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Abstract

The D’T1, < X2I14 electronic transition of the NCCNcation has been observed in a 5 K neon matrix with origin band at
33,522+ 23 cntt. The origin of the BX,+ < X214 system is assumed to be the band at 11;48&m . In the infrared,
the oy vibrational mode is detected at 1799 1 cmi!. Theoretical calculations demonstrate th&fT is a nonlinear
shake-up state and possessiesandtrans-bent/bent Renner—Teller minima, in contrast to tiféT§ and CT1, states which
are linear. The complex vibronic progression in the absorption spectrum in a neon matrix fdthethte does not provide
direct evidence for the two possible isomers. The stretching modes are assigned while the active bending modes couplec
the Renner—Teller effect will require additional studies. In the energy region ofafig Btate lie several quartet states. The
D211, state forms a conical intersection i §/mmetry with B, close to its barrier to linearity. The latter state crosses
in linear structures also the?d, state and along theis-bending coordinates the?&Zy* state. Because the’&, " state
intersects conically with three electronic states, the vibronic and Renner—Teller couplings complicate the assignments of 1
vibronic progressions observed. (Int J Mass Spectrom 223-224 (2003) 107-114)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction occur therg4—7]. In contrast to the asymmetric aza
molecules H(&C),CN, detection of the symmet-
When hydrogen cyanide was identified in dark ric NC(C=C),CN ones by microwave transitions is
interstellar clouds, other aza compounds became ahampered by the lack of a permanent dipole moment.
subject of scientific interest due to their possible However, there is every reason to suppose that such
presencdl]. The observation of a number of asym- molecules are also present in dark interstellar clouds.
metric cyanopolyacetylenes HELC),CN (n = 1-5) Cyanogen, the smallest of them, is stable under nor-
by means of microwave spectroscopy confirmed that mal conditions and, therefore, has already been the
the larger molecules containing cyano groups can subject of exhaustive studies. The spectroscopic char-
indeed exist in spaci,3]. Moreover, some of them  acterisation of the cation is incomplete.
have either been identified in the atmosphere of the The first studies of NCCN were by photoelectron
Saturn’s largest satellite Titan or are predicted to spectroscopy and provided information on the energy
of the electronic state$8] as well as on the geom-
* Corresponding author. E-mail: j.p.maier@unibas.ch etry of the lowest two states from a Franck—Condon
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analysis of the vibrational structure in the spe¢@h
Later NCCN" was produced in a 5K neon matrix by
photoionisation of cyanogen leading to the observa-
tion of the absorptions of two dipole-allowed elec-
tronic transitions out of the ground statE0]. As a
result of the experimental and theoretif#l,12]stud-
ies, three excited electronic states?y*, B?x,*
and CIly, in addition to the electronic ground state
X214 are known.

The present article reports observation of the
fourth excited electronic doublet state?ID,, as well
as reassignment of the vibrational structure in the
B2%,* <« X2IIg band system and the,™ infrared
(IR) fundamental band of NCCNin solid neon. Ab
initio calculations carried out provide information on
the electronic excited states, behaviour of their po-
tential energy functions and anharmonic vibrational
frequencies for the X4 electronic ground state of
this cation.

2. Experimental

The apparatus employed combines mass selection

with matrix isolation spectroscopyl3]. The ions

were generated in a hot cathode discharge source

from a mixture of cyanogen and helium in a ra-
tio of 1:4. lon currents between 200 and 240nA
were attained. The £N>™ cations were co-deposited
with excess of neon onto a rhodium-coated sap-
phire substrate maintained at 5K during 4h. The
regions 220-1100 nm and 1200-4000¢rwere then
scanned using wave-guide (path lengt cm) and
reflection (path length~750.m) techniques for the
two regions, respectively. After the matrix had been
irradiated with a medium pressure mercury lamp
(~5.4eV), the usual procedure to eliminate cations,
the spectra were recorded anew.

3. Theoretical

Six-dimensional potential energy functions (PEFs)

have been generated by the RCCSD(T) approach4

[14,15] for the upper A component of the XIlq
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electronic ground state of NCCNand its isomer
CNCNT. Parts of their PEFs for the electronically
excited doublet and quartet states have been calcu-
lated by state averaged CASSCF metfi®17] The
correlation consistent cc-pVTZ or cc-pVQZ atomic
orbital basis sets of Dunning have been ug?j19]

All computations have been performed with the
MOLPRO program suit¢20]. In the computations of
the electronic ground state all valence electrons were
correlated, whereas in the CASSCF wavefunctions
the lowest 7amolecular orbitals were not active.

