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Gas-Phase Reactions of (CH3),N Radicals with NO and NO,
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The absolute rate constants for the reactions of (CH3),N radicals with NO and NO, were determined in the
gas phase and at room temperature by using the very low pressure reactor (VLPR) technique. The rates were
k(cHz);N+No = (8.53 £ 1.42) X 10-1“cm3 molecule! s~! and k(ch,),N+No0, = (9.08 £ 1.36) X 1013 cm? molecule™!
s~1. The reaction with NO, proceeds via two competitive pathways: the recombination pathway (CH;3),N +
NO; = (CH;3);NNO,, with a rate constant kj, = (3.18 % 0.48) X 10-13 ¢cm3 molecule! s-!, and the oxidation
pathway (CH3),N + NO; — (CH;3);NONO* — (CH3),NO + NO, with a rate constant ky, = (6.36 £ 0.74)
X 10713 ¢m3 molecule™! s~1. The oxidation pathway is ca. 2.2 times faster than the recombination one, and the
ratio kaa/kap = 0.45 £ 0.15. Conventional transition state theory analysis indicates that the involved transition
states are loose, with the N+«N or N-.O bond-lengths equal to ca. 2.5 A.

Introduction

The reactions of NH; radical with various compounds have
been studied extensively,! due to their importance in combustion
and atmospheric chemistry. In particular, the reactions of NH,
with NO and NO; are very fast,2? while the reaction of NH, with
0, isslow.* However, the reactions of (CH;),N radical with NO
and NO; have not been studied in the past, although they may
play a significant role in the chemistry of the atmosphere. Only
the relative reaction rates of (CHj3);N radicals with NO, NO,,
and O, have been measured with the FTIR technique.’

(CH;);N radicals appear as primary reaction products in the
gas-phase photochemistry of dimethylnitrosamine® and are
probable intermediate species in the reaction of dimethylamine
with nitrogen oxides,” leading to the formation of dimethylni-
trosamine. Dimethylamine and nitrogen oxides are among the
major pollutants in urban and industrial atmospheres.? Hence,
the reactions of (CHj3),N radicals with NO and NO, should be
determined inorder toevaluate the potential hazard of nitrosamine
formation. These reactions also occur as secondary reactions in
the thermal and photochemical decomposition of dimethylni-
trosamine and dimethylnitramine.S The absolute rate constants
for the recombination and disproportionation reactions of
(CH3;);N radicals at room temperature were determined recently
by our group,’ and the rates were found to be k, = (1.70 £ 0.19)
X 10712 ¢cm? molecule! s7! and kg = (4.19 £ 0.52) X 1012 ¢m?
molecule-! s-!, respectively.

In this work we measure the absolute rate constants for the
reactions of (CH3),N radicals with NO and NO,

(CH,),N + NO — (CH,),NNO (1)
(CH,),N + NO, — (CH,),NNO, (2a)
— (CH,),NONO* —

(CH,),NO + NO (2b)
— HONO + CH,N=CH, (2¢)

at room temperature by using the very low pressure reactor
(VLPR) technique. The partial reaction rates of reaction 2,
according to scheme 2, are also determined, and the relative
contribution of the three reaction pathwaysis estimated. Finally,
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TABLE 1: Typical Signal Intensities and Steady-State
Concentrations of Tetramethylhydrazine and Dimethylaminyl
Radical and the Corresponding Flow Rates and Concentrations
of Nitric Oxide*
[TMH], [TMH]  [R], [R] Fro [NO!
Irmue  (X10M)  Imyyg  (X1011)  (X1011) (X10') (X101%) (X10'1)
0.31 3.72 030  3.66 5.68 5.64 3.19 42,01
0.32 3.86 027  3.25 5.79 5.32 8.42 110.98
0.34 4.10 025  3.03 5.97 5.13 12,07 159.07
0.32 3.89 023 283 5.81 4.96 17.96 236.63
0.32 3.80 0.21 2.56 5.75 4.71 23.97 315.85
0.30 3.65 0.14 1.74 5.63 3.89 38.69 509.78
0.29 3.51 0.15 1.80 5.52 3.95 43.03 566.96
0.27 3.29 0.12 1.49 5.35 3.60 61.45 809.69
0.27 3.22 0.09 1.06 5.29 3.03 83.30 1097.65
0.27 3.21 0.07 090 5.28 2.79 96.50 1271.53

4 Nitric oxide gas flow is in molecule s-!; steady-state concentrations
are in molecule cm~3. Signal intensities are in arbitrary units normalized
relative to the mass spectrometer and lock-in amplifier sensitivities used.

an approximate description of the involved transition states is
presented by using the conventional transition state theory.

