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ml. of ethyl alcohol gave a yellow precipitate which started
to turn orange rapidly. This transformation was completed
by heating the mixture four hours on a steam-cone. The
washed and dried product weighed 1.2 g. Anal. Found:
Au, 40.7, 40.75; C, 29.59; H, 1.76; N, 5.65; Cl, 22.18.
Caled. for AuCl;CoHsNy: Au, 40.77; C, 29.79; H, 1.67;
N, 5.79; Cl, 22.00. The addition of ten drops of concen-
trated HNO; to a solution of 0.20 g. of [AuCly(phen)]Cl in
35 ml. of water gave 0.19 g. of a yellow precipitate. Anal.
Found: Au, 38.7, 38.42; C, 28.64; H, 2.19; Cl, 13.64.
Caled. for AuCLCHsN3O;: Au, 38.64; C, 28.25; H, 1.58;
Cl, 13.89. The addition of 0.12 g. of KBr in 0.4 ml. of
water to 0.15 g. of [AuCly(phen)]Cl in 25 ml. of water gave
0.13 g. of a tan solid. Awai. Found: Au, 32.5. Caled.
for AuBI’aClesNz: Al.l, 32.0.
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[AuCly(phen)] [AuCL].—The addition of a solution of
0.42 g. of HAuCl, in 1 ml. of water to a solution of 0.4 g. of
[AuCly(phen)]Cl in 30 ml. of water gave 0.70 g. of a yellow
precipitate. Anal. Found: Au, 50.3, 50.27; C, 18.57;
H, 1.17; Cl, 27.17. Calcd. for Au,Cl;CiHsN.: Au, 50.09;
C, 18.31; H, 1.02; Cl, 27.01.
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The Heats of Combustion of Compounds Containing the Tetrazole Ring’

By W. S. McEwan! anp M. W. Ricg?

The heats of combustion for some twenty-eight compounds related to tetrazole have been determined in order to provide
fundamental knowledge of the average bond strength and resonance energy of this type of compound. By use of reported
bond energies the resonance energy of the tetrazole ring is found to be between 53 and 70 kecal./ring depending upon sub-

stituent groups.
tetrazole ring.

Tetrazole (CH:Ny) is an interesting molecule
since the combination of four atoms of nitrogen and
one of carbon in a stable compound is seldom found.
The stability of tetrazole is indicated by the rela-
tively high melting point, 155°, without decompo-
sition, and the relative stability of the compound in
chemical reactions involving side groups, ¢.e., the
diazotization of 5-aminotetrazole and the oxidation
of the phenyl group in phenyltetrazole. The ap-
parent stability of the tetrazole ring indicates that a
considerable resonance or stabilizing energy must be
present in the system. This stability is undoubt-
edly due to the following factors: It is possible to
bave two tautomeric isomers, an ionized form (te-
trazole is a weak acid, K. = 1.28 X 10-%) which
would have resonance stability, and the possibility
of an electron shift within the molecule, with a re-
sultant charge separation, which would also have
resonance stability. The electron shift could be
considered the first step in the ionization.
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1t should be pointed out, in this case, that substi-
tution in the 1- or 2-position on the tetrazole ring
removes the contributien of the tautomeric shift,
and of the ionized form to the stabilization energy.

(1) Article not copyrighted.
(2) Temple University, Philadephia 22, Pennsylvania.

Elimination of the tautomeric shift appears to increase rather than decrease the resonance energy of the

Thus, the work presented here contains data on
compounds from the following important groups:
5-substitutions, 1- or 2-substitutions, 1,5- and 2,5-
disubstitutions. The 1-substituted compounds
contain the conjugated system —N=N—N=C—
whereas the 2-substituted compounds contain the
conjugated system —N=N—C=N— and the two
systems may not have identical stabilities.

