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capillary used must have been sufficiently low to
have necessitated measurements in the turbulent
region at the pressures used.

All final data were obtained with a second plati-
num capillary (B) of length 75 cm. and i.d. 0.03
cm. Both ends were carefully smoothed and ex-
treme care taken in mounting to avoid constrictions
and sharp bends. The critical Ren for this capil-
lary at pm = 13 to 18 cm., was found to be approxi-
mately 100 at 80° as seen from the data plotted as
curve V of Fig. 3. Below Rem = 100, the ob-
served values for tyr,/taic are constant to £0.59%,
which are within the limits of experimental error
at this low Reynolds number.

Values were then obtained, with this capillary,
for tury/tair = Mur,/7air in regions of experimentally
established non-turbulent flow over a temperature
range of 40 to 200° presented in Table I. The
viscosity » is given in poises and both the small
slip and kinetic energy corrections!® have been
applied

= 4.y m ?
Neor. = 77(1 + M {) SLW(I.IZ <+ In p0>

where £ is the path and m = flow in g./sec. The

(10) F. W. G. Kohlrausch, ‘“Praktische Physik,” M. Rosenberg
Book Co., New York, N, Y., 1947, Vol. 1, p. 95.
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slip correction was always less than 0.5%, and the
kinetic energy correction less than 0.2%,.

TaBLE I
tUrs/ nUFs
T fm Rej Rem tair X 108
40.0 125.3 82.5 56.8 0.933 178.7
60.0 125.3 71.2 49.0 .937 189.0
80.0 132.7 99 74.3 944 199.9
110.0 125.3 46 31.6 .9556 216.1
140.0 134.9 56 38.4 .970 231.9
170.0 134.9 46 31.5 .991 248.0
200.0 134.9 40 27.4 1.004 261.1

As seen in Fig. 2, the short extrapolation of these
data to 20° essentially passes through the only
viscosity value available that was obtained by a
method other than capillary flow. This value was
determined by R. Fleischmann using the swinging
disk method, and represented captured German
data.!! Further confirmation of the accuracy
of these values has resulted from unpublished
determinations of thermal conductivity data by
the Manhattan Project, and brought to the authors’
attention through personal communication.

(11) R. D. Present, S, A. M. Laboratories Report USAEC M-2511
(1945).
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(1) A foundation is given for the understanding of the “anomalies’” of boron-containing glasses. The consideration of the
properties of boron oxide and its analogs is based on the assumption of electric forces acting between more or less strongly
polarized ions with the electronic configurations O%=, Be?*, B3+ Al3+ etc., (2) A codrdinative three-dimensional network, or
a two-dimensional network (layer structure) are not compatible with therelatively low melting point and molar refraction of
boron oxide. (3) The character of the temperature dependence of thermal expansibility, surface tension and viscosity, in the
range up to 1400°, proves that, in the crystalline state and in the vitreous state below about 300°, boron oxide consists of
units held together by ‘“weak’ forces and that with increasing temperature this structure changes gradually toward a “strong”
one. (4)The occurrence in crystalline boron oxide of two types of forces of widely different strength follows from the fact that
its heat capacity shows much larger deviations from a single Debye function than that of codrdinative Al,O; and BeO. The
available data suggest that at very low temperatures the heat capacity of boron oxide may be due mainly to vibrations of
B,Os molecules held within the crystal by weak intermolecular forces. If so, boron oxide conforms to the parallelism found
between the melting points of crystals consisting of symmetrical molecules and the force constants of the intermolecular

vibrations,

Introduction

The current views? concerning the arrangement
of atoms in vitreous boron oxide originated in Zach-
ariasen’s® general theory of the structure of oxide
glasses. Warren, Krutter and Morningstar? in-
terpreted the results of their X-ray diffraction study
to be ‘“in complete agreement with Zachariasen’s

(1) Preseated in part at the Cleveland Meeting of the American
Chemical Society on April 10, 1951, Symposium on Physical Chemistry
of Glass, and before the Section of Physical and Inorganic Chemistry
at the XIIth Internationa! Congress for Pure and Applied Chemistry
in New York, N. Y., on September 12, 1951.

(2) () W. A. Weyl, The Glass Industry, 29, March~Nov. 1948,
especially Part II, p. 200, (b) S. Glasstone, ‘““Textbook of Physical
Chemistry,” Second Edition, D. Van Nostrand Co., Inc., New York,
N. Y., 1846, p. 520 ff.

(3) W. H. Zachariasen, THIS JoUurNaL, 84, 3841 (1932); fig. 1b.

(4) B. E. Warren, H, Krutter and O. Morningstar, J. Am, Ceram.
Soc., 19, 202 (1036).

predictions” of a ‘‘three dimensional random net-
work’ in which each boron is “at the center of a
triangle of three oxygens, each oxygen bonded to
two borons, with the two bonds presumably roughly
diametrically opposite.”

The discovery of a crystalline form of boron ox-
ide® was supported by X-ray diffraction data from
which, however, no structure has been derived.
The view is usually held®?® that the planar BO,
groups are common to both crystal and glass, which
are supposed to differ merely in the regularity of
the mutual orientation of these groups.

The main characteristic of these structures for
boron oxide is that they are supposed to be continu-
ous networks. Such networks composed of planar

(5) L. McCulloch, THis JoURNAL, §9, 2650 (1937). See also S. S,
Cole and N, W. Taylor, J, Am. Ceram. Soc., 18, 55 (1935).
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BOj; groups could be either (as mentioned above)
three-dimensional or extend only in two dimensions,
analogously to the layer structure of the hexagonal
boron nitride. In BN both B and N atoms have
the coordination number three, at a distance 1.45
A., within common parallel planes which are 3.35
A. apart.

It will be shown in this article that various prop-
crties of crystalline and vitreous boron oxide can-
not be reconciled with a structure in which a coér-
dinative network extends either in three or in two
dimensions. However, all the facts known at pres-
ent are in accord with two assumptions: (1) The
crystal and the annealed glass below about 300°
consist of units of molecular dimensions, probably
of the compositions BsOg.f (2) Between about 300
and 1400° vitreous and liquid boron oxide change
gradually from a relatively weak (molecular) struc-
ture toward a stronger one.

