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TABLE I 

EQUILIBRIUM CONSTANTS AND EQUILIBRIUM PRESSURES OF BORINE, FOR THE REACTION 

2BH3 = B2H6 

r, °K. 

273 
300 
373 
473 

K (at ." ' ) 

1.73 X 1018 

8.57 X 1016 

2.34 X 10u 

2.54 X 10' 

K (m./cc.- ' ) 

3.88 X 1022 

2.11 X 1020 

7.16 X 1016 

0.99 X 1012 

PBR3 (at.) 

1.48 X 10-V?a t 
2.16 X lO-V-Pat 
4.14 X 10-V-Pat 
1.99 X 10-VPat 

PBHJ (mm.) 

4.1 X 10-8\/?mm 
6.0 X 10-V-Pmm 
1.1 X 10-VPmm 
5.5 X 10-V-Pmm 

0.1 e.u./mole, at 3000K. and one atmosphere. 
Using the frequency assignments for diborane as 
given by Anderson and Barker4 we computed a vi
brational contribution of 2.34 ± 0 . 1 e.u. A planar 
structure was assumed for BH3, with a B-H dis
tance equal to 1.16 A. Badger's rule was then used 
to estimate the stretching force constant,6 and vari
ous interpolations made to estimate the bending 
and interaction force constants. These led to a 
total entropy for BH3 at 300°K. and one atmos
phere of 44.9 ± 0.2 e.u. Thus for the association 
reaction, ASm = —33.78 e.u./mole of diborane. 
To the precision dealt with here one may neglect 
the specific heat correction and consider the en
thalpy change independent of the temperature. 
Thus, log (ireq)atm = -7.384 + (6995/r). Typi
cal values for four temperatures are listed in the 
table. Clearly the equilibrium concentrations of 
borine are too small to be detected by the usual 
physical techniques. 

We have also deduced an upper limit for the bi-
molecular rate constant (k') for the association of 
two borines. Burg6 recently reported on the kinet
ics of the decomposition of borine carbonyl. He 
concluded that the mechanism of the reaction is as 
follows: 

(a) BH3CO = BH3 + CO KU 

(b) BH3 + BH3CO — > B2H6 + CO * 

Hence, during the approach to equilibrium, both 
the inverse of (a), and step (b), must proceed faster 
than does the association: 

(c) 2BH3 B2H6 k' 

That is, the correctness of Burg's mechanism im
plies the inequality 

4'(BH3)2 < £(BH3)(BH3CO) 

Using the equilibrium condition on the first step of 
the borine decomposition (a), this reduces to 

*' < KPtot/KU)^' 
AH° for (a) was obtained by combining the AH0 

for the over-all borine carbonyl decomposition as 
given by Burg with our value for the heat of disso
ciation of diborane. The entropy change for step 
(a) was obtained by subtracting the computed en
tropy of H3BCO—as based on the structural data 
of Gordy7 and spectral data of Cowan8—from the 
now known entropy of borine and carbon monox
ide.9 Thus .K'eq was computed. The resulting con-

(4) W. E. Anderson and E. F. Barker, / . Chem. Phys., 18, 698 
(1950). 

(5) The force constant deduced is 3.38 X 106 dynes/cm. This 
compares with 3.21 and 3.42 X 10s reported for the B-H stretching 
force constant in HaBCO and BiNiHs, respectively. 

(6) A. Burg, T H I S JOURNAL, 74, 3482 (19S2). 
(7) W. Gordy, H. Ring and A. Burg, Phys. Rev., 78, 512 (1950). 
(8) R. D. Cowan, J. Chem. Phys., 18, 1101 (1950). 
(9) H. L. Johnson and C. O. Davis, T H I S JOURNAL, 86, 271 (1934). 

dition on the rate constant is 
k' < 5 X 109 cc./mole/sec. 

