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The species HNCS and NCS have been studied by photoionization mass spectroscopy. The adiabatic
_ionization potential (IP) of HNCS is =<9.92 eV; the shape of the ion yield curve near threshold
implies a large change in geometry, perhaps to linear HNCS™, Various appearance potentials (AP)
from HNCS are determined by a more objective procedure, from which AH{(HNCS)>29.6 kcal/
mol (and very likely 31.0+0.7 kcal/mol) is deduced. The adiabatic IP of NCS is 10.689+0.005
eV. This quantity, together with AP(NCS*/HNCS), yields D (H-NCS)=97.2+0.2 kcal/mol.
However, a measurement of the appearance potential of NCS* from (NCS), results in a still lower

value, Dy(H-NCS)=93.3*1.1 kcal/mol, and AH} (NCS) = 72.7 = 0.8 kcal/mol. Approximate

values are obtained for Ali}o(HNCS+) and for the proton affinity of NCS.

I. INTRODUCTION

Recently, a great deal of attention has been directed at
determining the structures and relative stabilities of the
CHNO isomers,1 but much less is known about the CHNS
isomers. In Fig. 1, we compare the structures and relative
stabilities of the CHNO isomers, calculated by several
groupsz"5 in the past two years, with calculations on the
CHNS isomers reported® in 1977. In both CHNO and CHNS,
the electronic ground state has the form HNCY (Y=O, S),
and is referred to as isocyanic (isothiocyanic) acid. These
species can be prepared readily, and have been subjected to
extensive spectroscopic study. The lowest excited isomers
(NCYH), involving the migration of H to the other end of the
NCY radical, are called cyanic (thiocyanic) acid and have
heretofore not been isolated in the gas phase. In the more
highly excited isomers, there is an apparent reversal between
the oxy and thioforms, with HCNO (fulminic acid) having a

lower energy than CNOH (isofulminic acid), whereas CNSH

has a lower calculated energy than HCNS. Of these excited
isomers, only HCNO has been prepared and studied spectro-
scopically in the gas phase. Figure 1 shows that correspond-
ing oxy and thio isomiers have similar structures. Also, the
excitation energies of the thio isomers appear to be substan-
tially smaller than those of the oxy isomers.

Experimental studies have established the structures of
HNCO, HCNO, and HNCS from microwave spectra, and the
vibrational frequencies of these species are also known. Re-
cently, there has been some uncertainty regarding the heats
of formation of HNCO and NCO and the corresponding
bond energy, which is nearing resolution.! For HNCS, this
issue is just now being joined. The experimental determina-
tion of AH;{HNCO) is based upon the measured photodis-~
sociative threshold’ for the formation of NH(a 'A) and CO.
By contrast, the currently listed® value for the heat of forma-
tion of HNCS has a rather different genesis: The value listed
by Lias et al.® [AH e (HNCS)=31 kcal/mol] is copied from
the earlier NBS compilation by Wagman eral’
AH 95 (HNCS)=30.5 kcal/mol, without a source reference.
The current NIST records'® reveal that it is based on a heat
of solution of ammonium thiocyanate determined" in 1882
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and an enthalpy of vaporization of cyanic acid solutions ob-
tained by Brandenburg'? in 1958 in an otherwise unpub-
lished Ph.D. thesis. Domalski'® believes that the listed value
may be accurate to 1.5 kcal/mol.

The closest analog to the photodissociation threshold
method [applied to measuring AH{HNCO)] for inferring
AHZ(HNCO) was a study by Lenzi et al.® These authors
observed fluorescence from CS(A T) upon irradiating
HNCS with vacuum ultraviolet light, according to the reac-
tions

HNCS+Av—NH(X 337)+CS(4 ), W
CS(A ') —CS(X '5%)+hv. , 2

Using line sources, they observed fluorescence at a Kr reso-
nance line (1165 A=10.64 eV), but did not observe it at H
Lyman-a, 1215.7 A=10.20 eV.!* At the time, Lenzi et al. did
not have available to them accurate values of AH(NH) and
AHCS). Hence, they used the NBS value for AHZ(HNCS)
to infer appropriate values for the product heats of formation
which, from currently available knowledge, were too high
for both NH and CS. With the best current information
[AH} (NH)=85.520.3 kcal/mol," AH} (CS)=658+0.6
kcal/mol,'® hv=38 797.6 cm™ 7 in Eq. (2)] and a photodis-
sociative threshold =10.20 eV, we can infer AHHNCS)
=27.3%0.7 kcal/mol. Here, we have intentionally not speci-
fied whether this evaluation refers to 298 or 0 K. Thus, if we
take the observations of Lenzi et al. at face value, there ap-
pears to be a discrepancy of ~3 kcal/mol between the infer-
ence from photodissociative thresholds and the tabulated
value for A H(HNCS).
Let us now consider an alternative dissociation,

HNCS—H-NCS. . (3)
Then,
AH}(HNCS)=AH}(H) + AH{NCS) - Do(H-NCS).
(4)

Bradforth ez al.'® have recently determined an accurate value
of the electron affinity of NCS (3.53720.005 ¢V and com-
bined it with a gas phase acidity for HNCS® to deduce
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FIG. 1. Companson of ab initio calculated structures and energies for the
CHNS isomers (from Ref. 6) and the CHNO isomers [from J. H. Teles, G.
Maier, B. A. Hess, Jr., L. J. Schaad, M. Winnewisser, and B. P. Winnewisser,
Chem. Ber. 122, 753 (1989)]. Slightly different structures and energies for
HNCS and HSCN are given in Ref, 28. For the meaning of the numbers in
parentheses, see Ref. 6 and Teles er al. 1 a.u.=627.5 kcal/mol.

D298(H—NCS) =966 kcal/mol (Our exanunatlon19 of this
gas phase acidity gives 95.4%5 kcal/mol.) An earlier deter-
mination of A H{NCS) had been made by D’ Amario ez al, 20
who measured the onset of A—X emission from NCS fol-
lowing the photodissociation of CH;NCS. and CH,;SCN.
They deduced AHNCS)=76.4%x1 kcal/mol from their re-
ported thresholds. However, several problems attend their
evaluation. The A—X excitation energy is now 3.245 eV,?!
whereas they used 3.26 eV. Their utilized. value for
AH f(CH3) was 33.2 kcal/mol, whereas the current values are
AH°0(CH3) =35.8+0.1 keal/mol and = AHp0s(CH;)
=35,0x0.1 kcal/mol. No effort was made to take into ac-
count the initial internal energy of CH;NCS or CH;SCN, and
indeed, it-is not clear whether the derived AH(NCS) refers
to 298 or 0 K. Also, the chosen thresholds for fluorescence
appeared to be well into the tail region. Tokue et al.? re-
peated these measurements more recently. They observed al-
most the same threshold for photodissociation of CH;NCS
(188.8%1.0 nm vs 188*1 nm), but a rather different thresh-
old for photodissociation of CH;SCN (193.2:1.0 nm vs
1981 nm). If we use more modern values for the A-X
excitation ‘energy and AH{(CH,) and treat these thresholds
with and without internal excitation energy, the resulting val-
ues of AH}O(NCS) range from 74.2 to 79.7 kcal/mol..

The approach we shall adopt here is to measure photo-
dissociative: ionization thresholds from HNCS. Many pro-

T cesses are poss1ble 1ncluding S*+HCN(HNC), HCS* +N,

arT+ e w v vwr et 3 owyry

SH+CN, NS*+CH, CS* +NH and the corresponding re-
actions in which the charge appears on the other partner,
which should occur at higher energy and are less likely. The
heats of formation of the products are rather well-known. If
we combine them with the tabulated value of AHKHNCS),
we can predict the anticipated onsets for these processes.
These values are listed in Table L. If we can establish more
accurate thresholds, we shall be in a position to deduce a
more accurate value for A H(HNCS).

