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Reactions of NH Radicals. V. Photolysis of HNj3 in the
Presence of C3Hpg at 313 nm
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The photolysis of HNj; vapor in the presence of C3Hg was studied at 313 nm and 30 °C. The main products
were Nz, Hg, CH4, CZHG’ C3H6, NH4N3, CH3NH2’HN3, C2H5NH2‘HN3, and n- and i'C3H7NH2'HN3. The
quantum yields of these products were measured as a function of the pressure of HN; or CsHg. The following
mechanisms for the main reactions was proposed: HN3+A»(313 nm)—N,+NH(a'A); NH(a!A)+HN;—2N,+2H,
NH,+N;, and Np+N,Hy* (2); NH(a'A)+CyHg— C3H;NHy*(n- and i-propylamine) (3); NH(a!A)+C3Hg—NH
(X3%7)+C3H, (4); C3H,NH,*—-CH3+C,H,NH, (5); CH,+C,H,NH (6), C,H, +CH3;NH, (7), C;H;+CH,NH, (8),
C,Hgt+CH,NH (9), Ho+CsHgNH (10), and NH3;+C3Hg (11); CsH;NH*+HN;3;—C;H,NH,+HN; (12);
C3H;NH;,*+ C3Hg— C3H;NH,+C3Hg (13). The rate constant ratios are: ks3/k,=1.28; ky/k;=0.262; kg/ks=0.109;
k7/ks=0.050; kg/ks=1.39; ko/ks=0.040; kyo/ks=1.20; ki,/ks=4.72; k19/ ks=666 dm?® mol-}; kq3/ ks=860 dm3 mol-1.
The formation ratio of n-C3H;NH,/i-C3H;NH, was 1.55, regardless of the total pressure. The half-life of
1.78X10-19 s for C3H;NH,* was obtained by using the collision theory. The relative and absolute rate constants
were compared for the reactions of NH(a!A) with CHy, C;Hg, and C3Hg; it was found that the relative yield for
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the insertion of NH(a!A) into a C-H bond increases with a decrease in the C-H bond dissociation energy.

The reactions of NH(a!A) with HN3,? Xe,? CoHg,2
C2H,4,® and CH4? have been studied previously. It
was found that HN3 is a useful source for the first
excited singlet NH(a'A) and that NH(a!A) reacts to
give amine by insertion into a C-H bond, such as
CH;3sNH; from CH4? and CoHsNH: from CoHe? It
is of interest to compare the relative reactivities for
the reactions of NH(alA) with simple saturated hy-
drocarbons, such as CHy4, CgHs, CsHs, and :-CsHjo,
and to compare the relative efficiencies of the inser-
tion per C-H bond for primary, secondary, and ter-
tiary C-H bonds.

For the reactions of NH with saturated hydrocar-
bons, Miller® has studied the photolysis of HN3 in
the presence of CHs4, CsHs, n-C4Hio, -CsHio, and
(CH3)4C, and measured the amines formed by the reac-
tions of NH with these hydrocarbons. He has found
that the amine yield increases in this order: CsHg<n-
CsH10<i-C4H10<(CHs3)sC. Back et al. have studied
the flash photolysis of HNCO in the presence of
C3Hs® and the steady photolysis of HNCO with CzHe,
C3Hg, and (CH3)4C at 51°C.? They have found that
the yield of CO was reduced to about one-third of its
value in pure HNCO, the yield of N2 was reduced
close to zero, and the yield of H2 was markedly en-
hanced in the presence of parafins. However, no
amines could be detected. Thus, they suggested the
decomposition of the vibrationally excited amines
formed by insertion reactions. Richardson and Setser®
have studied the thermal decomposition of HN3 in
the presence of CH4, C2Hs, and CsHs. However, no
evidence was found for the reaction of NH with these
hydrocarbons in the temperature range from 285 to
470°C. Konar et al.? have investigated the photol-
ysis of HN3 in the presence of Cz2He and -CsHyo at
214nm and room temperature, and showed that the
formation rates of N2 and H: decrease with an in-
crease in the hydrocarbon pressure.

Recently, Tsunashima et al.l® have studied the

photolysis of HN3 in liquid ethane, propane, and
isobutane at the Dry Ice-methanol temperature, they
have found the formation of ethylamine from CzHs,
propyl- and isopropylamine from CsHsg, and of butyl-
and t-butylamine from i-CsHjy. They have also esti-
mated that the relative efficiencies of the insertion of
INH into primary, secondary, and tertiary C-H bonds
are 1.0, 1.9, and 2.3 respectively. Hamada et al.1V have
studied the photolysis of HN3 in liquid cyclopropane
and in binary solutions of ethane and cyclopropane at
the Dry Ice-methanol temperature, and reported that
the insertion rate of NH(a!A) into a C-H bond of
cyclopropane is 1.05 times faster than that of ethane.

Kajimoto and Fueno!? have studied the photolysis
of HN3 with CzHs in the gas phase at 254nm. From
the pressure dependences of the yields of the insertion
product(Co2HsNH2) and the fragmentation products
(CHs and C2Hs), they have found that the branching
ratios for three pathways of the insertion of NH(a!A)
into a C-H bond of C2Hs, the hydrogen abstraction
from C2Hg by NH(a!A), and the electronic quench-
ing of NH(a'A) to NH(X?3}) were 0.6, 0.1, and 0.3
respectively. Kondo et al.1® have studied the effects of
the reactions of NH(a!A) with CsHs on the photolysis
of HN3 at 254nm, and determined that the relative
secondary/primary C-H bond reactivity per bond is
1.5 for the insertion and 7.5 for the abstraction, results
based on the pressure dependence of the yields of the
insertion products (n-CsH7NH; and ¢-CsH7NH?2) and the
fragmentation products (CeHs, n-CsHq, and i-C3H7).