Experimental Section

The experiments were performed with the VLPR technique,
which has been described in great detail previously.!® In this
technique the bimolecular reaction occurs in a Knudsen cell at
steady-state concentrations of less than 1 X 104 molecule/cm3.
The uniform viscous flows of two reacting species are introduced
into the reaction cell through two separate inlets, and they are
allowed to react for a short period of time. Then, both reactants
and products escape from the reaction cell through an exit orifice
into the first stage of a differentially pumped system. In this
way, a continuous molecular beam is formed that is sampled with
a quadrupole mass spectrometer at the second vacuum chamber.
The molecular beam is modulated with a tuning fork chopper at
the entrance of the second vacuum chamber; thus, the mass
spectrometric signal is amplified with a lock-in amplifier up to
3 orders of magnitude.

The interior surfaces of the reaction cell (V' = 300 cm3) were
coated with halocarbon wax to inhibit wall recombinations. The
escape rates for the various species were estimated by using the
expression v(7/M)!/2 51, where T is the absolute temperature
and M is the molecular weight. The parameter v was determined
experimentally by following the first-order decay rate (of the
mass spectrometric signal) after a fast halt of the flow for
molecules with different weight. For the exit orifice used, S mm,
the parameter vy was 0.796.

© 1994 American Chemical Society



Gas-Phase Reactions of (CH3),N Radicals

The Journal of Physical Chemistry, Vol. 98, No. 8, 1994 2111

TABLE 2: Typical Signal Intensities and Steady-State Concentrations of Tetramethylhydrazine, Dimethylaminyl Radical,
Nitrogen Dioxide, Dimethylnitramine, and Dimethylnitroxyl Radical*

[TMH], [TMH] [R]o [R] [NO,] [DMNA] [DMNX]
(xlO“) (XIOH) (XIOH) (X].O”) INO, (xlO”) IpMNA (xlO“) IpMNx (XIOH)
12.79 5.27 10.54 6.77 5.85 106.91 0.24 13.89 1.58 29.38
11.90 415 10.17 6.01 9.52 174.03 0.38 21.67 1.90 35.32
12.48 3.25 10.41 5.31 10.58 193.42 0.45 25.84 2.07 38.51
12.89 3.60 10.58 5.59 11.12 203.29 0.53 29.96 2.23 41.64
6.57 491 7.56 6.53 1.61 29.51 0.04 2.39 0.31 5.86
6.88 4.08 7.73 5.95 2.80 51.27 0.08 4.43 0.56 10.37
6.72 345 7.64 5.47 4.17 76.31 0.14 8.05 0.72 13.33
6.85 2.44 7.72 4.61 4.49 82.18 0.14 7.74 0.81 15.10
5.70 1.48 7.03 3.59 8.85 161.75 0.19 10.98 0.97 17.98
5.69 1.12 7.03 3.12 11.70 213.88 0.27 15.37 1.27 23.67

@ Steady-state concentrations are in molecule cm=3. Signal intensities are in arbitrary units normalized relative to the mass spectrometer and lock-in

amplifier sensitivities used.
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Figure 1. Plot of 71 = (p — 1){kescr + 2(k; + ka)([R], + [R])} versus
[NO] at 303 K, where p [R],/[R]. Symbol size reflects the propagated
errors (20).

