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THE PHOTODISSOCIATION OF HNCS IN THE NEAR ULTRA-VIOLET
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SUMMARY

The flash photolysis of HNCS has been studied in the vapour phase at
wavelengths = 190 nm. The principal primary products include S(32P), HNC or
HCN, H, and NCS. NH and CS are not formed and S(3!'D) atoms are formed in
low yield only. Thus the principal primary processes in the near u. v. are:

» HNC (or HCN) + S(33P)

HNCS —|—h!v\l H - NCS

The photodissociation is compared with that of the isovalent molecules OCS and
HNCO where the production of S(31D), or dissociation at the N-C bond are major
primary processes and the reasons for the differences are discussed.

The reaction:

S(33P) -+~ HNCS — S2(X3Z—g) + HNC (or HCN)

is very efficient with a rate coefficient = 3 X 10— 11 cm? molecule ! sec™1.

INTRODUCTION

The spectroscopy and photochemistry of the isovalent series of molecules
CO3, N2O, HNCO, HN3, COS and CSg has attracted much interest!. Correct
assignment of their low-lying intravalency shell electronic transitions has been
difficult because most of their associated absorption spectra are heavily predisso-
ciated but recently Rabalais er @l.2 have combined theory and observation to pro-
duce a self-consistent pattern which assigns all the known absorption bands to
transitions involving = — zt* or o — * excitation. Detailed photochemical studies

* Present address: West Midlands Gas Board, Wharf Lane, Solihull, Warwicks. (Gt. Britain).
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have been directed towards determination of the electronic states of the primary
photoproducts and where possible, the energy distribution among them. Apart
from CS2 and possibly HNCO, the net spin appears to be conserved during the
primary photochemical process. Excitation into the 1A electronic state in NoQ1(d)
or CO21® Jeads to formation of O(21D) atoms with near unit quantum efficiency

and in COS the corresponding transition leads preferentially to the predissocia-
tion1), 1(1)

OCS + Av — COS (1A) > CO(X1ZH) 4 S(31D) (1)

Flash photolysis of HN3 and HNCO through quartz excites the molecules into the
TA” and YA’ components of the 1A state. The main primary process appears to be
dissociation at the HN-NN or HN-CO bond 1), 1(8);

HNNN 4 A2y — HN + N2 2)
HNCO + Avr — HN + CO 3

but the initial spin state of the NH radical is uncertain. The absorbed energy is
more than sufficient to excite the NH into the a 1A state but the singlet absorption
has been detected only in HN33. However, HN (alA) radicals are likely to be very
reactive with respect to H atom abstraction from the parent molecule and might
be very difficult to detect. The alternative primary process

HN3 + Av > H -+ Njs 4)
HNCO + Ay — H + NCO (5)

is unimportant in HN3 but may contribute in HNCO.

Flash photolysis of COS in the vacuum u.v. produces S(31S) atoms!®, at
wavelengths ~ 150 nm, probably via predissociation of the 1X+ electronic state but
predissociation via the same electronic state in CSs produces S(33P) atoms ex-
clusively 1@ despite the absorbed energy being sufficient to form S(31D) atoms and
so conserve spin. Photodissociation within the singlet manifold must be too slow
to compete against intersystem crossing into a triplet continuum:

SCS + hv — SCS (1Z,+—1B») 3¢, CS(X1Z+) + S(3°P) (6)

The flash photolysis of HNCS has not been reported although the molecule
has two diffuse absorption bands accessible in the quartz u.v. (Amax at 240 nm and
197 nm), which have been assigned to the electronic transitions!A” (1) « X1A’
(mainly 7 — 7¥*ycg) and 1A (1A) « XA’ (mainly 75 — 0*c—g). By analogy
with COS, predissociation at the C—S bond might have been expected to lead
principally to HNC (or HCN) and S(31D). In fact the S atoms are produced almost
entirely in the triplet ground state. This, and alternative primary processes in
HNCS and related molecules is discussed in the present paper and a “‘rationale”
for the observed behaviour is developed.
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EXPERIMENTAL

The flash photolysis apparatus was of a similar design to that described
earliert. Spectra were photographed on a quartz, Littrow spectrograph (Hilger,
E742) using Ilford HP3 or Q2 plates.

HNCS was prepared under vacuum by dropping phosphoric acid on to
solid KCNS and the gas was used directly. Preflushing of the reaction vessel and
connecting tubing with the first gas samples prevented contamination by SOs. The
purity of the vapour was established by u.v. and i.r. absorption spectroscopy. He
and Ar (Matheson) and N3z, Hz and Og (British Oxygen) were dried by passage
through refrigerated traps.

