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Experimental and Theoretical Studies of the Unimolecular Decomposition of
Nitrosobenzene: High-Pressure Rate Constants and the-€N Bond Strength
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The unimolecular decomposition of nitrosobenzene has been studied-a645X with and without added

NO under atmospheric pressure. Kinetic modeling of the measwideNO decay rates by including the

rapid reverse reaction and minor secondary processes Yyielded the high-pressure first-order rate constant for
the decomposition sNO — CgHs + NO (1), k7 = (1.42+ 0.13) x 10" exp [-(55 060+ 1080)RT] s 4,

where the activation energy is given in units of cal/mol. With the thermodynamics third-law method, employing
the values ok? and those of the reverse rate constant measured in our earlier study by the cavity ring-down
technique between 298 and 500 K, we obtained théNMond dissociation energng (CsHs—NQO) = 54.2

kcal/mol at 0 K, with an estimated error £f0.5 kcal/mol. This new, larger bond dissociation energy is fully
consistent with the quantum mechanically predicted value of-58534 kcal/mol using a modified Gaussian-2
method. Our high-pressure rate constant was shown to be consistent with those reported recently by Horn et
al. (ref 13) for both forward and reverse reactions after proper correction for the pressure falloff effect.

I. Introduction the Gaussian-2 method (G2M) recently developed by Mebel
and co-workerd# The experimental and theoretical results are

Nitrosobenzene (§sNO) is a convenient thernfal® and presented below.

photolyticaf—19 source of phenyl radical. The rate constant for
the unimolecular decomposition of nitrosobenzeng{8I0 —
CsHs + NO (1), was first measured by Choo et al. employing
the very-low-pressure pyrolysis (VLPP) methgd Their ex-
trapolated high-pressure rate constant by means of the-Rice
RamspergerKasset-Marcus (RRKM) theory,k;y = 2.5 x
10 exp(—24 660M) s, has provided the widely accepted
C—N bond dissociation enerdysqs (CeHs—NO) = 51+ 1 kcal/

Il. Experimental and Computational Procedures

A. Experiment. The rate constant for the unimolecular
decomposition of @HsNO was measured at temperatures
between 553 and 648 K at atmospheric pressure in a static
reactor using the pyrolysis-FTIR (Fourier transform infrared)
spectrometric methot?~17 Pyrolysis was carried out in a 270
mol 12 cm? quartz reactor, housed in a double-walled cylindrical oven.

. o The reactor was heated by adjusting the current through the
Recently, the unimolecular decomposition oteNO was heater, and the current was controlled by a temperature controller

studied by Horn et ai® in shock waves in the 8661000 K )
temperature range at pressures between 0.9 and 4.4 atm. TheﬂowIEGA CN 9000). The temperature was measured W'th. a
pe K thermocouple, located in the center of reactor bulb, with

first-order rate constant obtained near 2 atm can be representeéy -
by k; = 1015290 5%(247201110) T 51 which appears to be in an accuracy and reproducibility of 1 K.

accord with the extrapolated result of Choo and co-workkrs. The concentrations of the reactants/products of unpyrolyzed

Horn et al'® have also measured the rate constant for the and pyrolyzed samples were taken and analy;ed by an FTlR

association of €Hs with NO near 10 Torr in the 420820 K spectrometer (Mattson Instruments, Polaris) with a resolution
1 ;

range using a fast-flow reactor under pseudo-first-order condi- of 4 cnr . Tpe concentrations ?)fda5NO an_d NO ra_mged f_rorr_l

tions. Their result is in close agreement with that of Yu and 0.07 to 0.10% and 0.00 to 0.45%, respectively, with Ar dilution

Lin obtained by the cavity ring-down (CRD) methéd. to atmospherllc pressure. The concgntranons 1580 and
NO were calibrated with standard mixtures at pressures near
In order to extend the range of temperature beyond that