(1) Electronic Structure, Character of Binding
and Types of Crystal Structure.—In correlating the
properties and structure of B;O; with each other
and with those of solid BeO, BN, ALQO; SiO; or
As;O;, the ions Be?t, B3+, Ald+ Sitt+, As?t, O~
and N3~ will be considered as representing the elec-
tronic quantum configuration of the constituent
parts of these substances.

The charges of these ions, effective at the given
internuclear distance, e.g., in the B---O direction,
arenot 3----2- but p3+4---p2—, where the degree of
polarity” p < 1 decreases with increasing strength of
the deforming field of the positive ions and with in-
creasing deformability of the negative ions. One
can conclude that p decreases in the series Al---O,
B---0O, B---N. However, even in boron nitride the
residual charges p3+ and p3 — must be large enough
to account for the considerable forces binding the
layers within the crystal.

Various types of structure are known for solid
substances of the composition M,Os. In corundum
each Al is surrounded by six O, three at the distance
(in A.) of 1.89 and three at 1.93. Thus, even if
Al O3 molecules should be indicated® in this struc-
ture, the deviation from an ideal three-dimensional
codrdinative type is not pronounced. On the other
hand, the sesquioxides of phosphorus, arsenic and
antimony, which form glasses, occur as dimeric
molecules Ps0s, AsyOs and SbyOg in the vapor state,
m solutions, and in crystals.  Such molecular crvs-
tals are characterized geometrically by the fact
that the nearest M~O distance {(e.g., 2.01 for As)
within the grouping M,4Og is shorter than that be-
tween M and O belonging to two neighboring M,Os
(2.78 for M equal As).

These extreme types of erystal structure will be
represented by the following schemes in which #
means a very large number.

Coordinative aluminum oxide: [2Al3t+, 302%],.
The atom ions, separated by a comma, are the

(6) 5. A. Schtschukurew and R. 1., Miiller (Z. physik. Chem., 180A,
438 (1930)) ascribed the electric conductivity of vitreous B;Os + Na:0O
svstems between 200° and 300° to Na* and BsO1?~ ions solvated by
BsOs molecules.

(7) (a) K. Fajans, Z. Elekfrochem., 34, 502 (1928); (b) Ceramic Age,
54, 288 (1919}

(8) "Strukturbericht,” Vol. I (1931), Fig. 110, and Table on p.
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largest structural units, distinguishable within a
unit cell.

Molecular crystalline arsenic trioxide: [((e ;-
As5t)4(0?7)s),. Concerning the details of the
electronic structure of As,Os see Section 6.

The question arises whether and under what
conditions boron oxide forms a three- or two-di-
mensional codrdinative structure [2B**, 302-],
or a molecular structure [{(B*+),(0%);3}4]» and in
the latter case whether x equals 1, 2, or more.

In an attempt to answer these questions various
properties of boron oxide will be compared with
those of typically codrdinative as well as typically
molecular solid substances.

(2) Molar Refraction and Melting Point.—
Table I shows that the apparent molar refraction,’
Roz-, of one O~ jon (see Section 1) is smaller in
crystalline boron oxide than in any crystalline form
of aluminum oxide or silica and smaller in vitreous
boron oxide than in vitreous silica. This means
that B3+ exerts a stronger tightening effect on O*~
than does AI** or ¥/, Si**. Thus the forces acting
between the oppositely charged ions must be, on the
average, stronger in boron oxide than in the other
two oxides. Nevertheless, the melting point of crys-
talline boron oxide (Table I) is much lower than
that of aluminum oxide or of cristobalite. This ap-
parent contradiction can be resolved if one assumies
that boron oxide consists of molecules (B;0;), and
that its low melting point is due to the relatively
weak intermolecular forces, the low molar refraction
to the relatively strong intramolecular forces.

TaBLE I

ApPPARENT MOLAR REFRACTIONS Roe- (1N Cc.) AND MELT
NG Porvrs (°C.)

Oxide Form Ro* M.p., °C.

BeO Crystalline 3.2509° 2530

B.O; Crystalline 3.38% 450"
Vitreous 3.50°

ALO; Hexagonal 3.48°4 2045
Cubic 3.49%*

Si0, Quartz 3.547
Cristobalite 3.65' 1713
Vitreous 3.667

The following references give the source of np and d values
used in the calculation of Ro*-. The abbreviations (B 65
etc.) are those used in Bull. Nat. Res. Council, No. 118
(1949), where most of the individual values are compiled.
* F, C. Kracek, G. M. Morey and H. E. Merwin, 4dm. J.
Set., (5) 354, 143 (1938). b P. Wulff and S. K. Majumdar,
Z. phystk. Chem., 31B, 319 (1936). °B 65. M 76.
e K 68. /S 76.

Two types of forces of widely differing strength ocecur also
in layer structures; cleavage and lubricity of graphite or
BN paralle] to the layers are due to this factor. However,
in a melt units of atomic or molecular dimensions are in-
volved in the flow?; thus the strong forces within the layers
must be weakened in order to melt a layer crystal. In fact,
the melting points of graphite (3550°) and of [B3+, N%-],
(> 2530°) are very high. Hence, if crystalline [2B3+,
302~], had layer structure, the strength of the interaction
between the nearest ions would be intermediate between
those in BN and in the three-dimensionally codrdinative
[Be?*, O2~], (m.p. 2530°); the m.p. of boron oxide would be

(9) Concerning the evaluation and variability of the apparent
molar refraction of O?~, sce: (a) N. Bauer and K. Fajans, THIS
JourNaL 64, 3023 (1942); (b) K. Fajans and N. J. Kreidl, J, Am.
Ceram, Soc., 831, 105 (1948).

