentra-
tion of the species indicated by the subscript and
K, = [H*][Ac~].® From the stoichiometric con-
centrations of perchloric acid and water added,
(Cucio)t and (Cm,o):, respectively, and KH:OCOs
it is possible to calculate equilibrium concentra-
tions of water and perchloric acid, Thus, if Cho
is plotted versus Cucio,/[HT]?, a straight line of
slope K Kucio/Kmo and intercept —K./Kno
should result. Such a plot of the experimental re-
sults yielded a straight line, and Ku,o was cal-
culated from the intercept using the previously de-
termined value of K, = 3.55 X 107187  Knocio,
could then be calculated from the relationship
KO0 = KyeioKmo/KKmocio/#¢ in which
the dissociation constant of hydronium perchlorate
is the only unknown.

The Effect of Water on pH over the Entire
Region of an Acid-Base Titration Curve. Solutions
of Water and a Pure Base.—The pH of a mixture
containing water and another base, B, in acetic
acid can be calculated by substituting into the
electroneutrality rule equation 3a

[H*] + [BH*] + [H:0%] = [AcT] (8a)
the expressions [BH+] = KgCs[H+*]/K, [HO+] =
Ku,0Cmo[H+]/K; and [Ac—] = K /[H*] to yield

K
V'K, + KpCs + KmoCrio

[H]y = (8b)

(8) The nomenclature used in the present paper is the same as in
the preceding papers in this series.