Not listed in Table I is the anticipated appearance poten-

- tial'for NCS*+H. This value depends upon the ionization

of NCS qknnl- which nthino l° Irn own, and

niial

potential of h nothing known, and
AH¥NCS). If we can determine the appearance potent1a1 of
NCS*(HNCS) ‘and independently the ionization potential of
NCS, we can establish an upper limit to Do(H-NCS). In
order to test the accuracy of this upper limit, it is desirable to
examine at least one other molecule which will also disso-
ciatively ionize to form NCS*. An attractive candidate is
thiocyanogen, NCS—SCN. Its heat of formation is iridepen-
dently known, and one can surmise that a low-energy disso-
ciative ionization process will yield NCS*+NCS. Thus, if
the ionization potential of NCS can be established, . the
threshold for NCS™ from thiocyanogen yields an alternative
upper limit for AHNCS), and hence Do(H-NCS). Since
NCS appears twice as a product, the uncertainty in
AH f(NCS) from this latter measurement is roughly half the
combined uncertainty in the measured appearance potential
and AH{NCS-SCN).

A perusal of Table I indicates that problems may be en-
countered with the planned study of HNCS. Process 2, the
lowest energy dissociative ionization reaction, is usually the

‘most reliable. However, it is clear that rearrangement must

occur to form HCN, and not HNC, as the neutral partner.
This implies a “tlght” transition state for this reaction, which
could lead to a’ delayed onset. Process 3, forming HCS*, also
requires a rearrangement. In the analogous study of HNCO,
it was found that HCO™ | had a mach higher appearance po-
tential than anticipated, and was useless for thermochemical
purposes. Rearrangement is also. necessary for processes 4
and 7. Process 5 does not require rearrangement, but.is less
likely since there will be a _preference for the charge to ap-
pear on the partner, S atom. In addition, AH}(HNC ) is not
well-established. One must await process 6 before simple
bond cleavage appears.. This analysis does not include the
process . NCS++H (which is a simple cleavage) whose an-
t1c1pated appearance potential awaits our deterrmnatlon of
IP(NCS) vide infra.

Il EXPERIMENTAL ARRANGEMENT

The- basic apparatus consisting of a tunable VUV 11ght
source, an ionization region where molecular source and se-

lected radiation intersect, and a mass spectrometer to identify

the ions of interest has been described - previously.?®> ‘The
bandwidth of the 3 m VUV monochromator for these experi-
ments was 0.84 A (FWHM). Isothiocyanic acid was prepared
by adding dropwise a saturated solution of KSCN to a bulb
containing ~90%-95% solution of phosphoric acid on ‘a
vacuum line. Nitrogen was bubbled through the mixture,
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TABLE L. Ionization and anticipated appearance potentials from HNCS, based on available thermochemical

data® prior to the present research.

No. Process

Appearance energy (eV)?

Reference

. HNCS+hy—HNCS® +e 10.0520.1
h 9.94:+0.02
2. —8* +HCN 13.20+0.07

2. —S¥+HNC 13.84%0.11

3 —HCS*+N 14.05£0.11

4. ~SHY+ON | 15062007

‘5. —~HNC*+8 16.07£0.12

6. —CS* +NH 16.55+0.07

7. —NS*+CH 16.71=0.11

8. —NH*+CS _ 18.69+0.07

Ref. 25

Ref. 26

AHYS) from Ref. 41, IP(S) from Ref.
42; for AH{{HCN) see Ref. 43
AH}(HNC)=AH}(HCN)+ 14.8(*2)
kcal/mol from C-F. Pau and W. J. Hehre,
J. Chem. Phys. 86, 321 (1982)
AH}(HCS*)=242.6+2.0 kcal/mol

from B. Ruscic and J. Berkowitz,

J. Phys. Chem. 98, 2568 (1993)
AHSH) from Ref. 38, IP(SH) from
Ref. 39, AH; (CN) from Ref. 40
AH}(I-INC+) =(336 kcal/mol) from

Ref. 8

For AH} (NH), see Ref. 15, for

AH; - (CS), see Ref. 16, for IP (CS) see
Ref 17

AHH(NS)=70%2 kcal/mol inferred

from Dy(NS)=108.2%2 kcal/mol from
L. A. Curtiss, K. Raghavachari,

G. W. Trucks, and J. A. Pople, J. Chem.
Phys. 94, 7221 (1991)
IP(NS)=8.87+0.01 eV from

J. M. Dyke, A. Morris, and L. R. Trickle,
J. Chem. Soc. Faraday Trans. II 73, 147 (1977)
For AH}O(NH+), see Ref. 15; for

: AH}O(CS), see Ref. 16

AN

“We assume here AH (HNCS) 31.1 =

1.5 kcal/mol, based on AHflgs(HNCS)

30.5 * 1.5 kcal/mo].

given in Ref. 9. Other values are forrn Ref. 41, except where noted.
The error bars in the appearance energies reflect the uncertainties in the heats of formanon of the products, but

not that of HNCS.

which was kept at —16 °C and stirred. The entrained HNCS
gas, plus other volatile impurities were condensed in a liquid
nitrogen trap. After the reaction was completed, a dry-ice
trap was substituted for the liquid N, trap, and the conden-
sate was pumped upon for several hours, to remove more
volatile impurities. The product was introduced into the ap-
paratus at dry ice temperature, or in some cases at —16 °C.
The NCS transient species was prepared in situ by the redc-
tion of F atoms (generated in a microwave discharge through
F,) with HNCS. Thiocyanogen was prepared by passing Cl,
over dry AgSCN supp01ted on glass wool, as descnbed by
Frost et al.* .

Ill; EXPERIMENTAL RESULTS

A. Photoionization of HNCS
1. Overview . -

The mass spectrum of HNCS observed at 584 Z\ 21 2
eV is listed in Table II. These relative.intensities must be
considered qualitative, as no correction was applied for the
mass discrimination of. the quadrupole ‘mass spectrometer,
nor for discrimination due to fragment kinetic energies. In
addition, some impurities (mostly COS) were present, but
(except for HCN™) these are not expected to influence the
thresholds nor the photoion yield curves of the major frag-
ments from HNCS. The parent ion is clearly the most in-
tense, followed by the fragment. ions S*, NCS7,

HCN*/HNC™, and SH*. All other peaks originating from
HNCS have an abundance <1% of HNCS*. The abundance
of fragment ions generally follows the anticipated intensities
based on the calculated appearance. potentials given in Table
I, except for HCS™, which is weaker but presumably is con-
sequent upon a major rearrangement, and HCN™, which is
stronger and was subsequently identified as due to HCN im-
purity. h

An overview of the photoion y1eld curves of the major

TABLE IL. Photoionization mass spectrum® of HINCS at 584 A=213 eV.

mle - " Species Relative intensity
60 Mostly cos* (1mpur1ty) 210

59 i © HNCS* 7100.0

58 S NCS* 129 T
46 = - koo NS* : : 0.6
45+ - - - - HCS* . ] : . 08 .
44 ‘ _csto R N

33 ' SH* . 2.5

32 TtoosvT oo 373~
28 © = CO* (impurity) - 16
27 - - HCN*/HNC* - 55 .
26 . .CN* 0.2

15 S NH* ~0. 03

13 _ cH* ~0.01

*The **S contributions appesdring at m/e=61 and 34 (HNCS+ and SY) are
not shown. ‘ B 3
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FIG. 2. Overview of the photoion yield curves of the major species from
HNCS from the jonization potential to 640 A. The relative intensities are
significant, within the limitations of quadrupole mass and kinetic energy
discrimination.

species is displayed in Fig. 2. The relative intensities are
meaningful here, when the qualifying statements (vide su-
pra) are taken into account. As expected, the HNCS™ inten-
sity dominates throughout the region from the ionization po-
tential to 640 A (and presumably to 584 A). Pronounced
autoionizing structure can be seen in the parent ion, and is
discussed below. In addition, the threshold behavior of
HNCS®, S*, NCS*, SH*, and CS* (seen in Fig. 2) and the
still weaker NS™, will be analyzed.

