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The line intensity of photoelectron spectra 1e‘r'i"either the neutral or cationic species
display a Renner-Teller coupling is&i%&émd applied to the modeling of the pho-
toelectron spectra of CNC, CCN, and HECN. The rovibronic energy levels of these

three radicals and of their ca

%LQJ vestigated starting from ab initio results. A

model treating simultaneoug!wthébending mode and the overall rotation is developed

to deal with the quasiﬁ\ problem in CNCT, CCN*, and HCCN and accounts
for the large amplitude nature.of their bending mode. This model is extended to treat
\(%g in CNC, CCN, and HCCN™. Based on the derived photo-
electron ling“intersity, the photoelectron spectra of all three molecules is calculated
and comz d t

AR

the Renner-Telle

& experimental one.
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Publishihg INTRODUCTION

Photoelectron spectroscopy allows us to study complicated rovibronic transitions, be-
tween neutral and cationic species, requiring in many cases dedicated models. This is well
illustrated by the photoelectron spectra of ethylene! and methane? which required new mod-
els to compute the torsional energy levels of C,H} and to treat t aNler effect in CHJ .
This is also well illustrated by the photoelectron spectrum of ‘agetylene®* which could be

analyzed once the unusual tetra-atomic Renner-Teller coupling™iu C,H; was accounted for.

Recently, the photoelectron spectra of several radicals, ingliding CNC, CCN, and HCCN,

have been reported.® Just as the acetylene molecule, \these SSJec'es or their cation display a

Renner-Teller (RT) coupling, but modeling thei@o’coi
theoretically more challenging for several reas&x@er RT interaction characterized by
a Renner parameter e of the order of 0.5 in*"€NC and CCN, and larger than 1 in HCCN™
X‘, CCN™, and HCCN, the bending mode

iration spectra is expected to be

should be dealt with as a large amplitudéwunotion since it is characterized by a very low

should be accounted for. In the quasilj em
e

71 1,11-15

Y and polyatomic

frequency on the order of 100 cma!. importantly, although theoretical calculations of
the line strength of photoelect orr& ca are available for diatomic

molecules, there are no results molecules displaying a RT coupling.

In this paper, a theafeticaliformalism aimed at accounting for the photoionization spec-
trum of non-rigid ecule\xéalaying a RT coupling is developed and applied to the sim-
ulation of the phgfoeleetrondspectrum® of CNC, CCN, and HCCN. Starting from ab initio
calculations,

The rovibrati

uﬁwemials were derived for these three neutral species and their cation.
a

energy levels of CNCT, CCN™, and HCCN, characterized by a nondegen-

erate sigfha eléctronic state, were computed using an approach in which the overall rotation

and the large agiplitude bending mode are treated simultaneously'®2?!' in order to account
for the ‘quasi

inelude fye RT effect and allows us to retrieve the rovibronic energy levels of CNC, CCN,

hnearity. Using previous theoretical results,?? 27 this approach is extended to

Ehﬂ 5 N*. Finally, an expression for the line strength of photoelectron spectra when one
ofithe electronic states displays the RT coupling is derived and written in terms of Franck-
Condon factors involving the bending wavefunctions of the neutral and cationic species.
Since none of the photoionization spectra dealt with are rotationnaly resolved,® only the K

structure is accounted for in the energy level calculation and the line strength is averaged
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Publishiog: rotational levels.
These theoretical results are first applied to the ionizing transition of H,O which provides
us with a test for the theoretical approach since the cation H,O" is strongly affected by
the RT coupling. The threshold photoelectron spectrum (TPES), calculated from available

28,29

potential energy surfaces and using the newly derived line strenzg{h expression, compares

fairly well with the experimental one.?®3! The theoretical resulfssare then applied to the

modeling of the photoelectron spectra of CNC, CCN, and . These spectra turned

6

out to be in good agreement with the experimental one ,~3\ CCN where the RT
—~

coupling in its cationic species is the largest.
_—

This paper has five remaining sections. In Section{I, thefresults of the ab initio calcula-
tions and their fitting are presented. Section III@once with the effective approaches
used to account for the quasilinearity and the cou ag. In Section IV, the expression of
the photoionization cross section when ong ofighe eléctronic states displays the RT coupling

is introduced. These results are applied, to , CNC, CCN, and HCCN in Section V.
%A

Section VI is the discussion.
wx
II. AB INITIO CALCL@‘S

The ab initio calcul i(%i the electronic states of the CNC, CCN, and HCCN rad-
icals and their cati W/er arried out using the CCSD(T) (Coupled-Cluster with Single
and Double and perturbatiyé Triple excitations) method explicitly correlated (RCCSD(T)-

F12) as well nMy contracted multireference configuration interaction method with
Davidson cer hn (MRCI+Q) with complete active space self-consistent field (CASSCF)
wavefundtiong! All*ealculations were performed using the MOLPRO 2012 package and the
Dunning augmeiited triple and quadruple zeta basis. The potential energy curves used for
t ;&Q@;ron calculations are those calculated using RCCSD(T)-F12.

Groum state potential energy curves, displayed in Figs. 1, 2, and 3, were computed as a
Ttr?cﬁ)n of a bending angle denoted ~y, optimizing all other structural parameters. For the
triatomic CNC and CCN, v was taken as the angle ZCNC and ZCCN;, respectively; for the
tetra-atomic HCCN, + is the ZHCC angle corresponding to the v5 mode.?? We have chosen
to use the curves calculated at the RCCSD(T)-F12 level rather than those at MRCI level
because the geometry optimization is performed only at CASSCF for MRCI calculations.

3
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PublishiBgth methods, RCCSD(T)-F12 and MRCI, lead to very similar results. The CASSCF and
MRCI calculations were performed at full valence active space for CNC and CCN, namely
with 19 (18 for the cations) electrons distributed in 15 orbitals with the 1s orbitals of
carbon and nitrogen atoms kept doubly occupied but fully optimized. The CASSCF and

MRCI calculations were performed at smaller active space for H?(?N due to convergence

problems, namely with 20 (19 for HCCN™) electrons distribut ).}Nitals with the 1s

but fully optimized.

