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Kinetic Study of the Thermal Decomposition of Isocyanic
Acid in Shock Waves

Okitsugu KajiMoTo," Osamu Konpo, Kazuo Oxkapa, Jiro Fusikang, and Takayuki Fueno*
Department of Chemistry, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560
(Received May 25, 1985)

Thermal decomposition of isocyanic acid HNCO diluted to less than 2.0 mol% in argon was studied behind
incident shock waves over the temperature range 2100—2500 K. The decomposition course was followed by
monitoring the light absorption of HNCO and NH(3%™) at 206 and 336 nm, respectively. It is confirmed that the
primary step of the decomposition is a bimolecular process HNCO+Ar—NH(Z™)+CO+Ar, AH®,=337
kJ mol~!, with the low-pressure limit rate constants k=10!723*0.36 exp[—(4024+17) k] mol~/RT] cm®mol~'s~L
The siglet-to-triplet crossing point is estimated on the basis of the RRKM low-pressure-limit rate constant
calculations. The overall decomposition mechanism is suggested and its validity is confirmed by computer
simulation of the time-concentration profiles of NH(3Z~) at varying temperature.

Decomposition of isocyanic acid (HNCO) as a possi-
ble source of the imino radical (NH) has already been
investigated by several groups of workers. Holland
et al.V first photolyzed HNCO to observe a strong
absorption by NH. Wooley and Back? found that the
primary process of the HNCO photolysis at 206.2 nm
involves the following two branches with nearly equal
probabilities:

HNCO + hv — NH + CO
H + NCO

Pyrolysis of HNCO was also studied by Back and
Childs? at the temperature range 550—770°C. Unfor-
tunately, however, the overall decomposition process
was so complex because of the secondary reactions
as well as the surface effects that the kinetic features
of even the primary step remained to be disclosed.

In the present investigation, isocyanicacid diluted in
argon has been decomposed in incident shock waves
over the temperature range 2100—2500K. Time-
resolved measurements of the light absorptions of both
reactant and product radicals at elevated temperatures
greatly facilitated kinetic studies of the decomposition.
Of the following three conceivable initial steps of
decomposition:

AH? (k] mol=1)5:6>

l—»NH('A)+CO+Ar 488 (la)
HNCO + Ar—— NH(3]")+CO+Ar 337 (Ib)
> H+NCO+Ar 474 (lc)

the spin-forbidden reaction 1b has been concluded to be
the most dominant, just as in the case of the hydrazoic
acid (HN3) decomposition studied previously.¥ The
overall decomposition mechanism was inferred on this
basis, and its validity was confirmed from the computer

tracing of the time histories of the NH(33-) con-

centrations at varying temperature.
Experimental

(4) Materials. Isocyanic acid was synthesized by heat-
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ing a mixture of potassium cyanate and stearic acid for 8 h
on an oil bath at 95°C. All the volatile substances were
collected in a trap maintained at —196°C. Impurities that
remained were carbon dioxide and water, which were
removed by successive trap-to-trap distillations at —60°C and
—20°C. Purity of the resulting isocyanic acid was checked by
the mass,? IR,® and UV spectrometries.

Sample gases of various concentrations (0.1—2.0 mol%)
were prepared by diluting isocyanic acid with high purity
(99.999%) argon. They were allowed to stand in 10-1 Pyrex
bulbs for at least 10 h before use. No trace of polymerization of
HNCO was perceived in these diluted gas samples.

(B) Kinetic Measurements. A stainless-steel shock tube
of 10.4cm diameter was used. The driver and driven sections
were 2.0 and 3.0 m in length, respectively. A 25-1dump tank
was attached to the end wall of the driven section in order to
prevent the driven gas from being heated further by reflected
shock waves. An involatile substance was found to be formed
near the end of the driven section unless such a tank was used.
The two sections were separated by a Mylar diaphragm of
0.10, 0.18, or 0.25mm thickness. The bursting pressures of
these Mylar sheets were ca. 4, 7, and 10atm,? respectively.
The driven section was evacuated to less than 2X1075 Torr!?
before charging it with a gassample. A diaphragm of selected
thickness was used in combination with a driver gas, Hz or
He, of given driven pressures, so that the net pressure of
the reaction zone could vary from 500 to 1500 Torr. The
temperature, pressure, and density of shocked gas were
calculated from the measured shock velocity by assuming an
ideal shock behavior. Both the boundary layer effects and the
effects of reaction heat were estimated to be unimportant
under our experimental conditions.