2. HNCS?

The photoion yield curve of HNCS™ (HNCS) bears little
resemblance to that of HNCO™* (HNCO),! and also is difficult
to relate to the He I photoelectron spectrum.? Tt is best dis-
cussed in terms of (a) the threshold region and (b) the au-
tojonizing region.

a. Threshold region. Eland? initially presented the He I
photoelectron spectra of HNCO and HNCS, and related both
to the photoelectron spectrum of the isoelectronic CO,. In
the latter, the first photoelectron band is sharp, characterizing
photoelectron ejection from the nonbonding or slightly anti-
bonding HOMO, a m, orbital. This orbital is split in. the
nonlinear HNCO and HNCS into a’ (in-plane) and a” (out-
of-plane). In Eland’s model, the-a’ orbital becomes a lone
pair on the nitrogen atom, while the a” orbital retains its 7
character. Ionization from the latter orbital does not affect the
HNC bond angle, and hence a sharp photoelectron band is
expected, whereas ionization from a’ induces a progression
in the HNC bending mode in the cation. This pattern is ob-
served in the partially resolved first two bands in the photo-
electron spectrum of HNCO, and appears to be in HNCS.
Eland notes that ““the strong first ionization bands of CS; and
H,S overlap” the anticipated sharp band in HNCS, but he
concludes that ““it is nevertheless quite sharp,” with an ion-
ization .potential of 10.0520.1 eV.(while the second band
consists of a long progression of closely spaced peaks with a
vertical IP of 10.35%0.1 eV). Cradock et al.?® also obtained
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the He I photoelectron spectrum of HNCS, and report 9.94
+0.02 eV for the vertical first ionization potential, and 10.3
+0.1 eV for the second. They do not display a spectrum, and
nothing is said about overlapping impurity bands. In their
comprehensive paper covering many molecules, they have
chosen to annotate certain bands as nonbonding, i.e., sharp,
and others as consisting of progressions. It may be signifi-
cant that they have designated the first band in HNCO as
nonbonding, but not the first band in HNCS.

The photoion yield curve of HNCS*(HNCS) displays a
nearly linear increase with decreasing wavelength, from a
threshold value of ~1250 A to about 1140 A, with perhaps
some very weak autoionizing structure superposed. This is
indicative of a large change in geometrical structure between
HNCS and HNCS™. The structure of HNCS is fairly well-
established experimentally.?” It is planar, with a nearly linear
NCS skeleton (the NCS angle is 173.8°) and an HNC angle
of 131.7°. Ab initio calculations®?® have reproduced this
structure fairly well. The HNCS™ structure has heretofore
not been known. Curtiss® has now calculated this structure
to be linear. Such a change in geometry could explain our
observations. It apparently does not occur in the isovalent
molecules HNCO and HN;. Why should it occur for HNCS?
The explanation appears to involve the character of the high-
est occupied molecular orbital (HOMO). In HNCO, this or-
bital is localized around HNC. According to recent ab initio
calculations’,30 the ionization potential of HNC is ~11.9 eV.
At the oxygen/sulfur end of the molecule, we can compare
CO (IP=14.01 eV) and CO, (IP=13.78 eV) with CS (IP
=11.33 eV), COS (IP=11.17 eV), and CS, (IP=10.06 eV).
The IP of HNC is seen to be lower than for the oxygenated
species, but higher than for the sulfur-containing species.
Thus, the HOMO in HNCS can be expected to be localized
near the C—S region, or at least to have a significant contri-
bution from the sulfur atom. According to Curtiss’ calcula-
tion, electron ejection from this orbital results in an increase

in the C-8 distance of ~0.1 A, but a decrease in the C—N

distance. This stiffened C--N bond appears to favor a linear
H-N-C structure. For the HNC radical, both the neutral spe-
cies and the cation are linear.’® However, the neutral species
is rather floppy, having a bending frequency of 464 cm™3!
whereas the corresponding value for the cation is 618
cm 130 In addition, the CN distance decreases by 0.03 A
upon ionization, similar to the calculated behavior of HNCS.

Thus, the alteration in geometry for HNCS. upon ioniza-
tion apparently involves a change in HNC angle, N-C dis-
tance, and C=-S distance, which would correspond to the
gradually increasing photoion yield curve between ~1250—
1140 A. On this basis, the adiabatic ionization potential of
HNCS is 21250 A, or <9.92 eV. The curve appears to di-
minish further, in an exponential fashion, to ~1260 A; but
here it is difficult to distinguish between Boltzmann factors
and weak Franck—Condon factors.

b. The autoionizing region. A magnified view of the
autoionizing region of the photoion yield curve of
HNCS* (HNCS) appears in Fig. 3. The more prominent auto-
ionization peaks are listed in Table II. On energetic grounds,
we postulate that these peaks are to be assigned to Rydberg

J. Chem. Phys., Vol. 101, No. 9, 1 November 1994
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FIG. 3. The autoionizing region of the photoion yield curve of the parent ion from HNCS.

series converging to limits corresponding to Eland’s third
and fourth photoelectron bands.

We initially focus our attention on the intriguing alterna-
tion of intensity of the fine structure in the bands centered at
~1038 and ~980 A. The average spacing of this fine struc-
ture in both bands is about 0.105 eV. Eland notes vibrational
structure in the third photoelectron band, with a mean fre-
quency of 856 cm™'=0.106 eV. Cradock et al. give 0.105 eV
for this spacing. Hence, we shall attempt to relate these au-
toionizing bands to the limit given by the third photoelectron
band. Eland gives the adiabatic IP for this third band as 13.33
+0.03 eV. With his vibrational spacing, the. vertical IP be-
comes 13.54+0.03 eV. Cradock et al. report 13.31+0.02 eV
as the vertical IP.

Using the maximum of the band at 1035.0 A=11.979 eV
and Eland’s vertical IP, together with the Rydberg formula

R
B e

where E, is the term value, R the Rydberg constant, and n*
the effective quantum number, we obtain n*=2.952. The
next member of this series would then be expected at ~978.6
A. With the limit given by Cradock er al. the 1035 A feature
corresponds to n*=3.197, and the next member should ap-
pear at 988.9 A. It is difficult to determine precisely where
this next band in the photoion yield curve has its maximum,
since it is contiguous to a still larger band, but it appears to
be close to the value inferred from Eland’s IP. The 988.9 A
prediction appears to correspond to a region near the onset
rather than the maximum of this band. Returning to the limit
inferred from Eland, we can predict a still higher Rydberg
member (n*=4.952) to occur at ~955 A, This wavelength is
in the region of the maximum of the large contiguous band.
There appears to be some vibrational fine structure here, but
it is obviously overlapped by another feature.

