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We have used negative ion photoelectron spectroscopy to measure the electron affinities of the cyanonitrene
and the cyanoamino radical: EAGE NCN) = 2.484+ 0.006 eV, EA(X?A" HNCN) = 2.622+ 0.005

eV, and EA(X2A" DNCN) = 2. 622i 0.005 eV. Our experimental findings are accurately reproduced by
complete basis set (CB&p initio electronic structure calculations: EA(X NCN) = 2.514+ 0.03 eV and
EA(X 2A" HNCN) = 2.60 + 0.03 eV. Our qualitative picture of these species Q=N X 3Zg
[N=C=N]~ X 2IT,, HNC=N X 2A", and [HNG=N]~ X A’. We make use of the electron affinities of NCN
and HNCN, together with the gas phase acidity of cyanamigdgdH,og(H—NHCN) = 350 + 3 kcal mol?,

to find the bond enthalpies of NCN. We find DHeg(H—NHCN) = 96.9 + 3.0 kcal mot* and AHags
(HNCN) = 77 + 4 kcal mol %, which closely agree with the calculated values: ;RfH—NHCN) = 95.5+

0.7 kcal mot? and AfHaegH—NCN) = 76.7+ 0.7 kcal mot?t. We therefore use the CB® initio electronic
structure calculations to estimafgidHzos H—NCN) = 339 kcal mot?. Use of the experimental electron
affinity, EA(NCN), leads to the NH bond enthalpy of the cyanoamino radical,sgffH—NCN) = 83 + 2

kcal mol! and AsH,0g(NCN) = 108 & 4 kcal mol™.

I. Introduction state is expected to be the ground stétézg, and one can

The NCN and HNCN radicals are interesting derivatives of write this as a resonating formula:

the amidogen (NH) and amino (N)tadicals because the cyano

group is likely to stabilize the unpaired electrons. Both of these (9 g 9 A
A . . . . . . (?c o) @ -— (o —( 59
species are also possible reactive intermediates in the chemistry ,Q 0 ol
of “active nitrogen”. Cyanonitrene, NCN, was first implicated ~ - . =
as an important intermediate in combustion chemistry in 1960, N=C=N X'z, ®
when a complicated emission at 329 nm was observed from
hydrocarbon flames. The lowest singlet state will bg &\g; the 1A component

An important experimental means to study the neutral radicals might be represented as
(M) is to photodetach mass-selected beams of the corresponding

negative ions (M). We have used negative ion photoelectron 7 s 5
spectroscopy to study both the NCMind HNCN- ions. Gx (J@ — (¢ 3
{ . {
NCN™ + Awggyym— NCN + € (1a) N=C=N 7 ', ©
HNCN™ + Awgg = HNCN + e (1b) The negative ion, NCN, is isoelectronic with NCO and is

anticipated to be &Il state:
Our photoelectron spectra provide the molecular electron

affinities EA(NCN) and EA(HNCN). Use of the EAs along

with the gas phase acidities of the corresponding cyanamides “\ %bg@ -— @% Q) == etc.
enables us to determine the thermochemistry of the NCN and

HNCN radicals. Our findings are accurately predictedaty N=C=N X,

initio electronic structure calculations; our CBS (complete basis
set) calculatiors* completely describe the geometries and

energetics of the [NCN HNCNT ions and [NCN, HNCN] change upon detachment of the NCidn. The electron affinity

radicals. of NH is very well knowi§” from spectroscopic studies of the
We can anticipate the structures and states of both spemesNH ion, X 2I1, and it is found that EA(NH) is 0.37& 0.004

by use of the following diagrants. Cyanonltrene is a diradical eV. We expect the CN group to stabilize the anion by about 1

and will have three low-lying states, %5, & A, and b* eV while resonance effects will stabilize the ion even further.

%, as well as a pair ofI states, A1, and ClHu The triplet Consequently we anticipate a nearly vertical photodetachment

spectrum for NCN as in NH, with an EA(NCN) of roughly 2

Formulae 4 and 2 suggest that there will be little geometry
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§Wes|eya'rYUn:V);rsity. The amino radical, Nb has a 2(281 ground state and a low-
® Abstract published irAdvance ACS Abstractépril 15, 1997. lying® excited state, A2A;; To(A NHp) = 1.271 eV. We
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anticipate that the HNCN radical will have a %" ground TABLE 1: Molecular Constants for NCN

state and an &A' excited state. state Bo/cm? A To/cmt ref
> X 32’ 0.396 8 1.232 - 10
o v X 32 0.397252 2  1.230 944+ - 11