VTZ level for CNC,

and 2s orbitals of carbon and nitrogen atoms kept doubly ogcupi
The optimized value for the geometries at the RCC XR&Z

CCN, and HCCN and their cation are listed in Table

_—
compared with previous experimental or theoretical values.

eresswhen available, they are
1e calculated energy differences
between the cation and the neutral for the linear geometrysmot given in this table, are 9.734,

10.768, 10.574 eV, for CNC, CCN., and HCCW@er

Numerical values were least squares ﬁtw olynomial expansion F(vy) written in

t fr—~,th lement of ~:
erm or m Yy € supplement o1 7y }\
r&% fitm =) o
=0
m

where f;, with 0 <7 < n, are \ onstants. 4 such constants were retrieved for each
electronic state and for each parameter allowing us to reproduce accurately the ab initio
values. For potential e% nd bond lengths, the expansion in Eq. (1) was restricted to
pai
£

even values of i. Forfa T electronic substates, the fy parameters of both substates
were constrained £o bésequal to ensure the required degeneracy for the linear configuration.
Due to a conv Wblem, the ab initio calculations could not be carried out for v < Yuyin,
where the an gp)min is between 90 and 115° depending on the species and the electronic

state. In‘exdef to obtain physically meaningful results, Eq. (1) should not be used for values

of 7 shnaller t ~Venin-
Eor the C}TC radical, fitting of the ab initio potential energy points with the expansion

1@& yielded root-mean-square (RMS) deviations of 2.5 and 2.4 cm™' for the neutral

g&z QL lonic species, respectively. It was also possible to retrieve an accurate value for the

ner parameter €. A value of 0.562 was obtained and turned out to be in good agreement
with that reported by Merer and Travis,* 0.549.
Similarly for the CCN radical, the fit of the ab initio potential energy points led to

root-mean-square (RMS) deviations of 1.5 and 26 cm™" for the neutral and cationic species,

4
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PUbIIShmg Table I. Experimental and calculated structural parameters®
Species  State®  Parameter® Experimental! Theory Theory (this work)®
CNC X2, ZCNC 18034 180% 180

r(CN) 1.24534 1.253435 1.2462
CNCT  X*!%f ZCNC 180637 / 180
r(CN) 1.2427,36 1.253437 \15468
CCN X2  /CON 18038 18035 ) 0
r(CC) 1.4045,3° 1.374926 1.3821
r(CN) 1.1889,35 1, &57 1.1847
CCNT  XTlg+t ZCNC 1803637 ~ 180
r(CC) 1.3803%9°1.38 1.3821
r(CN) 1.1815,¥6 1.25!)437 1.1906
HCCN X34" /HCC 18033 1(43,32 137.5,%9 144.95%0 145.36
Z/CCN 18033 754, 2’1)5.6,39 175.4540 175.26
r(HC) 0.99833 1. .063,32 1.0689%° 1.0707
r(CC) 1.323% Q% 21.372,3 1.32674  1.3285
r(CN) 1.19533 186,32 1.184,% 1.1850%° 1.1898
\ 9 )
HCCN*® X+24'  /HCC \152.739 163.59
/CCN S\ 174.1%9 175.92
r(HC) \ 1.095%9 1.0842
r(CC) 1.317%9 1.2981
r(CN) \\ 1.212% 1.2048
AT2A" /HC 1807 180
/ ‘\ 180% 180
HC 1.092% 1.083
/7‘ y. 1.300% 1.291
CN) 1.219% 1.207
o N
),
2 Bond lengths arédn A and bond angles in degrees.
b In CNC eéT ?u ling leads to lower 2A; and upper 2B, substates; for CCN, to lower 2A” and upper
24 ul;;‘;ate - and for HCCN™ to lower 24’ and upper 2A” substates.

CN and HCCN™ the dihedral ZHCCN is 180°, consistent with trans conformations.

4 For HC rown et al.33 assumed a linear geometry.
at the RCCSD(T)-F12/AVTZ level of theory.

respectively. The value obtained for the Renner parameter €, 0.424, is in reasonable agree-
ment with that reported by Merer and Travis,®® 0.44, but in better agreement with that
calculated by Hill et al.,?® 0.429. It is in poor agreement with that retrieved by Kohguchi
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Figure 1. Variations with the bending angle ~ —}%ﬁf—the potential energy function V in eV
for the X 245 and A2Bs electronic substates\QQh\C C radical resulting from the RT coupling

and for the X ' A; electronic state of the ion. Ab initio potential values are indicated by

dots. Solid lines are the fitted bending ?Ce?tiﬁl alculated with Eq. (1).

As can be seen in T w}ie CN radical and the HOCCN™T cation display a nearly
:32/3 I’

et al.,* 0.489.

linear equilibrium gedme e ab initio calculations also confirm that the neutral and

cationic species a affar®23%10 and that when ~v = 180°, the bending angle § = ZCCN

is 180°. When 4: ' the“ab initio values of this angle, the angle supplement m — [ was

fitted to the <p\}iion of Eq. (1) which was restricted to odd values of i. This ensures the
ity

required Ineax r v = 180°. The angle § is plotted in Fig. 4 as a function of 7. For
v > 110%:th esélts are consistent with the molecule assuming a Z-shaped trans geometry
for ﬂ} SAS) electronic state of the neutral radical and the X 2A’ electronic substate of
the cati(? as the dihedral angle ZHCCN is 180°. For the AT2A” electronic substate, the
le“B-displays almost no change and remains close to 180°. The RMS deviations of the fits
the\ab initio potential energy points are 12 and 4.1 cm ™! for the neutral and the cationic

species, respectively.

The results of the fit of the ab initio bond lengths with the polynomial expansion in Eq. (1)

is summarized for all species in the form of figures available as supplementary material.

6
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Figure 2. Var1at10ns ith /the nding angle v = ZCCN of the potential energy function V in eV
for the X 24" an 2A onlc substates of the CCN radical resulting from the RT coupling
and for the n nera X LA’ electronic state of the CCN™ cation. Ab initio potential values

are indicatéd by ts. Solid lines are the fitted bending potentials calculated with Eq. (1).
£
~

Itk FF)JTIVE BENDING AND RT HAMILTONIANS

)

xfge systems dealt with in the present work display either a quasilinearity problem like the

C* and CCN™ cations,? and the HCCN radical®**? or a strong RT effect like the CNC
and CCN radicals,?63+% and the HCCN™ cation.? In this section, effective Hamiltonians
are introduced to deal with both effects and account simultaneously for the large amplitude

bending mode and the overall rotation.
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Figure 3. Variation Wltpf the ending angle v = ZHCC of the potential energy function V in
eV for the X* 2Ay/ ” electronic substates of the HCCN™ cation resulting from the RT

coupling, top n the nondegenerate X 3A” electronic state of the HCCN radical, bottom