(CHj3),N radicals (R) were produced by thermal decomposition
of (CH3);NN=NN(CHj;), (TMT) diluted in He (5% mixture).
The TMT/He mixture was introduced in the reaction cell through
a capillary of 3-mm diameter, whose last portion (1.5 cm long)
close tothereaction cell was widened (S-mmdiameter) and heated
externally by a resistance wire. The wall temperature was kept
constant at ca. 480 K, and this resulted in ca. 40% decomposition
of TMT. The total pressure in the heated volume was less than
4mTorr, and the (CH,),N radical concentration was ca. 4 X 1012
molecule/cm3. Hence, the radical residence time in the heated
volume is less than I ms, so its self-reactions occur mainly in'the
Knudsen cell. ‘

Thesteady-state concentrations of NO and NO, were estimated
from measurements of the relative flow rates. The steady-state
concentrations of (CHai);NN(CH;); (TMH), (CH;);NH
(DMNA), and (CH;);NO (DMNX) were also determined by
measuring the mass peak intensities, Itmu (m/e = 88), Ipmna
(m/e = 90), and Ipmnx (m/e = 60), respectively. The peak
intensities Iy = amFu = amkeser VIM], where a is a calibration
factor characteristic of each molecule, Fy is the flow rate, Vis
the cell volume, and Ky is the escape rate. The ay factors for
TMH, DMNA, and DMNX were determined from accurate
calibration curves, Iy versus Fy. The calibration curve for
DMNX was obtained by flowing pure (CH;);NOH, which should
have a similar calibration curve at m/e = 60. All flow rates were
determined by monitoring the pressure drop in a known volume,
with an accuracy of ca. £5%. In each experimental run the
intensities of all mass spectrum peaks of interest were recorded
simultaneously and stored digitally in a microcomputer (PDP-
11/23), where the analysis was performed later. Finally, the
system was tested by measuring the rate constant of the well-

known reaction of Clatoms with CH,, and this rate wasin excellent
agreement with the accepted value.!

Tetramethyl-2-tetrazene was prepared by following the pro-
cedure of Madgzinski et al.l! NO and NO, gases were com-
mercially available (Aldrich) and were degassed several times
prior touse. Also,dimethylnitramine was synthesized by nitration
of the corresponding dialkylformamide!2 and was further purified
by subsequent degassing.

Results

For the reaction of (CHj3);N radicals with NO, the mass
spectrometric analysisshowed that the final products were (CH3),-
NNO (m/e = 74), (CH;3);:NH (m/e = 45), and (CH;);NN-
(CH3), (m/e = 88). Thelast twoproducts are duetoself-reactions
of (CH;);N radicals. Thus, the reaction scheme under study is

kaoc
(CH,),NN=NN(CH,), —> 2(CH,),N + N,

ky
(CH;),N + NO — (CH,),NNO n

k-
(CH,),N + (CH,),N — (CH,),NN(CH,),

kq
- (CH;),NH + CH,N=CH,

By considering the steady-state approximation for TMT, R, and
TMH species, we obtain the equations

k,[TMT] = A[TMT]krmr )
2A[TMT K yoppr = 2k, + k) [R]f + k[R], (II)

2A[TMT )k oiorper =
2(k, + k) [R]* + keer [R] + Kk, [R][NO] (IIT)

k[R)? = ko[ TMH] (IV)

where A[TMT] is the difference in the steady-state concentration
of TMT due to the thermal decomposition, [TMH] is the steady-
state concentration of TMH, and k.m values are the escape rate
constants of species M through the orifice used. [R], and [R]
are the steady-state concentrations of (CH,),N radicals in the
absence and presence of NO, respectively, and are given by the
expressions (derived from eq IV)

[R]O = {kesc'l“l‘»ﬂ-[[TMH],)/kl,}l/2 (V)

[R] = {keerpu [ TMH] /K }'/? (VD)
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Figure 2, Plot of T2 = (p — 1){kescr + 2(k; + ka)([R]o + [R])} versus
[NO,] at 303 K, where p [R]s/[R]. Symbol size reflects the propagated
errors (20).
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Figure 3. Plot of S| = kescpMNA[DMNA] /{kescrMua[ TMH]/k}1/2 versus
[NO,] at 303 K. Symbol size reflects the propagated errors (20).

where [TMH], and [TMH] are the steady-state concentrations
of TMH in the absence and presence of NO, respectively. By
combining eqs I-IV, we obtain the expression

T, = (p = Dk + 2(k, + k)([R], + [R]D} =
k,[NO] (VII)

where p = [R],/[R] and k; and kq are the recombination and
disproportionation rates that were determined previously.? Their
values are k, = (1.70 £ 0.19) X 10-'2 cm? molecule-! s~! and k4
= (4.19 £ 0.52) X 10'2 cm? molecule! s!, respectively.
Therefore, the plot of T versus [NO] should yield a straight line
with a slope equal to k; and zero intercept.