5 e 0.000 008 7 0.000 014

Q A 11, 0.396 2 1.233 30383.74 10
H Asr, - - 30 384 17
—(— A STI - - 30395+ 9 16
N—C= N=C=N >
N2, Vi &N A3,z 03966452  1.231866- 30 383.967 06 11
H H ® 0.000 008 7 0.000 014 0.000 49

One would write the HNCN ion as a closed shell species, state ff,’?mi vg,inmq’l i;{%ﬁt' ref

X IA":
X 3%, (matrix) - 423+3 1475+ 3 18
Q X 32 (matrix) 1197 - - 19
.0 3 X 32 - =395 1466.5 20
/ ) x3z* — - 1466.507 530 44
H ~ 0.000 091
A3l 1154 - - 14
" N—C=N _ ¢l 1160 - - 14
4 X A I3 1100 - - 14
H G)
Ab Initio Electronic Structure Calculations for NCN3XJ;

The photoelectron spectrum of the amide ion has been calculation energylau [0 rew/A Boem?t ref
stud_|e<9 and it was found that EA(Np) = 0.771+ 0.006 eV.  jrep7p —146.694 95 — 1196 — o1
Again we anticipate the cyano group to stabilize the negative rRHF/(9s,5p,1d/4s,2p,1d)-146.679 87 — 1.197 — 22
ion and estimate EA(HNCN)x 2 eV. A nearly vertical UHF-QCISD/6-31G* - 1.245 - 23
photodetachment spectrum is expected as well since detachmen€CSD(T)/TZ2P —147.250 48 2 052 1.233 0.396 45

S R . -
of th? X A" HNCN" ion in (6) involves ejection of a non- Harmonic Vibrational Frequencies (Unscaled) and IR Intensities:
bonding electron. wlcm™t [A/km mol]

The NCN and HNCN radicals have been studied previously.
The gas phase optical spectrum of the NCN radical has been
obtained following the photolysis of diazomethdfieA rota-
tional analysis of the bands indicated a triplet/triplet absorption
at 30 383.74 cmt which was assigned as NCN @I, — X 3
24). From the rotational constanB,” = 0.3968 cntl, the
C—N bond length was reported to Ibg(X 32 NCN) = 1.232
A. Very recently! laser-induced fluorescence (LIF) spectra
have yielded a set of refined rotational constants and show the
excited IT state to be inverted, AI1, 3, From the optical
spectrum, the NCN bending frequency was estimated ta'be
=370+ 50 cntl. Subsequently NCN Xz, was detected by
EPR spectroscopyin a matrix at 4 K. Smglet states of NCN

have been observ&d“by flash photolysis as wellfo (11, < ; .

= : . spectrum of jet-cooled HNCN was reportetbliowing 193 nm
a _lA_g N_CN) = 30046 Cfﬁll' +Some hints of UV transitions irradiation of a mixture of NJ, NCCN, and N. The HNCN
originating from NCN b, have also been repor}éﬁi. radical was likely formed by the reaction GNNH, — HNCN
Dynamical studies of the quenching of NCN &I, — X + H. The LIF spectrum was analyzed to yidlglA 2A’ HNCN)

species w1/NCN sym. st w/NCN bend ws/NCN asym st ref

NCN 1247 437 1411 23
NCN 1234 [0] 357 [29] 1328 [294] 45

electronic structure calculatioR52? A quadratic Cl calculation
[UHF-QCISD/6-31G*] has yielded harmonic frequencies for
NCN X 32; All of these results are summarized in Table 1.
The cyanoamino radical has also been studied previously.
The absorption spectrum of the HNCN radical at 344.0 nm was
detected in 1963 following flash photolysis of diazometh#he.
Rotational analysis revealed the transition to be HNCRAA
— HNCN X 2A". Both the upper and lower electronic states
were found to be planar molecules. More recently the LIF

%) have been reportétland the lifetime of NCN A°II, was = 28 993.7664+ 0.018 cnt! and the lifetime of HNCN AA’
measured to be 1&% 6 ns. To the best of our knowledge, N0 \as found to be 26+ 5 ns. Table 2 collects the molecular
singlet/triplet splittings have been measured. constants of the HNCN radical. A carefab initio electronic