The light absorption at 206.2+2.8 nm was utilized to follow
the concentration of HNCO. A home-made microwave-
operated I lamp, together with a Bausch-Lomb MC-20
grating monochromator, was used to isolate the 206.2 nm
atomic line. The NH(A3II-X331-) absorption was also
followed at the wavelength 335.96+0.14nm.1» A 400-W
Ushio high-pressure mercury lamp and a Rikotsusho MC-50
grating monochromator were used for this purpose. The
wavelength scale of the monochromator was calibrated by
using an NH lamp!¥ which was microwave-operated on a
flowing mixture of 1 Torr of ammonia and 4 Torr of argon.

The light which passed an appropriate optical path was
collected on an EMI-9634Q photomultiplier. Its time-
dependent output signal was amplified with a Keithley 102B
amplifier and stored in a Kawasaki Electronica TM-1450
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transient memory. The stored signal was displayed on an
oscilloscope for photographing or on a pen recorder.

Results

(A) Kinetics of the HNCO Decay. In all experi-
ments, the HNCO absorption increased abruptly
upon the arrival of incident shock wave, and then
decreased gradually with elapsing time. At the shock
wave temperatures above 2500K, the effects of
unidentified emission were found to be inevitable.
Below 2200K, on the other hand, the absorption often
showed an irregular increase, especially when the
pressure of the reaction zone exceeded 1000 Torr. Ob-
servations of the HNCO decay were thus limited to
the temperature range between 2200 and 2500 K.

At temperatures between 2200 and 2500K, the
observed HNCO decay signals were smooth enough
and well reproducible. It is believed that the initial
decays of HNCO observed in this temperature region
are entirely due to its decomposition effected by the
shock heating. This point was corroborated from the
observations of the concurrent increase in concent-
ration of the NH radicals as the primary decompo-
sition product, as will be demonstrated shortly
below.

The absorption coefficient of HNCO at each exper-
imental temperature was evaluated from the absor-
bance extrapolated to time zero and the calculated
initial post-shock concentration of HNCO. The
absorption coefficients thus obtained were essential-
ly constant at (1.3710.20)X105 cm2?mol-! over the
temperature range studied.

By use of the average absorption coefficient &=
1.37X10% cm2mol~1, the absorbance-time records were
converted into concentration-time curves. First-order
plots of the HNCO concentration against the par-
ticle time ¢ were satisfactorily linear during the
initial 100 pus. The first-order rate constants kiq ob-
tained from such plots for several typical runs are
listed in Table 1, together with the relevant shock
parameters.

Plots of log kiqx against 1/T gave three separate
straight lines which were parallel-shifted upward as the
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total pressure P2 was increased stepwise (500, 900, and
1300 Torr). The second-order rate constants kg.,a were
obtained by dividing ki« by the post-shock argon
concentration. The values of kans obtained for typical
runs are given in the final column of Table 1.

The Arrhenius plots of kz.a were found to give a
single straight line. Figure 1 shows such plots for
a total of 22 runs. Evidently, the HNCO decay is in
the low-pressure region under our experimental con-
ditions. The least-squares treatment of all the data
given in Fig. | resulted in the following Arrhenius
expression:

Fyng = 1017232036 exp[ — (40217)k ] mol~/RT']

cm®mol™ts~t. (1)

T/K

2500 2400 2300
I

tog( kg /cm3molls™)

4.0 4.2 A
10477/

Fig. 1. Arrhenius plots of the second-order rate
constants (kzna) for the decay of HNCO. The
approximate Total pressures and the concentrations
of HNCO in Ar were as follows: @, 500 Torr,

2.0mol%; O, 900 Torr, 0.5mol%; A, 1350 Torr,
0.5mol%.