Continuing to higher energy, we find a band centered at
~909.3 A=13.635 eV, with vibrational fine structure having
a mean spacing of 0.046 eV=370 cm™', another broad band
with barely visible fine structure centered at ~884.7

A=14.014 eV, and then a long vibrational progression be-
tween ~875—-830 A, with no obvious maximum, and an av-
erage spacing of 0.053 eV=430 cm™!. All of these features
have energies beyond the third photoelectron band, and
hence presumably converge to the fourth photoelectron band.
Eland notes that “part of a progression in 445 cm ™! can be
made out” in the fourth photoelectron bend. Eland assigns
this vibration to the N~H bending mode, but other candi-.
dates could be an NCS bend (~370 cm™ in NCS), and a
torsional mode (539 cm ™! in neutral HNCS). The vertical IP
of the fourth band is given by Cradock er al. as 15.12+0.02
eV. Eland’s paper lists 10.35£0.1 eV, which is obviously a
misprint; from his figure, we can extract ~15.24 eV for the
vertical IP. With these limits, we can test the bands centered
at ~909 and ~885 A, using the Rydberg formula. The values
of n* obtained are (Eland/Cradock)

909 A: 2.912/3.027,

885 A: 3.332/3.508.

Hence, these must be members of different Rydberg series.
The next member corresponding to the 909 A band would
occur at ~864 (Eland) or ~868 A (Cradock). Although the
vibrational progression persists throughout this region, there
is no obvious maximum. The succedent of the member at
885 A would occur at ~854 (Eland) or ~858 A (Cradock).
Ehere is a hint of a maximum in the broad region at ~852.6

The remaining features requiring discussion are the in-
tense, broad features centered at 1068.3 A=11.606 ¢V, and
~950 A=13.051 eV. The later may be the antecedent of the
885 A band, with an n* value of 2.507/2.579. The former
could conceivably be the antecedent of the 909 A band, with
an n* value of 1.935/1.968, or it could be an isolated mem-
ber of a series converging to the third photoelectron band,

with an n* of 2.652/2.825.
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TABLE III. Wavelengths of the more prominent autoionization peaks ap-
pearing in the photoion yield curve of HNCS*(HNCS). b=broad;

TABLE I (Continued.)

m=multiple peak; sh=shoulder; ?=uncertain. A (A) E (eV)
» (&) , E @) 9154 = 0.5 13.544 = 0.007 -
9134 £ 0.5 sh 13.574 * 0.007
1132.0 = 1.0 b,m 10.95; £ 0.01, 911.7 * 0.5 13.599 * 0.007
1122.5 = 1.0 b,m 11.045 = 0.01, 909.3 = 0.5 13.635 x 0.007
1115.0 £ 1.0 b,m 11.124 £ 0.0, 906.7 = 0.5 13.674 % 0.008
1110.6 = 0.5 11.164 = 0.005 905.5 + 0.5 13.692 *+ 0.008
1106.0 £ 1.0 bm. 11.21, *+ 0.01, 903.3.+ 0.5 sh,? 13.726 *+ 0.008
10980 * 1.0 bm 11.29, = 0.01, 902.6 = 0.5 13.736 = 0.008
10814 £ 0.5 sh 11.465 = 0.005 8998 + 0.5 13.779 + 0.008
sqq.@ ‘H 0.5 sh 11.506 *+ 0.005 8954 + 0.5 13.847 + 0.008
10744 = 0.5 sh,? 11.540 = 0.005 891.0 + 0.7 1391, * 0.01,
1077.2 = 0.5 sh 11.510 = 0.005 8877 + 0.5 13.967 = 0.008
1068.3 +.0.7 b,m 11.606 = 0.008 8847 = 0.5 14.014 * 0.008
1064.3 + 0.5 sh 11.649 = 0.005 Py 2% + (1.
1063.0 = 0.5 sh 11.664 = 0.005 mww.w w w.w.w m.www w w.mww
1061.0 + 0.5 11.686 * 0.006 8792 + 0.5 14.102 + 0.008
1059.6 = 0.5 11.701 £ 0.006 D ) e
10582 + 0.5 1717 + ooom, 877.3 = 0.5? 14.132 = 0.008
1056.5 = 0.5 sh 11735 £ 0.006 874703 1a.174 = 0.008
10555 = 0.5 11746 = 0.006 8716 £ 0.5 14225 * 0.008
1054.0 % 0.5 sh 11763 % 0.006 868.2 * 0.5 14.281 = 0.008
1052.6 %.0.5 11.779 % 0.006 864.4  0.57 14.343 + 0.008
1051.8 % 0.5 sh 11.788 * 0.006 8653 £ 0.5 14.328 + 0.008
1050.6 * 0.5 11.801 * 0.006 8619 * 0.5 14.385 £ 0.008
1046.7 * 0.5 11.845 = 0.006 '859.3 £ 05 . 14.429 + 0.008 -
1044.5 = 0.5 11.870 = 0.006 857.4 = 0.57 14.460 * 0.008
1039.0 * 0.5 sh 11:933 + 0.006 855.6 = 0.5 14.491 + 0.008
1038.4 * 0.5 ’ 11.940 * 0.006 8526 £ 0.5 14.542 = 0.009 )
1035.0 £ 0.5 11.979 % 0.006 8495 £ 05 14.595 £ 0.009
1034.2 + 0.5 sh 11.988 =+ 0.006 846.4 + 0.5 - -14.648 £ 0.009
10304 £ 0.5 12.033 * 0.006 8429 + 0.5 14.709 = 0.009
1027.6 = 0.5 sh,?~ 12.065 = 0.006 840.3 £ 0.5 .14.755 *= 0.009
1026.1 = 0.5- 12.083 % 0.006 v 837.1 = 0.5 14.811 = 0.009
1022.6 = 0.5 12.124 = 0.006 834.3 = 0.5 14.861 = 0.009
1019.6 = 0.5 sh,? 12.160 = 0.006 831.0 = 0.5 14.920 = 0.009
1018.0 + 0.5 12.179 = 0.006 829.9 £ 0.5? : 14.940 * 0.009
1014.2 + 0.5 12.225 * 0.006
1011.2 = 0.5 12.261 + 0.006
1009.8 = 0.5 sh 12.278 *= 0.006
+ 390 + .
10050 = 03 12357 = 0.008 3. Fragment ions from HNCS
10034 = o.mw 12.356 * 0.006 In the present context, the major interest in fragment
www.w . m.w.% W.MWW . w.wmm ions is in their appearance potentials, or fragmentation
9953 + 0.5 m 12.457 = 0.006 thresholds. Conventionally, analysis of the threshold regions
990.4 % 0.5 sh 12.519 + 0.006 of fragment photoion yield curves has assumed that they
988.9 £ 0.5 sh 12.538 = 0.006 have linear onsets at 0 K, i.e., I(E)=a(E—E,), where E, is
987.9 % 0.5 12.550 = 0.006 the appearance potential at 0 K. With this assumption, it can
984.7 + 0.5 sh 12.591 % 0.006 PP %) poter L pion, 1t caf
0833 + 0.7 12.609 * 0.009 be shown’” that the influence of initial thermal energy (i.e., if
980.0 = 0.5 12.651 % 0.006 the experiment is carried out at a temperature T) is to shift
9764 £ 05 . 12.698 '+ 0.006 the photoion yield curve to lower energy by the average in-
Mww.w w.ww wmwww T w.www ternal energy of the molecule, and to introduce exponential
0653 + 0.5 sh.? 12.844 0.007 tailing to still lower energy. Thus, an extrapolation of the
964.3 + 0.5 sh 12.857 + 0.007 linear portion of the experimental curve to the background
9623 = 05 - 12.884 * 0.007 level, shifted to higher energy by the average internal energy,

956.5 £ 0.5 sh,?
955.5 £ 0.5 sh,?

12,962 * 0.007
12.976 = 0.007

954.7 * 0.57 12.987 % 0.007
953.6 = 0.5 13.002 % 0.007
950.0 = 0.5 sh,? 13.051 % 0.007
9483 * 0.7 13.07, = 0.01,
9445 * 0.5 13.127 % 0.007
941.9 x 0.5 13.163 % 0.007
935.5 + 0.7 sh -13.25; % 0.01,
928.5 £ 0.5 sh 13.353 * 0.007
925.0 + 0.5 13.404 * 0.007
918.0 = 0.5 13.506 * 0.007

yields the O K threshold. Apart from the assumption that all
of the internal energy is available for dissociation, there are
two aspects of this procedure which may be questioned.

(i) How general is the assumption of a linear ascent for
the 0 K fragment yield curve?

(it) How much arbitrariness is there in selecting the lin-
ear, or quasilinear segment of such a curve?