(10) J. K, Stanworth, J. Soc. Glass Tech., 82, 21 "1 (1948).
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exp;ctleld to be much higher than the experimental value 450
+ 2°,

The m.p. of boron oxide is much closer to the
melting points of the molecular crystals P4Os
(23.8°) and AssO¢ (275°) (cee Section 6) than to
those of Al;Os, BeO, or BN. Hence the occurrence
of B4Os molecules in the crystal merits considera-
tion. The presence of B,Os molecules in the solu-
tions of boron oxide in concentrated sulfuric acid is
strongly indicated by molecular weight determina-
tions.!?

(3) Thermal Expansion, Surface Tension and
Viscosity.—According to Section 2, the relatively
low m.p. of boron oxide can be understood if,
around 450°, it contains in the crystal, in the liquid,
or in both states units of molecular dimensions held
together by considerably weaker forces than those
expected to be active between the nearest ions
within a coordinative, two- or three-dimensional
structure [2B3*+, 302-~],. The consideration of
other properties confirms the presence of such rela-
tively weak forces in the crystal and glass and re-
veals that in the liquid these forces become gradu-
ally strengthened with increasing temperature.

(a) The cubic expansion coefficient, «, is
represented in Fig. 1 as a function of temperature.
For comparable structures the thermal expansion
coefficient can in general be expected!® to increase
with decreasing strength of the forces involved and
thus for a given substance with increasing tempera-
ture. At 25° the value of « (in 10—* degree—?) for
crystalline boron oxide (0.3) is!* about twice as
large as that!® for cotrdinative Al,O; (0.17); at 440°
the ratio is 1.91:0.23 = 9 These data show that
the structural units, the distance between which in-
creases in the expansion, are held by weaker forces
in crystalline boron oxide than in Al;Q;. The value
of « for vitreous boron oxide which, at 200°, is
1.4 times larger than that for the crystalline form,
increases!* in the softening range between 200 and
290° approximately 19-fold. It is also seen in Fig.
1 that the a vs. ¢ curve of boron oxide glass is roughly
parallel to that of glucose glass, which is certainly
molecular; the displacement of the two curves (on
the average by about 220°) is of the order of magni-
tude of the difference in m.p. (304°).

It is most remarkable that the value of « of liquid
boron oxide!® decreases 9-fold between 500°
(4.0) and 1300° (0.43) and becomes at the latter
temperature about equal to the value of vitreous
boron oxide at 25°, although the absolute volume is
1.25 times largerat 1300 than at 25°. This behavior

(11) F. C. Kracek, G. M. Morey and H. E. Merwin, Am. J. Sci.,
[5] 36A, 143 (1938).

(12) E. Beckmann, Z. physik. Chem., 53, 129 (1905). No decision
has been reached whether B4Os molecules are present in dioxane which
we found to dissolve vitreous boron oxide slowly on heating. The
determination of the boiling point elevation of these solutions, per-
formed for us by Dr. Lev Akobjanoff at the University of Michigan in
1949, showed that they contain less than two boron atoms per one dis-
solved molecule, f.e., that a partial dissociation of B:O; must have
taken place,

(13) M. Born in E. Griineisen, ‘Handbuch der Physik,” Vol. X,
1926, p. 40.

(14) J. J. Donoghue and D. Hubbard, Nail. Bur. Standards, J. Res.,
27, 371 (1941).

(15) J. B. Austin, J. Am. Ceram. Soc., 14, 795 (1931).

(16) (a) M. P. Volarovich, Acte Physicochimica (U.S.S.R.), 2,
695 (1935); (b) A. A. Leonteva, J. Phys. Chem. (U.S.S.R.), 17, 264
(1943).
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Fig. 1.——Volume expansion coefficients vs. temperature,

leads to the conclusion that vitreous boron oxide be-
gins to change its structure somewhere between 300
and 500° (no measurements of « are known in this
interval) from a ‘‘weaker’’ toward a ‘'stronger” one.

(b) Surface tension of vitreous and liquid boron
oxide changes between 300 and 1400° according to

eq. (1).Y
v = 582 + 0.0854 (¢ — 300°) dynes/cm. (1)

Therefore v has the very unusual positive tempera-
ture coefficient. Both properties, dy/d¢ > 0
(above 300°) and de/d¢ < 0 are closely related and
can be explained by a structural change which
causes a strengthening of the forces involved when
temperature is raised.

The lowest measured value of v (in dynes/cm.)
at 300° (58.2) is one-tenth as large asthat (580) of
liquid ALO; at 2050°, just above the m.p. On the
other hand, the value 58.2 lies about half-way be-
tween 36.6 for molecular liquid P,O¢ at 34.3° and
76.4 for Ho0 at —5°. This shows that the strength
of the forces involved at 300° is of the order of mag-
nitude of “‘weak’’ intermolecular forces.

One can expect that at any temperature in the
equilibrium between the “weak’” and the “strong”
structures the surface of the liquid is enriched with
respect to the weak structure which lowers the sur-
face tension. This must be partly responsible for
the fact that even the highest value 97.1, obtained
for boron oxide at 1400° 1s only !/s that of Al,O; at
2050°.

(c) Viscosity data (Fig. 2) become understand-
able on the basis of the above conclusions. Be-
tween 220° and about 370° the log 5 vs. 1/7T plot'
is linear as expected when the activation energy for
flow remains constant. At higher temperatures,
where according to Fig. 1 and eq. (1) the ‘‘weak”
structure changes gradually toward the ‘‘strong”
one, the experimental log 7 values become increas-
ingly larger than those obtained by the dotted ex-
trapolation of the straight line. For instance, at
727° the actual value is 2.7, the extrapolated —0.8,
i.e., the viscosity is 3000 times larger than expected
for the ““weak’ structure.