A value of 30 kcal./mole for the resonance en-
ergy has been assumed in a number of calculations,
although a recent reference (Elpern, THIS JOURNAL,
72, 3379 (1950)) claims that tetrazole has little or
no resonance energy. This statement is based
upon the fact that tetrazole shows no absorption in
the ultraviolet region. In order to obtain some
additional information which might be used to
estimate the resonance energy, the heats of combus-
tion of tetrazole and a number of tetrazole deriva-
tives were measured and the data combined with
values for the heats of formation of water® and car-
bon dioxide* to obtain a value for the heat of forma-
tion of the various compounds. The calculations
are based upon the formation of molecular nitrogen
from the nitrogen in the sample.

Experimental

The calorimeter was similar to standard units which have
been described by the Bureau of Standards. The unit was
placed in a constant temperature water-bath, controlled to
+0.002°, as measured by a platinum resistance thermome-
ter. The calorimeter was filled with the same quantity,
+0.1 g., of distilled water before each run. The cover to
the calorimeter was designed in such a way that the thermo-
stat stirrer forced a flow of water through the cover, thus
completely enclosing the calorimeter in a constant tem-
perature water jacket.

The standard Parr double valve bomb was used in all of
these experiments. The samples, in the shape of a pellet
(1.5 cm. dia., 0.5 ecm. thick), and placed on a piece of fuse
paper, were burnt in a small platinum crucible supported by
one of the firing electrodes in an atmosphere of oxygen

(3) D. D. Wagman, J. W. Kilpatrick, W. J. Taylor, K. S. Pitzer and
F. D. Rossini, J. Research Natl. Bur. of Standards, 34, 143 (1943).
(4) E.J. Prosen, R. 8. Jessup and F. D. Rossini, tbid., 38, 447 (1944).
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TABLE I
AH (Comb.) AH (Form.)
Compound Molecular formula kcal./moleb kcal,/mole at 25°

Tetrazole® CH,N, 219.03 = 0.21 56.66
1-Phenyltetrazole? CyH N« 949.78 + .36 86.47
5-Phenyltetrazole!? CrHgN, 933.23 = .33 69,91
1,5-Diphenyltetrazole!! CiaH 0Ny 1663.58 &+ .52 99.32
2,5-Diphenyltetrazole!? CiaH 1 oNy 1658.66 = .51 94 .40
1-Phenyl-5-methyltetrazole!! CsHsN, 1096.26 + .07 70.57
2-Phenyl-5-methyltetrazole!? CsHsINy 1091.31 = .14 65.62
1-Phenyl-5-hydroxytetrazole!t CHgNO 890.02 = .67 26.71
2-Phenyl-5-carboxytetrazole!s CsHs0aNy 047.46 £ .03 —-9.91
1,5-Dimethyltetrazole!s CHN, 532.19 £ .85 45.08
5-Aminotetrazole? CH;N; 246.20 &= .56 49.67
5-Aminotetrazole nitrate? CH4O, N5 224.10 == .45 —6.58
5-Nitroaminotetrazole® CH, N0, 222.6 + 60.3
Guanidine salt of 5-nitroaminotetrazole!’ CoH,;0,Ny 453.80 £ 0.88 26.59
5-Guanylaminotetrazole? ColNy 399.46 += .37 40.57
5-Acetamidotetrazole’ CaH, N0 451.74 £ .44 —-1.81
5-Tetrazolylurethan® CsHyN;0, 562.75 = .65 —52.57
5,5'-Hydrazotetrazole!8 CoH Ny 459.87 £ 1.06 135.14
Benzalhydrazone of 5-hydrazinotetrazole!® CsH N 1135.15 = (.22 109.46
Formazylbenzene2 CisH 6Ny 2463.17 = .25 129,54
Formazane? CraH 12N 1741.92 &= .25 109.34
1,3-Diphenyltetrazenc?? CioH o Ny 1636.93 & .39 08.41
2,2’-Hydrazo-bis-isobutyronitrilc?? CsH 1N, 1259.16 &= 1.10 28.52
2,2'-Azo-bis-isobutyronitrile?! CeH N, 1216.95 = 0.00 54 .63
Di-aminoguanidine nitrate?® CiHsNO, 329.76 £ .10 —37.56
Nitroaminoguanidine26 CH;N,0. 270.14 &£ .18 5.30
Nitroguanidine?? CH,30;N; 208.6