- 'We have recently made an attempt to respond to the

latter two questions more objectively. We separate the prob-
lem into an assumed O K curve (called a kernel function) and
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a well-defined internal energy distribution function. The ker-
nel function is convoluted with the internal energy distribu-
tion function, and the result compared with experiment. Vari-
ous kernel functions can be tested, and an objective least-
squares criterion can be employed to select the best kernel
function, and hence the best estimate for the 0 K appearance
potential. In our prior utilization of the formalism,** the in-
ternal energy distribution function could be assumed to be
primarily due to three external rotations and a nearly free
internal rotation, and hence had the simple form

—Eo) e ~(E-EQ)IkT
P(E—Eg)= W (E=EQRT,
where E| is a particular value of the photon energy /Avg.
Here, we wish to develop a more general thermal distribution
function that includes vibrational, as well as rotational en-
ergy. )
Haarhoff** has provided the formalism for this proce-
dure. If we write

P(e)=p e E/HT,
then we show in the Appendix that for the case of HNCS,

A € 2 €/2715/2 1 -0.432 079
p=1+e[(1+5)(”2) J [1—(1+6)7

where A is a constant, and € is measured in units of the zero
point energy &, . This is a cumbersome expression to utilize
in subsequent convolutions. By numerical analysis, we have
fitted this expression between e=0-1.0 to the analytical form

p=const e.0.983 485 4363'896 2067¢

’

’

or

P(€) = const €0.98.3 485 43e- 15.427 1555,

using €,=11.449 218 kcal/mol for HNCS, and Boltzmann
temperature 7=298 K. The quality of the analytical fit can
be judged in several ways.

(1) The most probable energy from the analytical fit is
0.730 kcal/mol; from Haarhoff’s cumbersome expression, it
is 0.662 kcal/mol.

(2) The average energy from the analytical fit is 1.484
kcal/mol; from known frequencies of HNCS and the three
rotational modes, it is 1.303 kcal/mol. The form of the ana-
lytical expression is very nearly E e E kT, which is that of a
4-rotor, but with an artificial temperature 7=373.5 K.

(3) Both the Haarhoff function and the analytically fitted
expression were convoluted with a linear kernel function, the
former by numerical means. The resulting functions, shown
in Fig. 4, are almost indistinguishable.

In the following sections describing the various fragment
photoion yields, the fitted analytical expression is convoluted
with various kernel functions and compared with the experi-
mental curves to deduce the “best” appearance potentials.

a. 8% from HNCS. The lowest energy fragment antici-

pated from Table 1, and actually observed, is S*. The photo- -

ion yield curve for this fragment is shown in Fig. 5. One can
see a linear segment near threshold, but closer to threshold
there is a tail which is larger than expected for the exponen-

tial tail due to thermal broadening, as will become more
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FIG. 4. A comparison of (a) the exact Haarhoff function and (b) an analyti-
cally fitted function, both convoluted with a linear kernel function. The
abscissa is in units of zero point energy. :

apparent later. In addition, the yield increases rather sud-
denly at ~820 A=15.12 eV, which corresponds to the onset
of Eland’s fourth’photoelectron band.

Figure 6 displays the threshold region, and the best fit
obtained with a convoluted linear kernel function. One sees
that the data points li¢ above the fitted curve in the tail
(13.1-13.4 eV). However, the entire threshold region, in-
cluding the 0 K threshold intercept at 13.425 ¢V, lie consid-
erably below the anticipated onset (13.84 eV) for ST +HNC.
Consequently, this threshold region must be identified with
S*+HCN, which involves some rearrangement from the par-
ent ion structure.

According to Eland, the third photoelectron band has an
adiabatic onset at 13.33:£0.03 eV. There is a long “Franck—
Condon gap” between the end of the second photoelectron

PHOTOION YIELD

"780 - 8bo 850 . 900 850
WAVELENGTH (&)

AT
650 700

FIG. 5. The photoion yield curve of §* from HNCS. .
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FIG. 6. A magnified view of the threshold region of the photoion yield curve
of ST(HNCS). Also appearing in this figure is the best fit obtained with a
convoluted linear kernel function (see the text). Note that the data points lie
above the fitted curve in the tail region (13.1-13.4 eV).

band (~11.0 eV) and the onset of the third band. Thus, there
exist two reasons why the true thermochemical threshold
may not be attained.

(i) The rearrangement process may be very slow when
there is little excess energy. Isomerization of HNCS™ to
HCNS* may require only about 1.5 eV, ‘but there may be a
more substantial barrier to isomerization. .

(ii) The density of parent ion states in the relevant energy
region (below the onset of the third band) may be very low.
As a result, the 0 K threshold deduced from the above treat-
ment, which is equivalent to AH}O (HNCS)=25.9 kcal/mol,

must be clearly regarded as a lower limit for AH}0 (HNCS).

b. SH* and NCS* from HNCS - Figure 7(a) displays the
photoion yield curve of SH*(HNCS), and Fig. 7(b), that of
NCS*(HNCS). They are strikingly similar, and have onsets
near 820 A=15.12 eV, the aforementioned adiabatic [P of
Eland’s fourth band. The threshold domain is probed more
sensitively in Figs. 8(a) and 8(b), where convoluted linear
kernel functions are compared with the experimental data.
The data for SH™ [Fig. 8(a)] are fitted quite well by this
function; the 0 K threshold (15.131 eV) is equivalent to
AH}O (HNCS)=29.6 kcal/mol, when combined with auxil-

iary data. However, this threshold must also be regarded as
an upper limit [and hence the derived AH}0 (HNCS) as a

lower limit] because the formation of SHY involves rear-
rangement, it is not the first fragment, and it appears suspi-
ciously at the onset of the fourth photoelectron band. The
experimental data for Fig. 8(b) lie above the convoluted lin-
ear function in the tail region (14.85-15.05 eV), again im-
plying that the true thermochemical threshold for NCS™ lies
lower than the value given by the fitted function, which is
15.061 eV at 0 K. Here, fragment formation involves simple
bond cleavage, which is favorable, but the prominent ascent
of the NCS* curve close to the adiabatic IP of the fourth
band is still a basis for suspicion.

We note here that the HCS™(HNCS), which has a weak
and ill-defined threshold (not shown), also displays a pro-
nounced increase in intensity at ~820 A.
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FIG. 7. (a) The photoion yield curve of SH*(HNCS). (b) The photoion yield
curve of NCS™(HNCS).

c. CS* and NS* from HNCS. The photoion yield curves
of CS™ and NS, both weak fragments appearing at higher
energy, are shown in Figs. 9(a) and 9(b), respectively. The
conspicuous peak in Fig. 9(a) at ~752 A is almost certainly
attributable to a weak impurity of CO,, since that is the
strongest autoionizing peak in the spectrum® of COZ (CO,).
The corresponding comparisons with convoluted linear ker-
nel functions are displayed in Figs. 10(a) and 10(b). For
CS™, the 0 K threshold is 16.884 eV, which is equivalent to
AH} (HNCS)=23.3 keal/mol. For NS*, the data display

more scatter; the 0 K threshold is 16.879 eV, almost the same
as for CS*. This coincidence alerts one to the possible pres-
ence of a higher energy state of HNCS™, which could con-
ceivably account for both thresholds, but the corresponding
band is not apparent in Eland’s spectrum. The NS™ threshold
implies AH} (HNCS)=>27.3+2 keal/mol. Neither the CS*

nor the NS™ threshold is thermochemically significant, since
lower energy thresholds have already established that
AH}O(HNCS)>29.6 kcal/mol.

d. More extensive fitting procedures for S* and NCS™,
The preceding analysis has shown that the convoluted linear
kernel function fits the photoion yield curve of SH* (HNCS)
quite well, and establishes AH‘}O(HNCS) =.29 . 6kcal/mol.
The photoion yield curves of CS™ and NS* from HNCS are
too weak, and occur at too high an energy to provide useful
thermochemical threshold values. The photoion yield curves
of S* and NCS™* from HNCS increase sharply at about the

J. Chem. Phys., Vol. 101, No. 9, 1 November 1994
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FIG. 8. (a) A magnified view of the threshold region of SH*(HNCS). Note
that the convoluted linear kernel function fits the experimental data quite
well in this case. (b) A magnified view of the threshold region of
NCS*(HNCS). The experimental data points lie above the convoluted linear
kernel function in the tail region (14.85-15.05 eV).

onset of the fourth photoelectron band, but below that onset,
the data points in each curve lie above the corresponding
convoluted linear kernel functions. Our goal here is to at-
tempt a better fit to the data. The approach will be to utilize
two convoluted linear functions, one with a shallower slope
in the ““tail” region, the other similar in nature to the earlier
one. The rationale for this approach is as follows.