. oo . . . those of expanded, pyrolyzed samples. Calibration curves were
employed in our pheny_l Kinetic studies with the CRD technique, plotted in terms of concentration versus absorbance at 1113.0
300-523 K10 we utilized GHsNO as the thermal source of cm-! for CsHsNO and 1905.8 crmi for NO
Cg'(-jlf’énthe tgmperat_t:jr_e range 55848 K tW'th %f.‘dt_w'tg‘;‘fﬁt CesHsNO (Aldrich) was purified by recrystallization using
adae i t.' or pr(;]w Ing a ’.“gre atccura(_a pref iction tethanol, followed by vacuum distillation at 273 K to remove
concentration, we have carried out a sefes ol measurementyy,q aipang| solvent. NO (Matheson Gas Products) was purified
for the rate constant of thesHBsNO decomposition reaction by

. . by vacuum distillation through a silica gel trap at 195 K. Before
Fourier ransform infrared (FTlR) sp(_e_ctrometry._ The study was use, the trap was preheated and diffusion-pumped overnight at
performed under atmospheric conditions, and its result reveals

that the activation energy for the decomposition reaction is 420 K to remove any condensed water. Ar (99.9995%,
higher by as much as 6 kcal/mol than those reported eatliér. Specialty Gases) was used without further purification.

In order to confirm this surprising finding, we performed a high-
level ab initio molecular orbital (MO) calculation, employing
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® Abstract published ifAdvance ACS Abstract#ugust 1, 1997.

B. Computation. In order to confirm the measured high-
pressure activation energy for theHgNO dissociation reaction,
we have performedb initio molecular orbital calculations for
the GHsNO = CgHs + NO system using a modified G2M.
The geometries of HsNO, GsHs, and NO have been optimized
using the hybrid density functional B3LYP meth&&°with the
6-31G(d) basis séf. Vibrational frequencies, calculated at the

S1089-5639(97)01225-5 CCC: $14.00 © 1997 American Chemical Society
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Figure 1. Time-resolved concentration decay profiles of nitroso-
benzene: @) T =592 K without added NO;®) T = 650 K with NO
added; (solid line) modeled result at 592 K with= 6.06 x 1074 s74;
(dashed line) modeled result at 650 K without added NO uking
5.60 x 1072 s7%; (dotted line) modeled result at 650 K with NO added
usingk; = 5.60 x 102 s,

B3LYP/6-31G(d) level, were used for zero-point-energy (ZPE)

corrections, thermal corrections, and Gibbs free energy calcula-

Park et al.

TABLE 1: Summary of the Experimental Conditions® and
Rate Constants for the GHsNO Decompostion Reaction at
the Temperatures Studied

temp (K) [GsHsNO]o [NO]Jo k1 (Sfl)
553 1.64x 10°8 0 (2.91+0.28)x 10°°
563  1.61x 108 0 (5.72+ 0.58) x 10°5
583 156x 108 0 (2.72+ 0.36)x 1074
592 1.18x 108 0 (6.06+ 0.74) x 1074
598 117x 10 0 (1.25+ 0.66)x 10°3
599 1.17x 10°8 0 (1.08+ 0.40)x 1073
603 153x 10°% 0 (1.75+ 0.11)x 10°2
608 1.15x 10°8 0 (2.21+0.09)x 103
573 130x 10®  523x 10°  (1.29+0.19)x 1074
588 1.51x 10°8 6.08x 108 (4.35+0.58)x 10
605 145x 10°  7.81x 10°  (2.28+ 0.36)x 103
620 1.45x 1078 7.81x 10°® (6.52+0.36)x 1073
623  1.42x 108 574x 108 (4.69%0.24)x 103
623 1.45x 1078 9.88x 108 (6.65+0.24)x 1073
635 1.44x 108  12.9x 108  (1.83+0.36)x 102
638 1.24x 10°8 8.40x 108 (1.97+£0.24)x 1072
645 1.71x 108 129x 10°® (3.81+0.36)x 102
648 1.22x 1078 8.27x 108 (2.76+0.36)x 1072
650 1.69x 108 179x 108 (5.60+ 0.36)x 102

2The concentration units are in mol/&n All experiments were
performed at 1 atm total pressure with Ar as diluent. The error represents
lo.