The infrared absorption spectrum of NCN was meastred  strycture calculation has been reported for the HNCN radfcal.
in a N, matrix at 14-20 K following irradiation of cyanogen  This MP2 calculation in a 6-311G(2d,2p) basis gave the

azide. Analysis of the IR spectrum yielded vaifefor the  (otational constants and harmonic vibrations for HNCN and the

stretchyyz = 14754 3 cnT'%; the IR inactive symmetric stretch

was estimated to be; = 808 cntl. These matrix studies |l. Experimental Procedures

suggest that irradiation of NCN at wavelengths below 2800 A Qur photoelectron spectra were taken on a spectrometer that
leads to dissociation to produce molecular nitrogen: NCN (X has been described elsewh&&8 We have used oxide ion
3,) + (ho = 4.4 eV)— C (°P) + N2 (12+). In subsequent  chemistry® to generate the NCNfrom cyanamide; NECN
studlesl9 matrix spectroscopy revealed a weak band at 2672 was acquired from Aldrich Chemical and used without further
cm~t which was interpreted as a combinatian @ v3); this purification. The chemistry used to produce our target ions
provided a refined value fory(NCN) = 1197 cntl. Very is

recent gas phase FTIR absorption studies in a White cell

following pyrolysis of NCN with a CQ; laser have provided O™ + NH,CN— OH, + NCN~  (n/z40) (7a)
value€ for the two IR allowed bands for NCN B vy =
395 cnt! andvs = 1466.5 cntl. Besides these experlmental OH™ + NH,CN— OH, + HNCN™  (m/z41) (7b)

studies, the NCN molecule has been studied dty initio
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TABLE 2: Molecular Constants for HNCN

H
0 cnn .
r C
N N _c—N N
9NCN
X 2A"
Ad/GHz Bo/GHz Co/GHz ref
634.900+ 3.100 11.087 813 & 10.881 713 5+ 46
0.000 009 8 0.0000101
638.5+ 0.7 11.1+ 0.7 10.9+ 0.7 25
636.2 11.1 10.9 24
rnen = 2.470+ 0.002 A;ryy = 1.034+ 0.020 A; 24
HCNH =116+ 2.7
vaN—C—N sym st/&d= 1140 cnt? 25
vs/N—C—N out-of-plane bend/a= 440 cn1? 25
Az
vo/cmt Ad/GHz Bo/GHz Co/GHz ref
28 993.766+ 0.018 668.5-0.3 11.3+£0.7 11.1+0.7 25
28 994.13 672.7 11.3 11.1 24
rnen = 2.443+ 0.002 A;ryy = 1.035+ 0.022 A; 24

9CNH =120.6 £ 2.5°

Ab Initio Electronic Structure Calculations for24"

harmonic vibrational
frequencies (unscaled)
and IR intensities

MP2/6-311G(2d,2p) wlecm™  Alkm mol?
rnd/A =1.166 w1(a)/IN—H st 3552 43
ren/A =1.291 w2(a)/INCN a st 1937 73
/A =1.017 w3(@)/NCN s st 1179 118
Onen=175.0 w4(a)/HNC bend 981 12
Ocne= 110.8 a)s(a')/NCN bend 526 22

we(a")/NCN bend 535 13
AJGHz=628.0
BJ/GHz=11.2
CJ/GHz=11.1
energy/au=
—147.779 82

aMP2 calculations from ref 26.

The two ions atm/z 40 and 41 were separated by a Wien
velocity filter and were photodetached by a CW Ar Il ion laser
that provides 56100 W of 351.1 nm light in the circulating

build-up cavity. The photodetached electrons are focused and™Mate

pass through a hemispherical energy analyzer, with an instru-
mental resolution (FWHM) of 610 meV. In order to reduce

rotational broadening in the photodetachment spectra, we bathe

part of the flow tube with liquid B We estimateide infra)
that the rotational temperature of our ions is roughly 200 K.
The deuterated precursoro®CN, was prepared by washing
the HNCN with methanold; (CH;OD) and evaporating the
solvent; the extent of INCN formation was verified by electron
impact mass spectrometry.

Our photoelectron spectra are calibréfasith respect to O
and transformed to the center of mass (CM) frame by a
standard@ expression wheré& is the CM kinetic energy (eV)
of an electron detached from an ion of mass M (amu) which is
passed by the energy analyzer when the slit voltagé iFhe
beam energy iV, me is the mass of an electron, apds the
dimensionless scale compression factor (typically 1.@00

0.006):
1 _1
M

M

cal

E= Ecal + V(V - Vcal) + mevv(

Clifford et al.
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Figure 1. (a) Negative ion photoelectron spectrum of the HNGbh;
the (0,0) feature occurs at a electron kinetic energy of 0:2GR002
eV. (b) Negative ion photoelectron spectrum of the NChIn: the
(0,0) feature occurs at a electron kinetic energy of 1.6452003 eV.

