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ABSTRACT

Carbon chains have been predicted to be potential carriers of diffuse interstellar band features in astrophysical observations. Motivated
by numerous predictions, we set out to carry out extensive ab initio quantum chemistry calculations to establish the ground and excited
electronic potential energy surfaces and their coupling surfaces for carbon chains containing an odd number of carbon atoms (Czp+1,
n = 7-10). Vibronic coupling models are established with the aid of the calculated electronic energies to investigate nuclear dynamics from
first principles. The latter are reported in Ghosh et al. [J. Chem. Phys. 151, 054304 (2019)]. The mentioned carbon chains possess a linear
cumulenic structure at the equilibrium minimum of their electronic ground state, and an electronic excited state of the '}, term appears
to be extremely bright optically and absorbs in the visible region of the electromagnetic spectrum. Vertical excitation energy of this state
decreases and transition dipole moment increases, and as a result, the oscillator strength of this state linearly increases with an increase of the
chain length. There are states belonging to 1I'Ig, 1, IZ;, lAg, and 'A, terms, in the immediate vicinity of the 12; state, which are optically
dark but can gain intensity through vibronic coupling with the optically bright '=; state. Construction of a coupling scheme considering the
Renner-Teller coupling within the degenerate IT states and pseudo-Renner-Teller coupling between the Renner-Teller split component states
as well as with the nondegenerate X states is another motivation of this work. The coupled-state Hamiltonian is constructed in a diabatic
electronic basis in terms of the dimensionless normal coordinates of the vibrational modes of the carbon chains. Both Renner-Teller and
pseudo-Renner-Teller types of couplings are included in the Hamiltonian. The theoretical results are discussed in relation to the experimental
findings.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5108725

I. INTRODUCTION

The electronic structure and absorption spectroscopy of neu-
tral carbon clusters received renewed attention in the literature
because of their apparent importance in the spectroscopy of inter-

Following the above development, many experimental and
computational studies were carried out on anionic, neutral, and
cationic carbon clusters.”'* In this context, two reviews, covering
the rich history of carbon clusters, by Weltner"® and Van Orden”

stellar space.” The first spectroscopic detection of Cs in comets in
1881 triggered curiosity among the stellar as well as laboratory spec-
troscopists to identify neutral carbon clusters as carriers of diffuse
interstellar bands (DIBs).”* Douglas in a seminal paper suggested
that the carbon chains, C,, where n may lie in the range of 5-15,
may show spectroscopic features consistent with DIBs.” The diffuse
structure of these bands was attributed to a short lifetime of excited
electronic states of the carrier molecules.’

are noteworthy. Smaller carbon clusters were predicted to have lin-
ear equilibrium geometry with a cumulenic (:C=C=C=C:) type of
bonding with nearly equal C—C bond lengths. Linear chains with
an odd number of carbon atoms were predicted to have a 12; elec-
tronic ground term in contrast to a 32; electronic ground term for
the cluster chains with an even number of carbon atoms.'”'* Cluster
chains longer than C;o were proposed to have ring structures as well,
because of the reduction of ring strain and added stability due to the
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formation of an extra C—C bond."”"* However, the cyclic clusters
are reported to be difficult to detect and characterize spectroscop-
ically.l“"‘ Therefore, the linear cluster chains are discussed in the
majority of the experiments. 1516 The clusters, Capt1 (n=7-10), seem
to have a linear cumulenic equilibrium structure.'’

Linear carbon chains possess axial symmetry (along the inter-
nuclear axis), and the electronic states are characterized in terms of
the eigenfunctions, P (with A =0, 1, £2, .. .), of the correspond-
ing angular momentum operator. Therefore, the electronic states of
Ci5, C17, Cr9, and Cy; chains studied here belong to both nondegen-
erate, (A =0) 'y and doubly degenerate, (A = +1, +2,...) LA, ..,
terms. About 12 excited electronic states are found to exist to within
4 €V energy in the vicinity of the optically bright, ' 2}, state of these
carbon chains. The degeneracy of the I, A, . . . states splits upon dis-
tortion (from equilibrium Doy, configuration) along bending vibra-
tional modes and gives rise to the Renner-Teller (RT) effect.'® In
addition, the RT split component electronic states may also undergo
symmetry allowed coupling with the nondegenerate (') or another
RT split component state and can lead to a pseudo-Renner-Teller
(PRT) type of interaction (equivalent to pseudo-Jahn-Teller interac-
tion in nonlinear systems'’) of the electronic states.”” The 'Z} elec-
tronic state is the optically brightest state in all the clusters studied
here. Its oscillator strength scales linearly (cf. Fig. 1) with the cluster
chain length. Several optically dark nondegenerate and degenerate
electronic states appear to within 1.0 eV energy range in the vicin-
ity of this 'S} state. Therefore, elucidation of the coupling mech-
anism of the latter state with its neighbors is important to unravel
the details of intensity borrowing vis-a-vis experimental observa-
tions. Despite ample amount of experimental data, a rigorous the-
oretical study to understand them has been missing so far in the
literature. The present effort is aimed to fulfill this task. We there-
fore first concentrate on analyzing the detailed coupling mechanism
of 2-II electronic states of the mentioned carbon chains, through
rigorous quantum chemistry calculations, and establish a coupling
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FIG. 1. Oscillator strength (f) of linear carbon chains with an odd number of carbon
atoms as a function of the number of carbon atoms. The points indicated by the
asterisks represent results obtained from ab initio quantum chemistry calculations
employing the EOM-CCSD method with a cc-pVDZ basis set, and the solid line
represents a linear fit to the ab initio data given by f = —1.55 + 0.96 n,.
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model in a diabatic electronic basis in order to perform dynam-
ics studies (presented in Paper II"”) to understand the experimental
findings.