Such a value for a second order rate constant sug
gests an activation energy of about 5 kcal./mole. 
It is indeed very interesting to compare the follow
ing rate constants: 

k = 1.98 X 10 6cc./mole/sec; £ a S 6.8 kcal./mole 

k' < 5 X 10« E4 ~ 5 

k" = 6.4 X 10" £ a SS 6 

The last value is for the displacement reaction 
BH3 + B2D6 = BH3BD3 + BD3 k" 

as reported by Koski.10 

(10) W. S. Koski, private communication. 
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THERMODYNAMIC FUNCTIONS FOR SURFACES OF 
CRYSTALS 

Sir: 
Recently a method1 was described for the deter

mination of thermodynamic quantities of surfaces 
of solids which appears to be beautiful in its simplic
ity, and extremely general in its application. Be
sides the surface area, the measurements required 
are the differences in the heats of solution and in the 
heat capacities of a finely divided sample and one 
composed of very large crystals. It is regrettable 
that these authors omitted to call attention to an 
essential pragmatic test for the applicability of their 
method. Since the enthalpy, entropy and surface 
free energy are extensive properties their magni
tudes per unit area should be independent of crystal
lite size and shape. The preliminary results quoted 
by Jura and Garland for magnesium oxide have not 
been subjected to this test. What, then, may we 
anticipate when a complete set of data becomes 
available for a well crystallized substance ? 

First let us assume that regardless of the tem
perature and crystallite size, the structure of the 
crystals is geometrically perfect,2 and their surface 
is absolutely free of adsorbed gases. Nevertheless 
the thermodynamic functions for the surface for 
two samples with the same total area will differ un
less they have the same proportions of area con
tributed by faces of different crystallographic in
dices. This is based on the established facts that 
faces with different indices have different charac
teristics for adsorption,3 catalysis,4 and reaction.6 

(1) G. Jura and C. W. Garland, T H I S JOURNAL, 74, 6033 (1952). 
(2) This is equivalent to the statement that such a structure is de

termined by the criterion of minimum enthalpy only. 
(3) For example, T. N. Rhodin, Jr., T H I S JOURNAL, 72, 5691 (1950). 
(4) O. Beeck, Rev. Mod. Phys., 17, 61 (1945). 
(5) T. N. Rhodin, Jr., T H I S JOURNAL, 73, 3143 (1951). 
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Also, theoretical estimates indicate they differ in 
surface free energy.6 One may argue with justi
fication that precise values for the surface thermo
dynamic quantities for a polycrystalline sample 
cannot be conceptually defined without specifying 
a shape distribution function and proving that it is 
invariant with crystal size, for each substance stud
ied. In addition, there are numerous experiments 
which suggest that the thermodynamic potential of 
material in small regions surrounding corners, 
edges and steps on crystal faces differs from that in 
geometrically plane surfaces. Since the number of 
such corners, edges, etc., is proportional to the num
ber of crystals, whereas the total area depends on 
that number times the square of the linear exten
sion of the crystals [so that for a mole of substance 
divided into n particles of uniform size, 5 a (M/ 
P)Vin

1A]1 it is clear that any macroscopic quantity 
which depends on the thermodynamic potential will 
not be strictly extensive with respect to surface 
area. As a matter of fact, in a very interesting pa
per preceding the one under discussion, one of the 
authors (G. J.) and K. S. Pitzer7 showed that at low 
temperatures a significant contribution to the spe
cific heat of very small particles comes from the 
gross motion of the particles; i.e., their heat capac
ity depends on the number of particles, in addition 
to the differences between the vibrational frequen
cies of atoms in the surface layers and those in the 
bulk crystal. 