This limitation has been imposed by the large num-
ber of CSFs resulting for complete valence space. In
the present approach with’9and 44 active molec-
ular orbitals, the CASSCF wavefunctions comprised
more than 490,000 CSFs insGymmetry. All states
with the same multiplicity were averaged together
with equal weights. The aim of the electronic struc-
ture calculations was to qualitatively describe the
characteristics of the electronic states, particularly the
location of possible conical intersections leading to
vibronic couplings. The nuclear motion problem was
solved only for the A component of the electronic
ground state of both isomers by a second order per-
turbation theory, using spectroscopic constants from
a quartic force field in dimensionless normal coor-
dinates Table ). These computations showed that
the stretching modes are coupled with the bending
modes and the solution of the nuclear motion problem
with a reduced dimensionality—for linear structure
only—did not yield anharmonic vibrational transition
energies accurate enough to distinguish between the
NCCN* and CNCN isomers for the asymmetric
stretching mode. A full six-dimensional treatment

Table 1

Anharmonic vibrational frequencies (¢} for the X2I1g ground
states of NCCN and CNCN" obtained at the RCCSD(T)/VQZ
level

Mode NCCNF, X2Iq CNCN*, X211
1. ogt 2300 2033
2.0t 808 963
3. ow* 1789 1731

g 537 465

5. ) 240 163
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Fig. 1. One-dimensional cuts of the collinear centrosymmeric part
of the CASSCF potential energy functions of the NCCHlec-
tronic excited states along the CN coordinate.

of the Renner—Teller problem in electronically de-
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Fig. 2. One-dimensional cuts of the collinear centrosymmeric parts
of the CASSCF potential energy functions of the NCCHlec-
tronic excited states along the CC coordinate.

tion has been located between teSR* and 22+

generate states of tetra-atomic molecules remains astates for thdérans-bending coordinate. Ifig. 3, the

challenging theoretical problem particularly if conical
intersections lead to additional vibronic coupling.

CASSCF PEFs of both states cross around bt@he
NCCN" ground state equilibrium bond lengths (cf.

The one-dimensional cuts of the CASSCF PEFs for Table 2. On the other hand, the PEFs do not cross

linear geometries along the CN stretdfig. 1) and
CC stretch Fig. 2) show that the Bx,* state PEF
crosses that of €Iy, and its A component forms a
conical intersection leading to vibronic coupling be-

tween both electronic states. Another conical intersec-

Table 2

either along thecis-bending coordinateHg. 4) or
along the NCC-bending coordinatég. 5) in the inve-
stigated geometry region of the six-dimensional PEFs.

The two-dimensional parts of the PEFs displayed
in Fig. 6for the X2T1g and D*11, states along the CN

Equilibrium geometry, electronic configuration and excitation energies of the lowest excited states of NCCN

State Re(CC) (Bohr) Re(CN) (Bohr) Electronic configuration T (eV) calculated To (eV) experiment
X2Tg 253 2.26 o logmymg’ 0? 0

A2zg* 258 2.18 o ?ogtmdmgt 1.16 1.13[8]

B2z, * 2.54 2.19 oytogimymgt 1.45 1.4%

C211y 2.66 2.25 o log?mSmgt 2.27 2.11[10]

D211, 2.44 2.58 o log?mytmglm,t 4.3 4.16

8 CASSCEF total energy at the equilibrium geometry of thé‘l)g state: —184.4183213 a.u. (VQZ basis set).

b present study.
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Fig. 3. One-dimensional cuts of theans-bending centrosymmeric
part of the CASSCF potential energy functions of the NCCN
electronic excited states along the CCN angle. Thestates are
drawn with full lines, the A states with dashed lines.

and CC distances in linear centrosymmetic structure of
NCCN* are common to both electronic Renner—Teller
components. In the 11, state both CN and CC dis-
tances differ strongly from the electronic ground state
(Table 2.