Guanylazide nitrate? CHNOs 234.48 = .35 3.80
Nitroguanylazide? CH,N;0, 233.69 £ 1.02 71.32

@ Calculated from guanidine salt. * = values are mean deviations froin the mean.
(40 atm.). The fuse paper was attached to a standard diphenyltetrazene, 2,2’-azobisisobutyronitrile, 2,2'-hy-

length of fuse wire, which was attached to the electrodes.
The bomb was flushed three times with 30 atm. of gxygen
and then filled to 30 atm. pressure for the calibrations with
benzoic acid, and 40 atm. for the combustion of the samples.
Corrections were made for the heat added to the bomb by
the electrical current used to ignite the fuse wire, the burn-
ing of the fuse wire and fuse paper, carbon and nitric acid
formation in the combustion, as well as the usual thermal
leakage, stirring and pressure corrections.

Temperature measurements were made with a platinum
resistance thermometer in conjunction with a Type G-2
Mueller resistance bridge and a sensitive galvanometer.
The temperature rise in the calorimeter varied from about
1.000 to 3.000 == 0.0003° depending upon the size, and
heating value of the sample. Some of the materials studied
could not be burnt in large samples, due to spattering and
the formation of large amounts of carbon.

The energy equivalent of the calorimeter was determined
by combustion of benzoic acid (National Bureau of Stand-
ards, Standard Sainple 39f%).

FEight combustions of the standard benzoic acid (using
approximately 1-g. samples) yielded a value of 2284.99
cal./deg. for the heat capacity of the calorimeter, with an
average deviation of 0.0259%. Corrections to standard con-
dition were made by the method proposed by Washburn.t

Materials.—The following compounds were prepared by
Dr. Ronald Heury”: tetrazole, 1-phenyltetrazole, 5-
phenyltetrazole, 1,5-diphenyltetrazole, 2,5-diphenyltetra-
zole, 1l-phenyl-5-methyltetrazole, 2-phenyl-5-methyltetra-
zole, 1l-phenyl-5-hydroxytetrazole, 2-phenyl-5-carboxytet-
razole, 1,5-dimethyltetrazole, 5-aminotetrazole, 5-amino-
tetrazole nitrate, guanidine salt of 5-nitroaminotetrazole,
5 - guanylaminotetrazole, 5 -acetamidotetrazole, 5 -tetra-
zolylurethan, §5,5'-hydrazotetrazole, benzalhydrazone of
h-liydrazinotetrazole, formazylbenzene, formazane, 1,3-

(5) R.S. Jessup, J. Research Natl, Bur. of Standards, 36, 421 (1946).
(8) E. W. Washburn, ¢bid., 10, 525 (1933).
7) Address, U, 8 XNaval Ordnance Test Station,
California.

China Lake,

drazobisisobutyronitrile, diaminoguanidine nitrate, nitro-
aminoguanidine, nitroguanidine, guanylazide nitrate, ui-
troguanylazide. The compounds were purified by recrys-
tallization, and purity checked by the constancy of melting
points upon successive recrystallizations. The densities
of the materials were estimated from the dimensions and
weight of the pellets. Three to five combustions were made
with each compound studied.

The values for the heats of combustion and formation arc
listed in Table I.

(8) R, Stolle, Ber., 63, 1118 (1929).

(9) M. Freund and T. Paradies, tbid., 34, 3115 (1901).

(10) A. Pinner, ¢bid., 27, 990 (1894); 80, 1881 (1897).

(11) O. Dimroth and G. DeMontmollin, ¢bid., 48, 2007 (1910).

