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Mechanism of Gas-Phase Nucleophilic Displacement Reaction of NO,~ with Ethyl Nitrate

S. Wlodek' and H. Wincel*!

Department of Radiation Chemistry and Technology, Institute of Nuclear Chemistry and Technology,
03-195 Warszawa, Poland (Received: June 26, 1984; In Final Form: May 29, 1985)

A mechanism for the gas-phase nucleophilic displacement reaction, NO,” + C,HsONO; — NO;~ + C,H;ONO,, has been
postulated on the basis of the calculated stabilities of the (NO,+C,H;ONO,) complex. The potential-energy diagram for
the reaction pathway is characterized by three minima. The relative yield of NO;™ in mixtures with various bath gases has
been examined with high-pressure mass spectrometry. The results indicate that the efficiency of NO,~ production depends

upon the nature of the third body.

Introduction

Earlier studies! from this laboratory have provided data con-
cerning NO;~ production from ethyl nitrate by the following
three-body reaction:

NO,” + C,H,ONO, — NO;” + C,H,ONO, AH® =
-16 kcal/mol (1)

It has been experimentally found! that this reaction requires
an activation energy close to 5 kcal/mol.

Semiempirical MINDOQ/ 3 calculations' indicated that reaction
1 probably proceeds by a nucleophilic displacement mechanism
when NO,~ directly attacks the a-carbon of the ethyl nitrate
molecule, while the interaction of NO,~ with an H atom of the
CH, group favors the formation of a NO,~C,H;ONO, cluster
(I). However, more recent INDO MO calculations,? performed
for the (NO,~C,H;ONO,) complex, indicate that the bent
structure 11 is more stable (by some 3.4 kcal/mol) than structure
1. Since no energy barrier between I and II has been found,? it

*Present address: Institute of Physical Chemistry, Polish Academy of
Sciences, 01-224 Warszawa, Poland.
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is likely that the initially formed structure I rearranges to form
IL.
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Figure 1. Relative energy of the (NO,C,H;ONO,) system as a function of parameters: (a) distance d, (b) angle «, and (c) angle 3. Geometry is
indicated in the figure. The insert shows the charge density on C,H;ONO,. The data are obtained with the semiempirical INDO MO method.

In this report we show that the nucleophile’s pathway leading SCHEME I
to NO;™ in the mechanism starting with interaction of NO,™ with Kq K
the methyl hydrogen of C,HsONO, is characterized by a three- NOZ + C;H;ONO, ‘;—: [NO3 -C,HsONO,)* === (NO3-C,H;ONO,)¥*
minimum-potential surface and that the relative yield of NO;~ - K-p
formation in reaction 1 is dependent on the nature of the third kn[f‘N ’/ksz[M]
body, M. The proposed mechanism thus extends the one previ- ke [M]
ously described.! NO3-C,H;ONO,

Experimental Section

The high-pressure mass spectrometer and relevant experimental (NO3C,H; ONO) *
details were described previously.*S The ions were produced by ke
bombardment of the gas mixtures C,H;ONO,-M (where M = l
He, NC, Ar, K]', Hz, Nz, 02, CO, CO2, Nzo, CH4, C2H6, CgHg,
n-C,H,,, and i-C4H,;) with a 1-keV electron beam. The partial
pressure of ethyl nitrate inside the reaction chamber was 0.02 torr, -
and the pressure of bath gas M was varied in the range from 0.2 geometry for CéH_fONOZA Tt_x_e OPthlzed parameters for
to 2 torr. The temperature of mixtures was 367 £ 3 K. structure [Il are & = 1.87 A, & = 75.4°%, and § = 127°,

NO," was produced by dissociative attachment of thermal Results and Discussion
electrons to C,H;ONO,.®

Ethyl nitrate was from Dr. T. Schuchardt, Munchen, and was
purified by the usual freeze-thaw cycle before use. All bath gases
(commercially available products) were purified before use by
passing them through a copper coil immersed in different cooling
agents to remove traces of water.

NO; + C2H50N0

The charge distribution from INDO MO calculations on the
ethyl nitrate molecule is shown in the insert of Figure 1. It can
be seen that a large fraction (~23%) of the positive charge is
delocalized onto the C,H; group and thus it seems likely that this
positive end of the molecular dipole will orient to the NO,™ ion
in a capture collision between NO,™ and C,H;ONO,.
Calculations As NO,™ approaches the methyl group hydrogens, formation
of a hydrogen bonded structure like I is expected to occur. Since
this structure is of lower stability than II and no energy barrier
between structure I and II has been found, one may assume that
the initially formed structure I rearranges to structure II.