TABLE 2: Reactions and Rate Constants for the Modeling
of the Nitrosobenzene Decomposition

tions. reaction8 A Ex ref
The energies were refined at various levels of theory, such ™1 " c.H.NO — C,Hs + NO 1.42EF17" 55 060 this work

as MP2/6-31G(d,p), MP2/6-311G(d,p), MP2/6-313(3df,2p)2° —1. CHs+ NO — CgHsNO 2.69E+12 —860 6
and coupled-clustét RCCSD(T)/6-31G(d,p) as well as 2. CHs + CeHs = CioHio 1.39E+13 111 31
RCCSD(T)/6-311G(d,p). The most accurate energies were g ng,j +N<(336Hs'\é0H—"\| (élzJ'r*lCoNl_? g-gggii 45—06080 31

. . * —3. Cz2H10NO — CgHs 6Hs . c
obrt]alnei4b23; uzlng the G2M(rcc,MP2*) and G2M(RCC,MP2) 4 GoHe + CHNO — CoHie+ NO B.00EF12 45000
schemes;»=“where 5. CisH1NO + CeHs — CiHiN +  1.00E+13 Oc

CeHsO

E[G2M(RCC,MP2)]= E[RCCSD(T)/6-311G(d,p)}+ 6. CioHioN + NO— CiHigNNO  1.00E+13 Oc

E[MP2/6-311G(3df,2p)]— E[MP2/6-311G(d,p)}H-
AE(HLC,RCC)+ ZPE

AE(HLC,RCC)= —5.251; — 0.1%, in mhartree

E[G2M(rcc,MP2%)] = E[RCCSD(T)/6-31G(d,p)}-
E[MP2/6-311G(3df,2p)]— E[MP2/6-31G(d,p)}+
AE(HLC,rcc)+ ZPE

AE(HLC,rcc)= —4.931; — 0.1%, in mhartree

Here,n, andng are the numbers af andg valence electrons,
respectively. The G2M approach is expected to provide the
bond dissociation energies with an accuracy ef1kcal/mol.
GAUSSIAN 942 and MOLPRO-98* programs were employed
for the computations.

Ill. Results

A. Kinetic Data. The rate constant for the unimolecular
decomposition of gHsNO was measured by monitoring the

decay of nitrosobenzene concentration as a function of time.

At higher temperatures, we added NO into the gas mixture to

@ Rate constants are defined ky= A exp(—E4RT) and in units of
cm?, mol, and s;E, is in units of cal/mol.’ The equal sign represents
that the modeling was carried out for both forward and reverse
directions. The arrow represents the forward direction dniyssumed.
dRead as 1.4x 10

In order to isolate the unimolecular decomposition rate of
nitrosobenzene, we carried out kinetic chemical modeling for
each experimental run to account for the competing secondary
reactions. The decomposition rate of nitrosobenzene was
obtained by fitting the calculated concentrations to our experi-
mentally measured values. The experimental conditions and
kinetically modeled data are summarized in Table 1. The
reaction mechanism used for kinetic modeling is presented in
Table 2. The Arrhenius plot of the modeled unimolecular
decomposition rate constants is presented in Figure 2 and
compared with previously reported datd® A weighted least-
squares analysis of our data covering the-5688 K temper-
ature range gave rise to the expressign= (1.42+ 0.13) x
10" exp[—(55 0604 1080)RT] s%, whereR = 1.987 cal/(mol
K).

B. Theoretical C—N Bond Energy. The calculated energies
of CgHsNO, GsHs, and NO are shown in Table 3, and the
molecular parameters for these species are presented in Table

decrease the decomposition rate of nitrosobenzene. Inthe NO4. The geometry optimization of 8sNO was carried out

added experiments, the [NO]/BsNO] ratio varied randomly
from 4 to 10 with one [NO] at each temperature. The

without symmetry constraints and was converged to a planar
structure. As shown in Figure 3, the structure @HENO is

temperature range was limited by the measurability of the decay stabilized by the @-H hydrogen bond between the oxygen of

rate with and without NO, varying from-10 min to~10 h
(overnight). Typical time-resolved concentration decay profiles
of nitrosobenzene are shown in Figure 1.

the NO group and a neighboring H. We discussed the optimized
geometry of the phenyl radical in an earlier paferAt the
B3LYP level with ZPE corrections the-€N bond dissociation
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Figure 2. Arrhenius plot of nitrosobenzene unimolecular decomposi-
tion reaction: ¢) ref 13; (») this work with NO added;®) this work
without NO added; (dotted line) ref 11; (solid line) this work according
toeqll.