TABLE 1. RATE DATA FOR THE SHOCK WAVE DECOMPOSITION OF HNCO
m Py po1 T2 [Ar] [HNCOJo kist Rond
mol% Toor K 10%mol/cm3 10-8mol/cm3 108 s—1 108 cm3 mol—1s—1
2.00 494 3.57 2523 3.07 6.27 2.41 7.86
2.00 511 3.56 2489 3.23 6.59 2.00 6.20
2.00 520 3.56 2478 3.30 6.73 1.95 5.61
2.00 528 3.55 2421 3.43 7.00 1.30 3.77
0.500 880 3.54 2411 5.82 2.93 1.83 3.14
0.500 892 3.53 2346 6.07 3.05 1.20 1.98
0.500 933 3.52 2282 6.52 3.28 0.735 1.13
0.500 1316 3.54 2401 8.75 4.50 3.20 3.66
0.500 1378 3.53 2337 9.41 4.73 1.48 1.57
0.500 1346 3.51 2275 9.44 4.74 0.965 1.02
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TABLE 2. DATA FOR THE OBSERVATION OF THE NH(331~) ABSORPTION
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m P, T2 [Ar] [HNCO]Jo kib
mol% Toor f K 10~ mol/cm3 108 mol/cm8 108 cm3mol-1s-!
0.491 573 3.505 2230 4.12 2.02 0.532
0.498 555 3.471 2081 4.28 2.13 0.105
0.201 528 3.554 2526 3.35 0.674 8.78
0.201 516 3.536 2425 3.41 0.684 3.56
0.200 532 3.526 2281 3.94 0.788 0.902
0.200 996 3.495 2209 7.23 1.45 0.465
0.200 1052 3.469 2108 8.01 1.60 0.169
0.100 1375 3.546 2479 8.90 0.890 4.11
0.100 1469 3.503 2240 10.5 1.05 0.689
0.100 1523 3.490 2206 11.1 1.11 0.369
(B) Rate Constants for the NH(3X—) Formation. T/ K

Observation of the NH(33)~) absorption at 336 nm was 2500 2300 2100

feasible at reaction temperatures down to 2100K. At 90 ' I

any temperature between 2100 and 2500K, the

absorption started up sharply upon the arrival of the

incident shock. It increased monotonously until it

reached a maximum, beyond which it decreased ~

gradually. As the reaction temperature was raised, the -0

absorption increased more abruptly, thus reaching 2

its maximum in a shorter time interval and then mg 80

decreasing faster. The maximum absorption became >

larger correspondingly. These qualitative features of s

absorption suffice to indicate an initial production of g

NH(33)") by the shock heating, followed by its decay

due to subsequent reactions with coexistent species.1®

The rates of the NH(33}-) formation were evaluated 2.0

from the initial slope of the absorption-time profile,

assuming the average absorption coefficient &=1.0X107

cm2mol~! for NH(33}-).# The resulting rates were

divided by the concentration product of Arand HNCO,
to obtain the second-order rate constant ki,. The values
of ki, thus obtained for some representative runs are
given in Table 2, together with the shock parameters.

Figure 2 shows the Arrhenius plots of k1, obtained for
a total of 31 runs. Irrespective of the total pressure
ranging from 500 to 1500 Torr, all the experimental
points are seen to be fitted by a single straightline. The
results indicate that the unimolecular decomposition
of HNCO into NH(33}-)+CO is in the low-pressure
limit. The least-squares treatment of the data gave
the following Arrhenius expression:

Ry, = 1017:3820.20 exp[ — (4124-13)k ] mol~!/RT']
cm¥mol~!s1.  (2)

Shown with a dotted line in Fig. 2is the kang, Eq. 1. The
essential agreement between these two lines can be

taken as a strong indication that HNCO decomposes
mostly into NH(@3X1-)+CO.