1tio entlal values are indicated by dots. Solid lines are the fitted bending potentials

Eqgé(1)

panel. Ab j

calculated

B ive bending Hamiltonian

xfge effective bending-rotation Hamiltonian H,_, introduced to treat the quasilinearity
accounts for the large amplitude nature of the bending mode and relies on the Bending-
Rotation approach!®2! developed to deal with the anomalous centrifugal distortion of the
water molecule.*> The Bending-Rotation approach!®2! accounts exactly for the fact that the

A rotational constant goes to infinity for the linear configuration.
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Figure 4. Variations with the bending angle v = E’U o@e angle § = ZCCN in degrees for the
X 2A" and A2A’ electronic substates of the KN * cation and for the X 3A” electronic state of
t

the HCCN radical. Ab initio values are i iw ots. Solid lines are fitted values calculated

<

N litude coordinate t = cos~y. Following Hougen et

e configuration represented by atom positions a; () is

with Eq. (1).

H,, . is written in term of the 1
al.** and Mekhtiev et al.,* a

used and a four-dimensi Hamiltonian describing the large amplitude bending

effecti
%18 derived. A molecule fixed xyz axis system is chosen such
that its origin is t olecular center of mass, its zz plane is the molecular plane, and the
hz MKZ is for the t = —1 linear configuration. Obtaining atom positions

motion and the overall r

molecule is alo

a;(t) and theif derjvatives da;(t)/0t from Section II, the 4 x 4 symmetrical generalized inertia
tensor’™ If?) is computed using Eqgs. [5] of Mekhtiev et al.*> The effective Hamiltonian Hy,,

s Hy., = %Pt,utt(t)Pt + % Z Néd(t)N(;Q
3 o=x,y,z (2)

V +%sz(t){NmaNz}+%{uyt(t)vpt}Ny+V(t)7
T

re fue(t), frax(t), pyy(t), psx(t), pa-(t), and gy, (t) are components of the generalized

is the@ eddvith the generalized inverse inertia tensor*** p(t) = [I(¢)]~! as:

inverse inertia tensor;**5 { } is the anticommutator; P; is the momentum conjugate to ¢;
Ns, with 6 = x,y, z, are molecule fixed components of the rotational angular momentum N;

and V(t) is the potential energy function. In Eq. (2), only two non-diagonal components

9
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Publishinfgthe generalized inverse inertia tensor arise due to the symmetry plane. A term involving
the determinant of the w(t) tensor giving rise to a mass dependent potential analogous to
those in Eq. (36) of Hougen et al.* and in Eq. [10] of Mekhtiev et al.*> has been omitted in
Eq. (2). The volume element to be used for the effective Hamiltonian Hy,, is sin #d6d¢dydt.

Although there are no analytical expression for the components (Jf the generalized inverse

inertia tensor, in the linear limit, when ¢ — —1, the two non-diagonals¢components i, (t)

and iy, (t) go to zero and the four diagonal components dist@llowing behavior:
2B

,U/zz(t) = T Mg t)gﬁ‘;

(3)

where A, B, and B are three kinetic energy pa ameter% Ithough the meaning of A and
B, is not obvious, B clearly is the rotationa onst& of the linear configuration. The
results in Eqs. (3) are well illustrated by KNC cation. Taking into account the above

requirements, the molecule fixed axis attached to the molecule so that its x axis

bisects the ZCNC bendmg angle. r eplcts the variations of juy(t)/(1 — t2), e (t),
oy (), and (1 +t)p,.(t). All the urv this figure dlsplay a smooth behavior and it can
be deduced that A = B, = 4 = 0.451 cm™

Equations (3) mean that Whe 1 the limiting behavior of the terms in the effective
Hamiltonian of Eq St ame as those in the Bending-Rotation Hamiltonian defined
in Egs. (1)—(3) of C der ﬁns suggests that the Schrodinger equation for the bending

mode should be Sl gthe same 60‘5 ) basis set functions:

— 0L+ RPN 1))y (@

where n #andntegdr with 0 < n < nypue; P47 (t), with o, 8 > —1, is a Jacobi polynomial;*6
and hf, 15 a nomflalizing factor given in Table 22.2 of Abramovitz and Stegun’s book?® and

Eq. xoudert 16

i

The %:hrodlnger equation for the effective Hamiltonian in Eq. (2) is solved'®?! using
Tﬂil{a lonal wavefunctions of the form:

MEE)INE), ()

where 9V*(t) is a vibrational bending wavefunction and | N, k) is a symmetric top rotational

function defined as in Wigner*” and characterized by N the quantum number of the total

10
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Figure 5. Variations with the unitless large amplitude cort mate t of the 4 diagonal components

tss(t) of the generalized inverse inertia tens: of'the CNC™ cation as computed from Section II.

The curve identified by ¢, x, y, and z are réspeesi et (1) /(1 =12), pa (), piyy(t), and (1+¢) . (t)
in cm™1. \

N
angular momentum and by thw alue of its molecule fixed component N,. The
symmetric top rotational funct nds also on M, the eigenvalue of the laboratory fixed
component Nz, but this tum number is omitted as the energy does not depend on M.

The vibrational bendi

the bending Har?t
(6)

+ 3NV + 1) = B[00 (1) + py (1)),
matri the bendlng Hamiltonian in Eq. (6) is set up and diagonalized taking the

basis fun&lons in Eq. (4) with 3 such that:'6"2!
4 1 2
) #2002 .

\ t——1 Ntt(t)
-

is choice accounts for the singularity of the bending Hamiltonian Hév * for the linear

vefunction ¥™VF(t) is a solution of the Schrédinger equation for

v,

HYF = LPp(t) P+ 2P (t) + V(1)

configuration and ensures that the basis set functions in Eq. (4) are eigenfunctions of Hév ok _
V(t) when ¢t is close to —1. In the case of the Cy, symmetry CNC™ cation, Eq. (7) leads

to 8 = |k|. The value of a can be estimated matching the n = 5 = 0 basis set function of

11
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Publishifg. (4) with the ground state eigenfunction of the harmonic oscillator bending Hamiltonian.