Experiments were performed at a constant degree of TMT
decomposition (ca. 40%) and at different NO concentrations.
Typical flow rates of NO, signal intensities, and steady-state
concentrations of TMH, R, and NO are presented in Table 1.
The linear least-squares fits of the data at 303 K yield a straight
line with zero intercept, as shown in Figure 1. The rate constant
ky derived from this plot was k; = (8.53 &= 1.42) X 10-1¢ ¢cm3
molecule! 57!, and the experimental error was 17% (20).

For the reaction of (CH,),;N radicals with NO,, the mass
spectrometric analysis showed that the final products were (CH3),-
NNO; (m/e = 90), (CH3),NO (m/e = 60), (CH;);NH (m/e
= 45), and (CH3),NN(CH3); (m/e = 88). Thus, in addition to
the radical self-reactions, the following two reaction are present:
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Figure 4, Plot of S3 = kescoMNX[DMNX]/{kesctMu [TMH] / k:}!/2 versus
[NO;] at 303 K. Symbol size reflects the propagated errors (20).
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Figure 5. Plot of kescoMna [DMNA]/{kescoMnx[DMNX] versus [NO;)
at 303 K. Symbol size reflects the propagated errors (20).

(CH,),N + NO, — (CH,),NNO, (2a)

— (CH,),NONO* —
(CH,),NO + NO (2b)

The third possible reaction pathway (2c) yielding HONO and
CH;N=CH, could not be verified in our system, since both
products have primary mass peaks which coincide with prominent
mass peaks of the main products. In a similar manner, by
assuming the steady-state approximation for all species we obtain
the expression

Ty = (p - Dikeer + 2(k, + k)([R], + [R])} =
k,[NO,] (VIII)

Therefore, a plot of T, versus [NO,] should yield a straight line
with a slope equal to k; and zero intercept. Typical steady-state
concentrations of TMH and R at various NO, concentrations are
presented in Table 2. The linear least-squares fits of the data at
303 K vyield a straight line with zero intercept, as illustrated in
Figure 2. The total rate constant k; derived from this plot was
k2= (9.08 £ 1.36) X 10-13cm3? molecule-! s-!, and the experimental
error was 15% (20).

Furthermore, the partial rate constant for reaction (2a) can
be estimated by considering the steady-state approximation for
DMNA, which is given by equation

k3, [R][NO,] = ko puna[PMNA] (IX)
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H

Reactions of (CH,);N, NH;, CH3, CH30, and CH30, H
Radicals with NO and NO, at 300 K
radical kl X 1014 kz‘ x 1013 kZb x 13 ku/kl ref C
(CH3);N 853£142 3.18+048 6.36%£0.74 3.73 this work H \
, 3.7% 5
NH, 1810 £ 120 1,13 H
CH, 2 10-17 230 50-85 14
CH;O  320-580 10 0.31-0.17 14
CH;0, 760 650 % 320 1

Substituting [R] from eq VII, we obtain the expression

S| = keeomna[DMNA] /g ryu [TMH] /K312 =
k2a[N02] (X)

Hence, a plot of S versus [NO,] should yield a straight line with
a slope equal to k,, and zero intercept. Typical steady-state
concentrations of TMH, R, and DMNA at different NO,
concentrations are presented in Table 2. Thelinear least-squares
fits of the data at 303 K yield a straight line with zero intercept,
and this plot is presented in Figure 3. The rate constant kj,
derived from this plot was ky; = (3.18 £ 0.48) X 10-13 ¢m?
molecule! s-!, and the experimental error was 15% (20).

Similarly, the partial rate constant for reaction 2b can be
determined by considering the steady-state approximation for
DMNX, which is given by equation

ky[R][NO,] = k o .punx[DMNX] (X1)

Substituting [R] from eq VII, we obtain the expression

S, = keepmnx IDMNX] /tk o rnu[TMH] /k}'/? =
kyp[NO,] (XII)

Thus, a plot of S; versus [NO;] should yield a straight line with
a slope equal to k;, and zero intercept. Typical steady-state
concentrations of TMH, R, and DMNX at different NO,
concentrations are presented in Table 2. The linear least-squares
fits of the data at 303 K yield a straight line with zero intercept,
and this plot is presented in Figure 4. The rate constant Ky,
derived from this plot was kp = (6.36 £ 0.74) X 1013 ¢m3
molecule! 57!, and the experimental error was 12% (20).