In order to compare the specific rates for the inser-
tion of NH(a!A) into C-H bonds of simple saturated
hydrocarbons, the collisional deactivations of NH(a'A)
to NH(X331") by the hydrocarbons, and the unimolec-
ular decomposition of the alkylamines formed by the
insertion, the photolysis of HN3 in the presence of
C3Hs was investigated in this work, a continuation
of our earlier studies with CoHe? and CH4.9
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Experimental

The propane obtained from the Takachiho Chemical
Co. was 99.8% pure. It was purified each time before use by
means of condensation and evacuation at the temperature
of liquid nitrogen. The preparation and purification of
HN3, and the apparatus and procedure for the reaction,
were the same as have been described previously.}-2 All
the runs in this work were carried out at 313 nm and 30°C.
The light intensity was reduced by screens to eliminate
radical-radical reactions. The irradiation time was usually
90 min, and the degree of conversion of HN3 was below 3 per
cent.

The detected reaction products were Nz, Hz, CHs, C2Hy,
C2Hsg, C3Hes, CH3N3, NH4N3, CHsNH2- HN3, CeHsNH2- HN3,
and n- and -CsH7NHz-HN3s. No HCN was detected in the
analysis by the pyridine-pyrazolone method.1¥

In order to inspect the radical intermediates, the products
formed by the photolysis of HN3 with CsHg and NO at 313
nm were analysed gas chromatographically by the use of
a Silicone SE-30 1-m column at room temperature. The re-
tention times of these products (RNO;) were then compar-
ed with those of the products formed on the photolyses of
CH;3N3:CHj, C:H5COGCHss, (i-C3H7)2CO, and n-CsH7COCH33
with NO, in the same gas chromatographic conditions.
From the comparisons, the formations of CHs and CzHs
radicals as intermediates were confirmed, but few n-CsH7 or
i-CsH7 radicals were found. The photolysis of HN3 with
CsHg and NO at 254 nm was also carried out in order to in-
spect the effect of the wavelength. Thus, the large two
peaks for i-CsH7 radicals, together with the peaks for the
CH3s, CgHs, and n-CsHy radicals, were found. The results
at 254nm are in accord with the results of Kondo et al.,!®
except that they did not detect any CH3s radicals.

For the identification of the nitrogen-containing prod-
ucts, white volatile products condensed at the Dry Ice-ace-
tone temperature were introduced into a solid sodium
hvdroxide column in order to remove the HN3 from the
white volatile products.2:1® A mass spectrum of the HNas-
removed products at the ionizing voltage of 15V is shown

"in Fig. 1. The mass spectra of the n- and i-CsH7NH: sam-
ples were also observed at the ionizing voltage of 15V. In
the spectra, the large peaks of m/z=30 (CHz:NH2*) for n-
C3sH7NH2 and of m/z=44 (CH3CHNH_") for i-CsH7NHz were
found, together with the parent-molecule-ion (CsH7NH2t)
peak and its protonated-ion (CsH7NH3*) peak.

The product peaks of m/z=17, 18, 31, 32, 45, 46, 59, and 60
in Fig. 1 correspond to NH}, NH}, CHsNH.+, CHsNHs*,
CszNHz"’, C2H5NH3+, C3H7NH2+, and C3H7NH3+ respective-
ly. The large peak of m/z=30 (CH:NH3*) seems to arise
from the electron-impact reactions of CHsNHz—H+CHo-
NHz*+e~, as found in the mass spectrum of CH3NHpg,2:4:1%9
and of n-CsH7NHz— CoHs+CH2NHgt+e—, as observed in the
spectrum of the n-CsH7NHz sample. Similarly, the large
peak of m/z=44 may be due to the electron-impact reac-
tions of CeHsNH:—»H+C;H4NHot+e~ and -CsHNHz—
CH3+CH3sCHNHg++e~. The peak of m/z=58 may result
from the CsH/NHz—H-+C3HgNHz*t+e~ reaction.

For the quantitative analyses of the reaction products,
first, these products were separated at the temperature of
solid nitrogen (about —220°C), —160°C, and the Dry Ice-
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Fig. 1. Mass spectrum of the substances removed

HNG; from the white volatile products trapped at the
Dry Ice-acetone temperature. The ionizing voltage
is15V.

acetone temperature. Quantitative separations of Nz, Hz, and
CHj4 passing through a trap at —220°C were carried out by
the procedures described previously.? CgH4, CeHs, and a
part of the unconverted CsHs, condensed at —220°C, were
collected into a Toepler gauge, and the total volume was
determined. The separations of CsHas, GeHe, and CsHs
were carried out by gas chromatography using a silica-gel
column (2m) at 60°C.

NH4N3 and the salts of amines with HN3, condensed at the
Dry Ice-acetone temperature, were introduced into a CuO
column at about 550°C. The amounts of N2, NO, N20, and
CO2 produced as the combustion products were determined
by a previously described method.? The total amount of
nitrogen atoms, (N), is given by (N)=2N2+2N20+NO. The
total amount of carbon atoms in the products is identical
with the amount of carbon dioxide formed by the combus-
tion, (COy2).