This leads to:

05:4\/ f2/B67

(8)

where f5 is the ¢ = 1 expansion coefficient of the potential energy furction with Eq. (1) and

B, is defined in Egs. (3). Using the results of Section II in the ca CNJr cation, we
obtain B, = 5.01 and fo = 475 cm™! leading to o = 39. Wi Va ue, the basis set
functions of Eq. (4) with n < 10 are vanishingly small out81d e —1 <t <0.5, that

is, 60° <~y < 180°.

The matrix elements of the operators in Eq. (6) be w'e"é"n t asis set functions
were computed using Gaussian quadrature and aecoun
tie_s

Pip,.(t)P; at t = —1. For the former operato

linear limit, described by Eqgs. (3). For th%of?&ator as revealed by Eq.

singularity arises because of the form of t

quadrature suited for a weight function (1 =) (14 )% was used.
by Egs. (A4)—(A6), taking o/ = « \ — 1 accounts for both singularities and

ensures the best accuracy.

of Eq. (4)

o for the singularity of pu.,(t) and
in@’larity is due to its behavior in the

(A2), the

Set functions. A P-point Gauss-Jacobi

As shown

Equation (8) puts an uppe«xfor he node values ¢; of the quadrature. When P = 21,
a =39, and 3 = 0, as obtained for the CCN™ cation, the largest (smallest) value of ¢; (v;) is

0.40 (66.4°). This mean hat lues of v, with v < Yy, for which the results in

Bending-rot

ten:

p B(o,N.k) and "N = VA N, k),

Section I1

+ This provides us with an alternative way of choosing a.

ies and eigenfunctions of the Hamiltonian in Eq. (2) will be writ-

(9)

— 4
WherQ;sLﬁe ending quantum number and "¥(¢) is the corresponding eigenfunction.

adapted bending-rotation wavefunctions for the C; symmetry group can be built

Sy mme
stagting }rom Eq. (9), using the invariance of the bending Hamiltonian in Eq.

?h“g tzansformation & — —k, and remembering that the effects of the inversion
of C, on a symmetric top rotational function®® are E*|N k) = (=1)Nt*| N,

Wang-type rotational wavefunctions:
INK§) = (|N, K) +|N,—K))/1/2(1 4+ 0k ),

12

(6) under

operation

—k). Using

(10)
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Publishiwg( re K > 0 and 0 = £1, the symmetry adapted wavefunctions take the form:

WIS — K (1) NK).

These wavefunctions belong to the symmetry species A" and A” of Cs when §(—1)

N+K

(11)

18

+1 or —1, respectively. The symmetry species of the rovibronic(ﬂravefunction should be
X

electronic state.

QO

B. Effective RT Hamiltonian

calculated replacing this term by §(—1)V T8 g(X X)), where the %pends on the Cj
symmetry species of the nondegenerate X ¥ electronic state an (—1) for an A" (A”)
—~

The RT effect in systems with a nonzero pro je@l = 1 of the molecule fixed component

L. of the electronic angular momentum L re\cbqﬁl&ed. The two RT electronic substates

that become degenerate in the linear limi akebqg\t the A" and A” symmetry species of C,

and their potential energy functions, d&%ﬂ and V" (t), respectively, can be obtained
t

only consider the large amplitude bending

from Section II. In the present tre meg ,
mode, the electron spin is 1gno1(&we use most of the results in Section IITA.
et

The

molecule fixed axis system is aft he molecule in the same way and a unique reference
configuration is chosen for both ®electronic substates. The corresponding atom positions

a;(t) are determined frém thesesults of Section IT and calculated from internal coordinates
taken as the average O/f, thee A’ and A” substates values. This choice leads to a single

generalized iner’?g tensou caflculated as in the previous section. In agreement with previous

(ﬁe

the form:

-
wave IlCthlSS
-

)

PHANEG) LAY N, ) + =N ()= A) N, k),

227 wewuse electronic wavefunctions of the form |[+A) = (|A") & i|A”))/v/2
éar limit, are eigenfunctions of L, with eigenvalues +=A. The Schrodinger

tive RT Hamiltonian used in this investigation is solved using rovibronic

(12)

WJ.>ere , k) are symmetric top rotational functions defined as for Eq. (5) and =*V*(¢) are

ey
two vibrational functions. For this pair of functions the Schrodinger equation is expressed

as a 2 X 2 matrix:
OB

Ve H

13

(13)
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Publishiwgcre H=“"*(t) are vibrational operators and V_(t) = [V'(t) — V" (t)]/2. Neglecting the ge-
ometry variations of the expectation value of L, and L?, the vibrational operators H, bi A’N’k(t)

take the following form:?% 27

H3A7N7k = %Ptﬂtt( )P+ 5 (k =+ A) e=(t)

LNV +1) = k2 [ptaa (8) + pyy ()] + f\

where ps5(t), with § = ¢,z,y, z, are diagonal components o tneralized inertia tensor
and Vo (t) = [V'(t) + V"(t)]/2. -)

The matrix of the Hamiltonian in Eq. (13) is set up

(14)

d "diagonalized expanding the
vibrational functions ¥k (¢) in terms of the basi§ set 131(3 ions of Eq. (4). The corre-

sponding values of & and 3 are denoted o and AS - (3) are also valid, an equation

similar to Eq. (7) holds: \
4
(k+ A)y\ # + i (15)
fhee(t

\
The value of a® can be estimated rom\ﬂsq)otentlal energy functions of the A" and A”

substates. Using Eq. (14), an eq<io§nﬂar to Eq. (8) arises:
\m: 1/ 1+ /B., (16)

where f; is the averag f the fy expansion coefficients of Eq. (1) for the potential
energy function of t substates and where B, is defined in Egs. (3). Evaluation
of the matrix el eed to set up the matrix of the Hamiltonian in Eq. (13) should

be carried out a ectl HIA For HV*(1), Eqs. (A4)-(A6) should be used; for the
potential en &ncmon term V_(t), the Gauss-Jacobi quadrature for the weight function
(1 —t)ege )// (I:.£)B"+87)/2 should be utilized.