(17) (a) L. Shartsis and A. W. Smock, J. Am. Ceram. Soc., 30, 130
(1947); (b) according to these authors and S. Spinner, ibid., 81, 23

(1948), dv/d! is positive alse for PbO.
(18) B. V. Rabinowich, J. Phys. Chem. (U.5.5.R.), 16, 23 (1942).
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The comparison (Fig. 2) of boron oxide with vitreous
silica is also significant. For the latter’ log 4 = 13.0 at
1260°. Extrapolation of the boron oxide curve® over a
160° range gives at that temperature log 3 = 1.4, d.e., the
viscosity of boron oxide is smaller than that of silica by a
factor of 107116, although the interionic forces are, accord-
ing to the Rpe-values of Table I, on the average stronger in
boron oxide. The difference in viscosity would be still much
larger if one could extrapolate the SiO; line to the region of
the “‘weak’’ structure, e.g., to the m.p. of boron oxide which
is 1263° lower than that of cristobalite. If one recalls that
the m.p. of BN is at least 800° higher than that of silica it
becomes obvious that the relatively high fluidity of boron
oxide, as compared with SiO; and BN, is completely in-
compatible with the assumption that at low temperatures it
may have a codrdinative structute, either in three or in two
directions.

(4) Heat Capacity.—The above qualitative
comparison of various properties of boron oxide
with those of analogous substances strongly sug-
gests that at low temperatures it may have a
molecular structure. The following consideration
and semi-quantitative treatment of the heat capa-
city of crystalline boron oxide confirm the conclu-
sion that the structure of crystalline boron oxide
cannot be analogous to that of the three-dimension-
ally codrdinative Al,Os and show that if boron oxide
is of the molecular type the molecules may have the
composition B4Og but not B:0;.

(a) Comparison of the Heat Capacities of
B,O; and ALO; —Figure 3(a) gives C, vs. T curves
for }/s B:Oj and 1/5 Al;O3 1n the whole available tem-
perature range. It is remarkable that at about
325°K. vitreous boron oxide has a somewhat
smaller heat capacity than the crystalline form. At
1300°K., where the curves for solid !/; Al;O; and
liquid !/5 ByOj cross, Cp equals about 3R, the classi-
cal limiting value per one gram-atom expected for
C, of a crystal. In the region below 300°K., re-
produced on a larger scale in Fig. 3(b), the crys-
talline oxides of boron and aluminum are compared
using older measurements?! down to 50°K. and
more recent ones?? down to about 18°K

(19) M. P. Volarovich and A. A. Leonteva, J. Soc. Glass Tech.,
20, 139 (1936).

(20) K. Arndt (1908), ¢f. “1.C.T.,”” Vol. VII, p. 212.

(21) (a) G. S. Parks and K. K. Kelley, J. Phys, Chem., 30, 47
(1928}, for natural sapphire; (b) K. K. Kelley, Tais Journar, 863,
1137 (1041), for B:Os.

(22) (a) E. C. Kerr, H. N. Hersh and H, L. Johnston, ibid., 72, 4738
(1950}, for B2 (LY IE. C. Kerr, H. L. Johuston and N. C. Hallett,
ibid., T2, 4740 (1950), for synthetic sapphire.
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If the two crystalline oxides had the same type of
codrdinative structure® below 300°K., one would
expect the following relations between their C; vs.
T curves,

The forces between B3+ and O?~ are stronger than
those between Al¥+ and O*- (see Section 1) and the
mass of B is smaller than that of Al.  The frequency
of vibration, v, and the characteristic temperature,
6, are related to the force constant (f.c.) by eq. (2) in
which % and % have the usual

h _k 1 f.c.

§=7v=7X,= \/ - 2)
meaning, and u is the reduced mass, It follows that
¢ should be larger for B;O;. Hence, for analogous
structures, the heat capacity of which would follow
the same function Cy = f(8/7), the whole C, or
Cp vs. T curve for B,Ojy should lie below that for
Al;O;.  Instead it is seen in Fig. 1 that, at the low-
est temperatures, the values (in cal. deg.~! gram-
atom ™) for !/; B;Os are much higher than those for
/¢ Al,Qs; e.g., at 25°K. they are 0.20 and 0.04,
respectively. The two curves cross at 157°K.
where C, = 1.66. At the highest comparable tem-
perature of 300°K., the value for the crystalline
state given by Kerr, Johnston, éf al., is considerably
lower for /5 BsO; (3.027) than that for /5 ALO;
(3.838). 1n order to relate this complex behavior
to a probable structure of boron oxide the Cvs. T
curve for the codrdinative Al,O; will be analyzed
first.

(b) Temperature Dependence of the Heat Capacity of
Al;O;.—A single Debye function (D-F) with a constant 6
value has often been applied not only to monoatomic solid
elementary substances but also to simple compounds with
codrdinative structures, including AlLO;.23 At sufficiently
low ‘Eer)nperatures the D-F assumes the form of the limiting
law (3

C, = 464.4 (T/6p)? cal. deg."! g. atom"1
when T < ~ 0.08 6 (3)

The constant 464 .4 applies when 3R is taken as the limit
of Cv at high temperatures, 7.e. in the case of codrdinative
structures this constant applies to one grami-atom, in the
case of molecular structures to each, the translational vibra-
tion and rotational oscillation (see Section 4,d,8). In
order to calculate the entropy of Al,O;, Kerr, ]ohnston and
Hallett2® used in the 7' region § = 571°, applymg eq. (3)
to one mole of Al O;.

(23) I, Seitz, “The Modern Theory of Solids,"”” McGraw~Hill Book
Co., Inc., New York, N. Y., 1940, Fig. 3 p. 109,
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A critical review of experimental data revealed? that
a single D-F does not apply exactly in a broad temperature
range even to the simplest solids.® Since 8 is not a constant
independent of T, it became customary to derive the appar-
ent value @p which fits the function Cy = D(4/7T) for the
given experimental values of Cy and T.

In order to test how well the D-F applies to Al,O;,
the experimental (, values of Kerr, Johnston and
Hallett for !/; Al,O; were reduced to C, using the
relation (4), according to reference (24), p. 209.