Discussion

(4) Primary Decomposition Step. The close
agreement between kang and ki, strongly suggests that

4.0 XA 4.8
10411/

Fig. 2. Arrhenius plots of the second-order rate
constants (k) for HNCO+Ar—»NH(33>-)+CO+Ar
determined from the initial slope of the NH(33-)
absorption. The approximate total pressures and the
concentrations of HNCO in Ar were as follows:

O, 550 Torr, 0.5mol%; @, 550 Torr, 0.2mol%; M,
1000 Torr, 0.2mol%; [0, 1000 Torr, 0.1 mol%; A,
1500 Torr, 0.1 mol%. The rate constant of HNCO
disappearance, kang, is also shown with a dotted line.

HNCO is decomposed into NH(33)") and CO. The
decomposition step is evidently bimolecular in type at
least under our experimental conditions. The low-
pressure limit behavior in the ordinary pressure regime
has also been reported for other four-atomic molecules
such as HN3,4) NH3,16) C2N2,17'18) H202,19) and 503,20)
diluted in inert gas.

The activation energy of kgng, E.=402 k] mol-}, is
noticeably greater than the heat of reaction AH °¢=337
kJ mol-! for the triplet path 1b but is clearly smaller
than the heat of reaction AH °y=488 k] mol! for the
singlet path la. Similar situations have been noted in
the thermal decompositions of HN3? and N20,2V
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where the observed activation energies are in between
the heats of reaction for the lowest triplet path and the
higher singlet path.

In order to estimate the threshold energy for reaction
1b, we have undertaken RRKM calculations of the low-
pressure limit rate constants:

JRRRN _ (ZZ/Q_V)exp(—ED/RT)S:N(5+Eo)exp(—s/RT)de.
3)

The various symbols appearing in Eq. 3 have their
usual meanings.2?

In calculating we adopted the Whitten-
Rabinovitch approximation?® to N(e+Eo). The col-
lision diameter between HNCO and Ar was assumed
to be 0.39nm. The six vibrational normal-mode
frequencies of HNCO were all taken from the lit-
erature:® 3535, 2274, 1327, 808.0, 672.5, and 563.5
cm™L

We first calculated the k¥*¥M a5 the functions of Eo
and T. Then we searched for a value of Eosuch that the
observed temperature dependence of k2. (Eq. 1) was
best reproduced. For the sake of simplicity, we neg-
lected possible minor temperature dependence of
the collisional efficiency A. The best fit was achieved
when we chose Ey=439 k] mol-1. Theresulting RRKM
rate constant was

M
kRRK ,

ERREM — 2101776 exp(—402k ] mol~!/RT)

cm? mol~!s~1, (4)

Comparison of Eq. 4 with Eq. 1 leads to the
collisional efficiency A=0.30. The A value thus
obtained does not seem to be unreasonable in view of
the fact that the decompositions of most four-atomic
molecules take on A of the order of 0.1.29 In addition,
the critical energy E¢=439 kJmol-! of our choice
suggests that the singlet and triplet potential energy
curves cross each other at 102 k] mol—! above the zero
point energy level of NH(331-)+CO. The situation is
very similar to the case of HN3.# The schematic
potential energy diagrams for both cases are compared
in Fig. 3.29

The critical energy Eo for reaction 1b is smaller than
the heats of reaction for paths la and lc by 49 and 35
k] mol-1, respectively. Because reaction 1b of our major
concern is found to be in the low-pressure limit region,
the contributions of 1a and 1c to the decomposition are
likely to be negligible under the experimental con-
ditions adopted in this work.2®

(B) Overall Decomposition Mechanism. On the
basis of the previously reported results on the
photolysis of HNCO?7:2® as well as the mechanism
proposed for the pyrolysis of HN3,% we here assume
the overall mechanism of the HNCO thermal decompo-
sition to be such as follows:
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Fig. 3. Schematic potential energy curves of HN3(a)

and HNCO(b).