Sy metr a{)ted rovibronic functions for the Cy point group, denoted W59 wwhere
v 1s th ben ng quantum number, K > 0, and § = +1, are expressed in terms of the elec-

tronic wavefunctions of the A" and A” substates; and of the Wang-type rotational functions

*% f Eq. (
-

\Ijv,A,N,K,J —
%{!A’MWA’N’K@) VK ()| NS (17)
AT [ AVE (1) — gV (8N E -5 ),

14
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Publishiwficre ¢ 4NX(t) and ¢, 4N5(t) are solutions of Eq. (13) characterized by the bending

quantum number v and fulfilling:

+1

[ dt o £ A Py =1 (19

The wavefunctions in Eq. (17) belong to the symmetry speci N A" of Cy when

§(—1)N*TE is +1 or —1, respectively. This equation is ph sQr;ore meaningful than

Eq. (12) because it is expressed in terms of the actual |A") u%\ Qe
of the RT substates.

tronic wavefunctions

—~

%

IV. RT COUPLING AND PHOTOIO‘%TIQN CROSS SECTION
] -

Theoretical calculations of the photoionﬁa‘t\io& 5s section were performed for diatomic” 1°
and polyatomict*™15 molecules. Simpliﬁs@s are available for molecules displaying the
RT coupling.??% In this work the re 92 d by Willitsch et al.*> for an asymmetric-top
polyatomic molecule are used. hotoionization cross section derived by these authors
is given in the first of their gg.\ii\l‘his equation, obtained ignoring the electron spin,

ation

involves electronic and rovibr

on fagtor (¢,)* = [(vT]|v”)|? and a rotational factor Q(I”). These

terms. The latter, given in the second of their Egs. (7),

consists of a Franck-

©)

factors are evaluated in this Section when the neutral and cationic species are described by

the large amplit@ aéles introduced in Section III.

A. RT Jpli?g in the X II state of the neutral species

re §Willitsch et al.'® are used to calculate the total photoionization cross section oo

-

ﬁ;e&@‘lnic state of the cation, denoted X X, is then either an A’ or A” state. The
N

gfjwh& T Y < X 1I ionizing transition by adding the contribution of each RT component.

ow, these contributions are distinguished using a =+ sign where the upper (lower) sign

is for the X*X « X A" (XTX <~ X A”) transition. For either component, the lower level

labeled v”, N”, K", 6" is described by the wavefunction in Eq. (17) and connects to the upper

level of the cation labeled v, N*, K+ 61 described by the wavefunction in Eq. (11). It can

15
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Publishihgshown that the following Franck-Condon factor arises:
¢t)? =

NKF () [y AN K AN"K (19)
'/ U O 1) g

where the vibrational wavefunctions w]\fj’lﬁ( and ¢ N )\%d be taken from

Egs. (9) and (12), respectively. The Q(I") factor can be writt
N—|— l” N//

Q=(1")=(2N" +1)

\}

—K* A ]
. N+ l” N// + N+ 7 N//
+0
K+ )\// K// + )\// K// (2())
NT I
+ 516" (K*,K")
+ )\/

where h(KT, K") = 4(1 + dx+)(1 '51-4?0) aking into account the electronic terms and
the contributions from both RT w nts, the total cross section can be written:!'®

m\m > LR

BEZE
)\// <l//
(A< (21)
5> LI
l//)\//
q’U // ]/27
/ <1 +1

where the electr ni erm Bz// \» and Bz" v are defined in Eq. (10) of Willitsch et al.'® and
correspond er RT electronic substates; and p” is a weighing factor depending on the
lower lev T}e 1ck-Condon factors in Eq. (21) should be calculated with a Gauss-Jacobi
quadrature. m/metry considerations based on the nature of the partial wave describing
the _p\h oelec&ronmvl"’ put some restrictions on the quantum numbers of the upper and lower

els. E)quation (3) of Willitsch et al.'® and the results at the end of Sections ITTA and

SN R (X D) 8 (1) = (1), (22)

where [ is the orbital angular momentum of the photoelectron partial wave.
Since the rotational structure is not expected to be resolved in the photoionization spec-

trum of the heavy molecules studied in this work, the cross section should be averaged over

16
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Publishingational levels. It will be averaged over N* and N”, but not over v*, K™ and v", K" as
resolved vibrational and K structure might be observed. The averaged cross section will be

calculated as:

oWt KT o K"y =) Y atot (23)

N".§" N+ §+
Using the same ideas as in Section 5 of Buckingham et al.” and \ctl\xi g in Eq. (19) the
dependence of the Franck-Condon factors on N and N”, evaldation of the summation over

the rotational quantum numbers of the upper level N* and

Z Qi l// 5K+ JE7 | +6K+|

N+t

where Nt and 0% are such that Eq. (22) is fulﬁll-ed a /\3 is nonzero. As the result in

—>J’| (24)

the summation over these quantum number§_in reduces to:

d p=e Ex " kT Z. ) Z
N8 \ (25)

= V2.2,

where Z is the partition fungtion molecule; 7' the temperature; k£ the Boltzmann
constant; E.,(v", K") the rovéb%mal energy; and Z, the rotational partition function.

This partition function j @&Sed to be independent of v” and K” and to depend only on
e

Eq. (24) does not depend on the rotational qu%\ bers of the lower level, N” and 6",

the temperature. The av d/cross section can now be written:

g;t,(w K+ " K") = p"(V",K") 2,/ Z

\ 3 LB + (0 B/ + 1) (26)
‘)\Il|<l/l

5K+ |K”+)\"| —+ (5K+ \K" )\//|)/8

Whe usmg ghl equatlon rovibrational energies for given v and K values should be com-

piited setting N equal to K in Egs. (6) and (14). The vibrational functions thus obtained
should b) used to obtain the Franck-Condon factors.

=~

B.\ RT coupling in the X' II state of the cationic species

The electronic state of the neutral, denoted X X, is then either an A" or A” state. The

total photoionization cross section oy, of the XT1II <— X X ionizing transition is obtained

17
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Publishihg rdding the contribution of the RT components X TA — XY and XT A" «+ X ¥ distin-
guished using + and — signs, respectively. The resulting total and averaged photoionization
cross section can be obtained making a few changes in Section IVA. In Egs. (21) and
(26), the electronic terms Bl(,iél):,), and Bl(,ﬁ::,) should be both replaced by Bl(,fg\),, The Franck-
Condon factor (¢F)? should be evaluated making the substitution N'" K" < vt Nt KT
in Eq. (19). In the rotational factor Q(I"”) of Eq. (20), the s 1t 15 0" — +0” and
ot — 407" should be made. At last in Eq. (22), ¢ .X”r ¥)) be om

For the molecules dealt with in the present investig 1 photoelectron is ejected
from a 7 orbital. This means that \" = 1. In Egs. L 3\86 the first term in the
summation over " will be assumed to be the dominant te%n nd this summation will be
restricted to the [” = 1 term. It will also be ass tha ectronic terms Bl(,, v and Bl,’,él/\l:,)

f ion IV A 1.
of Section IV A are equa L...