If the nucleophilic displacement reaction could occur, the re-
acting system should attain such a point on the potential-energy
surface at which the hydrogen bond ONO—HCH,CH,ONO, (in

Semiempirical INDO MO calculations of the charge density
on C,H;ONO, and the relative energy for the (NO,-C,H;ONO,)
system (structure IIT) were performed. The latter data were
obtained for the parameters indicated in Figure 1, using the
experimental geometry’ for NO,” and the MNDO optimized

(1) Wiodek, S.; -Euczyfiski, Z.; Wincel, H. Chem. Phys. 1982, 67, 221. structure II) is ruptured. The present INDO MO calculations
Ph(z) lvgvslgde;kz Slig-lmczyﬂski, Z.; Wincel, H. Int. J. Mass Spectrom. Ion (in which the parameters 4, «, and § were optimized, Figure 1)
yS. y I2, 149. . ) , show that the resulting noncyclic structure III corresponds to an
MC()BI)n::’l:gge:s: isr;re“;uz“.:el’ H., unpublished results obtained with the INDO additional minimum on potential-energy surface of the (NO, -
(4) Wincel, H, Int. J. Mass Spectrom. Ion Phys. 1972, 9, 267. C,HsONO,) system. The calculated total energy of structure 111

(5) Wiodek, S.; Euczyifiski, Z.; Wincel, H. Int. J. Mass Spectrom. Ion
Phys. 1980, 35, 39.
(6) Kriemler, P.; Butrill, S. E. J. Am. Chem. Soc. 1970, 92, 1123. (7) Carpenter, G. B. Acta Crystallogr. 1955, 8, 852.
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RELATIVE ENERGY, kcal/mol

(NOZCH, ONO,* = (NO,-C,H,ONO, ¥ 5=

NG,
+
(NO; -C, HONO)*—> C,H,0NO

REACTION COORDINATE
Figure 2. Potential-energy profile for the nucleophilic displacement reaction between NO,™ and C,H;ONOQ,. The energy of NO,—C,H;ONO, at infinite
separation (E,) is based on the earlier obtained? energy attachment of C,H;ONO, to NO,™ (20.9 keal/mol). The barrier separating (NO,~C,H;ONO,)*
(structure II) and (NO,~C,H;ONO,)* (structure IIT) is found in this work (see text). The barrier height (Ey’) between (NO,-C,H;ONO,)* and
(NO;™C,H;ONO)* has been taken to be equal to E, plus measured activation energy for reaction 1. The AHP value corresponds to enthalpy change

for reaction 1.

is close to that of II (the ion-molecule interaction energies obtained
for structures IT and III are 24.85 and 24.70 kcal/mol, respec-
tively). The rearrangement II — III is associated with overcoming
the small energy barrier the upper limit of which (6.9 kcal/mol,
see Figure 1¢) is calculated to be much lower than the total internal
energy (~21 kcal/mol) of the (NO,~C,H;ONO,) complex at
the temperature of our experiments. This suggests that under these
conditions a rapid interconversion between structures IT and 111
will occur.

The above considerations, together with the previously found!
third-body dependence of reaction 1, suggest the mechanism shown
in Scheme I for NO;™ as well as the clustered ion NO,-C,H;0-
NO, formation.

The mechanism of the pathway leading to NO;~ production
by the reaction sequence which starts with the interaction of NO,"
with the H atom of the CH; group may be represented by a
potential-energy profile with three minima, as shown in Figure
2. The first and second minima are attributed to structures II
and 11, respectively, whereas the third one is assigned to a loosely
bound complex (NO;-C,H;ONO)* that dissociates to NO;™ and
C,H;ONO.

The energy barrier (E,’) for the nucleophilic displacement of
NO;™ by NO,™ at a carbon center is based primarily on our
previous MINDQ/3 caiculations, which are probably valid in their
qualitative details, and the experimentally found! activation energy
for reaction 1. It should be added that potential-energy profiles
with three minima (but without any positive barrier) have recently
been proposed for nucleophilic displacement reactions of open shell
anions PhN™ and S~ with different carbonyl compound mole-
cules,®® where the central minimum corresponds to a tetrahedral
intermediate.