(12) O. Dimroth and S. Merzbacher, $bid., 40, 2402 (1907).

(13) O. Dimroth and S, Merzbacher, ibid., 43, 2809 (1910).

(14) M. Freund and H. Hempel, 7b:d., 28, 78 (1805).

(13) J. A. Bludin, #bid., 18, 2907 (1885).

(16) German Patent 538,981, November 11, 1926, to Knoll A -G,
Chicmische Fabriken,

(17) Unpublished resultsof R. A. Heury. Awnal. Caled, for CoI170)2Ns:
¢, 12.70; H,3.73; N.66.65. Fouud: C,12.79; II,3.76: N, (66.46.

(18) J. Thiele, Ann., 308, 66 (1898).

(19) J. Thiele and J. T. Marais, ibid., 373, 144 (1893).

(20) H. v. Pechmann, Ber., 27, 1690 (1894).

(21) H. v. Pechmann, sbid., 25, 3177 (1896).

(22) A. Wohl, ibid., 26, 1588 (1893).

(23) A. Thiele and N. Heuser, Ann., 290, 1 (1896).

(24) C. G. Overberger, M. T. O’Shaughnessy and H. Shalit, THrs
Journavr, T1, 2661 (1948).

(25) G. 1. Keim, R. A, Henry and G. B. L. Smith, ¢bid., T2, 4944
(1950).

(26) R. A. Heury, R. C. Mukosky and G. B. L. Smith, ¢bid., 78, 474
(1951,

27 E. J.
{Open).

(28) K. A. Hofman, I1, Hock and R, Roth, Ann., 380, 135 (1011),

(249) L& Lieber, E. Slicriman, R, A. Ilenry aud J. Cohen, THIS JOoUk-
NaL, T3, 2327 (1951).

Prosen aud R, Gilimmont, OSRD 1590, July 12, 1943
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Discussion

The resonance energy for the tetrazole ring was
calculated by combining our experimentally deter-
mined heats of combustion and heats of sublima-
tion% with reported bond energy values® for four
cases: tetrazole, 1,5-dimethyltetrazole, 1,5-di-
phenyltetrazole, 2,5-diphenyltetrazole. In these
calculations, the C~N bond was assumed to be the
standard type bond. Accurate information con-
cerning bond energies in a molecule such as tetra-
zole is not available at this time. In considering
the diphenyltetrazoles, the resonance energy of the

(30) Dr.F. M. Ernsberger and Mr. John Wiley of this Laboratory
very kindly measured the vapor pressures of tetrazole, 1,5-diphenyl-
tetrazole and 2,5-diphenyltetrazole for us by means of the Knudsen
effusion technique. They found the following expressions to hold
over the temperature range indicated:

for tetrazole

logP = ‘5;’90 + 1579 (60-90°)
for 1,5-diphenyltetrazole

logwP = ‘—6]3:99 4 17.20 (75-90°)
for 2,5-diphenyltetrazole

logiP = —6T250 1 18.32 (60-80°)

TFrom these expressions AH’s for sublimation were calculated to be:

tetrazole AHg = 23.26 kcal./mole
1,5-diphenyltetrazole AHg = 29.05 kcal./mole
2,5-diphenyltetrazole AHg = 28.60 kcal./mole

(31) G. W. Wheland, ‘“The Theory of Resonance and its Application
to Organic Chemistry,” John Wiley and Sons, Inc., New York, N. Y.,
1944, p. 75.
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phenyl groups was assumed to be additive and to
have a value of 41 kcal. per phenyl ring. The reso-
nance energies calculated for the four compounds
were 55.6, 61.3, 65 and 70.3 kcal. per tetrazole ring,
respectively. These values indicate that the reso-
nance energy of the tetrazole ring is increased by
the elimination of the tautomeric shift. This is an
interesting point and should be investigated fur-
ther. It will also be noted that the 2,5-disubsti-
tuted tetrazoles are more stable, 5 kcal. per mole,
than the corresponding 1,5-disubstituted isomers (2
cases).