Il. ELECTRONIC STRUCTURE CALCULATIONS

The electronic ground state (So 12;) of the carbon chains

Can+1 (n = 7-10) is taken as the reference state to investigate IZ;
photoabsorption spectroscopy. The equilibrium geometry of the ref-
erence state is optimized by the Becke-3-parameter (exchange), Lee,
Yang, and Parr (B3LYP) density functional method using the corre-
lation consistent polarized valence double—( (cc-pVDZ) basis set of
Dunning.”' The Gaussian-09 suite of program”” is used for the opti-
mization calculations. The optimized equilibrium geometry yields
an average C=C bond length of ~1.30 A’ in agreement with the lit-
erature data.”” Harmonic frequency (wy) of vibrational modes and
their dimensionless normal displacement coordinates (Qy) are cal-
culated by diagonalizing the kinematic and force constant matrices
of the reference equilibrium geometry at Q = 0. The frequencies are
given in Table L.

Symmetry analysis reveals that the normal modes of linear car-
bon chains, Cz,4+1 (say, 2n + 1 = N), decomposes into the follow-
ing irreducible representations (IREPs) of the Do), symmetry point
group as shown in the Appendix,

I=((N-1)/2)o; ® (N-1)/2)0, & (N-3)/2)
x1e ® ((N-1)/2)m,. (1)

The analysis given in the Appendix also reveals that these linear
molecules do not contain vibrations with higher angular momentum
like § and ¢. The vertical excitation energies (VEEs) of the electronic
states of Cis, C17, Ci9, and Cy; are calculated along the dimension-
less normal coordinates of all vibrational modes. The calculations
are carried out using the EOM-CCSD method implemented in the
MOLPRO suite of programs”* and cc-pVDZ basis set. In MOLPRO,
the calculations are performed in D,j, symmetry. The D3j-Deoy, cor-
relation table (given in the Appendix) is utilized to derive electronic
terms and symmetry representation of vibrational modes. The VEEs
calculated at the equilibrium geometry of the reference ground state
of energetically low-lying (to within 4 eV relative to reference equi-
librium energy) electronic states are given in Table II. Along with
the VEEs, the oscillator strength values are also given in Table II.
It can be seen that the '3}, is the only optically bright state in these
carbon chains. The oscillator strength of this state for chains con-
taining an odd number of C atoms from Cs to Cy is plotted as a
function of the chain length in Fig. 1. The asterisks in Fig. 1 repre-
sent the ab initio calculated values, and a linear regression fit to the
ab initio data is shown by the line. The (R)? value of the fit is 0.99.
It can be seen from this figure that the oscillator strength increases
linearly with increasing chain length. This is caused by an interplay
of the transition probability and frequency of transition. The oscilla-
tor strength is directly proportional to the dipole transition moment.
The large increase of the latter quantity compensates for the decrease
in transition frequency for the clusters with increasing chain length.
A linear relation of the quantities plotted in Fig. 1 seems to be
fortuitous.

The VEEs are calculated over a range of normal displacement
coordinates (—5.00 < Q < 5.00) of the vibrational modes. These
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TABLE I. Symmetry representation and Harmonic frequency of the vibrational modes of Cyp+¢ (n = 7-10) in the 12; electronic ground state.

Cis Ci7 Cu Ca
Symmetry Mode Frequency Symmetry Mode Frequency Symmetry Mode Frequency Symmetry Mode Frequency

K eV cm ! K eV cm ! K eV cm ! K eV cm !

og vi 02780 2243 ag vi  0.2798 2257 0; vi  0.2799 2258 og vi 02790 2250
vy, 02748 2216 v, 0.2706 2182 v, 02721 2195 vy 02759 2225

vs  0.2549 2055 vs  0.2648 2136 vs  0.2651 2138 v 0.2615 2109

vy 0.2175 1755 ve  0.2387 1925 ve  0.2503 2018 vs 0.2587 2087

vs  0.1622 1308 vs  0.1954 1576 vs  0.2207 1780 vs  0.2376 1916

ve 0.1014 817 ve  0.1452 1171 ve 0.1778 1434 ve 0.2026 1634

vz 0.0349 281 vz 0.0902 727 vz 0.1313 1059 vz 0.1630 1314

o vs  0.2802 2260 vs  0.0308 249 vs 0.0811 654 vg  0.1198 967
v 0.2687 2167 oy v 0.2787 2248 v 0.0276 222 v  0.0737 594