The probability of formation of a fragment ion at a given
internal energy is a product of the probability of formation of
the parent ion with that internal energy, and the unimolecular
decay rate. We assume that the unimolecular decay rate is a
relatively smooth function of the internal energy. However,
the energy deposition function may change rather abruptly
with photon energy. Consider the excited state of HNCS*
represented by the fourth photoelectron band. There should
be one or more Rydberg states of the neutral molecule con-
verging to that limit. The partial oscillator strength density
Af/AE of these Rydberg states should smoothly join the
differential oscillator strength df/dE, at the onset of forma-
tion of this excited ionic state. If these Rydberg states all
were to autoionize by releasing near zero kinetic energy elec-
trons, then the energy deposition function would also go
smoothly through the ionization threshold of the excited
state. If, on the other hand, other autoionization mechanisms
were to compete, in which lower states of the cation were

formed (and concomitantly, higher kinetic energy electrons),
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FIG. 9. (a) The photoion yield curve of CS*(HNCS). (b) The photojon yield
curve of NS*(HNCS).

then the energy deposition function would be smaller below
the ionization onset, and increase more rapidly thereafter.

The simplest implementation of this hypothesis is to use
two linear kernel functions, with four floating parameters:
two thresholds and two slopes. In Figs. 11(a) and 11(b), the
data points for S*(HNCS) and NCS*(HNCS) are fitted to
such bilinear convoluted functions. The quality of these fits
is much better; the least-squares criterion is improved by a
factor 3.2 for S*, and by 7.1 for NCS*, over the single linear
convoluted functions. It may be argued that we have intro-
duced two additional variables, and hence the fit should in-
evitably be improved. However, we have also attempted fits
with kernel functions which were power series, and the re-
sults were not as good as the bilinear functions.

Another possible criticism is that the tailing is due to
collision-induced dissociation, i.e., a bimolecular rather than
unimolecular process. Because of the peculiar vaporization
behavior of HNCS in its condensed phase, which appears to
have several forms, it was not possible to thoroughly test this
hypothesis by studying the shape of the photoion yield curve
as a function of pressure. However, we have noted that not
all fragments display this shallow onset (e.g., SH* does not),
whereas collisional dissociation is probably not as discrimi-
nate. .
The O K thresholds from the shallower slopes of the
bilinear convoluted functions are 13.205+0.014 eV for S*,
and 14.903+0.009 eV for NCS*. The S* threshold, com-

bined with auxiliary data, implies AH}O(HNCS) = 131.0
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FIG. 10. Magnified views of the threshold regions of (a) CS* from HNCS
and (b) NS* from HNCS. In each figure, the smooth line represents the best
fit to the data of a convoluted linear kernel function.

kcal/mol. The NCS™, threshold will be used (vide infra) to
deduce an upper limit to D,(H-NCS).

B. Photoionization of NCS

An overview of the photoion yield curve of
NCS*(NCS), obtained upon hydrogen abstraction” of HNCS
by atomic fluorine, appears in Fig. 12. The spectrum has
numerous strong autoionizing features, whose interpretation
we defer (vide infra). :

1. The threshold region of NCS*(NCS)

A magnified view of the threshold region is shown in
Fig. 13. There is a region of initial ascent, between ~1165-
1159 A, followed by a plateau between ~1159-1153 A. The
initial ascent region can itself be described as a shallow slope
(~1165-1161.5 A) followed by a steeper slope (~1165—
1161.5 A). We interpret the shallow slope as photoionization
from a low-lying excited state of NCS, and the steeper slope
as photoionization from NCS in its ground state.

Northrup and Sears®® have studied the electronic spec-
trum of NCS by laser-induced fluorescence. They established
that the ground state is X *I1;,, with the excited spin—orbit
component 21'11,2 lying 322.90 em™! to higher energy. Two
additional Renner—Teller split states are found at 364.44 and
375.1 cm™}, as well as still higher states which are not of
current interest. The energy difference (322.90 cm™") be-
tween X 2I1,, and II,, amounts to ~4.4 A in the region
around 1165 A. This is almost exactly the difference between

B. Ruscic and J. Berkowitz: Photoionization of HNCS, NCS, and (NCS),
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FIG. 11. The threshold regions of (a) S¥- from HNCS and (b) NCS* from
HNCS, now fitted with two convoluted linear kernel functions of different
slope and threshold. Note that thedata points now follow the fitted curves
quite well, as borne out by the least-squares criterion.

the half-rise of a first step (~1164.5 A) and the half-rise
point of the steeper slope (1159.9 A). The Boltzmann abun-
dance of a state excited by 322.90 cm™! at room temperature
is about 20%. This is approximately the ratio of the first step
height to that of the plateau region. These observations sup-
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FIG. 12. An overview of the photoion yield curve of NCS +(NCS). The NCS
is prepared in situ by the reaction of F atoms with HNCS.
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FIG. 13. A magnified view of the threshold region of NCS* from NCS. The
first onset of signal above background at ~1165 A, is attributed to ioniza:
tion from the Boltzmann populated 2I1,,, state, whereas the steeper ascent
ghalf rise at 1159.9 A) is identified with the adlabatlc IP, forming NCS+
.

port the conclusion that the adiabatic IP of NCS, X H3,2, is
1159.90.5 A=10.689+0.005 eV, and that the weak ioniza-
tion detected at lower energy is attributable to the thermally
populated NCS, °II,,. By analogy with NCO*, we tenta-
tively identify the ground state of NCS™ as 33"

2. Interpretation of the autoionizing features

The prominent autoionizing features of the NCS* (NCS)
spectrum are listed in Table IV. In the absence of a photo-
electron spectrum and with no clearly visible Rydberg pro-
gressions, the interpretation givén here must be regarded as
highly speculative.

(a) Rather sharp peaks can be noted at 10.90, 11.27, and
11.31 eV. The 10.90 and 11.27 eV peaks could be successive
members of a Rydberg series, with n*=3.74 and 4.74, re-
spectively, converging to an IP of 11.875 eV. The antecedent
would be at ~1232 A, which is below threshold, and the
successor would be at 1082 A, where no obvious peak exists.
If we take the combination of 10.90 and 11.31 eV, we deter-
mine an IP of 11.95; eV, with n*=3.59 and 4.59. The ante-
cedent would again occur below the first IP, at ~1248 A, and
the successor at 1076 A. The closest peak to either successor
is the sharp peak at ~1089 A. We tentatively suggest thaf
there may be a sharp peak in the photoelect_ron spectrum at
~119eV. "~

(b) 1t is tempting to relate the two most inténse features
at 12.06 and 12.67 eV, on the one hand, and the broader, less
intense features centered at ~11.59 and ~12.42 eV on the
other. The first couplet would suggest an IP of ~13. 48, eV,
with n* values of 3.08 and 4.08. The antecedent would occur
at A=1198 A (below threshold) and the successor at ~957
A, where a peak does exist. The broader couplet can be re-

lated to an IP of ~13.39, eV, with n*=2.75 and 3.75, re-

TABLE IV. Wavelengths of the prominent autofonization peaks appearing in
the photoion yield curve of NCST(NCS). b=broad; vb=very broad.

