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The standard (p° = 0.1 MPa) molar enthalpies of combustion at 298.15 K were measured by
static-bomb calorimetry and the standard molar enthalpies of sublimation at 298.15 K were
measured by microcalorimetry for phenazine, benzofurazan, and their corresponding N-oxides:

—A H(cr)/(kJ - mol™ ) A& H?S /(kJ-mol™ 1)
Phenazine 6102.4+1.2 91.8+2.1
Phenazine N-oxide 6062.7+4.5 100.0+1.3
Benzofurazan 3168.5+1.1 644+ 1.6
Benzofuroxan 31516+ 1.2 79.6+1.7

From the standard molar enthalpies of formation of the gaseous compounds, the molar
dissociation enthalpies of the (N-O) bonds were derived: D(N-O)/(kJ-mol~!): phenazine
N-oxide, 280.7 4 5.6; benzofuroxan, 250.9 + 3.0.

1. Introduction

The dissociation enthalpy of the N-O dative covalent bond shows large variations
depending on the molecular environment in the immediate vicinity of the bond.
Values of D(N-O)/(kJ-mol-') have been reported for C,H;N=N(O)C.Hj,
(321.5429))  CeHsCH=N(O)C4H;, (2649+30:" C,H,CH=N(O)C(CH,),,
(285.9 +3.6).¥ and in pyridine N-oxide, (301.7 + 2.8).) The present paper reports the
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values of D(N-O) in the quite different molecular environments in phenazine
N-oxide (1) and in benzofuroxan (I1}:

2 ;N\ = P ;.N\
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The D(N-Q) values were derived from the standard molar enthalpies of formation of
the gaseous compounds and the corresponding compounds minus the oxygen atoms,
from measurements of the molar enthalpies of combustion of the crystalline
compounds by static-bomb calorimetry and the molar enthalpies of sublimation
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Phenazine (PHEN) (Aldrich) was purified by repeated zone-melting. Phenazine
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2-chlorophenazme 5 oxide, except that nitrobenzene replaced 4-chloronitrobenzene
as a starting reagent.> Additional samples of this compound were obtained from
two commercial sources (Aldrich and Frinton Laboratories). All samples were
recrystallized several times from (benzene + hexane), but it proved impossible to

purify phenazine N-oxide effectively by crystallization. Mixed crystals of phenazine

and phenazine N-oxide have been reported by Glazer.'® It was assumed that the sole
impurity in the sample was phenazine, and from the amount of carbon dioxide
produced in the combustion experiments, the proportion of phenazine in the sample
was determined. The different sources led to samples with a mass percentage of
phenazine ranging from 4.5 to 15.2 and after making the appropriate corrections, the

denved energies of combustion were consistent. Benzofuroxan (BFNO) was prepared
by dissolving 2-nitroaniline in ethanolic potassium hydroxide followed by the slow
addition of 5 mass per cent aqueous sodium hypochlorite as described by Jarrar.!”
The resulting precipitate was initially recrystallized from ethanol and further purified
by repeated recrystallizations from (benzene + hexane). Benzofurazan (BFN) was
prepared by the reduction of benzofuroxan with hydroxylamine using the procedure
reported by Gaughran er al® and the sample was purified by steam distillation
foliowed by repeated zone-melting. The average ratios of the mass of carbon dioxide
produced by the sample in the combustion experiments to that calculated from its
mass with uncertainties of twice the standard deviation of the mean together with the
densities of the samples were: PHEN: p/(g-cm 3) = 1.303, (1.0000+0.0001); BFN:
p/(g-cm~3) = 1.40, 0.9995 1+ 0.0002); BFNO: p/(g- cm ) = 1.48, (1.0001 +0.0002). The
static-bomb calorimeter, subsidiary apparatus, and technique have been
described.""*® The energy equivalent of the calorimeter was determined from the
combustion of benzoic acid, NBS standard reference material 39i, for which under
standard bomb conditions, —A.u/J-g !)=(26434+3). From 12 calibration
experiments, g(calor) = (15540.98+0.47) J-K -}, where the uncertainty quoted is the
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standard deviation of the mean. The solid samples, in pellet form, were ignited at
(298.150+0.001) K in oxygen at 3.04 MPa with 1 cm?® of water added to the bomb.
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difference across a 1281 pF capacitor when discharged from 40V through the
platinum ignition wire. For the cotton-thread fuse, empirical formula CH, 44600 543-
—Au’f(J-g MY =16250."9 Corrections for nitric-acid formation were based on
—59.7kJ-mol ! for the molar energy of formation of 0.1 mol-dm * HNOs(aq)
from N, O,, and H,0O(1).*" The amount of substance used in each experiment was
determmed from the total mass of carbon dioxide produced. For each compound,
—(Qu/0p); at 298.15 K was assumed to be 0.1J-g~'-MPa ', a value typical for
most organic solids. For each compound, A .u° was calculated by the procedure
given by Hubbard et al.!® and the molar masses used were those recommended by
the IUPAC Commission.!?