In the case of direct NO,™ attack on the positively charged
a-carbon of C,H;ONO, it seems likely that the (NO,~C,H;O-
NO,) complex structure initially takes a form similar to III, which
also can interconvert with II or/and rearrange to the intermediate
(NO;-C,H;ONO)* if the energy to cross the barrier toward
products (i.e., NO;~ + C,H;ONO) is sufficient. It should be

(8) Pellerite, M. J.; Brauman, J. 1. J. Am. Chem. Soc. 1981, 103, 676.
(9) McDonald, R. N.; Chowdhury, A. K. J. Am. Chem. Soc. 1983, 105,
198.

mentioned that the structures where NO,™ is bonded to the carbon
of the CH; group or to the H atom of the CH, group were also
examined and are calculated to be less stable than those I, I, and
ITI, and one may expect that such unfavorable configurations, if
formed, will relax to more stable structures like II or ITI.

The earlier work! showed experimentally (a) the stabilization
of (NO,~C,H;ONO,) leading to the stable cluster NO,C,H;-
ONO, and (b) the nucleophilic displacement at C, producing
NO;™ are third-body dependent. Here we examined the influence
of the third-body nature on these processes by experimental de-
termination of the ratio R = {NO;}/([NO,] + [NO,™-
C,H;ONQO,]) in different bath gases.

Making a steady-state approximation for the complexes
(N02'°C2H50N02)"‘, (NOZ_'CszoNOZ)i, and (NO3_‘
C,H;ONO)* and, for simplicity, considering that [NO,7] is
proportional to [(NO,~C,H;ONOQ,)*], i.e., [NO,7] = ¥-
[(NO,~C,H;ONO,)*], where v is approximately independent of
[M], one obtains

R = [NO;]1/([NO;] + [NO,-C,H,ONO,]) =
(kpk [MD) / (ki [M] + k_, — K [E]S)(ky + K [M] +
koIM]) + koki [M] (2)

where E = C,H;ONO,. RRKM theory predicts!® that at the
temperatures of our experiments the interconversion II = III
occurs very rapidly (the rate coefficient is some 1019 57! or higher).
Hence, it is reasonable to assume that k_, >> (k,[M] + k,[M]),
yielding

k. - k,[E]6

-1 —~
ROM] ~ o[M] + ==

(3)
where o = (k,,/K; + k) /k, represents the relative efficiency of
collisional stabilization to activation of (NO,~C,H;ONO,) by
M, and K; = k,/k_, is the equilibrium constant for the inter-
conversion II = III.

(10) (a) Forst, W. “Theory of Unimolecular Reactions”; Academic Press:
New York, 1973. (b) NO,™ frequencies were taken from Herzberg, G.
“Molecular Spectra and Molecular Structure II. Infrared and Raman Spectra
of Polyatomic Molecules”; Van Nostrand-Reinhold: New York, 1945. C,-
H;ONO, frequencies were taken from Czuchajowski, L.; Kucharski, S. A.
Bull. Acad. Pol. Sci., Ser. Sci, Chim. 1972, 20, 789.
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TABLE I: Relative Collisional Stabilization/Activation Efficiency
Factors for Different Gases®

M 4
He 230 £ 0.18
Ne 1.67 £ 0.17
Ar 1.30 £ 0.10
Kr 0.95 £ 0.11
H, 2.27 £ 0.07
N, 0.96 £ 0.17
0, 1.22 £ 0.15
CcO 2.17 £ 0.20
Co, 2.16 % 0.24
N,O 143 £ 0.16
CH, 1.72 £0.15
C,H; 2.07 £0.10
C;H; 2.07 £0.23
n-C,H;o 245+ 0.25
i-C4H,o 247 % 0.14

2The error in the o values represents the confidence limits of linear
regression coefficient determined for a confidence factor of 0.95.

Calculations!! show that K; ~ 0.8 at 367 K and is insensitive
to the internal energy of intermediates II and III. This suggests
that K; remains practically constant in the pressure range used
in our experiments and is the same for a variety of bath gases.
Then a plot of R™{[M] vs. [M] at constant [E] should yield the
o value for any M.