A (A) E (eV)
1150.2+0.5 10.77920.005
1141.3+0.5 10.863%0.005
1137.2+0.5 10.903%0.005
1100.1+0.5 11.270%0.005
1098.620.5 11.286:£0.005
1096.0+0.5 11.312+0.005
1088.9::0.7 11.386+0.007
1078.0%1.0 b 11.50, £0.01,
1069.5+1.0 b 11.59; 001,
1060.0=1.0 b 11.69; £0.01,
1028.5+1.0 vb 12.055 +0.01,

998.0::1.0 vb 12.42, £0.01,
978.5+1.0 b 12,67, £0.01,
968.0%1.0 b 12. 808 +0.01,
962.5+1.0 b 12.88, +0.01,
957.0x1.0 b 12.954, £0.01,

spectively. The succeeding member of such a series should
occur at ~970 A. The closest peak in- this region is at ~968
A. Our tentative suggestion is that one or two photoelectron
bands may be observable in the vicinity of 13.5 eV.

C. Photodfssociétive ionizafion of NCS?SCN

Our experimental observation of the reaction of Cl, with
AgSCN was similar to that described by Frost et al.?* If there
is any moisture or HCI present in the inlet system, HCNS is
observed. When thée system is dry, (NCS), grows in, but it is
difficult to maintain a steady state of evolution. As the abun-
dance of (NCS), declines, CISCN appears, and remains for
an extended period. Consequently, we were unable to find
conditions where only (NCS), was generated for an extended
period, and in a steady state. In order to derive the desired
spectrum of NCS™ from thiocyanogen, two types of experi-
ments were performed.

(1) A scan was taken in the early part of the run, betore
CISCN began_to appear. At this time, the intensity of
NCS*[(NCS),] was weak. To enhance this signal, the band-
width of the mass spectrometer was increased. With poorer
mass resolution, some HNCS™ (m/e=59) was incorporated
into the NCS* (m/e 58) signal. In the analysis of this data
set, the HNCS™ contribution was subtracted by making use
of - the . previously determined photoion yield curve of
HNCS™(HNCS), as given in Fig. 3. . :

{2) As the NCS signal from (NCS), increased; the mass
resolution could be improved, thereby rejecting HNCS?,
However, toward the end of this run, a small amount of
CISCN ‘began to appear. The. appearance potential of NCS*
from CISCN is lower than that of NCS* from (NCS),. This
was established by.examining NCS™(CISCN) at a still later
part of the run, when thiocyanogen had ceased to appear, and
only CISCN was being evolved. With this information, and a
measure of the growth curve of CISCN, it was possible to
subtract the contribution of CISCN to the NCS™ curve.

.Both data sets, with their respective corrections, gave
essentially the same shape of the photoion yield curve of
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FIG. 14. The photoion yield curve of NCS*(NCS—SCN). The smooth curve
is the best fit of a linear kernel function convoluted with a thermal broad-
ening function, described in the text and Appendix.

NCS* from (NCS),, and the same threshold. The result of
the experiment described in (2) above is shown in Fig. 14.
The smooth curve is the best fit of a linear kernel function
convoluted with a broadening function having the form a
e “*T with T=408 K. This broadening function is a nu-
merical fit to the more complex Haarhoff function (see the
Appendix). In this case, the result is essentially the same as
would be obtained by a linear extrapolation of the threshold
region of the curve in Fig. 14, shifted by the average internal
energy. With a linearly extrapolated threshold of 937.5+1.0
A=13.225+0.014 ¢V, and an internal energy correction of
0.141 eV, one arrives at a 0 K threshold of 13.366+0.014 eV.

V. INTERPRETATION OF RESULTS

A. Adiabatic ionization potentials

1. HNCS*(HNCS)

The linear onset of HNCS*(HNCS) leads to IP-
(HNCS)=9.92 eV. The gradual increase implies a significant
change in geometry between HNCS and the ground state of
HNCS™. ‘ :

2. NCS*(NCS)

After taking into account the contribution of the low-
lying ?IT,,, excited state of NCS on the photoion yield curve,
the adiabatic ionization potential of NCS, X M1, is found to
be 1159.9+0.5 A=10.689+0.005 eV. The onset is relatively
abrupt, implying that a major structural change does not oc-
cur. However, a short vibrational progression with a fre-
quency of ~630 cm™! could be inferred from step-like fea-
tures near threshold. Such a frequency is reasonably close to
1,=735.4 cm™ ! found by Northrup and Sears*® for NCS neu-
tral. According to Jacox,”’ this frequency can roughly be
characterized as a C-—S stretch, with the C—N stretch being
1942 cm~! and the bend, 387 cm™! (375.96 cm”! from
Northrup and Sears). Hence, this simple picture implies an
increase in the C—S distance in NCS™, compared to that in
NCS.
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B. Thermochemical inferences
1. AH(HNCS)

A rigorous lower limit to AH{HNCS) can be obtained
from a satisfactory fit of a convoluted linear kernel function
to the photoion yield curve of SH, i.e.,

HNCS+hr—SHT+CN+e, AHy<15.131 eV.

By utilizing AH; (SH) = 34.07 = 0.72 keal/mol,*®
IP(SH)=10.4212+0.0004 eV,” and AH} (CN) = 104.1
+ 0.5 keal/mol,"* we can deduce AH} (HNCS) = 29.6

+ 0.9 kcal/mol.

A somewhat less rigorous, but in our judgment a quite
likely upper limit results from the bilinear convoluted fit to
the S* photoion yield curve:

HNCS+hv—S*+HCN+e, AHy=13.205 eV.

Together with AH} (S) = 65.71 * 0.04 keal/mol,*! IP(S)
=10.360 eV,”? and AH} (HCN) = 30.9 = 0.6 kcal/mol®
this enables one to infer AH}O(HNCS) = 31.0 £ 0.7
kcal/mol, and AH}o3(HNCS) = 30.4 £ 0.7 kcal/mol.

2. AH;(NCS)

There are two independent sources of data for this quan-
tity.

(a) From the appearance potential of NCS™(HNCS) and
the measured IP(NCS). Thus,

HNCS+hv—NCS*+H+e, AH,<=14.903
+0.009 eV,
e+NCSt—NCS, AH,=-—10.689%+0.005 eV,

HNCS—NCS+H, AH;=4.214%+0.010 eV.

With AH}O(HNCS) = 31.0 * 0.7 kcal/mol, and
AH}O(H) = 51.633 kcal/mol, we infer AH}O(NCS)

== 76.5 kcal/mol.
~ (b) From the appearance potential of NCS*[(NCS),] and
AHZ[(NCS),], together with IP(NCS):

(NCS),+hv—NCS* +NCS+e, AHy=13.366
+£0.014 eV,
e+NCS*—NCS, AH,=-10.689%0.050 eV,

(NCS),—2NCS, AH,<2.677+0.015 eV.

The heat of formation of (NCS), is given as 82.3=1.8
kcal/mol by Vanderzee and Quist* and 83.7%1.5 kcal/mol
by Pedley and Rylance*® The latter incorporates some
changes in the heats of formation of the components entering
into the measurements performed earlier by Vanderzee and
Quist. These heats of formation refer to 298 K, but there is
almost no change in going to 0 K. The Vanderzee value
implies AH}O(NCS) =< 72.0 £ 1.0 kcal/mol, while the

Pedley value yields AH}O(NCS) = 72.7 * 0.8 kcal/mol.

Since the measurement described in (b) leads to an upper
limit to AH}(NCS) which is lower than the value obtained in
(a), it must take precedence. Thus, we conclude that
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AH (NCS)<72.7+0.8 keal/mol, AHq(NCS)<73.120.8

kcal/mol, and that the NCS™' appearance potential from
HNCS is retarded by about 4 kcal/mol.