C — Cv = ACGT = 84 X 1078 G,*T (4)

The value 8.4 X 10~ cal.~! g.-atom given for the constant
A was obtained by applying eq. (4) and the thermodynamic
relation (5) to the known data for V,% a! and 8% at 25°,
at which temperature C, = 3.818 cal. deg.-! g.-atom ! and
Co — Cy = TVa?/B = 298 deg. X 5.63 cc. g.~-atom ™!

(1.75 X 108 deg.”1)2/3.4 X 1077 atm."!

= 3.65 X 10-2 cal. deg.”! g.-atom™! (5)

The C, — C, correction calculated in this way is
negligibly small at low temperatures and increases
between 100 and 294.85°K. from 0.0003 to 0.03
cal. deg.—* per '/5 Al;Os. Using the resulting C,
values, the apparent 6p values were calculated and
the latter plotted ws, T" (Fig. 4) as the smoothed
curve Cy (/s AlsO;). Between 20 and 30°K., 6p
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Fig. 4—Apparent characteristic Debye temperatures vs.
temperature,

does not change in a systematic manner and has an
average value fp = 991.5 £ 8.5°, Thus, the T3
law can be considered valid here (see Fig. 5), al-
though only up to T" = 0.03 6p instead of 0.08 6p as
expected by the D-F. At higher temperatures,
fp first decreases to a minimum, 888° at 86°K., i.e.,
by 11.69, of the minimum value, and then increases
to 950° at 234°K., s.e., by 79,. Between 234 and
295°K., 0p remains practically constant and has an
average value of 949.0 = 1.5°, which is lower than
that at 20°K.

(24) A. Eucken, Energie and Warmeinhalt, “Handbuch der Experi-
mental-physik,” Vol. VIII/1, Akademische Verlagsgeselischaft.
Leipzig, 1929, p. 24411,

(25) For the theoretical justification for this behavior, see M.
Blackman, Proc. Roy. Soc. (London), 1484, 365 (1935).

(268) Density = 2.819 g./cc. E. Kordes, Z. Krist., 91, 193 (1935).

(27) P. W. Bridgman, Proc. Am. Acad. Aris Sci., 68, 27 (1933).
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Fig. 5.—Heat capacity vs. T3

A minimum in the 6p vs. T curve was expected theoreti-
cally® and has been found for KCl, NaCl and LiF. How-
ever, the region of the 7 law has not been reached for any
of these three substances although the measurements have
been extended® for KCl down to 4°K. = 0.017 6p.

(¢) Dependence of 6p on T and Electronic
Structure of Cations.—In spite of these deviations
from the general D-F, inspection of the available
experimental material, in the temperature range
below 300°K., showed that in coérdinative struc-
tures, which can be formulated as consisting of no-
ble gas type ions, the variation of the apparent fp
values does not exceed 25%,. In the case of LiF the
change amounts® to 249, between 18°K. and the
minimum value, 607°, at 75°K. and to 6.8%, be-
tween 75 and 273°K.

The restriction of the above statement to noble gas type
ions is due to the finding by one of us (K. F.) and J.H.La
Rochelle (unpublished evaluation of literature data) that
large variations of 8p with temperature occur in structures
of non-molecular type when they contain non-noble gas
type cations. This is the case for Cu,0, Cul, AgCl, AgBr,
Agl, HgO, TICl, PbO and Pbl;. One example may serve
as illustration: for Agl the values® of 6p increase from
94.5 to 160°, i.e., by 69% in the small interval 15-59°K.
and decreases then with increasing temperature, assuming
e.g. the value 107 at 117°K. Above 150°K. the heat ca-
pacity exceeds the classical value and the D-F cannot be
applied.

In view of this influence of the electronic configu-
ration of the cation, it is important to state that the
different character of the dependence of C, on T
for boron and aluminum oxide is not due merely to
the fact that B®+ has a helium-like, Al13+ a neon-like
configuration. Although Li+ and H~ are both of
the helium type, solid LiH shows®' a practically
congtant fp (average = 824 = 9°) between 74 and
293°K.

More closely analogous to B.O; and AlLO; in chemical
respects is BeO = Be?t02-, with Be?* also of helium type.
For the caleulation of 6p, the C, values3? for 1/, BeO (be-

(28) (a) W. H. Keesom and C. W, Clark, Physica, 2, 698 (1935);
(b) M. Iona, Phys. Rev., 60, 822 (1941).

(29) K. Clusius, Z. Naturforschung, 1, 79 (1946).

(30) Calculated from Cp (corrected to Cy) as measured by: (a)
W. Nernst and F, Schwers, Sitsungsber. preuss. Akad, Wiss., 355 (1914);
(b) K. 8. Pitzer, THIS JOURNAL, 68, 516 (1941).

(31) P. Ginther, Ann. Physik, 68, 476 (1920),

(32) K. K. Kelley, THIS JOURNAL, 61, 1217 (1939), For a purely
empirical representation of the data for one mole of BeO a combination
of a Debye function (f = 855°) and an Einstein function (§ = 1170°)
bas been used by the author.
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tween 55.5 and 292.4°K.) were used without correcting to
(. since the compressibility is not known. Between 64
and 292°K. the resulting p values show an increase from
1062 to 1178°, i.., by 11%. This behavior is closely
analogous to that of 1/; Al,O; above the temperature of
the minimum of the 8p vs. T curve. In Fig. 4, in which
for comparison, fp values calculated from uncorrected C,
Vjalues are given also for 1/5 ALO;, the whole 1/, BeO curve
lies above both !/; ALO; curves. Around 250°K., where
the curves for both substances are nearly parallel, 8p of
1/2 BeO is 1160°, that of 1/; ALO; is 950°. This conforms
to eq. (2) since, according to the lower Ro:- and higher
m.p. of BeO (see Table I), the interionic forces in BeO are
stronger than in AlO;, and the mass of Be is smaller than
that of Al.  The codrdination number (4) of the ions in the
wurtzite structure of BeO (average distance 1.65 A.) also
differs from that in ALQO; (6 and 4, average distance 1.91).
Nevertheless, the temperature dependence of the heat ca-
pacity of both BeO and AlLQ; is in accord with the behavior
known for other coérdinative structures which can be de-
rived from ions of noble gas type.