Ill. Results

Figure 1 presents the photoelectron spectrum of the HNCN
ion on the top panel and the NCNon on the bottom. Because
of limited mass-resolution, each spectrum is slightly contami-
nated with the other ion. The HNCNon (m/z41) is prepared
by reaction of cyanamide with hydroxide ion while the NCN
speciesifyz 40) results from the interaction of oxide anion with
cyanamide. As expected from eqs 2 and 4 and 5 and 6, both
photoelectron spectra are essentially vertical transitions. The
intense feature in the HNCNspectrum is the (0,0) band for
HNCN X 2A" — HNCN~ X !A’, and it occurs at center-of-
mass kinetic energy 0.908+ 0.002 eV. This corresponds to
a value for the uncorrected or “raw” EA(HNCNj 2.623+
0.002 eV. The strong band in the NCNpectrum is the (0,0)
transition for NCN X3Z; <— NCN~ X 2[4 occurring at center-
of-mass kinetic energy 1.052+ 0.003 eV and corresponding
to a “raw” EA(NCN) = 2.479+ 0.003 eV.

The yields of photodetached electrons are angular dependent.
The distribution of scattered photoelectroihd), is approxi-
@233 by the following expression.

I(G):%1+ﬂ(300§20—1)

8

In this expressionf is the angle betweelk ,ser and the
electron collection directiory is the average photodetachment
cross section, and is the anisotropy factor. The anisotropy
factor § can vary from—1 to 2 (-1 < 8 =< 2). The
photoelectron spectra shown in Figure 1 were collected under
conditions whered was set to the “magic angle” of 54.B0
thatl(@) = o/4x and is independent @ If spectra are collected
at 8 = 0° (Ejaserand collection directiotl) and@ = 90° (Ejaser
and collection directiorJ), one can extract a value for the
anisotropy factor.

_ I = logr
1
2

B ©)

lge + oo

The value ofs provides an important clue as to the nature of
the photodetached electron. In atoms, detachment of an
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Figure 2. An overlay of the negative ion photoelectron spectra of
HNCN- (®) and DNCN (s). Feature a is split from the origin by 1049
+ 177 cnt and is assignedo3while peak b is split from the (0,0)
band by 1813t 128 cmt and is assigned ag2

s-electron leads to an outgoing p-waue=( 1) andj = 2,
independent of electon kinetic energy. Detachment of a
p-electron results in a mixture of interfering s- and d-waves
and leads to an energy dependent valugsfoAt photodetach-
ment threshold, s-waveé £ 0) detachment dominates, giving
£ = 0 and yielding an isotropic photoelectron angular distribu-
tion. At photoelectron kinetic energies roughly 1 eV above
threshold, d-wave detachment becomes importanfand—1.
Electron detachment from molecular ions is more complicated
than the atomic case, b@tis generally found to be positive for
detachment fronw (s-like) electrons and negative for detach-
ment fromsr (p-like) orbitals. Use of (9) leads to the following
anisotropy factorsg(NCN) = —0.59+ 0.15 and3(HNCN) =
—0.53+ 0.15. Bothg values are suggestive of ejection of a
si-like electron from both the NCNand HNCN™ anions and

are in qualitative agreement with our pictures of these negative

ions in egs 4 and 6.
There are two small features in the HNCNpectrum and
we ascribe them to vibrational excitation in the HNCN radical.

To identify these modes, we need to compare the spectrum of

the & and the d ions. Figure 2 is an overlay of the
photoelectron spectra of HNCNand DNCN™. The two small

features at a and b correspond to vibrational excitations in the
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TABLE 3: Photoelectron Bands

com kinetic
feature energy/eV assignment
HNCN®
(0,0) 0.908+ 0.002  EA(X?A" HNCN)

a 0.778£ 0.020  v3(X 2A" HNCN) = 1049+ 162 cntt
b 0.675+ 0.013  vp(X 2A” HNCN) = 1879+ 106 cnt?
DNCN

(0,0) 0.908+ 0.002  EA(X?A" DNCN)

a 0.779£ 0.020  v3(X A" DNCN) = 1049+ 162 cntt
b 0.684+ 0.013  v,(X 2A" DNCN) = 1879+ 106 cnt?
NCN&

(0,0) 1.052+0.003 EA(X %%, NCN)