The standard molar enthalpies of sublimation were measured by the “vacuum
sublimation” drop-microcalorimetric method.*® Samples (about 5mg) of each
compound in a thin glass capmary tube sealed at one end were uTO’ppeu at room
temperature into the hot reaction vessel in the Calvet High-Temperature Micro-
calorimeter and then removed from the hot-zone by vacuum sublimation. The
observed standard molar enthalpies of sublimation {H:(g, T)— Hg(cr, 298.15 K)}
were corrected to 298.15K using Algg ;s Hafg) estimated by applying a group

method based on the values of Stull ¢t 41! The microcalorimeter was calibrated in
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situ for these experiments by making use of the reported enthalpy of sublimation of
naphthalene (72.5140.01) kJ-mol~1."® The method was tested by measuring

H2(1,)/(kJ-mol~*)=(623+0.3) in agreement with the CODATA value
(62.410.1)kJ mol~ 1.6

3. Results and discussion

s RO e
RESUILS

for a typical combustion experiment on each compound are given in table 1.
Am(H,0) is the deviation of the mass of water added to the calorimeter from
2897.0 g, the mass assigned for e(calor); AU(carbon) was based on —33kJ ¢! for
the specific energy of combustion of C(cr),'® AUy is the correction to the standard

state; the remaining terms are as previously described.*® As samples were ignited
at (298.1504-0.001) K,

U(IBP) = — {&(calor)+ ¢ (H,0, )Am(H,0) + &} AT, + AU(ign),

where AT,, is the calorimeter temperature change corrected for heat exchange and
the work of stirring. For phenazine N-oxide, the amount of phenazine impurity was
determined from the mass of carbon dioxide produced. The mass of sample was
corrected for the presence of this impurity and the energy of combustion of the
impurity was calculated using — A u°(phenazine, cr). The individual values of —A_u°
together with the mean and its standard deviation are given in table 2. For phenazine
N-oxide the mass percentage of the phenazine impurity is also listed. Table 3 lists the
derived standard molar enthalpies of combustion and of formation in the crystalline
and gaseous states. In accordance with normal thermochemical practice, the
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TABLE 1. Typical combustion experiments (p° = 0.1 MPa)

PHEN PHENO BFN BEFNO
m(CO,, total)/g 2.96468 2.66157 1.75071 2.14023
m(cpd)/g 1.01001 0.93870° 0.79491 1.10192
m(fuse)/g 0.00294 0.00282 0.00202 0.00288
AT,,/K 2.20861 1.97146 1.35734 1.64814
&/(J-K™Y) 133 13.1 12.6 133
Am(H,0)/g 0.0 0.1 0.0 0.1
—AU(IBP)/J 34352.2 30664.0 21110.4 25635.2
AU(HNO,)/J 97.9 94.3 85.4 57.3
AU(carbon)/K — 0.7 1.3 19.8
AU(ign)/J 1.1 1.1 1.1 [.1
AUg/J 212 19.7 12.5 18.0
—m(fuse)A u°/J 478 458 328 46.8
— AU(phenazine)/J — 1506.9 — —
—Au’(cpd)(J-g™Y) 33846.5 30891.7 26394.2 231713

“ Sample mass after correction for phenazine impurity of 0.04452 g.

uncertainties assigned to the standard molar enthalpies of combustion and formation
are twice the overall standard deviation of the mean and include the uncertainties in
calibration and in the auxiliary quantities used. For phenazine N-oxide, the
additional uncertainty arising from the correction for impurity has been arbitrarily
allowed for by trebling the conventional uncertainty. To derive A¢H,, from A H_, the
standard molar enthalpies of formation: for H,O(l): —(285.83+0.04) kJ-mol~* and
for CO,(g): —(393.51+0.13) kJ-mol~!, were used."'®

Comparison with previous measurements is made in table 4. For benzofurazan
there is agreement with Arshadi® for both the molar enthalpy of combustion and
of sublimation but for phenazine there is disagreement with Arshadi for both
quantities, but agreement with McEachern et al.*® for the enthalpy of sublimation.
Arshadi purified phenazine by sublimation, McEachern et al. by crystallization,
whereas we have used zone-melting, and the discrepancies probably arise from
differences in purity of the samples.