1.6 2.0

energy was calculated to be 53.2 kcal/mol. The RCCSD(T)
approximation gives values in the 481 kcal/mol range. The
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with minor contribution from the reaction ofg8s with CsHsNO
producing biphenyl nitroxide,

CgHs + CgHsNO — (CgH5),NO (2)
whose rate constant has been determined in this labor&tory.
In principle, the nitroxide thus formed can react with an
additional phenyl radical to produceldsO and (GHs)2N. Both
are thermally stable.

The addition of NO to this highly diluted ¢ElsNO system
(%CsHsNO =< 0.05) enhances reactionl and minimizes the
contribution from the secondary and tertiary reactions alluded
to above. Figure 1 illustrates the pronounced effect of NO
inhibition on the rate of gHsNO decomposition. At 650 K,
the half-life of GHsNO is ~10 s; the addition of 1.8 1077
mol/cr® of NO lengthens its half-life to 500 s. Kinetic modeling
of the decay of @HsNO, with the inclusion of the secondary
and tertiary reactions as summarized in Table 2, enables us to
guantitatively obtain the unimolecular decomposition rate
constant under the atmospheric pressure of Ar (which corre-
sponds to the high-pressure limit as indicated by Figure 5):

k? = (1.424+ 0.13) x 10" exp[—(55 060+ 1080)RT] S(_ul)

MP2 energies are much higher and are not reliable because ofpy;g result, extrapolated to the 860000 K region, lies between
the enormous spin contamination of the UHF wave function i,0<a of Choo et 4t and Horn and co-workef8. The deviation

for CgHs.2> The G2M(rce,MP2*) and G2M(RCC,MP2) meth-

between our values and Horn's results stems from the effect of

ods gave close values of 53.8 and 55.4 kcal/mol, respect!vely. pressure falloff on Horn's shock tube datade infra).
We consider the latter result to be the most accurate one in the The activation energy for the decomposition process, 55.1

present study. After inclusion of the thermal correction for room
temperature, we obtained the value of 56.5 kcal/mol for the
C—N bond dissociation energy at 298 K.

In order to confirm the result, we also performed the
calculation of the enthalpy change for the following isodesmic
reaction:

CeHsNO + H, — C;Hg + HNO

At the G2M(RCC,MP2) level, the reaction was calculated to
be thermoneutralAH§ = 0.0 kcal/mol. After adding the thermal
corrections, we foundAHSgs = —0.8 kcal/mol. With the
experimental heats of formation at 298 K fogHg and HNO,
19.8 and 25.5 kcal/maFB27respectively, we calculateiHf,os

for CsHsNO as 46.1 kcal/mol. Finally, on the basis of the
experimentalAHf 295 for NO (21.6 kcal/mol® and GHs (81.2
kcal/mol)2° the G-N bond dissociation energy at 298 K is

kcal/mol, is very close to the €N bond energy of gHsNO
presented in the preceding section, 56.5 kcal/mol at 298 K. The
measured activation energy is slightly lower than the bond
dissociation energy and is consistent with the negative activation
energy,—0.86 kcal/mol, determined for the recombination of
CsHs and NO by the cavity ring-down technigfieThe rate
constant for the recombination reaction measured at120
Torr Ar pressure in the 298500 K range was found to be

k®, = 10'24¥0% exp[+(860+ 220)RT] cm*/(mol s) (1l

The combination of this reverse rate constant with the equilib-
rium constant obtained by trab initio calculation presented in
the preceding section yields the expression