3. AH; (NCS*)

From the value found in Sec. IVB 2, and IP(NCS)
=10.689+0.005 eV, we obtain AH}O(NCS+) = 319.2

* 0.9 kcal/mol.

4. D,(H~NCS) ,
Utilizing AH;; (HNCS)=31.007 - kcal/mol,
AHj (NCS)<72.7%0.8 keal/mol, and AH} (H)=51.633

kecal/mol, we deduce Dy(H-NCS)=<93.3+1.1 kcal/mol. This
is preferred over the direct measurements of NCS* from
HNCS which, together with the IP of NCS, vyields
Dy(H-NCS)=97.2+0.2 kcal/mol.

5. AH; (HNCS*), PA(NCS)

The inherent nature of impact methods leads to upper
and lower limits. When these are combined, the results can
sometimes not be clearly determined as upper or lower lim-
its, and hence can only be approximate. Thus

AH; (HNCS*)=(31.0%0.7 keal/mol)

+(=228.8 kcal/mol),

where the second item on the right-hand side is IP(HNCS).
Thus, ’

AH; (HNCS*)=259.8 kcal/mol

and
AH} (HNCS*)==259.2 kcal/mol.
298

With AH"ﬂgs(H*) = 365.7 kcal/mol and
AH}Z%(NCS) = 73.1 = 0.8 kcal/mol, the proton affinity
of NCS is ~179.6 kcal/mol.

V. DISCUSSION

The value of the adiabatic ionization potential of HNCS
obtained in the present study (=9.92 eV) is not very different
from earlier values inferred from He I photoelectron spec-
troscopy: 10.05%0.1,2* 9.94:0.02 eV.?> However, the earlier
results implied a more-or-less abrupt onset of ionization,
which is associated with a small geometrical change between
the neutral species and its cation, whereas the very gradual
onset currently observed is consistent with a change from a
bent neutral to a linear cation. The neutral HNCS is known to
be bent, the linear cation structure is the result of a concur-
rent ab initio calculation.”

The value of the H~NCS bond energy deduced in the
present study [Dy (H-NCS)=93.3%1.1 kcal/mol, D, (H-
NCS)=94.8%+1.1 kcal/mol, is in satisfactory agreement with
D 1gg(H-NCS)=96:6 kcal/mol inferred’® from a combina-
tion of gas phase acidity and the electron affinity of NCS,
and departs significantly from the value 111*1 kcal/mol
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listed by Lias et al.® Qur current value is about 17 kcal/mol
lower than Do (H—NCO)<110 1+0.3 kecal/mol recently re-
ported by us.!

The heat of formation of HNCS deduced currently
[AH}O(HNCS) > 29.6 kcal/mol, and very likely =31.0

*0.7 kcal/mol; AH 1,3(HNCS) > 29.0 kcal/mol, and very
likely =30.4%0.7 kcal/mol] is in surprisingly good agree-
ment with the value in the NBS compilation,’
AHg3(HNCS) = 30.5 * 1.5 kcal/mol, based upon a
heat of solution measured in 1882, and a heat of vaporization
appearing only in a Ph.D. thesis. It differs from the value
AH{HNCS) = 27.3 £ 0.7 kcal/mol which can be in-
ferred from the onset of CS fluorescence upon ultraviolet
photodissociation of HNCS. ]

The heat of formation of NCS obtained in this study
[AH}O(NCS)$72.7iO.8 kcal/mol; AH}ZI%(NCS)s73.IiO.8
kcal/mol] is below the range [AH} (NCS)=74.2-79.7 kcal/

mol] deduced by us from the photodissociation thresholds of
CH;3;NCS and CH,SCN obtained by D’Amario et al.*® and
Tokue et al.??

In summary, the present experiments have provided ther-
mochemical data which provide modern support of an old
value of AH(HNCS). However, both Dy(H-NCS) and
AH°(NCS) are found to be lower than prior literature values.

VI. CONCLUSIONS

(1) The adiabatic ionization potential of HNCS is found
to be <9.92 eV by photoionization mass spectrometry. The
shape of the photoion yield curve near threshold implies a
marked change in geometry upon ionization, presumably to a
linear HNCS™ ‘structure.

(2) The adiabatic ionization potential of NCS, X ’II,, is
measured to be 10.689x0.005 eV.

(3) The appearance potentials of two dlfferent fragments
lead to AH} J(HNCS) > 29.6 kcal/mol, and Very likely

=31.0+0.7 kcal/mol

(4) The derived value of Dy(H-NCS) is =93.3x1.1
kcal/mol.

(5) The heat of formation of NCS is found to be =72.7
+0.8 (0 K) and =73.1£0.8 kcal/mol (298 K), based upon
the appearance potential of NCS* from NCS—SCN. Conse-
quently, AH}O(NCSJ’) =< 319.2 = 0.9 kcal/mol.

(6) The following approximate values are inferred:
AH}O(HNCS+) = 259.8 kcal/mol; PA(NCS)=2179.6 kcal/

mol. ,

(7) A method for determining appearance potentials by a
more objective procedure is described, and impiemented.

(8) Autoionizing structure is observed in the photoion .
yield curves of HNCS™ (HNCS) and NCS*(NCS). An analy-
sis is offered for the former, based upon the He I photoelec-
tron spectrum. Since no photoelectron spectrum of NCS ex-
ists, the analysis attempted in this case is unavoidably more

speculative.
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We wish to find an expression for p in the internal en-
ergy distribution function

P(E)=p e~ E/T,

where p includes vibrations and rotations.
A general expression is given by Haarhoff,34 p. 106,

Zo(IL GO Y21, 10(€,,)
pvr(Evr)z ha 4 .

Here, Z, is a number, g is the number of rotations (generally
3 for polyatomics, although internal rotations can be accom-
modated), G, are moments of inertia [and therefore, for a
particular molecule, (G,G,G3)'? is just a number], 27 is
also a constant, and hence the entire energy dependence re-
sides in [g;. On p. 105, he gives an expression for Lyras
which we use for the case of HNCS, ¢/2=3/2 below:

_[( . )1/2( 6 )7( i ) N(hv)~ 12
Ipp= 3 75 1_k12(7.5) (1+ele,)

ne |2 1572
€

Bm

14—
2

€

1

X1 (1+ele,)?

2

where the expression for B, is given on p. 104:
s ,
616 + -/ 6X6

are used to

oo i)
Bm_(6+5—1 6+ = -(—)2'
=0.432 079. -

The frequencies given by Draper and Wemerf16
evaluate )

2
—5=1.6938.

) |

Also, 1/\ = I(v;/9). = (Pgeom! Varim)® = 0.1659 or

A=6.0272. If we express the energy € in units of ¢, , the zero

point energy, we finally arrive at

0.407 1544/V3 € 2\ «2]1572
Lp=—m7g L) t+-).

1 ﬁ
X[ 1“— (1—'%?}0'432 079.

For subsequent fitting to the experimental data, it is con-
venient to utilize a simpler function of the form '

P(E)=const E ¢ F/*T
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which has been fitted numerically to the more cumbersome
Haarhoftf function. The quality of this fit is demonstrated in
Fig. 4. Here, T has the artificial value of 373.5 K.

For the case of (NCS),, we utilize the frequencies given

by Jensen et al.*” With 12 vibrational frequencies, we obtain

const 6' 2 €/2713.5
13/2 (1+6) 1+ (1+ - V -

1
X{l—m 1.778 7555.

With 11 vibrational frequencies and one internal rotor (tor-
sion), the expression is

:  “const € '1 2\ €213
]4/2—_(T_;?)' 1+§ +~E—
1
X[l'—m 1.600 8467.

Both expressions can be numerically fitted with the simpler
function

P(E)=const E> ¢

with T having the artificial values of 426 and 408 K, respec-
tively.

—E/kT
b
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