RESULTS AND DISCUSSION

Flash photolysis of HNCS under isothermal conditions in a large excess of
Ar or Ng at wavelengths =2 190 nm produced the following transient species
detectable in absorption during or immediately after the flash, Sa(X3X), Ss,
NCS; SH and S; (21A) were present in very low concentrations only, In samples
of HNCS contaminated with SOz transient spectra associated with CS, NS and SO
could also be photographed. No features attributable to NH were detected under
any conditions.

Primary processes that are energetically feasible at wavelengths ~ 190 nm
(= 150 kcal mole—1) include:

s H - NCS AH, 113 kcal mole—1* (7
~» HN(X?Z) I CS AH, 119 kcal mole—1 (8)
. HNC + S(33P)  AH, 86 kcal mole~11  (9)

HNC - S(3'D)  AH, 113 kecal mole—11  (10)
N HCN - S(33P) AH, 69 kcal mole-1  (11)
s HCN + S(31D) AH, 96 kcal mole—1 (12)

HNCS 4 h»

Process (8) can be excluded immediately since CS and NH were not produced from
pure samples of HNCS. The detection of S2 and Sz indicates the primary produc-
tion of S atoms and this was confirmed by flashing HNCS in an atmosphere of O».
The production of Sz and SH was completely suppressed, SO and SO2 being pro-
duced in their place (see Fig. 1): however, production of NCS was not significantly
reduced (see Fig. 2). It follows that the secondary reaction:

S -+ HNCS — S2 + HNC (or HCN}) (13)

is important but the alternative

* Assuming D 1 —NcS) = Dl -NCO)-
+ Assuming AH/{HNC) - AH;(HCN) = AH{(CHsNC) - AH;{CH3CN) = 17 kcal mole-1.
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Fig. 1. Flash photolysis of an HNCS/O2 mixture. 1, 2 and 3: before, during (32 gsec delay) and
after flash. PpyNnes = 0.25 Torr; Po, = 300 Torr; flash energy = 2 kJ.

3611nm 382.0nm
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Fig. 2. Flash photolysis of HNCS/O= mixture: delay 32 pzsec. Puncs = 14 Torr; Po. = 600 Torr;
flash energy =— 2 kJ.

S + HNCS — SH + NCS (14)

which is endothermic by 30 kcal mole—! for S(33P) atoms, is not. Almost all the
NCS observed must have been produced in the primary step (7).

Since most of the S was detected in the triplet ground state it appeared likely
that S(33P) atoms were involved in reaction (13), though the diluent gases, Ar or
N2, might either deactivate some of the S atoms initially produced in the 31D state,
before their collision with undissociated HNCS and/or promote collisional re-
laxation of Sz (alAg) molecules. However, substitution of He which is a most
inefficient quenchers for S(31D) produced no observable change in the spectral
intensities or the rates of appearance of either triplet S2 or SH (see Fig. 3). That S
atoms were in fact, produced very largely in the 33P ground state was confirmed
by flashing HNCS in an atmosphere of Hg, with which S(31D) atoms react very
efficiently5: reaction with S(33P) is endothermic by 22 kcal mole—1, If singlet S
atoms were important primary products the presence of a large excess of Hz should
suppress the transient absorption of Ss at short delay times and enhance that of
SH. In practice that of SH was only slightly enhanced and there was no discernible
reduction in the intensity of the triplet S» band system (see Fig. 4). The primary
process(es) (10) or {(12) can only make a minor contribution, with almost all of the
S atoms being produced in the spin forbidden steps (9) and/or (11). (HNC is
expected to have a singlet ground state.)
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Fig. 3. Flash photolysis of HNCS in He and Ar: delay 32 usec. (a} Puncs = 2 Torr; Pge = 50
Torr. (b) Par = 50 Torr; flash energy = 0.9 kJ. . .
S,y(BeX)
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Fig. 4. Flash photolysis of HNCS in Ar and Hz: delay 32 psec. (a) Py: = 360 Torr; (b) Par =
330 Torr; flash energy = 2 kJ.

There was no measurable delay in the appearance of the absorption bands
of Ss, even when the partial pressure of HNCS was reduced to 0.25 Torr. This
implies a rate coefficient for reaction (13) > 3 x 10711 cm?3 molecule—1 sec ! at
~ 300K ; c¢f. the reactions:

S(33P) + COS — Sg + CO (15)
k = 1.7 x 10—15 cm3 molecule—1! sec—!