In a discussion of the thermodynamic properties 
of surfaces, one should recognize, however, that 
even under conditions approaching ideality in com
position and configuration, the structures of crystals 
at temperatures other than O0K. is determined by 
minimizing their total free energy.8 This implies 
that there must be an entropy contribution arising 
from lattice defects. Such imperfections will 
affect the enthalpy as well (and hence the heat of 
solution), and the magnitude of the increment will 
depend on crystallite size; it is unlikely that the 
net effect of the various types of possible defects 
will in the aggregate depend precisely on the square 
of the linear extension of the crystals. Indeed, in 
most laboratory procedures for the preparation of 
crystals strains, distortions, minute amounts of im
purity, etc., will be introduced.9 Finally, the prac
tical problem of the complete elimination of ad
sorbed gases will be difficult to solve. We may 
conclude that the application of the thermodynamic 
method of Jura and Garland to well crystallized 
materials will lead to values for thermodynamic 
functions which only in part are due to the presence 
of surface. Such magnitudes will be extensive with 
respect to surface area only when the method of 
preparation, crystal size and shape distributions, 
etc., are kept strictly unaltered. Such a restric-

(6) R. Shuttleworth, Proc. Phys. Soc, 462, 167 (1949); W. D. Hark-
ins, J. Chem. Phys., 10, 268 (19421. Also, see the excellent summary 
"Use of Classical Macroscopic Concepts in Surface Energy Problems" 
by Conyers Herring, presented at a conference on "Structure and 
Properties of Solid Surfaces", September, 1952, Intn. Union Pure and 
Applied Physics. 

(7) G. Jura and K. S. Pitzer, T H I S JOURNAL, 74, 6030 (1952). 
(8) N. F. Mott and R. W. Gurney, "Electronic Processes in Ionic 

Crystals," Clarendon Press, Oxford, 1948, Chap. II. 
(9) See Chapter IV, ref. 8; W. Shoctley, "Electrons and Holes in 

Semiconductors," D. Van Nostrand Co., New York, N. Y., 1950. 

tion nullifies the power of the thermodynamic 
method. 

The proposal of Jura and Garland does apply to 
liquids and glasses, for which the inherent random
ness of internal structural minimizes the relative 
contributions of the very factors which vitiate the 
method for well crystallized materials. 

It is a pleasure to acknowledge an interesting 
discussion of this paper with Prof. J. A. Krumhansl, 
Department of Physics. 
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A DPN SPECIFIC GLYCEROL DEHYDROGENASE 
FROM AEROBA CTER AEROGENES' 

Sirs: 
A number of microorganisms have been shown to 

utilize glycerol as the sole carbon source.2 The 
major product in the oxidation of glycerol in Aceto-
bacter suboxydans has been shown to be dihydroxy-
acetone (DHA).3 In A. aerogenes glycerol is oxi
dized past the DHA stage; the products are, in part, 
organic acids.2b'4 

We have found that oxidation of glycerol in cell-
free extracts of A. aerogenes requires diphosphopyri-
dine nucleotide (DPN). This reaction can be fol
lowed spectrophotometrically at 340 m/u as shown in 
Fig. 1. Glycerol was incubated with DPN in the 
presence of dialysed cell-free extracts of A. aero
genes. After the reaction had approached equilib
rium, DHA was added and the reaction that fol
lowed was due to the oxidation of the reduced DPN 
(DPNH) by the reduction of DHA to glycerol. 
Equation 1 expresses this relation as 

H2-C-OH H2-C-OH 

H—C—OH + DPN+ T"*" C=O + DPNH + H + 

I I 
H2-C-OH H 2-C-OH 

(D 
Reaction 1 proceeds with glycerol in the presence of 
hydroxylamine which inhibits alcohol dehydrogen
ase activity.6 This, therefore, indicates that the 
glycerol dehydrogenase is a separate enzyme dis
tinct from alcohol dehydrogenase. 

At comparable concentrations glyceraldehyde is 
reduced at a slower rate than DHA. This would 
suggest that DHA is the primary product of glycerol 
oxidation by DPN in A. aerogenes. Neither a- or 
fl-glycerol monophosphates are oxidized by this 
enzyme preparation. Triphosphopyridine nucleo
tide (TPN) is inactive as a substitute for DPN in 
reaction 1. 
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