vio 0.2481 2001 vio 02743 2213 o vio 0.2782 2244 vio  0.0250 202

vii 0.2386 1924 vi1 - 0.2528 2039 vii  0.2754 2222 o, vi1 0.2792 2252

v 0.1903 1534 vz 02395 1932 v 0.2623 2116 vi2 02731 2202

viz  0.1325 1069 vz 0.2191 1767 vi3  0.2388 1926 vz 0.2686 2166

vi4  0.0688 555 via  0.1709 1378 vi4  0.2317 1869 v 0.2488 2007

g vis  0.0943 760 vis  0.1182 954 vis  0.1993 1608 vi5  0.2258 1812
vie 0.0735 593 vie 0.0610 492 vie 0.1550 1251 ve 0.2212 1784

vz 0.0569 459 g vz 0.0986 795 vz 0.1067 860 vi7  0.1832 1478

vis  0.0341 275 vis  0.0787 634 vis  0.0547 441 vis 0.1418 1143

vig  0.0190 154 vie  0.0627 506 g vi9  0.1029 830 vi9  0.0971 783

V20 0.0064 51 V21 0.0403 325 V20 0.0834 673 V20 0.0496 400

Ty v 0.1063 857 vy 0.0289 233 vy 0.0674 543 g v 0.1074 866
vy, 0.0838 676 vy 0.0154 124 vy, 0.0548 442 vy, 0.0877 708

vz 0.0648 523 vz 0.0051 41 vz 0.0362 292 vz 0.0717 578

v 0.0397 321 Ty vy 0.1112 897 vae  0.0243 196 vy 0.0597 482

v 0.0268 216 vs  0.0884 713 v 0.0126 101 v 0.0411 331

v  0.0121 97 v 0.0699 564 v 0.0041 33 v 0.0319 257

vy7 - 0.0023 19 va;  0.0557 449 Ty vy;  0.1163 938 vy; - 0.0205 166

vs  0.0353 284 vs  0.0927 748 vs  0.0104 84

ve  0.0220 177 vy9  0.0747 602 vy9  0.0034 27

v 0.0097 78 vzo  0.0610 492 Ty vy 0.1212 978

v31  0.0019 15 va;  0.0407 328 v31  0.0968 781

vz, 0.0306 247 vy 0.0792 639

vsz3  0.0181 146 v3z  0.0654 528

v34  0.0078 63 v3q  0.0541 436

v3s  0.0015 12 v3s  0.0369 298

36 0.0262 212

v3;  0.0152 122

v3g  0.0065 52

v39  0.0012 10

energies plus the energy of the reference state define the adiabatic
energies of the excited electronic states of the cluster chains. From
Table 11, it can be seen that the electronic states of the carbon
chains studied here have %, II, and A terms. All of them have a
'3y electronic ground term. The energy of the target 'S, state is

lowered with increasing chain length. This state is energetically very
close to its neighboring states (cf. Table IT), and vibronic coupling
is expected to play an important role in the nuclear dynamics on
this state. The IT and A electronic states each are orbitally degen-
erate at the Dooj, symmetry configuration. This degeneracy is split
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TABLE II. Vertical excitation energy (VEE in eV) and oscillator strength (f) of ener-
getically low-lying excited singlet electronic states of neutral carbon clusters Cy5, C47,
C1g, and Cyq. The states marked with asterisk are considered in the dynamics study
presented in Paper II. 2°

State VEE f State VEE f
Cis Ci7

Si'A, 0.670 0.00 Si'Ay 0.552 0.00
S, '3y 0.746 0.00 S, '3y 0.632 0.00
S5 '%p 2.128 0.00 S: "%y 1.864 0.00
S4' A, 2.143 0.00 Sa' g 1.869 0.00
S: 1 3.108 0.00 M 2.951 14.81
Sy 1, 3.110 0.01 S '3y 3.060 0.00
S:lxd 3.273 12.97 Sy ', 3.087 0.01
Ss ‘2 3.432 0.00 Sy I, 3.089 0.00
So'Zp 3.449 0.00 So' Ay 3.132 0.00
Si0' Ag 3.480 0.00 Si0'Zg 3.163 0.00
Sit'Au 3.515 0.00 Si'A, 3.199 0.00
Sh 'y 3.613 0.00 N 3.346 0.00
C19 C21

SitA, 0.460 0.00 Si'A, 0.385 0.00
S, ' 0.541 0.00 S sy 0.469 0.00
S3'A, 1.648 0.00 S3' A, 1.465 0.00
4% 1.652 0.00 S4'%; 1.477 0.00
Sist 2.678 16.55 Srixt 2.444 18.19
Se 13, 2.753 0.00 S 2.494 0.00
S;'A, 2.814 0.01 S;'A, 2.546 0.00
Ss 'Zp 2.928 0.00 Ss '2g 2.732 0.00
So' A, 2.968 0.00 So' A, 2.773 0.00
Sto 'L, 3.071 0.01 St 'y 2.939 0.00
Sy, I, 3.072 0.00 Sy, ', 3.060 0.01
Sh 'y 3.125 0.00 St 1, 3.060 0.00

upon bending the linear chain and gives rise to the RT effect.'” The
RT split component states may undergo a PRT type of coupling with
the nondegenerate '} state.”” Using elementary symmetry rules, the
following coupling scheme can be derived from the character table
of the Doy, symmetry point group.”