0

Figure 6, Transition state geometry for the recombination reaction
(CH3),;N + NO.

By dividing egs IX and XI, we obtain the expression

Kp  Kkecomnx[DMNX]
A plot of kmDMNA[DMNA]/k“cDMNx[DMNX] versus [NO,]
should give a straight line. This plot shows a minor dependence

on NO, concentration, as shown in Figure 5, and the ratio k3,/
ky, = 0.45 £ 0.15.

(XIII)

Discussion

The reaction rates obtained in the present experiments may be
compared with those of NH,, CH3, and CH;0 radicals with NO
and NO,.1314 These reaction rates are summarized in Table 3.
Inspection of Table 3 reveals the following: (i) NO reacts much

TABLE 4: Estimation of S* (305 for [(CH3);N--NO] Transition State

degrees of freedom frequency (cm™!) §°, cal mol-! K-!
translational Sy, = 37.0 + (3/2)R In(M*/40) (M = 74 amu) 38.84
rotational Sextrot = 11.595 + (R/2) In (Ialglc) —In ¢ 26.60

(Ialplc = 3.453 X 108 amu? A%, 0 = 1)
vibrational assignment

PC-N (DMNO yyymcn = 844 cm™!) 900 0.15
((CH3)2N 950 cm™1)
ve-N + OHON (DMNO vpgymc-n = 1287 cm™!) 1290 0.03
((CH3),N 1290 cm™!)
deNe (DMNO skeletal deformation = 400 cm™!) 600 0.47
((CH3);N 1170 cm™!)
(2) tew, ((CH3),N 230 cm™!) 219. 4.00
V = 2.9 kcal/mol V* = 2.9 kcal/mol
I, =29 amu A? I*.=3.2amu A2
remaining dimethylaminyl radical vibrations (# = 16) , 2.48
UNe=O (DMNO 1439 cm™) 1600 0.008
(NO 1875 cm™!)
VN-N (DMNO 1058 cm™!) r.c.
ScNN {DMNO skeletal rock 354 cm™!) 420 0.90
SeNN (DMNO skeletal wag 229 cm™) 300 1.40
SONN (DMNO 682 cm™!) 890 0.20
tN-NO (free internal rotation about N«N
I, =12.01 amu A2, N..N = 2.5 ) 7.08
electronic Sy = RIn(2S+ 1) (S =0) 0
82.16

AS*(298) = 82,16 — 116.1 = ~-33.94 cal mol-! K-! (S°(cny),~n = 65 8, S°Nno - 50.3)
Asoo (cm? molecule-! s71) = 10-572(T/298)? exp(AS*/R) = 10-1?
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degrees of freedom

frequency (cm™)

§°, cal mol-! K-

translational Sy = 37.0 + (3/2)R In(M*/40) (M = 90 amu) 39.42
rotational Sextrot = 11.595 + (R/2) In(Ialplc) - In o 26.16
(Iadplc = 8.778 X 108 amu3 AS, ¢ = 1)
vibrational assignment
VC-N (DMNA wyym,cnc - 838 cm™!) 900 0.15
((CH3)2N 950 cm™)
vc-N + 5HCN (DMNA Vagym,CNC = 1292 cm“) 1290 0.03
((CH3),N 1290 cm™!)
dene (DMNA skeletal deformation — 427 cm!) 500 0.70
(2) tew, (DMNA tcg, = 107 em™!) 100 6.80
(2) tno, (free internal rotation about N-N
I, = 21.62 amu A2, N-.N = 2.5 A) 7.67
remaining dimethylaminyl radical vibrations (n = 16) 2.48
YNN (DMNA 1248 cm™) r.c
(2) denn (DMNA (ynn) 225, (8nn) 350 cm™) (2) 225 4.00
(2) donN (DMNA (rno;) 619, (WNo,) 762 cm™!) (2) 225 4.00
1a(NO3) (DMNA 1528 NO; 1621 cm") 1570 0.01
1s(NOy) (DMNA 1304, NO; 1320 cm™!) 1310 0.03
éno, (DMNA 626, NO; 648 cm™) 635 041
electronic S, =RIln 25+ 1) (§=0) 0
91.86