2 The features for NCN are reproducible withif0.003 eV and this
molecule requires a rotational correctté(.: = 0.0004 eV), a spin-
orbit correction (0.005 eV), and accommodation for the uncertainty in
the energy linearity of the analyzer (0.005 eV). Consequently we apply
the correction: raw EA(NCN¥ EA(NCN) — [E''[H [E'T— Aspin-onbit
or EA(NCN) = raw EA(NCN) — Aot + Aspin-orvit-  Applying these
corrections, we find EA~(>@2; NCN) = 2.484+ 0.006 eV or 57.3+
0.1 kcal mot™. P The transitions of HNCN are reproducible within
+0.002 eV and this molecule requires a rotational correctivg &
0.001 eV) and no spin-orbit correction. Consequently we apply the
correction: EA(HNCN)= raw EA(HNCN) — Ar. Applying these
corrections, we find EA(RA" HNCN) = 2.622+ 0.005 eV (60.5+
0.1 kcal mot?) and EA(X2A" DNCN) = 2.622+ 0.005 eV (60.5+
0.1 kcal mot?).

These B3LYP/6-31t+G(2df,p) calculations largely repro-
duce the experimental findings in Table 1. The ground state
NCN X %% is calculated to be very nearly a triplet witf?[=
2.052 instead of the required value of 2 and the CN distance is
found to be slightly smaller (1.224 A) than the experimental
value of 1.232 A. The B3LYP harmonic frequencies for NCN
X %%, are also qualitatively correct. We find unscaled fre-
guencies ofv; = 1274 cnl, w, = 453 cnT?, andws; = 1557
cm~1, which can be compared with the experimental values in
Table 1 ofyy = 1197 cm?, v, = 395 cntl, andvs; = 1466.5
cm~! (notice that the value for; is measured in a matrix). As
predicted by eq 4, the properties of the NCX 2I1, ion are
computed in Table 4 to be very close to those of the NCRl X
%, neutral species.

Likewise the properties of the HNCN 3A" radical are found

cyanoamino radical. Since these two spectra are identical, thel® be qualitatively correct. In Table 2 the UV spectroscopists

HNCN/DNCN vibrations a and b do not involve motion of either
the H or D atoms. The splitting of a from the (0,0) band is
1049+ 177 cn ! while that of b is 1813k 128 cnt. On the
basis of the earli@? LIF assignment#z = 1140 cnT?), we
assign our feature a ag, the symmetric HN-C—N stretch.
Our B3LYP ab initio electronic structure calculatiots(vide
infra) listed in Table 4 find a harmonic frequency®$ = 1202
cml. The only reasonable assignment for b g the
asymmetric HN-C—N stretch for which the B3LYP calculation
predictsw, = 1902 cntl. Based on our view of HNCN X
27" and HNCN- X A’ in egs 5 and 6, activation of modes
andv; following detachment is expected.

report a larger CNH angle of = 116.5 £+ 2.7 than we
compute (113.9 while the sum of the heavy atom distances
is found to be 2.470+ 0.002 A, which is to be compared to
the value found by the B3LYP calculation of 2.458 A [
1.188 A+ 1.270 A]. The GVB picture of HNCN X2A"

in (5) is essentially HN&N with a short HNG=EN bond and
a longer HN-CN length3® Our DFT ab initio calculation
leads to an N-H bond length of 1.022 A, which is to be
compared with the experimental finding of 1.0340.020 A.
The only vibrational frequencies found for HNCN 24" are
v3 = 1140 cnt! andvs = 440 cn1?; these values are plausibly
close to the B3LYP harmonic frequencies o = 1202

In order to interpret our photoelectron spectra, we need a ¢M ' andws = 474 cnr. Our qualitative description for the
consistent set of molecular geometries and vibrational frequen-HNCN™ ion in (6) is compatible with theb initio results in

cies of the NCN and HNCN radicals as well as for the NCN
and HNCN ions. In addition to the earliab initio electronic

Table 4.
We can model the rotational contours of our photoelectron

structure calculations, we report the results of our own density spectra for both NCNand HNCN". The peak shapes that we

functional calculations. These are B3LYP calculations in a observe in Figure 1 are due to a convolution of the rotational
6-3114++G(2df,p) basi$* The B3LYP/6-31#+G(2df,p) cal- envelope with our instrumental resolution. Since the center of
culations give us a balanced set of results with which to compare the peak does not correspond with the (0,0) rotational transition,
the negative ion and the neutral, and these findings are collectedve estimate the true (0,0) transition from a simulation of the
in Table 4. rotational contour which requires a rotational temperature and
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TABLE 4: Ab Initio Electronic Structure Calculations of Equilibrium Geometries and Vibrational Frequencies
B3LYP/6-31H-+G(2df,p) DFT Calculations