The first-order coupling between electronic states i and j
through vibrational mode k is governed by the symmetry rule,
I'®T; ® I} > o;.” The symbol T represents the IREPs. The
symbol g; is the IREP of totally symmetric vibrational mode of linear
molecule of Do), symmetry. According to this rule, the latter vibra-
tional modes are active within given electronic states (i = j). Now
for the degenerate IT and A states, the symmetrized direct products
transform according to (ITy)* = (I1,)* = g; + 8 and (Ag)” = (Au)*
= 0; + ;. While the totally symmetric g, vibrational modes can-
not lift orbital degeneracy, the modes of §; and y; symmetry can lift
the same in the first-order of the IT and A states, respectively. The
lack of vibrational modes of §g and y, symmetry in linear molecules
(cf. the Appendix) makes the first-order RT coupling vanish in these

ARTICLE scitation.org/journalljcp

states. However, (15)* = (m4)* 2 §gand (m,)* = (mu)* > vy, there-
fore, the 7y and 7, modes can be RT active in the IT and A states
in second-order and fourth-order, respectively. The RT split com-
ponents of the IT and A states can undergo a PRT type of coupling
according to

I, ® I, = 8y + 0, +0,, (2a)
Hg/u ® Ag/u =Tg + ¢g; (2b)
Hg/u ® Au/g = 1y + $us (20)

Ag ® Ay = yu + 0y, +0,. (2d)

The nondegenerate X state can undergo coupling with the neighbor-
ing X or II states according to

2, ® 3 =0y, (32)
Z; ® Hg/u = Tu/g> (3b)
Tg ® gy = My (3¢)

It can be seen from Egs. (3) that direct coupling of the X;, state in
first-order with Ilg/, and also the Z; state is possible through 7/,
and o; vibrational modes. However, a direct coupling of the %
state and the A/, state in first-order is not possible as it requires
vibrational modes of § symmetry. Therefore, in the following, the
coupling between the X, state with its neighboring ITy/, and X, state
is examined in detail.

lll. THE VIBRONIC HAMILTONIAN

It can be seen from Table II that in the immediate neighbor-
hood of 12; states, there are many states of X, I, and A symme-
try. Consideration of all states listed in Table IT in the dynamics
(treated in Paper IT"”) is computationally not possible. We therefore
selected the states marked with an asterisk in Table II and devel-
oped a vibronic Hamiltonian in the following. It can be seen from
Table 11 that in addition to the ' state, the 1l'Ig, ,, and 12;'
state (one each) is considered. These states are energetically clos-
est to the 'Z} state. With the aid of the symmetry rules discussed
in Sec. II and standard vibronic coupling theory,” the following
vibronic Hamiltonian is derived in a diabatic electronic basis:

H =Hole + AH, (4)

where Ho = Ty + Vo, with

1 & 1 s g
T==3 X Uhga, “’k(aoijaoiy)

ke my, m,

and

Vo= -

1
> X @Qits Y @Qit Q)

keog*,a; kerrg,n,,

is the unperturbed harmonic Hamiltonian of the reference elec-
tronic ground state. 15 is a 6 x 6 unit matrix. The components of
doubly degenerate vibrational mode and electronic state are labeled
with x and y, respectively. The quantity, A#, defines the change in
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TABLE lll. Off-diagonal terms of the Hamiltonian [Eq. (5)] representing RT and PRT coupling.
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H('Z))  Ha('Tog) H; (') Hy('M) Hs('TL,) He("Z{g)
1 12 13 14 15 L6
Hi( ZZ) Zkem}k Qkx Zkenu)tk Qk}' Zkeng/lk Qx Zkeﬂglk Qky Zke”ﬁkk Q&
23 24 26
Ha('Tg:) Zkenpmzﬂ;& ) (QueQup)+ staﬂk Qx Zk%lk Qkx
23) /3 3
Zkeﬂg,ﬂu Zﬁ;E )(Qkaky + Qe Q)
1 35 36
HS( Hg,v) Zkea;)tk Qk Zkeng/\k Qky
45 46
Hi('Tli) kagmz’hs )(Qkaky)+ Zkenu/lk Qs
4,5 3 3
Zk%,nwzﬂi )(Qkaky + Qi Q)
HS(IHuy) h.c. Zkemli’éQky
He('Zy)
electronic energy upon excitation. This is a 6 x 6 matrix Hamilto- @ ®
nian in a diabatic electronic basis that can be symbolically expressed - Cis - Cis
as (v,=2216cm™) (v,=1755 cm™)
[Hi Hi Hiz Hus His Hie 81— 8-
Hy Hys Hyy Hy  Hi z
AH = Hs Hss Hiss Hse 5) :E
Hy Hss Hae =6
h.c. Hs H55
| He ]
4
In Eq. (5), the states identified with the index 1-6 refer to %}, Ing,
'y, "M, 'y, and 12;, respectively. The diagonal elements of
this Hamiltonian matrix for degenerate electronic states 'Tlg, 'Tl,y,
'M,ux, and 'T1,, are expanded in a Taylor series around the reference 2

equilibrium configuration in the following way:

Hi=€l+ Y Qe+ > nQ+ 2 %(Qu+Q)

kea; keog*,o; keng,nu
i 2 2 \2 i, 2 2
+ 2 AQu+ Q)" X 7 (Qi - Q)
ke my, m, k € my, my
i,j 4 4 .
* Z ﬁ;J(Qkx_Qky);lzz_a (6)
keng,nu

The last three terms in Eq. (6) drop out in the expansion of H;
(i = 1, 6) for the nondegenerate, 'S} and 12;,', electronic
states.

In the above, £ ? defines the VEE of the ith electronic state. The
quantities «}, y;, and p} define the first-order, second-order, and
fourth-order intrastate coupling parameters along vibrational mode
k of the ith electronic state, respectively. The + and - sign of the last
two terms of Eq. (6) applies to the x and y component of the degen-
erate IT state and degenerate 7 vibrational modes. The quantities,
71;(’1 and ﬁ;f , are the quadratic and quartic RT coupling parameters
within the IT states, respectively. The various off-diagonal terms of
the Hamiltonian of Eq. (5) representing RT and PRT couplings are
given in Table III.

Energy (eV)

FIG. 2. Adiabatic potential energies of the low-lying excited singlet electronic
states, '}, 'Tlg, T, and "=} of C4s [(a) and (b)] and C+7 [(c) and (d)] along the
normal coordinate of totally symmetric o, vibrational modes given in each panel.

The potential energies obtained from the present vibronic model are shown by the
solid lines, and the computed ab initio energies are shown by the asterisk.
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In Table III, }Li” defines the linear PRT coupling parameter
between states i and j along the vibrational mode k. The quadratic
and quartic RT coupling parameters within the IT states are given by
1, and B’ along the vibrational mode k. All the coupling parameters
defined above are estimated from the calculated adiabatic electronic
energies along a given vibrational mode. Nonlinear least squares fit
of the adiabatic energies to the adiabatic form of the diabatic Hamil-
tonian of Eq. (5) along each vibrational mode is carried out for this
purpose. The complete list of parameters for all four clusters is given
in Tables S1-S8 of the supplementary material. A close look at the
parameters given in these tables reveals that the lowest frequency,
0, vibrational mode (v; in Cys, vs in Cy7, vy in Cig, and vyo in Cy1)
possesses large excitation strength in the =} state.

The excitation strength of the symmetric vibrational modes
is nearly the same in both the 1I'Ig and 'TI, states of all four car-
bon chains. It can be seen from Table II that the latter two states
are quasidegenerate at the vertical configurations of all four carbon
chains. A similar value of x and y of these states is again discussed
later in the text in relation to the topography of their potential energy
surfaces along o vibrational modes.

@ (b)

Cl9 Cl‘)
8 . .
(v, =2258 cm™) (v,=2138cm™)
N
)
>
&
26
=

Energy (eV)

FIG. 3. Same as in Fig. 2, for =}, 'TIg, Ty, and ' =} electronic states of C1g [(a)
and (b)] and Cy1 [(c) and (d))].
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IV. RESULTS AND DISCUSSION
A. Adiabatic potential energy surfaces

Here, we examine and discuss on the topography of the adi-
abatic PESs of six (including degeneracy) excited singlet electronic
states (as mentioned above) obtained by diagonalizing the diabatic
electronic Hamiltonian constructed above. One dimensional cuts of
the potential energy hypersurfaces of Cy,41 (where n = 7-10) are
plotted along the normal displacement coordinate of the totally sym-
metric (a; ) and RT active (g and m,) vibrational modes keeping
others at their equilibrium positions at Q = 0 in each case. These
plots are shown in Figs. 2-6. In each figure, the solid curves repre-
sent the adiabatic potential energy obtained from the diabatic model
developed in Sec. II and the corresponding parameters given in
Tables S1-S8 of the supplementary material. The points superim-
posed on the curves are obtained from ab initio quantum chem-
istry calculations discussed in Sec. II. It can be seen from Figs. 2-6

4.5

(@) c, (b) c,

(v,=281cm™) L

~

Energy (eV)

19 C21

»
W

w Energy (eV)

251 \ L 5L \ \

FIG. 4. Adiabatic potential energies of the low-lying excited singlet electronic
states, '}, "I, "My, and "=} of C4s (a), Cy7 (b), Crg (c), and Cy (d), along
the normal coordinate of lowest frequency totally symmetric o vibrational mode.
The potential energies obtained from the present vibronic model are shown by the
solid lines, and the computed ab initio energies are shown by the asterisk.
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I

(d)C17 I1

(0 Cy I1

0 C, I

FIG. 5. Adiabatic potential energies of the low-lying excited singlet degenerate electronic states, 'TI; and 'T1, of C45 [(@) and (b)], C+7 [(c) and (d)], C+o [(€) and (f)], and Cyy
[(9) and (h)], along the normal coordinate of RT active 74 vibrational modes. The potential energies obtained from the present vibronic model are shown by the solid lines,

and the computed ab initio energies are shown by the asterisk.

that the calculated ab initio energies are very well reproduced by
the constructed model. We note that a few representative poten-
tial energy curves are only shown in the above figures in order to
facilitate the understanding of the dynamical outcomes presented in
Paper I1.”