(d) Temperature Dependence of the Heat Ca-
pacity of Boron Oxide

() Presence of Two Kinds of Forces.—In
order to arrive at a semi-quantitative interpretation
of the crossing in Fig. 3 of the C, vs. T curves for
/5 BsOs and /5 AlyOs, the apparent fp values for
crystalline boron oxide, calculated from the C; val-
ues of Kerr, Hersh and Johnston*? with 3R as
limit for /5 B,0;, are plotted in Fig. 4, curve 1.
The compressibility is not known, hence no correc-
tion to €y was attempted. It is seen that these 6p
values increase between 18 and 296°K. from 555 to
1185°, i.e., by more than 1009, which would be
quite unusual for a three-dimensionally coérdina-
tive structure derived from the noble gas type ions
B3+and O*~. Itisobviousthat at least two widely
different ¢ values have to be applied to crystalline
boron oxide.® According to eq. (2) the § values
which are larger than those for Al;O; can be corre-
lated qualitatively with the vibrations of the ions
B#+ and O2~ against each other. However, the
small 8, which accounts for the main part of the heat
capacity at low temperatures, must be due to
weaker forces or a larger vibrating mass or to both
factors. This agrees qualitatively with the assump-
tion, suggested by the molar refraction and m.p.,
that solid boron oxide consists of (By0j3), molecules
with relatively weak intermolecular and strong in-
tramolecular forces.

Two types of forces occur also in the layer structures con-
sidered in Sectious 2 and 8. No information (below 400°)
is available concerning the heat capacity for BN, which is
the closest chemical analog to B,O; among the representa-
tives of such structures. However, since it was concluded
in Sections 2 and 3 that a layer structure is highly improb-
able for boron oxide below its m.p., the peculiarities®* of the
geat capacity of layer structures do not need to be considered

ere.

(8) Heat Capacity of Molecular Structures.—
The quantitative treatment of the temperature
dependence of the heat capacity is naturally still
more complex for molecular solids than for codrdi-
native ones. Nevertheless, it has been found in

(33) The above conclusion is in accord with the equation used by
Kelley21b between 51 and 298°K. It consists of one D-F (61 = 311°)
and three Einstein functions (92 = 480°, 8; = 6; = 1086°), but does
not apply satisfactorily to the new data??® at lower temperatures.

(84) (&) V. V. Tarasow, Zhur. Fis. Khim. (Russian), 24, 111 (1850);

(b)Y W. De Sorbo and W. W, Tyler, Bull. Am. Physic. Soc., June 14,
VAL, 14,
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numerous cases®® that at sufficiently low tempera-
tures the heat capacity follows approximately a D-
T with such low 8 values that they can be due only
to modes of motion of the whole molecule within
the crystal.

These modes are of two types, each involving potential
and kinetic energy: translational vibration (t.v.) in three
directions of space (limiting value 3R) and torsional vibra-
tion which will be called here rotational oscillation (r.0.)
about three axes (limiting value also 3R for non-linear mole-
cules). In general, one would expect®® the frequency of
t.v. to be lower than that of r.o. While the t.v. of a mole-
cule can be expected to follow a D-F with an approximation
comparable with that of monoatomic solids, little can be
predicted concerning the temperature dependence of the
heat capacity due to the r.o. The available data show
that for molecules, like simple hydrogen compounds,®*
the D-F applies at low temperatures with a limiting value
3R. This means that here the r.o. does not contribute
appreciably to the heat capacity Cm due to the motion of the
molecule. For larger molecules the limit 6 R gives in general
a better fit at low temperatures. For instance in the case
of benzene, two D-F’s with a common 8p = 150°, consid-
ered as average of #p for both, the t.v. and the r.o. of the
molecule within the crystal, apply satisfactorily® up to
50°K., i.e., here Coxp = Cm = 2D(150/T). Above 50°K.,
Cexp minus Cp has positive values which were represented
by Planck-Einstein functions (E-F) corresponding to the
30 intramolecular modes of vibration, each with the limiting
value R. The shares of C, and Ciy (internal) at a few
selected temperatures are given in Table II.

TasLE 11

INTER- AND INTRAMOLECULAR HEear Capraciry (Car.
Dec.”! MoLE™!) or BENZENE,* GLUCOSE¥ AND BORON
OxIDE?*

T, 100Cint
°K. Co Cv Cm(6R) Cint (3n ~ B)R
(1) CeHe fm 150° M.p. 5°

4 0.018 0.018 0.018 0.001 0
60  9.23 8.92 8.90 .02 0
100 12.02 11.21 10.68 .53 .89
200 20.06 16.53 11.56 4.97 8.35
270 29.03 21.20 11.72 9.48 15.9

(2) CsHpOs  6m 147°  M.p. 146°

20 2.11 2.11° 2.06 0.05 0
40 6.89 6.89 6.60 0.29 .22
50  9.28 9.28 8.05 1.23 .93
100 18.79 18.75 10,73 8.02 6.12
200 35.76 35.44 11.60 23.84 18.2
300 54.84 53.71 11.78 41.93 32.0

(3) B40s fm 329° Mp 450°

18  0.149 0.150 0 0
31.6 0.847 0.804 .043 0
50 2.852 2.62 .23 0.48
100 9.974 7.34 2.63 5.55
200 21.00 10.44 10.56 22.2
275 27.87 11.10 16.77 35.2
300 30.27 11.22 19.05 40.0

¢ The experimental C, values for glucose were corrected
to Cy values by Mr. J. H. La Rochelle in the way explained
in Section 4a for ALO;. At 25° o = 0.8 X 107* deg.”!
(G. S. Parks, H. M. Huffman and F. R. Cattior, J. Phys.
Chem., 32, 1366 (1928)); 8 = 5.216 X 10~¢atm. ! (P. W.
Bridgman, Proc. Amer. Acad. Arts Sci., 76, 20 (1945)).