In order to determine the relative yields of CH3NHz,
C2HsNHsg, i-CsH7NH2, and n-C3H7NHg, the HNs-removed
products were also analysed by means of gas chromatog-
raphy at 10°C using a 2-m columun of KOH (5%)-paraffin
liquid (20%) coated on Chromosorb WAW.1® The retention
times of CHsNHjz, CaHsNHos, and i-CsH7NHz: relative to n-
C3H7NH; are 0,23, 0.36, and 0.56 respectively.

The quantum vyields of the products were determined
using HN3 as an actinometer.?

Results

The photolysis of HN3 of 6.7 kPa at 4.0kPa of C3Hs
was carried out as a function of the absorbed-light
intensity in the range from 4.5 to 18.8X10% quanta s~
The results, shown in Fig. 2, show that ¢u, and ¢cu,
are independent of the light intensity, while ¢n,, ),
and ¢co, Increase slightly with a decrease in the light
intensity, but all the quantum yields converge to a
constant value as the light intensity decreases.

The results for the photolysis of HN3 of 6.7 kPa,
measured as a function of the C3Hs pressure at the
low absorbed-light intensity of 4.5X10 quantas~!, are
shown in Fig. 3. It may be seen in Fig. 3 that ¢n;and
¢u, decrease, ¢(co.) and ¢ increase, and ¢cu., Peanq, and
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Fig. 2. Results for the photolysis of HN3 of 6.7 kPa,
measured as a function of the absorbed light intensity
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Fig. 3. Results of the photolysis of HNj of 6.7 kPa,

measured as a function of C3Hs pressure at 313
nm, 30°C, and the low absorbed light intensity of
4.5X101 quantas™. ©, ¢n./2; ®, ¢coy; O, dn/4;
@, ou,; O, 10¢cu; @, 10¢cns: O, 50¢c,u,.

dc.us decrease via a maximum value at about 10kPa
as the C3Hjg pressure increases.

Figure 4 shows the results of the photolysis mea-
sured as a function of the HNj3 pressure at 4.0 kPa of
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Fig. 4. Results of the photolysis measured as a func-
tion of HN3s pressure at 4.0kPa of C3Hs, 30°C, 313
nm, and the low incident light intensity of 3.9X
1015 quantas™. ©, $n,/2; ®, @(coa; O, dny/4; D, dus;
O, 10¢cu,; @, 10dc.ns; O, 50hcon..

CsHg and the low incident-light intensity of 3.9X
1015 quantas™. In_ Fig. 4, it is found that ¢n, and
éu, increase, but @), @coz), PcHs, Peans, and Pe,n, de-
crease, with an increase in the HN3 pressure.

On the photolysis of HN3 of 6.7kPa with C3Hs of
4.0kPa and NO of 0.47kPa at the absorbed-light in-
tensity of 4.5X10 quanta s~1, the ¢cu,, Pcine and dc.u,
values were 0.00374 (1/10.2 of that without NO),
0.00138 (1/35.6 of that without NO), and 0.00172
(the same as that without NO) respectively.

The amines obtained under the same experimental
conditions as those in Figs. 3 and 4 were analysed by
means of gas chromatography. Table 1 shows the
yields of CHsNH,;, CsHsNH;, and n-CsH7;NH: rela-
tive to that of i-CsH7NH2. It may be seen in Table
1 that CH3NHgy/i-CsH7NH2 and CoHsNH2/:-CsH7NH2
decrease with an increase in the CsHg or HN3 pressure,
while 7n-C3H7NH2/:-CsH7;NH: is constant regard-
less of the total pressure and the concentration ratio
[HN3)/[CsHzg].

Discussion

Reaction Mechanism. On the basis of the present
experimental results and in the light of the results
achieved by previous investigations,!™¥ the follow-
ing reaction mechanism was postulated for the photol-
ysis of HN3 in the presence of C3sHs, where A and P
denote HN3 and CsHs molecules:

A + hw(313nm) — N, + NH(a'A) (1
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TABLE 1. RELATIVE YIELDS OF AMINES

Pun, PcaH, CH3NH: C2HsNH2 n-CsH7NH2
kPa kPa 1-CsH7NH; 1-CsH7NH: 1-CsH7NH2

6.7 1.9 1.05 1.19 1.67

6.7 4.0 0.48 0.71 1.48

6.7 8.4 0.38 0.52 1.56

6.7 13.6 0.41 1.52

6.7 17.1 0.28 0.35 1.44

2.3 4.0 1.04 1.50

2.8 4.0 0.57 0.88 1.59

4.7 4.0 0.86 1.58
11.1 4.0 0.53 0.65 1.61

NH(a'A) + A — 2N, + 2H
NH(a'A) + A — NH, + N,
NH(@'A) + A — N, + NH,*
NH(a'A) + P — C,H,NH,*
NH(a'A) + P —» NH(X3Z") + P
C,H,NH,* —» CH, + C,H,NH,
C,H,NH,* —» CH, + C,H,NH
C,H,NH* —> G,H, + CH,NH,
C,H,NH,* — C,H, + CH,NH,
C,H,NH* — C,H, |- CH,NH
C;H,NH,* — H, + C,H,NH
C;H,NH* —— NH, + C,H,
C,H,NH* + A — C,H,NH, - A
C.H,NH,* + P — C,H,NH, + P
CH,NH, + A — CH,NH, + N,
CH,NH, + A — CH,N, + NH,
H+A — H,+ N,

H+A — NH, + N,

H+P — H, -+ CH,

R, (R,=CH,, C,H;, C;H,, C,H,NH,) + A
— RH+ N,

R,NH, (R,=CH,, C,H;, C;H;) + A
— R,NH,-HN,

R;NH (R;=CH,, C;H,, C;H,) + A
— R,NH-HN,.