It can be seen from Figs. 2—4 that the potential energy curves
of 'TI; and 'T1,, electronic states of all four carbon chains are almost
degenerate. The energy curves appear exactly superimposable, and
their slopes and curvatures at Q = 0 (equilibrium geometry of the
reference ground state) remain identical in all four carbon chains.
This yields identical values of x and y along o, modes in both
'TI, and 'TI, states as given in Tables S1, S3, S5, and S7. Low-
energy curve crossing of the 'Z} state with 'II; and 'II, states can
be seen to exist in all four carbon chains (cf. Figs. 2-4). The 12;
state also appears to have low-energy curve crossings with the IHg
and 'II,, states. Unlike in the case in Figs. 2 and 3, the potential

energy curves plotted along the lowest frequency ag vibrational
mode in Fig. 4 reveal that the ' X} state is energetically well separated
from the rest of the states at its equilibrium minimum. This mode
has the largest excitation strength in the ' X}, state in all four carbon
chains (cf. Tables S1, S3, S5, and S8) which is obvious from a con-
siderable shift of the minimum of the potential energy curves (from
the reference equilibrium minimum at Q = 0) of the X} state along
this mode in Fig. 4. The various curve crossings seen in the potential
energy curves in Figs. 2—4 would develop into conical intersections
in multidimension. An analysis of the stationary points, viz., the
equilibrium minimum of a state and the energetic minimum of the
seam of various conical intersections, is carried out and presented
later in this section. The implication of these stationary points on
the nuclear dynamics is discussed in Paper II. *’

Representative potential energy functions along the coordinate
of the RT active 7y and 7, vibrational modes are shown in Figs. 5
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FIG. 6. Same as in Fig. 5, along the RT active 7, vibrational modes of Cy5 [(a) and (b)], C47 [(c) and (d)], C1o [(€) and (f)], and Cy4 [(g) and (h)].

and 6, respectively. It can be seen from these plots that the RT split-
ting of degeneracy of both the IT; and I1, electronic states of all four
carbon chains is quite small. This is in accordance with the small
value of the second-order RT coupling parameters (in the order of
~1073 or less) given in Tables S1, S3, S5, and S7 for C;5, Ci7, Ci9, and
Ca1, respectively.

As stated above, the curve crossings present in Figs. 2-4 form
the seam of various conical intersections in multidimension. The
energetic minimum of the seam of these CIs and the minimum of
the upper adiabatic electronic states are estimated with a quadratic
coupling model. A constrained optimization with the Lagrange mul-
tiplier as implemented in Mathematica” is used to estimate these
energetic minima. The resulting data are given in Table IV. The
diagonal entries in this table represent the energy at the equilibrium
minimum of a state. However, the off-diagonal entries represent the
minimum of the energy along the seam of CIs. The impact of these

stationary points on the nuclear dynamics of all four carbon chains
is discussed in Paper II. *

In the case of C;s, the IE; electronic state is vertically above the
ll'Ig and 1, states and below the IZ; state (cf. Table IT). The degen-
erate 'TI, and 'TI, states undergo curve crossing with the 'Z} state
along the normal coordinate of vibrational modes of g; symmetry
(cf. Fig. 2). It can be seen that the IHg and 'TI,, electronic states are
not only quasidegenerate at their equilibrium minimum but over
a wide range of displaced nuclear configuration [cf. Figs. 2(a) and
2(b)]. Vertically, these states are separated by only ~0.002 eV (cf.
Table IT). The minimum of IHg—ll'Iu intersection occurs ~1.82 eV
above the minimum of the 'TI, electronic state (cf. Table IV). From
the data given in Table S2, it can be seen that the interstate cou-
pling between these states is moderately strong along the antisym-
metric stretch, vip (2001 cmfl) and vy (1924 cmfl) vibrational
modes of o} symmetry. Similarly, the minimum of the '3} state
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TABLE IV. Estimated equilibrium minimum (diagonal entries) and minimum of the
seam of various intersections (off-diagonal entries) of the electronic states of Cys,
C47, Cqg, and Cy4 within a quadratic coupling model. All quantities are given in eV
unit.