Ky = K”)/Kgq= 9.2 x 10" exp[~55 230RT] s * (IV)

calculated to be 56.7 kcal/mol. Thus, the dissociation energies This result is in excellent agreement with the measured value
calculated by the two different approaches are in close agree-given by eq Il, as also illustrated in Figure 4.
ment. These values are also in good accord with the predicted Shown in the figure are the extrapolated high-pressure rate

result of Melius, 57.6 kcal/mol at 298 K, with the BAC-MP4
method©

Using the G2M(RCC,MP2) energy and the molecular pa-
rameters of GHsNO, GsHs, and NO shown in Table 4, we
calculated the equilibrium constant for theHg + NO =
CeHsNO reaction. In the temperature range 30MO0 K, it
can be fitted by the following Arrhenius expression:

Keq= 2.93x 107° exp(56 093RT) cm”mol (1)

IV. Discussion

In the temperature range studied, 55218 K, the decay of
CsHsNO was found to be dominated by unimolecular decom-
position and negatively affected by its reverse reaction:

CeHsNO = C¢H; + NO (1),-1)

constants of Choo et &l.obtained by the VLPP method at 763
953 K and that of Horn et &8 measured in shock waves at
800-1000 K. The latter set of data obtained at 0.9-4.4 atm
was extrapolated to the high-pressure limit with our high-
pressure Arrhenius parameters by the RRKM theory employing
the specific rate constant approximatedy
ke = A°p(E — E¥)/hp(E) V)
where p(E) represents the density of the state gHENO at
energyE andp(E—E®), that of GHsNO with energy above the
decomposition threshold, which is approximateddsy= 55.1
kcal/mol (in lieu of the bond dissociation energy of 0 K, 55.4
kcal/mol). The extrapolation was made with the equatifn
= kf/a, where a is the theoretically predicted falloff ratio,
(kf/k‘f)T, at pressuré® and temperaturd, using the RRKM
theory. Under the conditions employed by Horn et3{T =
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TABLE 3: Total Energies of CgHsNO, CgHs, and NO (hartrees) and the C-N Bond Dissociation Energy in GHsNO (kcal/mol),
Calculated at Various Levels of Theory

level of theory GHsNO CeHs NO AE(C—N)
B3LYP/6-31G(d) —361.539 80 —231.561 28 —129.888 16 53.2
MP2/6-31G(d,p) —360.462 15 —230.77501 —129.553 59 80.3
MP2/6-311G(d,p) —360.604 92 —230.858 86 —129.617 82 77.0
MP2/6-31HG(3df,2p) —360.826 48 —231.000 53 —129.692 83 80.0
RCCSD(T)/6-31G(d,p) —360.549 68 —230.888 71 —129.573 93 51.1
RCCSD(T)/6-311G(d,p) —360.693 81 —230.969 76 —129.640 12 49.1
G2M(rce,MP2¥) —360.918 78 —231.098 61 —129.734 43 53.8
G2M(RCC,MP2) —360.926 54 —231.100 29 —129.737 98 55.4
TABLE 4: Molecular Parameters of C¢HsNO, CgHs, and NO, Calculated at the B3LYP/6-31G(d) Level
species i I; (104°g cn¥) vj(cm™?)
CsHsNO A 161.2 118,251,258,423,449,477,625,682,695,782,
B 515.5 836,872,963,995,1015,1019,1045,1105,
C 676.7 1138,1195,1207,1347,1380,1499,1518,1599,
1653,1665,3191,3204,3211,3221,3230
CeHs A 134.8 401,428,601,619,672,722,815,890,958,986,
B 151.0 988,1023,1058,1081,1182,1183,1313,1342,
C 285.7 1473,1485,1592,1646,3173,3179,3192,3194,3205
NO A 16.5 1984
B 16.5
C 0.0
W0——T——T—— T 7
10+ .
of .
-10 F -
‘“ 20t .
£ 30 .
40 4
-50 | -
s A
-60 1 N 1 " Il " ] L Il N
1.0 1.5 2.0 2.5 3.0 3.5
1000/T
C¢HsNO, C; CeHs, Cay Figure 4. Comparison of the nitrosobenzene decomposition rate after

. high-pressure-limit correction by the RRKM theorya)(k”; (ref 6)/
Figure 3. Molecular structures of g1sNO, GHs, and NO calculated Keg (#) K, (ref 13)Keq (O) ref 13: ©O) this work; (dotted line) ref

with the B3LYP/6-31G(d) method. 11; (solid line) this work according to eq II. The pressure-dependent
] data of ref 13 have been extrapolated to their high-pressure limits, as
800—-1000K, P = 0.9-4.4 atm Ar), the values af lie between described in the text.