(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)

(18)

(19)

(20)

(1)

The succeeding reactions for species consisting of
only nitrogen and hydrogen atoms are as follows:?
NH(X33-)+A —Hz+2N; (22); NH(X33-)+A—NH+
N3 (23); NeHg*—NoHo** (24); NoHo*+A—No+He+A
(25); NoHo*+A—NH3+2N2 (26); NoHg**+A —NH3+2N;
(27); NH2+A—NH3+N3 (28); NHs+A—->NH4N3s (29);
N3+A—N3s-A (30); 2N3-A—3Nz+2A (31).

Since the formation of propyl- and isopropylamines
has been confirmed by the gas-chromatographic and
mass-spectrometric measurements, it is clear that the
first excited singlet, NH(a'A), formed by the photolysis
of HN3 at 313 nm? reacts to give propylamine upon
insertion into a C-H bond of CsHs. The CsH7;NHz*
formed by Reaction 3 implies vibrationally excited
propylamine and isopropylamine, because both inser-
tions into primary and secondary C-H bonds for CsHsg
are possible.10.1D

On the reactions of NH(a'A) with C3Hs as a satu-
rated hydrocarbon, a possible process other than the
insertion is the collisional deactivation by CsHs to
NH(X33'). The collisional spin-relaxation process,
Reaction 4, was also found for Xe,? CH,,% and C2Hg.2
Kondo et al.*¥ have proposed a hydrogen-abstraction
reaction: NH(a!A)+CsHg—n-CsH7 or i-CsH7+NHo,
from C3zHs by NH(a'A) upon photolysis at 254 nm.
However, this reaction can be disregarded in the pres-
ent work at 313 nm, because hardly no n-CsH7 or i-
CsH7 radicals were formed. A non-abstraction mech-
anism is also supported by the fact that the intercept
of the plot of NH3/Nz vs. [HN3]/[CsHzs] is zero on the
photolysis of HN3 in liquid propane at from 250 to
320 nm.10

Reactions 5 and 8 show the unimolecular decomposi-
tions of CsH7NHz* by the radical mechanism; they
were established by the facts that CH3z and CzHj5 radi-
cals were detected as intermediates and that ¢cu,and
dc.newere reduced drastically in the presence of NO. The
formations of CHy4, CeH,4, and C2Hs from CsH7NHg*
by the molecular mechanism are represented by Reac-
tions 6, 7, and 9; they are explainable by the facts that
they are formed even in the presence of NO.

On the photolysis in the presence of NO, no drasti-
cal decrease for ¢u, was observed. This suggests the
formation of Hz by a molecular mechanism such as
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Reaction 10. Reaction 11 is supported by the fact that
CsHg was formed even in the presence of NO. Kondo
et al.’® have presented two fragmentation reactions,
n-CsHNH*—>n-CsH7+NH; and :-CsH;NH2*—i-
CsH7+NHys, in the photolysis at 254 nm. However, the
fragmentations seem to be negligible in the photol-
ysis at 313 nm, because scarcely no n-CsH7 or i-CsHy
radicals were detected. Reactions 12 and 13 are the col-
lisional deactivation processes of CsH7NHz* by HN3
and C3Hs to give stable propyl- and isopropylamines,
as was found for CoaHsNHg*.2

Reaction 15 was introduced to explain the facts
that the formation of CHsN3 was found and that the
formation ratio CH3NH2/C2HsNH:2 is considerably
less than ¢c,us/dcu,, although the yields of Reactions
6, 7, and 9 are very small as compared with those of
Reactions 5 and 8. Reactions 14 and 15 were also found
in the photolysis of HN3 with C2He.? Reaction 18 was
introduced because the H atoms formed by Reaction
2a, exothermic with 370 k] mol-1, are in a “‘hot” state,
and also because the rate of hydrogen abstraction from
CsHsg by H atoms is much faster than that for CzHg.1?

Reaction 19 is the hydrogen-abstraction reaction by
CHa, C2H5, C3H7, and C2H4NH2 radicals from HN3.
Reaction 20 was supported by the experimental fact
that basic amines (ReNH32) react with acidic HN3z in the
vapor phase to give the azide salts (R:2NHz-HN3) as a
white volatile powder.?

Because of the unstable products, the chemical struc-
tures of the CH2:NH, CaHsNH, and CsHegNH form-
ed by the molecular mechanisms of Reactions 6, 9,
and 10 are not clear. However, these products (RsNH)
may have a basic imino or amino group, and they may
be stabilized by forming the azide salts (RsNH-HN3)
with acidic HNj, as in Reaction 21. The reactions oth-
er than those mentioned above have been discussed
previously? and so are omitted here.

Reaction Kinetics. The reaction kinetics were
carried out in order to confirm the mechanisms of
Reactions 1 to 31, and in order to obtain the rate-con-
stant ratios for these reactions. Since the formation
ratio, n-CsH7NHjy/:-CsH7NHjy, is independent of the
total pressure, as may be seen in Table 1, the ratio of
collisional deactivation to unimolecular decomposi-
tion for n-CsH7NH2* may be said to be the same as
that for -CsH7NH2*. Therefore, it is possible to
treat the reaction kinetics for n-CsH7;NHg* and -
CsH7NH2* collectively.