V. NUMERICAL RESULTS \E\

Using the two previous sect1§sQ t(%nlzatlon cross sections are calculated for the

ionizing transitions of H,O NC nd HCCN. The first molecule provides us with

a test of the theoretical approac an also allows us to understand the contribution of the

various terms in Eq. (2 tmﬁTPES For the three remaining molecules, comparisons with
1

the experimental phofoioni spectra® are carried out. With the experimental setup used

£
in this reference{ﬁe rgy/esolution is 17 meV and the rotational temperature, fairly well
2

M

can be quite high' since the consecutive R—H + F —— R + HF reactions are exothermic.

known, is aroun he vibrational temperature is, however, not as well defined and

Below, haye chosen a temperature of 500 K for the simulations of the CNC, CCN, and

HCCN spectr
U
A%}ltral H,O0 and H,O™" cation

NI

Starting from the potential energy surfaces of Partridge and Schwenke?® for the neutral
species and of Wu et al.? for the cation, bending potentials and bond lengths were retrieved
for the ground stretching states. The results of Sections III A and III B were then applied

to the calculation of the rovibronic energies of H,O and H,O". A sufficient accuracy was

18
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Table II. Calculated rovibronic energies® for H,O and H,O"
StateP V9 K Cal.© Cal.d
XA 0 1 39.7 39.2
1 0 1594.3 1587.6
1 1 1637.5 1630.3
2 0 3151/ 3143.2
2 1 . \ 3190.7
3 0 ' 4660.9
3 1 S-zg AT15.5
X+2p 0 1 38.8
1 0 1410.0
1 1 1452.9
2 0 2776.2
2 1 2825.0
3 0 4092.9
3 ]\ . 4150.3
AT2A, 0 ‘Q\\) 8379.5 8381.9
0 \.K 9033.9 9006.2
1 9884.6 9901.0
1 1 10647.1 10654.8
2 S 6\ 11564.3 11605.8
2 1 12498.4 12563.9

& Levels are identified by their electronic'state, the bent molecule vibrational quantum number vy, and the

rotational quantum nu ;{%eﬁned in Sections IIT A and III B.
1 1s the ground glectronicigtate o , 1 an 1 are respectively lower and upper
b X 1A is th d )) f H,O X+t2B dAt2A ively 1 d RT

substates of HQOZ /
¢ Energy in cm ™} aw by Bunker and Stone® for H,O and Wu et al.?? for H,O". For K = 1, the

average valu f‘ae K-type doublet was taken.

4 Energy i cml;1 calculated in Section V A taking the same energy origin as Bunker and Stone,’® and Wu
et alQ /

)

,ﬁ
r(m% tting Ny, the maximum value of n for the basis set functions in Eq. (4), to 30,
ﬂh_e\ number of points of the Gauss-Jacobi quadrature to 33, and «,a® to 10. Table II
lays a comparison between the present results and those previously calculated.??*° For

H,O, the discrepancies range from 0 to 10 cm™'.

For H,O" the discrepancies are larger,
especially for the AT 2A; state, but the theoretical approach reproduces well the large energy

increase when K goes from 0 to 1.

19
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Publishing' “he photoionization cross sections were calculated with Eq. (26) adding the contributions
of lines with v < 25, v” < 10, and K, K” < 12. The adiabatic ionization energy of the
X*+2B state of H,O" was set to 12.621 eV, the value determined by Truong et al.*® from
the experimental TPES of water measured with synchrotron radiation between 12 and 40 eV
photon energy. Assuming a temperature of 100 K and a Gaussian li?g shape with a half width
at half maximum of 90 cm~?, the TPES was computed and is pl te$in ig. 6. For emphasis

S7
)*and (¢;")? Franck-Condon

purposes, three cases were treated. In the first and second one Iy X*t2B; « X 'A; and
AT2A, « X 1A, transitions were considered setting th @é\’\{
1§ were considered. The upper

factors to zero, respectively; in the third case all transit
panel of Fig. 6 reveals that strong transitions spa i‘r:é assm 1l energy range arise near
the ionization energy due to favorable Franck—@don ors between the lower X+ 2B,
RT substate and the ground X ' A; state. Théspec r@in this upper panel resembles that
shown in Fig. 3 of Truong et al.?® except tha%calculawd in this work does not display
the Franck-Condon progression due to e%&chl v; mode. As emphasized by the middle
panel, unfavorable Franck-Condon factors'hetween the upper A™2A; RT substate and the

ground X 'A; state lead to higher en transitions. This calculated spectrum should be

compared with Fig. 4 of Truong e \0\
can see that the Franck—Condon\ogression due to the v, mode spans the same region than

en though, the v, stretching mode is ignored, we

that in the observed spge 1. A comparison between the lower panel of Fig. 6 and the
TPES in Fig. 2 of Trliongwet a>‘3

low and high en?gy

The compute

0 reveals an agreement between the line intensities of the

éioy of the spectrum.
S could also be compared with the experimental photoelectron spec-
trum recor @Ford et al.3! using a higher resolution than Truong et al.** However such
a compailsongis otigside the scope of the present paper as it requires a treatment of the

photoiotizati 4088 section with values of [” larger than one in Section IV.

)
Bw radical and CNCT ion
\

The rovibronic energy levels of the CNC radical in its ground X 2II, electronic state
were computed using the ab initio results in Section II and the procedure described in
Section III B. Converged results were obtained setting na.y, P, and a, o to 35, 38, and 20,

respectively. For low lying rovibronic energy levels, Table III displays a comparison between

20
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X*2B, « X4,

%\ All transitions

JLn \\ MM
[ ' | \‘\ | ' | ' |

14 15 16

2
Energy (eV)
4
Figure 6. Sirnula&!d{h of/the X 7T 211, + X 'A; ionizing transition of HyO. In the upper and

middle panel l}ﬁ)’ T2B%— X 1A and AT 24, « X ' A, transitions were considered, respectively.

1

All transitibns aredncluded in the lower panel.
V.
~

the o erved’energies reported by Merer and Travis®* and those calculated in this work.

ﬁ
%r:eS minus calculated energies are within a few cm™! except for the highest lying levels
hic

q}s isnot involved in any of the vibronic transitions observed by Merer and Travis.?