species energy/au 0 ren/A BJcm!
NCN )~(~3Z’ —147.541 18 2.061 1.224 0.402
NCN~ X 2flu —147.634 57 0.771 1.230 0.398
Harmonic Vibrational Frequencies (Unscaled) and IR Intensitig'sm=* [A/km mol1]
species @1/NCN sym st w2/NCN bend w3/NCN asym st
NCN 1274 [0] 453 [19] 1557 [202]
NCN- 1265 [0] 530 [22] 1675[118]
H
c ecm{/ .
I~ CN
N&C N NH
6NCN
B3LYP/6-31H-+G(2df,p) B3LYP/6-31%+G(2df,p)
HNCN X 2A" HNCN- X 1A’ HNCN X 2A" HNCN- X 1A’
rnc/A 1.188 1.183 AJGHz 652.4 628.4
renA 1.270 1.298 BJ/GHz 11.1 11.0
rnnlA 1.022 1.017 CJ/GHz 11.0 10.8
Onen 174.2 174.9 energy/au —148.183 63 —148.278 28
Oon 113.6 111.0 =20 0.772 0

Harmonic Vibrational Frequencies (Unscaled) and IR Intensiti@sm™* [A/lkm mol?]
w1(ad) N—H st w7(a) NCN a st w3(d) NCN s st w4(@) HNC bend ws(d) NCN bend we(d") NCN bend

HNCN 3466 [39] 1902 [07] 1202 [02] 1059 [98] 500 [20] 474 [08]
DNCN 2536 [20] 1894 [04] 1181 [02] 855 [42] 460 [22] 469 [16]
HNCN- 3469 [14] 2149 [736] 1172 [16] 1112 [154] 541 [23] 612 [01]

HNCN ™
m/z =41
FWHM = 0.025 eV

rotational constants of the anion and the neutral spécidse
adopt (a) the known rotational constants for HNCNAX' in
Table 2 Ao = 21.2 & 0.1 cnT!, By = 0.3698496+
0.000 000 3 cmt, Cy' = 0.362 974 &+ 0.000 000 3 cm?], (b)
Trot = 200 K, and (c) an instrumental linewidth (FWHM) of 10
meV. We can account for the linewidth of the HNCN
spectrum if we adopt the B3LYP rotational constants for the
ion (see Table 4)Ay" = 20.95 cn?, By" = 0.37 cnT?, Cy' = 0- 1 :
0.36 cntl. Figure 3a shows the fit of our simulatior) and 090 0.95
. ; CM Photoelectron Kinetic Energy
contrasts it with our observed data-j.

The NCN- spectrum is not as simple as that of HNGCN
Figure 3b clearly shows that the (0,0) peak is not a simple
feature but is a composite (at least) of two bands. The NCN
peak width is not consistent with a single rotational contour
with Tyot = 200 K, and it does not change upon cooling, as one
might expect for a rotational envelope. We are able to model
the shape as being due to two transitions from the two spin-
orbit states of NCN X 2I1, 1» 31 State (see Figure 3b). The O - pm— .
spin orbit splitting in the excited” A%[l, state of NCN 1.00 CM Photoel I‘OSK. i E 110
has beeh worked out fo = —37.566 64 + 0.000 60 otoclectron Kinetic Encray
Cm—l) and theIl state has been sho#! to be inverted, Figure 3. (a) Rotational simulation—) of the (0,0) band of HNCN

~ 3 S S and comparison with the observed date)( The simulation adopts
A NCN3I1, 3. The neutral that is isoelectronic with the NCN (a) rotational constants for HNCN 38" (Ag = 21.2+ 0.1 cn, By

ion is NCO and it is establishétthatA = —96.7+ 1.5 cntl. = 0.369 849 6+ 0.000 000 3 cm?, Cy' = 0.362 974 &= 0.000 000 3
We estimate that the spin orbit splitting in the NCMon is cm 1), (b) rotational constants for HNCNX A’ ion (Ay" = 20.95
|A] = 77 £ 33 cnTl. Adopting (a) the known rotational Z:(;r)rl, Bo" = 0.37 clnIT1 Cq'c; :(?:\:/SVGH(I\:ATl)f (103 Trmvz (zt?)ORK’ and I
constant for NCN X° 2; in Table 1 By’ = 0.397 252 2 cm, siml?lr::\tilcr:rsl'trumeo?t?helm?)v‘:)I tband of N(?N andmgor.n ariso(ﬁa\f\l/(i)trr]\a
(b) Trot = 200 K, and (c) an instrumental linewidth (FWHM) the observe(a)data-(). gﬁ;e)simulation adopts the kngwn rotational
of 10 r,"EV; we Can. reproduce the 16 meV FWHM band for constant for NCN~X329’ (B = 0.397 252 2 cm?), (b) the rotational
NCN~ in Figure 3a if we adopt the B3LYP rotational constant constant for the NCNion (By” = 0.40 cnttand|A| = 77 + 33 cnmd),
for the ion (see Table 4)By" = 0.40 cnt! and|A| = 77 + 33 (©) Tt = 200 K, and (d) an instrumental linewidth (FWHM) of 10