Regarding the formations of CH4, C2Hs, and C2Hy,
Eqgs. I and II can be derived:

¢02H6/¢CH4 = (ks+k9)/(k5+ke) (I)
¢C2H¢/¢CH4 = k7/(k5+ke) (H)
Plots of Dcons/ Pen, and ¢C2H4/¢CH4 US. [HNs]/[CsHs]

are shown in Fig. 5; both ratios are constant regard-
less of the [HN3]/[CsHs] ratio and the total pressure.
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When the quantum yields of CH4 and CzHs in the
presence of NO, ¢cu(NO) and ¢c.n(NO), are com-
pared with those without NO, these relations:

Pon,(NO)[Pou, = ko (ks+ke) = 0.098 (I11)

¢02H6(NO)/¢02'H6 = ke)/(ks‘*‘ ky) = 0.028 (IV)

are obtained. From the values in Fig. 5 and Egs. III
and 1V, ke/ks=0.109, k7/ks=0.050, ks/k5=1.39, and ko/ks=
0.040 can be derived.

For the formations of CH4 and (COz), Eq. V can be
derived:

¢(Cozl =24 k7+k8k“/(kl(+k15)+k9+3k10
¢CH4 ks+ kg
o 3kip[HN,] | 3k5[CyH,) )
ks+ kg ks+ kg

Plots of ¢co./dcus vs. Puns or Pcgus are shown in Fig.
6. By using the ki5/k14=0.852 obtained previously,?
klo/k5=l.20, k12/k5=666 dmamol‘l, and k13/k5=860
dm2®mol~! can be obtained from the intercepts and
the slopes in Fig. 6.

Equation VI can be derived for the formations of
N2, Ha, (N), and CHy:

Deny+30u, — Py,

_ ke thiARo 42k 104 Ry + Ri3[M]
3¢CH4

- ks+ke ks+kg’
(VI)

where:

[M] = [CaHs] + (kl2/k13) [HN3]~

A plot of (¢pn+3du—@N;)/3¢cu, vs. Py is shown in
Fig. 7; k11/ks=4.72 was obtained from the intercept.
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Regarding the formation of amines, Eqgs. VII and
VIII can be derived:

CH,NH, ks ks ky

—_r - 7T 4 5 7l VII

C,H,NH, ks ks kitks ( )

n-C;H,NH,+ i-C;H,NH, h M I
s = upy v

Plots of CH3NHz/CoHsNHs, (n-CsH7/NHz+i-CsHo-
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NH3z)/Cz:HsNHg2, and n-CsH7NH3z/i-CsH/NH2 vs. Pum
are shown in Fig. 8. It may be found in Fig. 8 that
the formation ratios of CH3NHz/C:HsNH2 and n-
CsH7NH2/i-CsH7NH: are constant, regardless of the
Py, and that the (n-C3H7NH2’+‘i-C3H7NH2)/C2H5NH2
formation ratio is proportionate to Py. The average
value of the n-CsH7NHz/:-CsH7,NH2 formation ratio
was 1.55. The average value of CHaNH2/CoHsNHzisin
accord with the value calculated using k7/ks5=0.050,
ks/ks=1.39, and ki15/k14=0.852. The value of kis/ks
obtained from the slope in Fig. 8is also consistent with
those obtained from Figs. 6 and 7.

Regarding the formation of Na, Ha, (N), and CHy,
Egs. IX and X can be derived:

<¢HZZT)/4 kﬁoks)/ *

k kot+kyy [HNg]
=1 _4_|_ 2 2a 3 IX
T T R GEg
¢N2+¢H2 3k5+3k3+k10> 4
— (24
< Pen, ks+kg /
=L ki | kothy [HN;] X
i S on: A
where:
ky = ko + kop + ko
and:

_ kst ket kitkstkotkio kit Rip[HNs]+ £i5[CsHs ]
ks+ks

a
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Fig. 9. Plots of the rate ratios vs. [HN3]/[C3Hs]. O,
[(Pust+dm/4)/ dcui—kio/(kstke)l/a; ®, [(dnitdu.)/
dcui—(3kst3kstkio)/ (kstke)]/4a; @, [du/ dcui—kio/
(kst+ke))/a—p.

Plots of [(¢pustodw/4)/dcui—kio/(kstke)]/a and [(dn.
+éu.)/ bdcui—(3ks+3kst+ki10)/(kstke)] /4 vs. [HN3z]/
[CsHs] are shown in Fig. 9. From the intercept and
the slope for Eq. IX and the k2./k2=0.336 obtained
previously, ks/k2=1.28 and k4/k2=0.262 were obtain-
ed. The same values were also obtained for Eq. X.

For the formations of Hz and CHy4, Eq. XI can be
derived:

(&_iﬁ_)/a_ﬁzﬁ_ ks

ben, kstks ks Raathag
ke Fas (HN,] XI
T s (ANg] + oy g [GoH," O
where:
o Pu k[N, tkg[CHy]  [HN,]

ks (kigtkir) [HNg]+kig[CoHg] [CoHy]

A plot of [¢u./dcui—kio/ (kst+ke)]/a—B against [HN3)/
[CsHs] is also shown in Fig. 9. The solid circles denote
the values of [@u,/dcui—kio/(kst+ke)]/a—pB calculated
using the experimental values of ¢u,/dcu,. The lowest
straight line represents the calculated values for the
right side of Eq. XI. In these calculations, the values
obtained above and the values obtained previously?
of koa/k2=0.336, ko/ks=0.414, ki17/k16=1.15, koz/kss=
3.22, koa/kos=2.27X10~¢ moldm=3, and kae/k2s=1.19
were used. As is shown in Fig. 9, the best fit for the
experimental and calculated values was obtained
when ki1s/k16=0.51.