C15 C17
lz; IHg lnu 12§ 12; 1Hg IHu IZ;
Ist 326 330 330 597 !IF 294 296 296 621
T, ... 291 473 377 I, ... 288 399 337
o, ... ... 291 377 M., ... ... 287 337
1v+ 1v+
Si . .. ..o360 'Sy L L 334
Ciy Cai
IZZ lng lnu IZ; IZE lng lnu IZ;
Ist 267 284 284 572 !t 244 285 285 6.73
T, ... 284 327 312 M ... 282 312 29
m, ... ... 284 312 ', ... ... 284 296
'y 312 'y 2.93

is only ~0.04 eV lower in energy than the minimum of the ' -
IHg and '=}-!T1, PRT intersection minimum (cf. Table IV). Strong
interstate coupling between these states is caused by the m, and
g vibrational modes (cf. Table S2). Hence, it is expected that the
absorption band of 1Hg, 11,,, and IZZ states will be perturbed signif-
icantly by the 'TT;-'>; and 'TT,-'%} interstate couplings. However,
the minimum of 'IT,-'%; and 'TI,~'%; Cls occurs ~0.12 eV above
the minimum of the 12; electronic state (cf. Table I'V), the coupling
between these states is weak (cf. Table S2). The 12;—12‘,; intersec-
tion minimum occurs at much higher energy ~2.7 eV above the '}
minimum (cf. Table IV). This separation is relatively large when
compared to the remaining energetic locations discussed above.
It can be seen from Figs. 2(a) and 2(b) that along the coordinates
of v, (2216 cm™!) and v4 (1755 cm™}) symmetric stretch vibrational
modes, low-energy crossings among IZZ—IHg—IHu—IZ; states of Ci5
appear.

In the case of Cy7, the optically bright 12; electronic state is
vertically below the lI'Ig, 11, and 12; states (cf. Table 1I). The min-
imum of this state occurs very close to the minimum of its seam
of intersections with the 1Hg and 'TI, states (cf. Table 1V). The
'T1, and 'T1, electronic states are quasidegenerate and have approx-
imately the same energy at equilibrium minimum [cf. Figs. 2(c)
and 2(d) and Table IV]. From Table S4, it can be seen that inter-
state coupling between these states is moderately strong along
the antisymmetric stretch, vi, (1932 cmfl) vibrational mode of
o) symmetry. The '=;-'TI, and '=}-'TI, intersection minimum
occurs ~0.08 eV and ~0.09 eV, respectively, above the minimum of
the 'TI; and 'II, states. Interstate coupling between '=;-'II, and
'31-'TI, states is very strong along the low frequency 7, and 7,
bending vibrational modes (cf. Table S4). Like in the case of Cis,
low-energy crossings of IZZ—IHg—IHu—IZg electronic states along
the symmetric stretch vibrational modes, v, (2182 cmfl) and vy
(1925 cmfl) [cf. Figs. 2(c) and 2(d)], can be found for C,; also.

ARTICLE scitation.org/journalljcp

The 12;—12; intersection minimum occurs ~3.0 eV above the '3},
minimum.

The IZ; electronic state is vertically below the 1I'Ig, 11, and
12; electronic states (cf. Table II) in the case of Cy9 chain. Again the
'TI, and 'TI, electronic states are quasidegenerate with nearly the
same energy at equilibrium minimum in this case also [cf. Figs. 3(a)
and 3(b) and Table 1V]. The minimum of IHg—IHu intersections
is ~0.43 eV above the minimum of the 'II, electronic state, and
these states are strongly coupled along the antisymmetric stretch
vibrational modes, v;; (2222 cm_l), v14 (1869 cm_l), and vig
(1251 ecm™') (cf. Table S6) of o) symmetry. The minimum of
'5;-'Tl; and '=;-'T1, intersections is energetically very close to
the minimum of the ll'Ig and 'II, states. These intersections are
just ~0.17 eV above the minimum of the '3}, state. The interstate
coupling between these states is strong along the low-frequency
mg and m, vibrational modes (cf. Table S6). The minimum of
12;—12; conical intersections occurs at much higher energy, ~2.6 eV
above the equilibrium minimum of the 12; state. These states are
fairly strongly coupled by the antisymmetric stretch, vi4 (1869 cm™")
vibrational mode of o;, symmetry.

Like in the case of Cy7 and Ci9, the 12; electronic state is ver-
tically below the 1Hg, 11, and 12; states in Cy; also (cf. Table IT).
Quasidegeneracy of the 'TI; and 'II, electronic states is found in
this case also [cf. Table IV and Figs. 3(c) and 3(d)]. The minimum
of the 'IT,~'TI, intersections occurs ~0.30 eV above the minimum
of the 'TI, electronic state. These states are strongly coupled along
the antisymmetric stretch, vi3 (2166 cmfl), vis (1821 cmfl), and
vie (1784 cm™!) (cf. Table S8) vibrational modes of o symme-
try. The 'Z} - 'TI; and 'S} - 'II, intersection minima are close
to the minimum of the 'TI, and 'TI, state, with an energy gap of
~0.01 and ~0.03 eV, respectively. These intersections occur ~0.41 eV
above the minimum of the ' state (cf. Table IV). The interstate
coupling between these states is strong along the low frequency 7,
and m, bending vibrational modes. The IZE—IZQ conical intersection
minimum occurs at much higher energy, ~3.8 eV above the min-
imum of the IZ; state. The coupling is weak between these states
(cf. Table S8).

The above discussion reveals that the energetic minimum of the
seam of various Cls generally moves to higher energy relative to the
minimum of the '3}, electronic state with an increase in length of the
carbon chain which appears to have a quite different impact on their
nuclear dynamics (cf. Paper ).