TABLE 2. Values of —A_u° at 298.15 K (p° = 0.1 MPa); mass fraction w of impurity in phenazine N-oxide

PHEN PHENO BFN BFNO
—Au/I-g™h)
102w
33846.5 15.20 30896.0 26394.2 231713
338489 14.35 309029 26395.2 23159.5
33843.6 5.63 308789 26380.4 23169.2
33844.1 4.53 30891.7 26406.0 23181.5
33852.1 14.80 30891.7 26378.6 231700
33859.8 14.53 30898.3 263834 23188.4

—<AU/I g )
33849.2+2.5 30893.3+34 26389.6+4.3 23173.3+4.2
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TABLE 3. Derived molar values at 298.15K (p° =0.1 MPa)

—A Uzfer) —~ A Hyfer) AgH fer) AL Hy, AcHo(g)

kJ-mol-! kJ -mol~! kJ-mol-! kJ-mol~? kJ mol~*
PHEN 60999+1.2 6102412 2370+20 91.8+2.1 3288429
PHENO 6061.5+4.5 6062.7 +4.5 1973446 1000+ 1.3 2973448
BFN 3169.7+ 1.1 31685+ 1.1 2358+1.4 644+ 1.6 300.2+2.1
BFNO 3154.1+1.2 3151.6+1.2 2189+1.4 796+ 1.7 2985422

The dissociation enthalpies of the (N-O) bonds are derived from the enthalpies of
reactions such as .
R-N-O(g) = R-N(g)+O(g),

requiring A H(O, g)/(kJ-mol ') = (249.17+0.10).'® The derived D(N-OY/
(kJ-mol~!) values are for phenazine N-oxide; (280.7+5.6); and for benzofuroxan:
(250.9 +3.0).

A reaction scheme has been employed by Holm and his colleaguest?® 2V to order
various oxygenated species including N-oxides in terms of their abilities to transfer
oxygen atoms in molybdenum(IV) to molybdenum(VI) conversions, by considering
the enthalpy of reaction:

RN()+40,(g) = RN"-O(g).

These particular transfers are important in the biological chemistry of molybdenum
complexes, and the order of decreasing enthalpy of reaction provides a method for
predicting the feasibility of such conversions. Limited enthalpies of formation have
restricted the scale to a few select compounds. The N-oxides so far studied give
negative values for this enthalpy of reaction in decreasing order: benzofuroxan
—(1.7+3.00kJ-mol~!; CgH,CH=N(O)C¢Hs, —(15.7+3.0)kJ mol~!; phenazine
N-oxide, —(31.5+5.6) kJ-mol~!; C¢HCH=N(O)C(CHj;);, —(46.7+3.6) kJ-mol !
pyridine N-oxide, ~(52.7+2.8) kJ-mol~ !; and CeH N=N(O)C4H,
—(72.7429)kJ-mol 1.

The (N-O) bond lengths in these and related molecules have been reported:
r(N-O)/pm: phenazine N-oxide, 124;*? benzofuroxan, 123.5*¥ and pyridine
N-oxide, 135.24 Interestingly, these bond lengths do not correlate with the D(N-O)

TABLE 4. Comparison with previous measurements

—A H; (cr)/(kJ - mol~ 1) At HZ (k] -mol™") Reference
Phenazine 61128+6.3 17
6109.141.7 999425 18
90.3+1.6 19
61024+1.2 91.8+2.1 This work
Benzofurazan 3168.5+04 649+1.7 18

3168.5+ 1.1 644116 This work
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values, but such correlations would require that removal of the oxygen atom from
the various N-oxides did not alter neighbouring (C-H), (C-C), etc. bond lengths or
affect strain energies. Crystallographic results rarely locate hydrogen atoms with
great accuracy. In phenazine N-oxide the van der Waals radii of the 4,6-H atoms
overlap that of the O atom attached to the 5-N atom.*>> Upon dissociation there
may be reduction of steric strain-energy resuiting in diminution of D(N-O)
compared with that for pyridine N-oxide, where the 2,6-H atoms point away from
the dative covalent (N-O) bond. D(N-O) for benzofuroxan is considerably smaller
than the values determined so far for N-oxides, and further demonstrates the large
effect that the molecular environment has on the (N-O) bond. The electroncgative
oxygen atom adjacent to the dative (N-O) bond may withdraw electron density from
the bond causing reduction in the dissociation enthalpy. More convincing
consideration of these dissociation enthalpies must await further measurements or
theoretical calculations.
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