Comparisons of Rate Constants. The specific
rates of Reactions 12 and 13 can be estimated from
these equations:
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TABLE 2. CALCULATED VALUES OF k, AND ks AT 30°C

M oM em-m'k k. ks(n=1)
A K 104 cm3mol-1s—! 10851
HNs 3.96° 2407 3.08 4.63
CsHs 4.84” 300" 3.90 4.53
a) Ref. 2. b) Ref. 19.
kip = (Ukz)HN;, (XII1)
k13 = (7kz)03H3' (XIII)

Here, k. is the collision number of CsH7;NH2* per sec-
ond and 7 is the collisional stabilization efficiency.
The values of k, can be calculated by means of the
Lennard- Jones collision frequency:

ky = Nyoi Bk T ug_w)' 225", (X1V)

as has been described previously.?  The values of

E2* can conveniently be tabulated!® as a function
of kT/ep y with the Lennard-Jones well depth, ez y=
(ep-sEmm)¥2. The gy is given by o5y =(0s+0om)/2.

Assuming that the op and &g p/k values of n-CsHq-
NH; are the same as those of i-C3H7NHjg, the values
of 05=5.04 A and &5_3/k=380 K for both propyl- and iso-
propylamines were estimated in the light of those for
n-C4H10,19) i-C4H1o,2°) n-C3H7OH,2” and (CHs)zN—
NH2.22 The calculated values of k, at 30°C are shown
in Table 2. The (k:)csus/(k.)unsratio is almost equal to
the experimentally obtained ratio, (ki3/ks)/(kie/ks).
This means that the CsH7;NH2* is deactivated with
every collision (n=1), just as in the collisional deactiva-
tions by CO2, HN3, and CaHs of C:HsNH2*.2 In the
photolysis of HN3 in liquid CsHs at the Dry Ice-
methanol temperature, no decomposition products
of CsH7;NH2* formed by the insertion could be
found.’® The main reason for this may be that the
concentration of deactivator molecules is about 3500
times higher than that in the present system.

The absolute value of ks can be estimated from:

ky = (7/kz)03H8/(k|3/k5)obsd' (XV)

It was estimated to be 4.53X108s~! from the cal-
culated value of k, for C3Hs, the observed value of
kis/ks, and n=1. Similarly, the absolute value of
ks obtained from k. for HNj, the observed value of
ki2/ks, and n=1 was 4.63X108s71, as is shown in
Table 2. From the average value of k5=4.58X108s!
and the rate-constant ratios of ke¢/ks and others, the
absolute values of ke, k7, ks, ko, k10, and ki1 were
estimated to be 0.50, 0.23, 6.4, 0.18, 5.5, and 21.6X
10851 respectively. On the other hand, the rate-con-
stant of the unimolecular decomposition of CaHsNH*
formed by the reaction of NH(a'A) with CzsHg was
9.8X10%s71 for CoHsNH2*—CH3+CH2NH2 and 3.7X
1085 for CoHsNH2*—-CH3CN+2H.2
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TABLE 3. RELATIVE REACTIVITIES FOR THE REACTIONS
oF NH(a'A) witH X AT 30°C

X ki/ ks ka/ k2 (kitka)/ ke ka/ ke
HN,* 1.000 0 1.000 0
Xe® 0 0.187 0.187 —
C:H4” 1.637 0 1.637 0
CH/® 0.175 0.177 0.352 1.011
CaHé? 0.334 0.217 0.551 0.650
CsHg® 1.279 0.262 1.541 0.205
a) Ref. 1. b) Ref. 3. ¢) Ref. 4. d) Ref. 2. e) This
work.

The half-life of CsH7;NH2* obtained from the t=In
2/(k5+ks+k7+ks+k9+k10+ku) relation 1is 1.78X10~10
s. On the other hand, the half-life of CoHsNHg* is
6.8X10-115.2 Thus, the half-life of CsH/NHg* is 2.6
times longer than that of CeaHsNHg*. This trend is
reasonable, because the rate of unimolecular decom-
position decreases with an increase in the internal
degree of freedom of the activated molecule.??

When the reactions of NH(a'A) with a reactant (X)
are represented by these general expressions:

NH(a'A) + X — Products ke
NH(a'A) + X — NH(X33]) + X, k,

the values of k./ks, ka/ks, (kitka)/ke, and ka/k: for
CsHg are shown in Table 3 together with those ob-
tained previously.l=¥ It may be seen in Table 3 that
ki/ ko, ka/ka, and (k.+ka)/ke increase, but ka/k: de-
creases, with an increase in the carbon number in a
saturated hydrocarbon molecule. Meanwhile, the k./k2
ratio of the saturated hydrocarbons consisting of only
the o bond is, in general, low as compared with that
of C2H4 having the 7 bond.