0.46 and 0.85 with a strong pressure dependence, as illustrated

by the pressure falloff plots in Figure 5. The extrapolated values with the combination of individual rate constekit, reported
of Horn et al'® agree reasonably with our results extrapolated by Yu and Lirf andk; given by eq Il for the temperature range
to their temperature region. The result of Choo etidiowever,  of 300-500 K. The results of this evaluation faH3 with the

is noticeably higher than our and Horn’s values. calculated Gibbs energy function(G$ — Hg)/RT, employing
Also shown in Figure 4 are the calculated rate constants, the molecular parameters presented in Table 4, are summarized
ki = k%;/Keq using the measured reverse rate constiiitby in Table 5. The averaged value &Hg, 54.2 kcal/mol with an

Yu and Lirf as well as Horn et df with the equilibrium estimated total error a£0.5 kcal/mol arising from the scatters
constantkeq given by eq I. With the exception of the highest of the forward and reverse rate constants, agrees excellently
temperature point, Yu and Lin’s values correspond to the high- with theoretical values 53.8 and 55.4 kcal/mol based on the two
pressure limits. For the highe$t{500 K) result, the falloff different schemes of G2M calculations. The predicted values
ratio was calculated to be = 0.95, which was used in the are expected to have an uncertainty of2l kcal/mol, as
extrapolation as described above. The results of Horn ét al., indicated earlier.
measured at 10 Torr total pressure, are well into the falloff
region, witha. = 0.99-0.23 in the 426-820 K range. The V. Conclusion
data presented in Figure 4 have been approximately corrected
for the pressure effect. Our study of the thermal decomposition ofHgNO in the

In order to obtain reliable experimental values of the enthalpy 553—-648 K temperature range under atmospheric conditions
change for reaction 1, we have employed the thermodynamicsby FTIR spectrometry gave rise to the high-pressure first-order
third-law method® using the equilibrium constant, calculated rate constant for the decomposition procesgi«8lO — CgHs
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Figure 5. Effect of pressure on the first-order rate coefficidat,at
the two temperatures indicated.

TABLE 5: Calculated Values of AH§ by the Third-Law
with the Calculated Gibbs Energy Function

temp (K) k-1 (cm?/mol s} ki (s7HP AHg(kcal/mol)
298 1.13x 108 5.89x 107 54.40
323 1.11x 108 7.87x 10 54.38
350 9.40x 102 5.89x 10718 54.24
388 8.37x 1012 1.37x 10 54.10
388 1.02x 108 1.37x10% 5425
388 1.11x 108 1.37x 107* 54.32
423 6.38x 102 5.05x 10712 53.81
463 9.13x 1012 1.45x 107° 54.04
500 8.19x 1012 1.21x 107 53.86
average value 54.16 0.22

aData of Yu and Lin, ref 6° Calculated by eq Il.

+ NO (1), k7 = (1.42+ 0.13) x 10Y exp[—(55 060+ 1080)/
RT] s71. The combination of this new result with that reported
earlier by Yu and Lin for the reverse processl{ obtained by
the cavity ring-down technigue yielded with the third-law
method the &N bond dissociation energyg (CsHs—NO) =
54.2 +£ 0.5 kcal/mol. This result, after thermal correction to
298 K, is 4 kcal/mol higher than the accepted value 451
kcal/molX2 Our higher value is fully consistent with the result
of high-level ab inito MO calculations, 53.855.4 kcal/mol,
based on a modified Gaussian-2 methbdrurthermore, our
high-pressure rate constakf was found to be in good
agreement with the results kf andk_,, reported by Horn and
co-workerst3 after appropriate corrections were made for the
pressure falloff effect.
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