It would be of interest to have a larger number of
1,5- and 2,5-isomers to compare, and also to obtain
additional sublimation data for the calculation of
resonance energies. The comparison of the data in
Table Il again indicates the relative stability of
compounds containing four nitrogen atoms in a
ring compared to the isomeric non-cyclic structure.

TABLE 11

AH, AH:
Nitroguanylazide 233.69 71.3
5-Nitroaminotetrazole 222.1 caled. 59.7
Caled. from guanidine salt 222.6
Guanylazide nitrate 234.5 3.8
5-Aminotetrazole nitrate 224 .1 —6.6
1,5-Diphenyltetrazole 1663.6 99.3
2,5-Diphenyltetrazole 1658.7 94 .4
Formazane 1741.9 109.3

CHINA LaAkE, CALIF, RECEIVED MARCH 30, 1951

[ CoNTRIBUTION FROM THE CRYOGENIC LABORATORY AND THE DEPARTMENT OF CHEMISTRY, THE OHIO STATE UNIVERSITY ]

The Vapor Pressures of Inorganic Substances.

VI. Vanadium Between 1666 °K.

and 1882 °K.?

By James W. EpwaRrDS, HERRICK L. JOHNSTON AND PAUL E. BLACKBURN

The vapor pressure of vanadium was determined over the temperature range 1666° to 1882°K. by measuring the rate at
which a metal surface evaporates into a vacuum. Values of AH§ were calculated from individual vapor pressures and showed

no appreciable trend, the average value being 121.95 &+ 0.14 kcal.

By combining this value with a linear expression in T

for the difference in free energy functions between solid and gaseous vanadium, the following vapor pressure equation was

— 3
obtained: Rln p = __1_21_9_;_)(_10

Introduction

The vapor pressure of vanadium has been deter-
muined in this Laboratory by the method first
introduced by Langmuir? and later modified by
Marshall, Dornte and Norton.® This method
consists of measuring the rate at which a metal
evaporates in a vacuum from a ring or cylinder
heated to a constant temperature by radiofrequency
induction.

Experimental Method
Apparatus and Procedure.—The techniques and appara-

(1) This work was supported in part by The Office of Naval Re-
search under contract with The Ohio State University Research
Foundation.

(2) 1. Langmuir, Phys. Rev., 3, 329 (1913).

(3) A. L. Marshall, R, W. Dornte and F. J, Norton, THIS JOURNAL,
59, 1161 (1937).

— 5.123 X 10™¢ T + 36.29.

tus we used are essentially similar to those described in
carlier papers from this Laboratory.4

In the present investigation the Pyrex apparatus used
was the same as that described in reference. The proce-
dure was modified in two ways: (1) The apparatus was not
sealed off from the diffusion and fore-pumps. (2) The op-
tical pyrometer was calibrated after each run with the opti-
cal window in the line of sight, so as to determine the small
temperature error introduced by condensation of metal on
the window. This correction was negligible for the low
temperature runs and reached a maximum value of 14° for
the highest temperature runs. For a given run, the correc-
tion was assumed to be proportional to the time-at-high-
temperature of the sample, since the shutter was opened for
temperature readings at uniform time intervals.

(4) (a) H. L. Johnston and A, L. Marshall, 7bid., 62, 1382 (1940);
(b) R. B. Holden, R, Speiser and H, 1., Johnston, ibid., 70, 3897 (1948);
(c¢) R. Speiser and H, L. Johnston, Preprint No. 11, Thirty-First
Annual Convention of the American Society for Metals, Cleveland,
Ohio, Oct. 17-21, 1949; (d) J. W. Edwards, H. L. Johnston and P. E.
Blackburn, TH1S JOURNAL, T8, 172 (1951); (e) (V) G. B. Skinner, J.
W. Edwards and H. L. Johnston, ¢bid., T8, 174 (1951).