The values of (kitka)/ ke, ((kitka)/ ko), ke/(kitka),
and (k./ka)e for saturated hydrocarbons are shown
in Table 4, where ((krtka)/ka)wel and (k:/k2)i indicate
the values of (k.+ka)/ke and k./k2 relative to those of
CgHe. It may be seen in Table 4 that the values
of ((krtka)/ ko), ke/(ketka), and (ke/ke)e for our
works are similar to those obtained by Tsunashima
et al.19 and by Kajimoto et al.12.1¥ However, the
values of (k.+ka)/k2 obtained in the liquid phase
by Tsunashima et al.1® are much less than those in
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our works. The main reason for the large discrepancy
seems to be due to the difference in phase (vapor and
liquid), as has been discussed previously.? The values
of (krtka)/ ks obtained at 254 nm by Kajimoto et al.12.19
are also small as compared with our values. This dis-
similarity may be due to the effect of the wavelength.
The formation ratio of n-CsH7NH2/i-CsH/NH:
was 1.55, regardless of the total pressure. This ratio
means that the insertion rate of NH(a'A) into a sec-
ondary C-H bond of C3Hs is 1.94 times faster than
that into a primary C-H bond. This value is well con-
sistent with the value of 1.9 obtained by Tsunashima
et al.l® Kondo et al.’® have obtained the insertion
efficiency ratio of 1.5 in the photolysis at 254nm.
Tsunashima et al.19 have also found that the inser-
tion efficiency into a tertiary C-H bond of isobutane
is 2.3 times higher than that for a primary C-H
bond. In general, the insertion efficiency per C-H
bond, {;(C-H), can be represented by this equation:

Cu(C-H) = fi(k./k2)ovsal F (XVI)
where F=n,f;tnf+nfi. Here, n,, n,, and n: indicate
the number of primary, secondary, and tertiary C-H
bonds respectively in a saturated hydrocarbon mol-
ecule. Similarly f,, f,, and f; denote the relative effi-
ciencies for the insertions into primary, secondary,
and tertiary C-H bonds respectively. fi means fp, fs,
or fi.. If f, is fixed as a basis, then f, becomes unity.

The values of f;, F, (k:/k2)ovsa, and {;(C-H) are shown
in Table 5, together with the ratio of the {i(C-H) of
X to the {i(C-H) of CHy4, {i(C-H)x/{p(C-H)cn.. The
bond-dissociation energies of these C-H bonds, Di(C-
H), are also listed in Table 5. These bond-dissociation
energies were calculated assuming that the standard
heats of the formation of CHs, CoHs, C3Hs, i-CsHio,
¢-CsHs, H, CH3s, C2Hs, n-CsHy, i-CsH7, 1-CsHo, t-C4Ho,
and ¢-C3Hs were —74.9, —84.7, —103.8, —134.5, 53.3,
218.0, 145.2,29 117.2,29 87.9,29 73.6,2" 58.6,2" 35.1,2®
and 255.227 k] mol-! respectively. The plot of {i(C-
H)x/{,(C-H)cu, vs. Di(C-H) is shown in Fig. 10; it
shows that {i(C-H)x/{p(C-H)cn, increases with a de-
crease in Dj(C-H), especially in the range lower than
420kJ mol-1. From the results shown in Fig. 10, it
may be possible to predict the over-all insertion effi-
ciency for reactions of NH(a!A) with saturated hy-

TABLE 4. COMPARISONS OF (ktka)/ ke, ki/(kitka), AND k./ k2

X ktkq < kit kg ) k. ( k. >
ks ky /el kit ke ky /el
CH, 0.352% 0.64% 0.497% 0.524%
CzHs 0.551* 0.0093" 0.13° 1.00 1.00 1.00 0.606~ 0.86 0.7° 1.00 1.00 1.00
CsHs 1.54% 0.026% 0.45% 2.80% 2.78" 3.46% 0.830% 0.79” 0.95° 3.83% 2.6 4.79
i-C4Hio 0.033 3.58Y 0.75" 3.1»
c-CsHg 1.05%

a) Refs. 2and 4, and this work. b) Ref. 10. (k:+kd)/ ke was calculated from their values of k./(k+kq) and &2/ k..
c) Refs. 12 and 13. Included in k, the specific rate of the abstraction reaction, NH(a!A)+CzHe—NH2z+CzHs or

NH(a!A)+CsHs—NH2+CsH7.  d) Ref. 11.
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TABLE 5. INSERTION EFFICIENCIES PER C—-H BOND
. (C— (C— b)
X Type of Y f F ( ks ) L(C-H) L(C-H)x D{(C-H)
C-H bond ky /Obsd {(C-H)cu,  kJ mol~!
CHy p 1 4 0.175° 0.0438 1.000 438.0
CzHs p 1 6 0.334% 0.0557 1.272 419.8
p 1 o 0.1296 2.959 409.7
CsHs s 1.94° 9.87 1279 0.2508 5.727 395.5
¢-CsHe s 19 6 0.351" 0.0585 1.337 419.9
. p 1 N 0.1350 3.082 411.1
i-CeHio t 9,39 11.3 1.525 0.3104 7.088 387.6

a) p, s, and tdenote the primary, secondary, and tertiary C-H bonds respectively.
of the formation of hydrocarbons, H, and radicals; see text.
e) Ref. 10.
(k+(C2He)/ k2)obsa=0.334 (Ref. 2) and (k«(c-CsHs)/ k{(CaHe))obsa=1.05 (Ref. 11).

cycropropane has the secondary hydrogen alone.

b) Calculated from the standard heats
c) This work. d) fi was regarded as unity, because
f) Ref. 4. g) Ref. 2. h) Calculated from
i) The value of 1.525 (0.334X3.83X3.1/2.6)

was estimated from the data of (k(CzHs)/ k2)opsa=0.334 (Ref. 2), (k«(C3sHs)/k2)e=3.83 (Table 4), (k{i-C4Hio)/k2)re= 3.1

(Ref. 10), and (k(CsHs)/k2)a=2.6 (Ref. 10).