AS*(298) = 91.86 — 123.1 = -31.24 cal mol~! K-! (8¢ CH,),N = 65 8, S°No, = 57.3)

Ajspo (cm? molecule™! s71) = 10-572(T/298)2 exp(AS*/R) =

TABLE 6: Estimation of S* 193, for [(CH;);N--ON=0] Transition State

degrees of freedom

frequency (cm!) S°, cal mol-! K-!

translational S = 37.0 + (3/2)R In(M*/40) (M = 90 amu) 39.42
rotational Sextzor = 11.595 + (R/2) In(Ialslc) -1n o 27.68
(Ialslc = 1.026 % 107 amu? A, ¢ = 1)

vibrational assignment
VC-N ((CH;)zN 950 cm“) 900 0.15
vcoN + SHCN ((CH3),N 1290 cm™!) 1290 0.03
Sene ((CH3);:N 1170 cm™1) 800 0.22
2) t(CH,) (DMNA tcH, = 107 cm™!) 100 6.80
1(NO3) (NO; 1621 cm-1) 1500 0.01
1(NO2) (NO; 1320 cm™1) 1300 0.03
S(NOy) (NOQ; 648 cm) 630 0.40

remaining dimethylaminyl radical vibrations (n = 16) 2.48
VN-O r.c
(2) écn-0 (2) 600 1.20
SNO-N 700 0.30
tN-ONO (I, = 22.918 amu A2, N.-ONO = 2.5 A) 1.73
tNO-NO (I = 11.410 amu A2, NO--NO = 1.19 A) 7.03

electronic S = RIn(2S + 1) (S =0) 0

93.28

AS*(298) = 93.28 — 123.1 = -29.82 cal mol~! K~! (S°(cH,,N = 65 8 S°No, = 57.3)

Ajoo (cm? molecule! s7!) = 10-572(T/298)2 exp(AS*/R) = 10-122

slower with (CHj3),N radical than with NH, and CH0 radicals,
and equally fast with CHj radicals. (ii) The recombination
reaction of (CH;),N radicals with NO, is 3.73 times faster than
the recombination reaction of (CHj3),N radical with NO, and
this is in excellent agreement with a previous value of 3.79.5 (iii)
For the reaction of (CH3),N radicals with NO, the dispropor-
tionation pathway is 2.2 times faster than the recombination
pathway, and almost the same holds for the reaction of C,Hs
radicals with NO,.!5 However, for the reaction of CH; radicals
with NO,, the recombination pathway is much slower than the
oxidation pathway, with a ratio of ca. 0.04-0.08.14 It appears
that in most reactions of alkyl, alkoxy, and aminyl radicals with
NO,, the oxidation pathway is faster than the recombination
pathway. (iv) Theslight dependence of the ratio k»,/ k2, 0on NO,
concentration suggests that a secondary reaction between (CH3),-
NO and NO; starts to compete at higher NO, concentrations.
(v) Finally, the sum and the ratio of the individual obtained
reaction rates, kj, and ks, are in excellent agreement with the
experimental values of the total reaction rate, k, and the ratio
k2a/ kap, and this constitutes an additional argument that reaction
2 proceeds mainly through two reaction pathways.

The thermochemical kinetics version of conventional transition
state theory!¢ was employed to provide insight into the transition
state (TS) geometry. The reactions under study are highly
exothermic recombination reactions with almost zero activation
barrier.'” Hence, their preexponential A4 factor, given by the
expression A = 10-572(T/298)2 exp(AS*/ R), will be equal to the
experimental rate constant. Here, AS* is the entropy change to
form 1 mol of transition state complex from reactants.!¢
Estimation of the absolute entropies for both reactants and
transition state requires knowledge of their geometry and
vibrational frequencies. Theabsolute entropy of (CHj3),N radicals
has been previously estimated as S°300{f(CH3),N} = 65.8 cal/
(mol K).°> Thus, the absolute entropy of the TS is obtained from
the experimental rate, and is computed by fitting the geometry
and the vibrational frequencies.