200+

100+

Photoelectron Counts

100 NCeN—
w/z =40
Spin Orbit split

|A|=77%33cem™

504 &— 16 meV FWHM

Photoelectron Counts

cm L, meV.
At the bottom of Table 3, we list the final corrected electron
affinities for both ions: EA()@ZQ NCN) = 2.484+ 0.006 eV, We are not able to detect any excited electronic states of NCN

EA(X 2A" HNCN) = 2.622+ 0.005 eV, and EA(®A" DNCN) and HNCN, but we can place a lower bound on the splitting
= 2.622+ 0.005 eV. between the ground and excited states of each radical. The EA-
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TABLE 5: Complete Basis Set CalculatedAb Initio Electronic Energies

molecule state method energy/hartree X Do/kcal mol? AfHo/kcal mof? AtHaggkcal mol™
NCN TAg CBS-4 —147.240 39 253.& 25 142.1+ 2.5 142.3+ 2.5
CBS-Q —147.239 21 259.51.3 1355+ 1.3 135.8+ 1.3
CBS-QCI/APNO —147.424 28 258.2 0.7 136.9+ 0.7 137.1+ 0.7
32; CBS-4 —147.296 43 288.£25 106.9+ 2.5 107.0+£ 2.5
CBS-Q —147.286 47 289.21.3 105.9+ 1.3 106.1+ 1.3
CBS-QCI/APNO —147.470 19 287.60.7 108.14+ 0.7 108.24+- 0.7
NCN- 1, CBS-4 —147.391 44
CBS-Q —147.378 00
CBS-QCI/APNO —147.562 67
HNCN 2A" CBS-4 —147.930 65 370.& 25 76.4+£ 2.5 75.8£ 25
CBS-Q —147.915 84 370.31.3 76.24+ 1.3 75.6+ 1.3
CBS-QCI/APNO —148.101 27 369.2 0.7 77.4+ 0.7 76.7£ 0.7
HNCN- A CBS-4 —148.025 95
CBS-Q —148.009 80
CBS-QCI/APNO —148.196 85
HoNCN A CBS-4 —148.578 91 461.2 2.5 371+ 2.5 35.6+ 2.5
CBS-Q —148.563 34 463.1+ 1.3 35.2+ 1.3 33.6+1.3
CBS-QCI/APNO —148.751 12 463. 0.7 35.0+£ 0.7 33.4+ 0.7
TABLE 6
CBSab initio calculated property/kcal mol
CBS-4 CBS-Q CBS-QCI/APNO experimental/kcal mbol
Do(H—NHCN) 93.1+25 92.7+ 1.3 94.0£0.7 95.4+ 3.0 (16)
AacicHao(H—NHCN) 348.4+ 2.5 348.8+ 1.3 349.5+ 0.7 350+ 3 (17)
EA(HNCN) 59.8+ 2.5 59.0+£ 1.3 60.0+ 0.7 60.5+ 0.2 (18)
Do(HNCN) 82.2+ 25 81.3+£1.3 82.3+ 0.7 81.6+ 1.9 (19)
AacidHa0 HNCN) 339.8+ 2.5 338.9+ 1.3 339.44+ 0.7 - (20)
EA(NCN) 59.6+ 2.5 574+ 1.3 58.0+ 0.7 57.3+ 0.1 (21)
H - affinity of the corresponding radical [EA(R)], then a simple
AN + . . . .
N=C=N| + H cycle that uses the ionization potential of H atom can provide
X e a value for the bond enthalpy [Bb¥RH)].
I AqcidHa0(RH) = DHyeg(RH) + IP(H) — EA(R) —
298 _
IP(H) = 313.6 fo dT[Cy(R) — C,(R") + C,(H) — Cp(H+)] (10)
_ Since the sum of the integrated heat capacities is aktays
Baciafly= 347.8:£0.7 small (0.3 kcal mot?), the term in brackets will be ignored
and we will use a more common expressidggid2gRH) =
EA=60.0+0.7 DHaggRH) + IP(H) — EA(R). The gas phase acidity for
. - N cyanamide has been meas&?e’ﬁ_in a flowing afterglow device,
Necon| + m N*NC"N +H and the enthalpy of deprotonation was reported taheH29s
o XAr (H=NHCN) = 350 &+ 2 kcal mol'l. A separate set of ion
X AHy=774£0.7 experiment® were interpreted to yield\acidH20s(H—NHCN)
= 349.8+ 4 kcal molt. Use of our electron affinity, EA-
(HNCN) = 60.5+ 0.1 kcal mot?, leads to a value for the bond
Dy=94.0+0.7 enthalpy of cyanamide, DidgH—NHCN) = 96.7 & 2.3 kcal
mol~%. The bond enthalpy at 298 K and the bond energy at 0
H/N:CZN K are related by the heat capacities.