Typical results are shown in Figure 3 and the o values deter-
mined from this plot are listed in Table I. The errors reported
represent the confidence limits of the linear regression coefficient
determined for a confidence factor of 0.95. The main sources of
error are pressure and ion current ratio measurements with un-
certainties of ~1% and ~2.5%, respectively. This leads to ~3.5%
uncertainty in R"![M]. It can be seen from Table I that o depends
upon the identity of M. Some implications for the effects of
various third bodies in the stabilization (k,;, k,,) and activation
(k;) pathways of the intermediates II and III can be deduced from
these data, in which one may distinguish two trends of ¢ variation
with M. In the case of rare gases ¢ decreases with increasing
atomic mass, while for alkanes it appears to increase with the
molecular mass of hydrocarbon. The increase in ¢ in the latter
case may be connected with an increase in the number of internal
modes of M which can accept the excess internal energy of the
intermediates IT and III. On the other hand, in collisions of these
intermediates with the monoatomic species, the excess internal
energy is transfered into translational degrees of freedom of collider
M. Studies of collisional stabilization of vibrationally excited
ionic!?"!5 and neutral'$!7 species by rare gases indicate that the

(11) The K; value is calculated from the relationship K; =~ (1 - A¢y/E)™
derived from the expression for the microcanonical rate constant (see ref 10a,
Chapter 6). E,, the total internal energy of (NO,~C,H;ONO,), is 21
kcal/mol. Ae, the difference between the energy barriers for forward (II —
III) and reverse (III — II) pathways, is 0.15 kcal/mol. », the number of
internal degrees of freedom in (NO,~C,H;ONO,), is 35.

(12) Miasek, P. G.; Harrison, A. G. J. Am. Chem. Soc. 1975, 97, 714.

(13) Houriet, R.; Futrell, J. H. Adv. Mass Spectrom. 1971, 74, 335.

(14) Cates, R. D.; Bowers, M. T. J. Am. Chem. Soc. 1980, 102, 3994.

(15) Nagase, K.; Herman, J. A. Can. J. Chem. 1984, 62, 2364.

(16) Chan, S. C.; Rabinovitch, B. S.; Bryant, J. T.; Spicer, L. D.; Fujimoto,
T.; Lin, Y. N.; Pavlou, S. P. J. Phys. Chem. 1970, 74, 3160,

(17) Pavlou, S. P.; Rabinovitch, B. S. J. Phys. Chem. 1971, 75, 1366, 2164,
3037.
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Figure 3. Variation of R'[M] with concentration of collision gas M for
different gases indicated in the figure.

stabilization efficiency of rare gases either does not depend on
their mass!%!41817 or increases with M.!>!* Therefore it seems
reasonable to asssume that the experimentally found trend of the
decrease in ¢ with the mass of rare gas is caused by activation
of (NO,~C,H,ONO,). This latter effect presumably arises from
increasing with mass of M the contribution to collisional activation
of such factors as: (a) the energy of the ion-neutral interaction
which parallels the polarizability of the neutral species, (b) the
density of states of the stretching mode (NO,~C,H;ONO,)~-M
providing more effective energy transfer between colliding partners,
and (c) translational energy transfer from M to the internal energy
of the common complex (NO,~C,H;ONOQ,)-M. It is obvious that
increasing the energy of the system favors NO;™ production over
stabilization to NO,~C,H;ONO,. Our results show that the
competition of these two reaction channels is associated with a
termolecular process dependent on the nature of the third body.

Conclusions

The results of this work suggest that the gas-phase nucleophilic
displacement reaction (1) probably occurs through a complex
mechanism, as shown in Scheme I. The changes of potential
energy of the reacting system (NO,~ + C,H;ONO,) for this
reaction pathway may be represented by a three well potential
energy diagram, as illustrated in Figure 2. The first and second
minima (Figure 2) may be attributed to structures II and III,
respectively. The studies with various third bodies support the
competition between two reaction channels: (2) formation of NO;~
and (b) production of the clustered ion NO,-C,H;ONO,, the
competition depending upon the identity of the third body.

Registry No. He, 7440-59-7; Ne, 7440-01-9; Ar, 7440-37-1; Kr,
7439-90-9; H,, 1333-74-0; N, 7727-37-9; O,, 7782-44-7; CO, 630-08-0;
CO;, 124-38-9; N,O, 16824-89-8; CH,, 74-82-8; C,H,, 74-84-0; C,Hj,
74-98-6; n-C4H,o, 106-97-8; i-C,H o, 75-28-5.