In the case of crystalline glucose (m.p. 146°), for
which the difference between the strength of inter-

(35) See e.g. (a) A. Eucken and E. Karwat, Z. physik. Chem,, 113,
467 (1924); (b) R. C. Lord, J. Chem. Phys., 9, 693 (1941).

(36) R. C. Lord, Jr.. J. K. Ablberg and D, H. Andrews, ¢bid., §, 649
(1937).
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and intramolecular forces is smaller than for ben-
zene (m.p. 5°), Simon¥ found it simplest to apply
only D-F’s with 8 values (and number of D-F’s)
120° (1), 310° (3), and 1700°(20). A re-examina-
tion of these data has shown that, between 20 and
40°K. the experimental points are represented very
satisfactorily by two D-F’s with a common 6p =
147° but not by one D-F. Therefore it appears
justifiable to consider 147° as average for t.v. and
r.o. of the glucose molecule, to apply Cm = 2D(147/
T") above 40°K. and to assign the difference

Cexp - Cm = Cint (6)

to the 66 internal modes of vibration. The shares
of Cm and Ciqe are listed in Table I1.

In view of the uncertainty whether E-F’s or D-
F’s are appropriate for the treatment of the “inter-
nal” vibrations of such complex molecules held to-
gether within the solid by considerable intermolecu-
lar forces, the following semi-quantitative discus-
sion of the heat capacity of boron oxide will be lim-
ited to the question whether it can be resolved into
Crm and Ciat.

(y) Low- and High-Frequency Vibrations of
Boron Oxide.—For boron oxide between 18 and
29°K., log C, shows a linear dependence on log T
with a slope of 3.00 # 0.10. In this region of the
T3 law (see Fig. 5) the value 6p = 555° would re-
sult if boron oxide had codrdinative structure, 7.e.,
a limiting value 3R for 1/; ByOa.  The value 555° is,
however, much too low as compared with 991°
found for the cobrdinative ALO; (see Section 4b).
In the case of a molecular structure of boron oxide
and a limiting value 6R for t.v. and r.0., the char-
acteristic temperature depends on whether the mol-
ecules have the composition B,O; or B4Og, namely,
8(B;0;) = 415° and 6(B40s) = 329°. The latter
value is identical with that used by Kerr, Hersh
and Johnston,??? who applied eq. (3) assigning the
3R limit to one mole B;Os.

In order to test these two alternatives of molecu-
lar structure, eq. (68) was applied above 30°K. in
the forms 6(a) and 6(b)

ez = e - 20 (3) (ea;

T
cper = czg - 20 () (ov)

For CE2 negative values result between 30 and
150°K., and therefore the assumption of B;Oy mole-
cules, with a 6R limit, is not in accord with the ex-
perimental heat capacity data.¥s However, CE4%
(in cal. deg.—! mole~') shows in Table II a regular
rise between 31.6°K. (0.04) and 300°K. (19.05).
At the latter temperature the heat capacity of the
intermolecular modes reaches nearly the limiting
value (6R) for BsOs (11.22), CeH0s (11.78) and
CeHs (11.72 at 270°K.), while the internal heat ca-
pacity acquires the following fractions of the limiting
values: 0.40 for B,Os, 0.32 for glucose, 0.16 for ben-
zene (at 270°K.). The corresponding fraction for
/s AlyOg at 300°K. is 0.63. As shown in Fig, 3b,

(37) F. Simon, Aun. Physik, 68, 241 (1922);
3b.

(37a) According to J. Biscoe and B. E. Warren, J. Am. Ceram. Soc.,

21, 287 (1938), ‘‘the existence of discrete BsOs molecules in the glass is
definitely ruled out” by their X-.ray work,

reproduced in Fig.
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the G, vs. T curve for glucose crosses that for boron
oxide at 65°K., that for alumina at 115°K.

Summarizing the results of Section 4, one can
say that the heat capacity of the codrdinative alu-
minum oxide is reproduced approximately by one
D-F with an average value 6p = 950°. In the case
of boron oxide, vibrations of B¢ molecules with
fp = 329° contribute the main part in the lower
temperature range while in the higher temperature
range intramolecular vibrations become of increas-
ing importance. An approximate estimation of
some of the internal frequencies is possible on the
basis of infrared measurements®® on well annealed
boron oxide glass which revealed two strong peaks
at 710 and 1270 cm. ™! corresponding to 8 values of
1020 and 1830°. They are both above the value
950° for Al,Qs, as expected in Section 4a.

(5) Force Constant and Melting Point.—In
order to test whether the value 6p = 329° derived
for B4Os molecules agrees with other properties of
boron oxide, it was examined (unpublished) whether
for analogous molecular structures a relation exists
between the m.p. and the f.c. of the t.v. derived
from the low temperature 0 values. The f.c, was
calculated from eq. (1) applied in the following form
in which M is the molecular weight

f.c. (dynes cm,™1) = 2.85 X 10~%p: M (1a)

In evaluating 6n, the limit 3R was used for the
monoatomic molecules® vibrating in crystalline Ne
(64°), A (80°), Kr (63°), Xe (53°), and for the sim-
ple hydrogen-containing molecules H;(91°), HC!
(125°), HBr (85°), H,S (36°) and H;N (215°).
However, the limit 6R was applied to the larger
molecules C(CH3)4 (1070),40 CsHe (1500), CeHmOe
(147°), B4Os (329°).

Figure 6, in which log m.p. is plotted vs. log f.c.,
shows that for the noble gases the f.c. increases reg-
ularly with the m.p. Helium is not included but
it is in accord with the parallelism, since its m.p.
(1.13°K. at the lowest observed pressure of 25.3
atm.) and its f.c. (154 dynes/cm., calculated from

L
1,000
s o
- -
- ’,—' B40g(6R)
5 C(CHy, CeM120¢
=~ o0
¥ a HpS N CeHe “
. xedf, %57 |
" HCl
2 2P
100 | 7
- // Ar [
[ e
4
R
- ’ J
| e
I
Ve AN |
,I i \‘
i, \ \
loli!\\[ | I P Lt il [
103 104 105 [

FORCE CONSTANT (DYNES/CM.},

Fig. 6.—Melting points vs. force constants of intermolecular
vibrations.