Ci(C-H)W/TRC-Hcy,

I 1 .

4 60 420
b; (C—H)/kJ mot™

Fig. 10. Plot of {(C-H)x/{(C~H)cu. vs. Di(C-H).

0 '

380 440

drocarbons.

The absolute value of k2 which was observed by
Piper, Krech, and Taylor,2® ky(PKT), is 1.084X10
cm3mol~1s71. If this value is applied, the absolute
rate-constant for the over-all quenching of NH(alA)
by X, kq(X), can be calculated by this equation:

ky(X) = —(’-"-rikﬁ)ikz(PKT). (XVII)
2

The values of kq(X) calculated from (k+ka)x/k2 in
Table 3 and k2(PKT) are shown in Table 6 ; the Table
shows that kq(X) increases with an increase in the
carbon number in a X molecule.

On the other hand, the maximum rate-constant of
the bimolecular reaction in the gas phase, kb, can be
calculated by this equation:39

(=)

when the intermolecular attractive potential, u, is
expressed by u=—A4/7%. The attractive potential con-
stant, 4, can be calculated from the dispersion term
reported by Slater and Kirkwood3? and the induction
term for NH and X:

2nkT
u

(s—2)4

_ 2r(1-2/s)N,
- 2kT

g

2/s
ky ] , (XVIII)

Sheayyay

= - 2
A= TN e ke (N

(XIX)

as has been described previously.® The values of ks
calculated using s=6, I(2/3)=1.354, o=1, T=303K,
ana=1.38X10-2¢cm3,32 up(NH)=1.627 debye,3® and
N.(NH)=6 are shown in Table 6, together with
kqo(X)/ k. It may be found in Table 6 that ks increases
slightly with an increase in the carbon number in X,
while kq(X)/ky increases considerably from 1/10 for
CH4 to 1/2.6 for CsHs.

The absolute and relative quenching rates of
C(2!D3),3439  O(21D3),36-39  §(31Dy),3:40 and CHg
(141)41:42 by CHgy4, CzHs, CsHs, and others have been
observed widely. These over-all quenching-rate con-
stants are shown in Table 7, together with those for

TABLE 6. COMPARISONS OF kq(X), kb, AND kq(X)/ks AT 303K

N ko(X) a N. 4 ko ko(X)/ ks
10% cm3mol-1s! 1024 cm3 10-67 J cm® 1044 cm3mol-1ts!
CH.4 0.382 2.60% 8 92.9 3.83 0.0997
C2Hs 0.597 4.48 14 160.7 4.05 0.148
CsHs 1.671 6.35 20 228.2 4.30 0.389

a) Ref. 18b, p. 950. b) P. Sliwinski, Z. Phys. Chem. (Frankfurt am Main), 63, 263 (1969).
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TABLE 7. (COMPARISONS OF THE OVER-ALL QUENCHING-RATE CONSTANTS AT ABOUT 300 K

Quenching-rate constant/10-1! ¢cm3 molecule™! s—!

Quencher
C(2'Dg) O(21Dz) S(31Dy) NH(a'A) CHg(142)

HN3s 18

Xe 11? 7.2 4.0% 3.4% 1.6"
CoHy 37% 35.6% 25% 29.5% 15.0"
CH, 21.0” 14.0° 8.6 6.3" 7.0°
CzHs 26.0 4.3% 9.9% 19.0°
CsHs 33.3% 27.89 24.0°

a)Ref. 3. b) Ref. 35. c) Ref. 38. d) Estimated from k,°"PC2Hg)=26.0X10-11 cm® molecule~!s~1 and k(P

(CsHa)/ kqO'PC2He)=1.28 (Ref. 37). e) Ref. 39.

NH(a'A). Table 7 shows that the absolute quench-
ing rates of NH(a'A) by Xe, CeH4, CHy4, C2Hs, and Cs-
Hg are very similar to those of C(1D2), O(1Ds3), S(D3),
and CHgz(14,), which are isoelectronic with NH(a'A).

Summary. From the formation ratio of the n-
CsH7NH: and :-CsH7;NHz produced in the photol-
ysis of HN3 at 313nm and 30°C in the presence of
CsHs, the insertion efficiency of NH(a'A) into a sec-
ondary C-H bond of C3Hg was found to be 1.94 times
higher than that of a primary C-H bond. The rela-
tive insertion efficiencies per C-H bond were 1.00 for
CH,, 1.27 for CgHs, 2.96(p) and 5.73(s) for CsHs,
1.34 for ¢-C3Hg, and 3.08(p) and 7.09(t) for i-CsHio,
judging from comparisons of the present and previ-
ous results.2:4:.10,10  Here, p, s, and t indicate the
primary, secondary, and tertiary C-H bonds. The
insertion efficiency per C-H bond increases with a
decrease in the C-H bond dissociation energy. The
insertion-rate constants, as estimated from the abso-
lute reaction rate of NH(atA) with HN3,2® were 1.90,
3.62, and 13.9X10!8 cm3® mol-1s7! for CHs CgHs,
and C3Hs respectively. The over-all quenching-rate
constants of NH(a'A) by CH4, CeHs, CsHs, CoHy,?
and Xe?V were, respectively, 3.82, 5.97, 16.7, 17.7, and
2.03X1013 cm3mol-1s7!; they were found to be very
similar to those of C(1D3), O(1D2), S(1D2), and CHa(141),
which are isoelectronic with NH(aA).

The author is grateful to Mr. Jun Fukuchi for his
cooperation.
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