i lA"
AHg=35.0£0.7

Figure 4. Calculated CBS-QCI/APN@b initio thermochemical cycle
for HoNCN.

(NCN) of 2.484 eV suggests that tfieag state of NCN is at
least 0.85 eV higher offg(a *Ag) = 0.85 eV. Likewise we
estimate that th@(A 2A’ HNCN) is at least 0.70 eV above the
HNCN X 2A" state. This is consistent with the LIF findings
(in Table 2) that reporfTo(A 2A’ HNCN) = 3.594 770+
0.000 002 eV.

IV. Thermochemistry

DH,e(RH) = Do(RH) + [

P dTIC,R) +

Co(H) — Cy(RH)] = Dy(RH) + [

T Cy(H) (11)

Since the integrated heat capacity for H atom is fiRT,
we find Do(H—NHCN) = 95.2 & 2.3 kcal mof®. The most
reliable heat of formation for cyanamitiehat we have found
is AfH29g(NH2CN) = 32 £ 2 kcal mol'l. Consequently our
value for DHog(H—NHCN) leads toAsH29g HNCN) = 77 + 3
kcal mol L,

If we can estimate the acidity of the HNCN radical, we could
extract the second NH bond enthalpy of cyanamide;dgH—

The chemistry and spectroscopy of negative ions provides aNCN).

useful avenue to extract a number of thermochemical param-

eters®” If one can measure the enthalpy of deprotonation for a Aqcid20dH~NCN) = DHyo(H=NCN) +

species RH AacidH209(RH)] and separately find the electron

IP(H) — EA(NCN) (12)
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- higher orders of perturbation theory. The most demanding CBS-
+ H QCI/APNO model employs atomic pair natural orbital (APNO)
basis sets, while the CBS-Q model goes up to QCISD(T)/6-
31+GTtt calculations and the CBS-4 model tops off at MP4/
6-31G. These CBS-QCI/APNO, CBS-Q, and CBS-4 models
are applicable to systems with up to 4, 8, and 16 many-electron

atoms with root mean square (rms) errorsiefi.7, +1.3, and
+2.5 kcal mot™, respectively™* The results are summarized

in Table 5 where the uncertainties quoted are the rms errors
from the G2 test s¢8 The agreement between our experimental

IP(H) = 313.6

AgciaHo= 338.0£0.7

EA=580+07 findings and the results of modeatv initio electronic structure
- _—" N=C=N+ H calculations is excellent. The performance of the relatively
N=C=N| , ¢ X5 inexpensive CBS-4 model is particularly encouraging. Table
e AgfHy=108.1 0.7 6 compares the results.

The NCN- CBS-QCI/APNO results are shown in Figure 4
while those for HNCN are displayed in Figure 5. All
calculations employed a modified version of the Gaussian 94

H Do=82.3207 suite ofab initio electronic structure programs.
N=C=N
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+ 3.2 kcal motL, JANAF tabulate® a value ofAHoNCN) ~ @Pout the spin-orbit and RenneTeller effects.

= 112.8+ 5.0 kcal mott. The CBS calculations givAsH g
(NCN) = 108.24 0.7 kcal mot™.

The acidity of the cyanoamino radical is not yet experimen-
tally available, so we adopt a computational estimate extracted
from our CBSab initio electronic structure calculationside
infra), AacidH20H—NCN) = 339.44- 0.7 kcal mot. Use of
our experimental electron affinity, EA(NCN} 57.3+ 0.1 kcal
mol~?, leads to the NH bond enthalpy of the cyanoamino radical,
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