Forreaction 1, the experimental rate &, correlates toan entropy
change AS* = —(33.84 £ 0.34) cal/(mol K), which corresponds
to an absolute entropy S°(TS;) = 82.26 £ 0.34 cal/(mol K). The
transition state is formed by coupling the unpaired electrons of
the N atoms in (CH;),N and NO reactants; thus, the C--N«-N
angle will be ca. 110°, and the NO molecule will lie on a plane
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perpendicular to the radical plane (C--N--C). This TS is expected
to be loose, in agreement with the inverse process of unimolecular
decomposition of dimethylnitrosamine which appears to occur
through a similar loose TS.6 The critical distance of approach
of the N atoms will be equal to the sum of their van der Waals
radii, ca. 3.4 A.1"18 However, at N-N distances shorter than
1.7 A, steric hindrances begin to appear for the rotation around
the N«N bond (between O atomand CH; groups). Therotational
entropy shows very littledependence (ca. 1%) on the N-N distance
in the range from 1.7 to 3.4 A. Thus, the N--N distance takes
an average value of ca. 2.5 A, The vibrational frequencies are
considered similar to those of DMNO,!? with the exception of all
frequencies associated with the newly formed N---N bond which
areincreased by ca. 20%. The internal rotation around the NN
bond is treated as one-dimensional free rotation.!s Allvibrational
frequency assignments and the entropy calculations are included
in Table 4, and the transition state geometry is shown in Figure
6.

For reaction 2 there are two reaction pathways. The absolute
transition state entropies for both recombindtion (2a) and
oxidation (2b) pathways are estimated as S°(TS,,) = 91.89 +
0.30 cal/(mol K) and S°(TSa) = 93.27 £ 0.23 cal/(mol K),
respectively. A similar thermochemical analysis for both path-
ways indicates that the involved transition states are loose and
that NN or N--O bond lengths are ca. 2.5 A. All vibrational
frequency assignments2°and the entropy calculations are presented
in Tables 5 and 6. Indeed, the inverse processes of unimolecular
decomposition of (CH;3},NNQO, and (CH;);NONO occur through
similar loose transition states as well.6

The exothermicity of reactions 1 and 2a is ca. 46 kcal/mol,
since the strength of the N--N bond in both (CH3),NNO and
(CH3),NNO; molecules is ca. 46.5 £ 0.5 kcal /mol.2! Reaction
2b is also exothermic by ca. 17 kcal/mol, since AH®((CHj,),N)
= 38.5 kcal/mol?2 and AH°{(CH;),NO) = 8.2 kcal/mol at 300
K.2» However, radical-radical recombination reactions have
approximately zero activation energies,!$ and the A, factors are
given by the expression In 4, = In 44c — AS®/R, where AS°® is
entropy change for the reverse reaction of unimolecular decom-
position.!6 The 4%, factor for (CH;3);NNO decomposition was
determined from pyrolysis experiments as 10153 571,60 thus 4=y (309
~ 6.9 X 10-14 cm3 molecule! 571, since S°300((CH;3);NNO) =
71.4 cal/(mol K)?* and S°300((CH3),N) = 65.8 cal/(mol K).?
Similarly, the 4=y factor for (CH;);NNO; decomposition was
determined from pyrolysis experiments as 10159 s-1;6> thus 45,300
=~ 1.64 X 10-13 cm? molecule-! 571, since S°300((CH3),NNQ,) =
78.3 cal/(mol K).2¢ Therefore, both reaction rates, k; and kj,,
are approximately at the high-pressure limit at 300 K, and the
measured Avaluesareinreasonable agreement with the estimated
values.

Conclusions

The absolute rate constants for the reactions of (CH;),N
radicals with NO and NO, were determined at 303 K. The
reaction of (CH;),N radicals with NO, is 8 times faster than that
with NO. Furthermore, the reaction of (CH3):N with NO,
proceeds via two competitive pathways, the recombination and
oxidation pathways. The latter is ca. 2.2 times faster than the
former. Our results suggest that (CH3),N radicals formed in the
atmosphere may react with NO and NO; and form (CH;3),NNO
and (CH3),NO or (CH3),NNO; at significant rates even when
the NO and NO; concentrations are in the range of 10 ppm. In
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addition, the oxidation reaction of (CH;),N radicals by NO,
plays an important role in the decomposition mechanism of
(CH;);NNO;. Finally, all reactions proceed through a loose
transition state, with N--N or N--O bond lengths of ca. 2.5 A.
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