(38) Performed for Owens~Illinois Glass Company by H, L. Mc-
Mahon and I. Simon of Arthur D. Little, Inc., Cambridge, Mass,

(89) K. Clusius, Z, physik. Chem., 31B, 459 (1936).

(40) J. G. Aston and G. H. Messerly, THIS JoUrnaLn, 68; 2354
(1936).
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6 = 37° at 1.2°K.) have both by far the smallest
values,

A similar parallelism applies in Fig. 6 to the other
molecular crystals and the values for B4Os, m.p.
723°K. and f.c. = 4.29 X 10° dynes cm.™! fit into
the extrapolated curve as well as can be expected
for this rough empirical relation between m.p. and
f.c. of intermolecular vibrations.

It should be stated that this parallelism may not apply to
molecules of low symmetry because their force field within
the crystal is far from being uniform. In fact, while the
symmetrical neopentane (m.p. 256°K.) compares satisfac-
torily in Fig. 6 with the simple hydrogen compounds and
with the cyclic benzene and glucose, n-pentane (8 '= 134°,
m.p. 143.5°K.) and isopentane (8 = 122.5° m.p. 113.4°K.)
do not.

(6) Structure and Force Field of the B.O,
Molecule.—The presence of B,Os molecules is very
probable!? in solutions in concentrated sulfuric acid;
assuming their occurrence in crystalline and vitre-
ous boron oxide the behavior of these substances dis-
cussed in Sections 2-5 can be well understood.

As to the geometry of a B4Os molecule, one can
expect it to be in some respects analogous to, in
others different from the known structure of M,Os
where M is P, As or Sb. In these three molecules
the M'’s occupy the corners of a tetrahedron and the
six O’s are near the middle of its edges. According
to the quantum configurations indicated in Section
1, the three O? nearest to each Pt = (P5+)3? or
As?t = (As’+)4? will repe] the most easily polariz-
able outermost two-electron shell with the quantum
numbers 3 or 4, respectively. Hence, e.g., in PO,
the quantum configuration of the surroundings of
each P can be formulated as (¢~),;P*+{0?%~), in anal-
ogyil™ to the configuration (02~)'P8+(0?-);
which in P40y has the shape of an irregular tetra-
hedron,

In a vapor molecule with the electronic configura-
tion (B3+),(0%~)s, the cores B3+ can be considered
to be spherically symmetrical. Thus in a geomet-
rical structure similar to that of the other MO,
molecules, the electronic configuration around each
B is (0?~)B3+(0?~), and the angle OBO can be ex-
pected to approach 120°. This is in agreement
with the X-ray study by Warren, Krutter and Mor-
ningstar? on vitreous boron oxide, the main result
of which was the evidence for triangular cotrdina-
tion within BOj; groups.? However, it is felt that
a new diffraction study is needed in order to test
directly the structure of crystalline boron oxide.

In the free B.Os molecule each B3+ has only 3

(41) K. Fajans, J. Chem. Phys., 10, 759 (1942).

(42) Professor B, E. Warren, to whom we communicated the above
conclusions expressed the opinion that his X-ray results cannot dis-
tinguish between a triangular random network and the B(Os molecules.
He also kindly informed us that “the samples of vitreous B:20; used in
our X-ray work were fine rods about 0.5~-1.0 mm, diameter drawn out
directly from the melt. There was no annealing and they represent a
moderate quench from the melt.”” According to the conclusions of the
present paper the material obtained in this way can be expected to have

partly the high temperature structure, partly the low temperature
(molecular) structure.
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adjacent O?~, while higher coodrdination numbers
are known for Be?+ (4) and have been reported?®”
for B3+ (up to 3.9) in alkali borate glasses. There-
fore, a direct interaction between a B®* of one mole-
cule and an 0%~ of an adjacent molecule is possible
in [(B3t)4(0? )¢l while in solid {[((e7)sP**)s
(0%=)¢]s each P°* is surrounded by four negative
groups within a single molecule, This difference in
the force field of the molecule may cause the higher
m.p. (see Section 2) and be one of the factors ac-
counting for the much smaller volatility of boron
oxide as compared with P,Os or P4Oy. Depending
on whether the vapor molecule has the composition
B,0; or B,Ogs the vapor pressure of the liquid is
given*® as 7.7 X 10~* mm. or 4.15 X 10~*mm. at
1058°, As to the other factor, one can presume that
at temperatures at which a condensed phase held to-
gether by “weak” forces between B,QOs molecules
could be expected to have an appreciable vapor pres-
sure, it is already partly transformed (see Section 3)
into the “‘strong” structure. In the case of the two
crystalline modifications of phosphorus pentoxide,
the one consisting of P40y molecules**® has the vapor
pressure 222.5 mm.*® at 401° while for the coérdina-
tive modification, 4 stable above 500°, the vapor
pressure extrapolated to 401° is only 2.3 mm,

Another spectacular example is elementary gal-
lium. Its very low m.p. (30°) must be related to
its crystal structure, in which the presence of Ga,
molecules is shown by the relatively small internu-
clear distance between two nearest atoms.*® Nev-
ertheless the vapor pressure of liquid gallium is*
only 6 X 10~*mm. at 940°.

These analogies in the behavior of boron oxide,
phosphorus pentoxide and gallium can be under-
stood when the weak structures stable at lower tem-
peratures consist of units of molecular dimensions
and are transformed at higher temperatures into
stronger structures approaching more nearly the
ideal coordinative type. However, the existence of
some other structures which would behave in many
respects as anticipated for a crystal or glass con-
sisting of B4Os molecules is not considered to be
unequivocally excluded.
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