V. SUMMARIZING REMARKS

The structure and energetics of the six (including degeneracy)
energetically close lying electronic states (viz., Iyt 1Hg, M,, and
12;) of neutral carbon chains, C,,41 (n = 7-10), have been inves-
tigated here as a prerequisite for the dynamics study (presented in
Paper II”°) to examine their photoabsorption spectrum. The elec-
tronic energies are calculated by the EOM-CCSD method along
the normal coordinate of the vibrational modes. The linear carbon
chains, C,4+1 (n = 7-10), studied here have a 12; ground electronic
term. For all of them, it is seen that the '3}, electronic state is opti-
cally bright with large oscillator strength and the latter scales linearly
with the chain length.
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A model diabatic Hamiltonian is constructed in terms of
dimensionless normal coordinates and considering six electronic
states which are in the immediate vicinity of the 2} state to study
the nuclear dynamics. The Hamiltonian is parameterized by carrying
out adiabatic ab initio electronic energy calculations. The topogra-
phy of the potential energy surfaces along normal coordinates of
vibrational modes is examined in detail. It is found that the RT split-
ting of the degenerate IT state is small in all four carbon chains.
However, significant PRT coupling among ' %, ~'IT;-"TT,~'Z; elec-
tronic states is found. The location of the energetic minimum of the
seam of various conical intersections relative to the equilibrium min-
imum of a state is calculated. The impact of the latter energetics of
potential energy surfaces on the nuclear dynamics of the four carbon
chains, Cy4+1 (n =7-10), is discussed in Paper II. 2

SUPPLEMENTARY MATERIAL

See supplementary material for the coupling parameters of the
electronic Hamiltonian [cf. Eq. (6)] and Table III for C;5 (Tables S1
and S2), Cy7 (Tables S3 and S4), Cy9 (Tables S5 and S6), and Cy;
(Tables S7 and S8).
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APPENDIX: SYMMETRY REPRESENTATION
OF VIBRATIONAL MODES OF LINEAR CARBON
CHAIN WITH N CARBON ATOMS

The carbon chains studied in this paper possess equilibrium
geometry of Doo, point group symmetry. The highest Abelian point
group that correlates with Do, is D2y,. The correlation table in terms
of the electronic states and vibrational modes is given below. The
molecule is considered to be in the Y-Z plane, and the X axis is
perpendicular to the molecular plane, as sketched in Fig. 7.

In the following, a general equation is derived with the aid of
the orthogonality theorem for the symmetry representation of a lin-
ear molecule containing N atoms belonging to the Do, equilibrium
symmetry point group.

The correlation table for the electronic states and vibrational
modes in the Do ,~D5j, symmetry groups reads”’

Y

1

- == ==0-

FIG. 7. A schematic representation of linear carbon chains in the Y-Z plane.
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Dooh D2h Dooh D2h
Electronic term (IREPs) Vibrational mode (IREPs)
Zgi Ag O‘gi ag

g Blg O‘g blg
2; Blu U;j blu
b Ay o, ay
Hg BZg + B3g TTg b2g + b3g
Hu B2u + BSu Ty qu + b3u
Ag Ag + Big O ag +big
Ay Ay, + By Ou ay + by

The reducible representation of N atom carbon chain in the D5,
symmetry group is given by

Dy, E Cz) Gy

I 3N -N -1 -1 -3 1 N N

Cy(x) i o(xy) ol(xz) o(yz)

Upon decomposition to component irreducible representation
of the D,;, symmetry point group, the total number of IREPs in I’y
is given by

(N-1,  (N+D, (N
2 2 2

(N; D) (bau + b3). (A1)

D (bag + b3g)

Liotar =

+

Using the Dy;,-Dooy, (vide supra) correlation table given above
the above equation (A1) in the symmetry representation of the Do,
point group reads

(N1, (4D o (N2 (Ve

Liotar = ) g B P g ) (A2)

The two rotational degrees of freedom of the N atom carbon
chain transform as (b1, drops out in Doy, as it rotates along the
molecular axis)

Lotational = 1ng + 1b3g + lblg (il’l Dzh)
= 175 + 0 (in Doop,). (A3)

The three translational degrees of freedom transform as

Tiransiational = 1byy + 1b3y, + 1byy (in Dzh)
= 1m, + 1o, (in Deop). (A4)

Now, the IREPs of the vibrational modes of the N atom carbon
chains read
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Fvibmtionul = Ftotal - Frotationul - thnslatiunal

(NZ_ 1)ag+ (Nz_ 1)b1u+ (N2_3) (bag + b3g)

N %(kz“ +b3) (in Dyy)

(N_l)a++ (N_1)0++ (N-3)
5 {4 2 “ 2

+@ﬂu (in Doopy)- (A5)

g

The above analysis shows that linear molecules with Do, sym-
metry point group do not contain modes with vibrational angular
momentum quantum number >x1. Therefore, the electronic IT and
higher angular momentum states are not RT active in the first-order
in accordance with the selection rules given in Sec. II.
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