O(23P) + CS2 — SO + CS (16)
k =4 x 10-12 cm3 molecule—1 sec—1

Since the reaction is exothermic releasing 32 kcal mole—1 if HCN is formed directly
or 15 kcal mole—1 if HNC is the initial product, a mechanism involving ‘“‘attractive
release’ should produce some vibrationally excited Ss. In fact no vibrationally
“hot” bands could be detected in absorption even at the peak of the photolysis
flash and unless vibrational relaxation of S is particularly efficient in this system
an ‘““attractive release’” pathway can be excluded. The same conclusion was reached
in the related reaction?:

O(23P) + CSz — SO - CS (16)

Comparison of photodissociation in HNCS and related molecules

Table 1, which compares dissociation energies in HNCS and HNCO indi-
cates why predissociation at the C—N bond is favoured in HNCO but is absent in
HNCS. The dissociation path of lowest energy, which correlates with the primary
products HCN -+ S(33P), requires that H atom migration accompanies the C-S
bond cleavage. It is conceivable that this might occur since the NCS group would

J. Photochem., 1 (1972[73)
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TABLE 1
DISSOCIATION ENERGIES (kcal mole—1) iIN HNCO anp HNCS
H-NCO 113 HN(G3X) + CO 78 HNC—O 131
HN(A) + CO 115
H-INCS 113(est) HNGZE) + CS 119 HNC + S(3P) 86
HN(A) + CS 156 HNC + S(1D) 113
HCN + S(3P) 69
HCN -+ S(*D) 96

bend at the C atom on electronic excitation*; if the excited molecule adopted a
trans configuration H atom transfer might well be facilitated and attempts are
being made to photograph any absorption bands in the vacuum u. v. which might be
ascribed to HNC. SCF molecular orbital calculations place the lowest allowed
electronic transitions at wavelengths ~ 140 nm.

When an HNCS/Ar mixture was flashed through a filter solution (CH2Cls
in ethanol), which absorbed all wavelengths < 225 nm the absorption bands of
S2(X3%~,) became much weaker and those of Sz(alAg) disappeared completely
(see Fig. 5). In contrast the transient absorption of NCS was only slightly reduced.
Since the filter prevents excitation into the 1A’ (1A) state of HNCS the results
suggest that: (i) H-INCS bond cleavage is more favoured from the 1A’ (1X-) state;
(ii) HNC-S cleavage can occur from either the 1A’ (1X-) or YA’ (1A) states; and
(iii) the small proportion of S(31D) atoms arise from excitation into the 1A (1A)
state, which is the more energetic of the two.

276.9nm 2881nm

b ! | l T
(15.0) (13.0) (110) (90) (70)

S (B<X)
>
Fig. 5. Flash photolysis of HNCS in Ar: delay 32 usec. Puncs == 1 Torr; Par = 420 Torr; flash
energy — 2 kJ. (a) Nofilter, A = 190 nm; (b) filter, A > 225 nm.

Table 2 compares the excess absorbed photon energies with the observed
spin states of S atoms produced by photodissociation of N2O, COg, HNCS, COS
and CSz from a variety of electronic states. In general there is no correlation be-
tween the probability of spin conservation and the available excess energy. Thus
the existence of a high density of vibronic states within the singlet manifold does

* Transient absorption from NCS radicals carrying one quantum of the bending vibration could
be detected during the photolysis flash.
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TABLE 2
SPIN CONSERVATION AND ITS BREAKDOWN IN THE PHOTODISSOCIATION OoF HNCS, COS AnD CS,

Aans, (nm) Excess energy Spin state of O or S atom
(kcal mole—1)

N20(1A) 190 70 exclusively singlet
CO2(tAg) 147 21 exclusively singlet
OCS(1A) 220 30 principally singlet
[S(3'D)~0.74at 228.8-253.7nm]
HNCS(CA"1A-) 197 32 principally triplet
HNCS(IA//13-) 240 6 exclusively triplet
CS2012) 190 21 exclusively triplet
CS2(*Ag) 290 endothermic

not necessarily preclude efficient intersystem crossing. If this is encouraged by the
presence of an S atom then the behaviour of COS would seem to be anomalous.
Perhaps the greater ease of intersystem crossing in HNCS and CSs is associated
with their increased molecular dimensions compared with COS, which should
reduce the singlet—triplet energy gap?2.
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