~
The results of Sections II and ITT A were used to retrieve rovibrational energies for the

CNCT™ cation. No experimental data are available for this species and energies could only
be compared with those calculated by Jensen and Kraemer.?® For the 13, 209, 3v3, and 418

states, the energies reported by these authors are 165, 349, 530, and 720 cm™!, respectively,

21
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PUbIIShmg Table III. Observed and calculated energies® for CNC
) r Obs.P Cal.©
0 11, —24 —24

1 DI 120 / 117
1 A, 248 \ 245

2 I, 356 3 359

1 uf 473 \ 479

2 o, ‘)-..._\ 500

2 I, (:é55\r 802
7

& Rovibronic levels of the CNC radical are identified Wit( the beﬁt molecule vibrational quantum number

v9 and their symmetry species label T'. ! -
b Observed energy in cm™! reported by Merer a d\gi;
s

¢ Energy in cm™! calculated in Section VB t kiilg\&Ke

energy origin as Merer and Travis.?*

and are much larger than those galculatéd im this work: 96, 220, 350, and 494 cm~!. The
large differences stem from th fa&%t\t e bending potential retrieved in this work is much
shallower and more anharmonic\af'hthat used by Jensen and Kraemer.3¢

The photoionizatio cr(ﬁsction were calculated with Eq. (26) for lines with v* < 15,
v” < 30, and KT, < 2TW A

90 cm ™! was useddvheniomputing the photoelectron spectrum (PES). The energy difference

Gaussian line shape with a half width at half maximum of

between the c 'OMhe neutral for the linear geometry, given in Section II, was shifted
by 40.085 ’Srder to obtain the best agreement between observed and calculated PES.
This leads,toAn adiabatic ionization potential of 9.792 eV which is 0.012 eV larger than the
value of Garcianét al.% Figure 7 shows experimental and calculated spectra. Unlike in H,O,

alletzansitions occur near the adiabatic ionization potential. This figure emphasizes that

re is% small mismatch between the main peak maximum and the adiabatic ionization

?’b}en\tla

ofithis work and that of Garcia et al.® Almost no Franck-Condon progressions can be seen

, which leads to the small discrepancy between the adiabatic ionization potential

in the observed and calculated spectra because for all three electronic states the equilibrium
configuration is the linear configuration. When using the bending potential of Jensen and

Kraemer3® for the cation, the agreement with the experimental spectrum is not as good

22
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TPES (a.u.)

A
. SN
1 -\anlculated

)

TPES (a.u.)

S
I )| I
9.5 & 10.0
Elect e.n}inding Energy (eV)

=

Figure 7. Observed® (Calculated) m XT 1A + X211, ionizing transition of CNC in the

upper (lower) panel. In the lower \eﬁhe vertical arrow is the adiabatic ionization potential.

because the main peak i Blculated PES is narrower. A figure showing this calculated

inesthe previofis section. For the radical, Table IV lists the energies up to 1000 cm~! along
W tho%a computed by Hill et al.26 It can be seen that both sets of values are within 10 cm ™.
Tﬁﬁr(i and Travis®® report for the energy difference of the (010)2A and (010) 22~ levels a
value of 113.55 cm ™! which compares well with that calculated in this work, 109 cm™!. For
the (020) 2® and (010) 2~ levels, the energies determined by Kohguchi et al.*! with respect
to the (000)%II level are 573.84 and 179.27 cm ™! and also agree well with the present values:
574 and 183 cm™?,

23
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PUinShing Table IV. Calculated rovibronic energies® for CCN
0v20) T Cal.P Cal.c
000 11 0 0
010 - 182 / 183
010 A 293 \ 292
020) 1 IT 44OQ 441
462

—
¥ 669 672
" ( - 3 715
) 824 832

L
\ 924 929
\ 993 996
& Levels are identified with the bent molecule vibrational quantum number vo and their symmetry species

—
label T'. Only levels below 1000 cm™ ngeah(
b Calculated energy in cm™! rep by ‘Will%et al.?6 For doubly degenerate levels, the average value of

the spin orbit components was taken.

¢ Energy in cm~! calculate, iﬁ‘?@%ion VC.

For the CCNZ& /: Jepsen and Kraemer®® determined the vibrational energies of the
4

)
)
)
)
) ot 459\
020) ) Qﬁ.\ 574
)
)
)
)
)

=
& 3 =2 b

tates to be 153, 318, 482, and 650 cm ™!, respectively. These values

va, 209, 3va,
aqan those obtained in this work: 104, 208, 318, and 430 cm~!. Just as

are much 1

for CNC
shallofver«

The "photeionization cross sections were calculated as in the previous section and the
ES is%hown in Fig. 8. The energy difference between the cation and the neutral for the
‘I'mﬁar\ geometry, given in Section II, was shifted by +0.080 eV in order to obtain the best
agreement between observed and calculated TPES. This leads to an adiabatic ionization
potential of 10.822 eV, which agrees well with the value of Garcia et al.® Most transitions
are located near this energy. For the calculated spectrum, a Franck-Condon progression can

clearly be seen on the high energy side of the main peak and a matching weak feature can be

24
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R Observed
=
8
% i
= A
O_
. o { \alculated
=
o ‘)“"\
% -
=
0 A

.
Figure 8. Observed® (Calculated) w he X+ 1A’ «+ X 2II ionizing transition of CCN in the

upper (lower) panel. In the low s the vertical arrow is the adiabatic ionization potential.

observed in the experi ni%}ectrum. Lowering the temperature leads to a narrower main
peak but does not

on the high ene% si

N\

D. HC radical and HCCN™ jon
(s

Sefting nyre P
obtained for HHCCN and HCCN™. For the former species, vibrational states are labeled

using th§ linear molecule quantum numbers v and their energies are given up to vs = 4

}17Ta\b e V. These values should be compared with those in Tables 6 and 9 of Koput.3

allgf, impreéve the agreement between observed and calculated spectra

f tife main peak.

. and «a, o™ to 40, 43, and 20, respectively, rovibronic energies were

erimental energies of 128.9, 341.7, and 625 cm ™! are available for the 1!, 22, and 33 states,
respectively, and are in better agreement with the present calculated energies than with those

t.32

calculated by Kopu The vibronic energies calculated for the cation are consistent with

a large RT interaction. To our knowledge no spectroscopic investigation of the cation is
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PUinShing Table V. Calculated vibrational energies® for HCCN
Vgl EP v5ls EP Vgl EP
0° 0 20 459 44 921
1! 125 33 603 / 42 1015
22 334 3t 719 \NK 1066
i Y

2 Levels are identified using the linear molecule vibrational quantum fwnbers.ws's.

P Energies in cm™! calculated in Section V D. )
‘H
. . . ﬂ
available in the literature.