AH® (k] mol=1)6

1

HNCO + Ar L NH(SI")+CO+Ar 337
NH(’3]-)+HNCO —> NH,+NCO 99
H+HNCO — NH,+CO —38
NH, + HNCO ! NH,+NCO 26
INH(ST) — N,+2H —272
ONH,(+Ar) —°, H,NNH,(+Ar) —277
H+NH, +Ar . NH,+Ar —448
9H+Ar L H,+Ar —432
NH(*S1)+ NH,(+Ar) —— HNNH,(+Ar)  —361
H-+HNNH, . oNH, —34
2NCO 2, N,+2CO —546

In order to examine the validity of this mechanism,
the simultaneous kinetic equations for the various
species involved were solved numerically (GEAR
method) on a computer. Specifically, we aimed at
comparing the calculated time-concentration profiles
of NH(3Y!") with the observed ones at varying
temperature. The rate constants used for computations
are summarized in Table 3. Most of these data were
either taken directly from the literature20-30 or
estimated judiciously by the procedures analogous to
those delineated previously for the case of HN3.9

The time-concentration profiles of NH(331™) were
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TABLE 3. RATE CONSTANTS USED FOR COMPUTER SIMULATION OF THE HNCQO DECOMPOSITION
Reaction Rate constant (cm83mol-1s-1) Reference
1b k15=1017-28 exp(—402k]J mol—/RT) This work.
2 ko=1011-5 exp(—106 k] mol~1/RT) a)
3 ks=101 a)
4 k4=1011-5 exp(—50kJ mol-1/RT) a)
5 k5=2.0X1013 b)
6 ke=1.5X1013 29)
7 k7=2.2X10%5 [Ar] 30)
8 ke=6.5X1017 T1 [Ar] 31)
9 ko=1.5X10138 a)
10 k1o=1011 a)
11 k11=1012 a)

a) Estimated, b) Adjusted.
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Fig. 4. Comparisons of the computed NH(3>'")
concentration profiles (——) with the observed (O):
(A)NHCO=0.20 mol%, T-=2281K, P3=532 Torr; (B)
HNCO=0.20mol%, T2=2108K, P2=1052 Torr. The
vertical lines indicate the range of uncertainty due to
the low S/N ratio.

found to be governed by the rates of the initial process
1b and the NH “recombination” reaction 5. The rate
constants for reactions 6—38, 10, and 11 had virtually no
effects on the calculated profiles. In practice, we
adopted kang (Eq. 1) rather than kis (Eq. 2) as the rate
constant for reaction 1b since there may well exist some
uncertainty in the absorption coefficient of NH(331-).
The rate constant of reaction 5 was most influential in
the determination of the position as well as the height
of the peak of the calculated profiles. We thus adjusted
the value of ks so as to best reproduce the observed
profiles of NH(33") at various temperatures studied.
The best fit was obtained when ks was taken to be
constantat 2X10! cm3 mol—1s~! within the temperature
range studied. This value agrees well with 2.5X1013
cm3 mol-1s~! adopted previously.?

Figure 4 shows examples of the calculated time
histories of the NH(33'-) concentration. Circlesshown
in Fig. 4 are the concentrations calculated from the
observed absorption profiles of NH(33™) by using
£=1.0X107 cm2mol-! as the absorption coefficient of
NH(3)-). Agreements between the calculated curves
and the observed are satisfactory. The results lend

strong support not only to the overall decomposition
mechanism assumed but also to the various assump-
tions invoked as well as the experimental techniques
adopted in the present work.

In conclusion, the primary process of the shock-wave
decomposition of HNCO in argon at the total pressure
range 550—1500 Torr is a bimolecular reaction, giving
rise exclusively to NH(3>'"). The activation energy
E,=402 k] mol~! for this “triplet” process is evidently
higher than its heat of reaction AH °¢=337 k] mol-1,
indicating that the singlet-triplet potential-energy
curve crossing occurs at a level above the dissociation
limit. The kinetic behavior is found to conform to the
RRKM theory in the low-pressure limit.

This work was supported in part by the Grant-in-Aid
for Scientific Research No. 59030074 from the Ministry
of Education.
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