The photoionization cross section was calculated wi . (26) for lines with v < 40,
v” < 20, and K+, K" < 30. A Gaussian linéshape with a half width at half maximum
o

of 90 em™! was taken when computing the TP plotted in Fig. 9. About half of the

transitions are located near 10.65 eV. The er half are spread over the region from 10.8

—-_—

to 11.5 eV corresponding to a superposition of many Franck-Condon progressions. Unlike

leading to a large number of such progressions.

in CNC and CCN, the bending otenbof\the ground X 3A” state is quite different from
those of the two upper electr. n;\ es,

The energy difference between \ebation and the neutral for the linear geometry, given in

Section II, was decrease .010 eV so as to obtain the best agreement between observed
and calculated TPES! %e calculated for the adiabatic ionization potential is then
10.621 eV. This valu '5/0.1}8 eV above that reported by Zhao et al.?® and 0.021 eV below
that obtained b cia

al.® This discrepancy, larger than in the case of CNC, is also
due to the fdet mlt the adiabatic ionization potential differs from the experimental energy
of the main [yeak aximum, as emphasized by Figure 9. This latter value was incorrectly

taken gs<the ia’gatic ionization potential in Garcia et al.%

- -
VQ\D CUSSION

NI

Calculated photoelectron spectra are computed for the CNC, CCN, and HCCN radicals
based on a derived expression of the total photoionization cross section when one of the
electronic states is affected by the RT effects. Two approaches aimed at spectroscopically

modeling the quasilinearity and the RT coupling displayed by these species are also derived.
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Figure 9. Observed® (Calculated) S the X+ 211 + X 3A” ionizing transition of HCCN in

the upper (lower) panel. In thé\ n 1, the small vertical arrow is the adiabatic ionization

potential. ‘\

atl(? ross section obtained in this work, appearing in Eq. (21),

The total ph

was derived m use of the results of Willitsch et al.'® for the total photoionization

cross sectionfof an asymmetric top molecule. Their expression, obtained using the orbital

tioy7 is‘epnveniently expanded in terms of products of rotational, vibrational, and

s./in this work, the RT coupling taking place in one of the electronic states

t nsitios. he vibrational term is written in terms of Franck-Condon factors involving the

-1;%1 g wavefunctions.
=

In the approaches accounting for the quasilinearity and the RT coupling, introduced in
Section III, the overall rotation and the bending mode are treated together, accounting
for the large amplitude nature of this mode. These approaches allow us to describe well

the bending-rotation and the rovibronic couplings, but they only provide us with a limited
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Publishifgs ription as they ignore the electron spin and the stretching modes. This approximate
description should nonetheless be sufficient for the qualitative results sought in this pa-
per. A more satisfactory description would be achieved with treatments accounting for all

vibrational modes.?"°1:52

In order to understand qualitatively the contribution of the yaArious terms in the new
expression of the total photoionization cross section, the thegretical twgatment was first

well characterized; the

applied, in Section V A, to the simulation of the photoelectuon spectrum of H,O for which
both the neutral®® and the cationic?® species are spectr %&K

.

r Jarger than 1. The calculated

latter displaying a strong RT coupling with a Renner p Lam

TPES, displayed in Fig. 6, is in qualitative agreement, with She experimental one.?”

The theoretical approach was then applied to hgcomp ation of the photoelectron spec-

tra of CNC, CCN, and HCCN. The bending potentials 6f these species were retrieved using
the ab initio calculations presented in Se i(% their rovibronic energies, computed in
Sections VB, V C and V D, turned out b&) agreement with spectroscopic data3*3841
and calculations.?63? Adjusting the @diabatie ionization potential of each molecule, a qual-
itative agreement between their ertgental® and calculated PES or TPES was achieved
and can be seen in Figs. 7-9 F(:%Q

energy of these peaks, the adia\ic'}oniza‘cion potential, deduced from Section V B, was
increased by 0.085 eV d%}found to be 9.792 eV. For CCN, both spectra span a larger

oth spectra display a single peak. Matching the

energy range and thé impreyed value of the vertical ionization potential, 0.080 eV higher
than the value fr tionfV C, is 10.822 eV. For HCCN, both spectra display a narrow

atching these spectra leads to an adiabatic ionization potential

peak and a br %&{e.
of 10.621 e <&his 0.010 eV smaller than the value calculated in Section V D.
£
V.

-

Appendix A: Matrix elements of inverse inertia tensor components
-

e n)atrix element of the diagonal component i, (t) of the inverse inertia tensor between

wo Dasis set functions of Eq. (4) is equal to:

+1

(05 1.0 (1)]6028) = / 0t s (1) (1 — £)°
= (A1)

x (1+8)7 P2 () P2 (8)/ v/ Bonhn.
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Publishiﬁg( matrix element of the kinetic energy operator P,y (t)P; can be obtained from:

+1
@ PO = [ dt () (1= 0 -

X (L+6)72 DD(t) DS () ) o,

where, in agreement with Partridge and Schwenke,2® D\ (1) is /p nomial expressed in
terms of the Jacobi polynomial P\*? (t) and its derivative P\ )/O as:

D@B (1) = PB) (N(q — )/2
n () =B () [(e = B)/2+ Gj (A3

(1 o t2) P «a B)/
Evaluating the matrix elements in Egs. (A1) and mP—pomt Gauss-Jacobi quadra-

ture suited for the weight function (1 — ¢)*~1( al‘)he quadrature leads to:

<0zﬁ|op|ea;fk\z o) (A1)
—

where w; and ¢; are respectively th u%h and nodes. When Op = p.,(t), the function
F(t) is: o

i) = “\m\?‘* (E) (1= ) 12 (8)/ oo (A5)
When Op = P,uy(t)P;, the functio t) is:

‘\ a, a, Htt()
; D@8 (1) Dl 5()(1_t)/\/hh (A6)

£

Equations (3) add¥(A3) shgw that in both cases f(t) is a finite smooth function of ¢ and the

quadrature s@&v accurate results.
SUP L.EQK

TARY MATERIAL

mentary material for a PDF file containing four figures numbered S1 to S4.
Figures §1783 illustrate the fit of the bond lengths. Figure S4 shows a comparison between
\Qegged and calculated PES for CNC.
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