4. Results and discussion

The trapping of the mass-selectegNG* ions in a
neon matrix gave rise to a number of absorptions in
the 220-1100 nm region. Some of theseg,(CN, CNC
and Nb) are due to impurities and fragmentation of
the deposited ions, which hit the matrix substrate with
~50eV kinetic energy, as well as to products of reac-
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Fig. 4. One-dimensional cuts of theis-bending part of the
CASSCEF potential energy functions of the NCEMlectronic ex-
cited states along the CCN angle. Thé siates are drawn with
full lines, the A’ states with dashed lines.

However, a group of three bands (at 11,486, 11,770
and 12,000cm?) to the red from the reported ori-
gin band of the BS,+ <« X214 electronic transition
of NCCNT, as well as a system of bands starting at
33,522 cnt! and expanding to the UV, have been ob-
served for the first time.

Bands of the system lying in the near IR region
have a triplet site structurd=ig. 7). The first transi-
tion overlaps with the band associated with vibrational
excitation as part of the W1, « X129+ electronic
transition of the G molecule. The bands of the latter
absorption consist of four components (site structure)
in the spectra measured. Strong absorptions due to CN,
as seen in the figure, might obscure some members
of the S+ « X2I1g4 system. The group of bands

tions between them. Other absorptions resemble thosein the UV overlaps with the AA, « X2I1, and

reported in the previous matrix stufl0], and belong
to the known Bx,* « X2Mg and CIl, < X2Ig
electronic transitions of NCCN

the B°E,~ <« X2IIq electronic transitions of CNC
[21,22] (Fig. 8). The unknown bands of the UV and
near IR band systems disappear after photobleaching
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8 which indicates that the carrier is ionic. They van-
ish after the same period of exposure to 5.4eV ra-
diation from the medium pressure mercury lamp as
the CIl, < X214 absorptions of NCCN. In view

of this and the mass selection, the assignment of the
bands to absorption of the NCCNation is indicated.

In addition, an absorption band at 1799.5¢his ob-
served in the IR region. It also vanishes after UV ir-
radiation and is, therefore, attributed to theNG*
cation.

Energy (eV)

41. B?2%," < X2[I, eectronic transition

In the previous matrix study the band lying at
12,269cm! was reported to be the origin of the
B2Z,t <« XZ2Ig4 electronic transition of NCCN,

. though the authors were not entirely s{t8]. Fig. 7
' f ' ' shows that the site structure of this band is similar to
100 120 140 160 180
0 (degree) the ones observed at 11,486, 11,770 and 12,00¢.cm
It appears that the band at 11,486¢nis the origin

Fig. 5. One-dimensional cuts of the NCC bending part of the + 2 ; P
CASSCF potential energy functions of the NCCNelectronic of the BZEU_ <X Hg electronic transition of the
excited states for the NCC angle. Thé gtates are drawn with NCCN" cation as no other bands are observed to
full lines, the A’ states with dashed lines. the red which would be displaced by the appropriate
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Fig. 6. Collinear two-dimensional plots of the potential energy functions (506 dmtervals) for the )@Hg state (full line) and for the
D211, state (broken line) of the NCCNcation along the both CN distances (right trace), and the CN and CC distances (left trace). The
third R; in each plot has been kept fixed at its equilibrium value {eble 2.
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Fig. 7. Electronic absorption spectrum of thég* « le'lg electronic transition of NCCN recorded after 4h of mass-selected
co-deposition with neon to form a 5K matrix.

interval. This differs from the energy obtained com- respectively. These intervals are too small for any of
putationally by only 2%. the stretching modedTéble 1) and could only corre-
The first and the second vibronic bands in the spond to the single excitation of the bending modes
B2z, T « X21'Ig spectrum (marked with asterisks in  which are normally forbidden by symmetry. However,
Fig. 7) correspond to spacings of 283 and 514¢m in the spectrum they are intense. Thus, in view of the
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Fig. 8. Electronic absorption spectrum of the’ID, < X2y electronic transition of NCCN recorded after 4h of mass-selected
co-deposition with neon to form a 5K matrix.
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calculations which indicate conical intersections be- curs (Table 4. Therefore, the band system is assigned
tween the B, T and three other electronic states, it to the D*Il, <« le‘[g electronic transition of the

is suggested that these bands arise due to coupling beNCCN* cation. The difference between the experi-
tween vibrational modes of thez,EgJr andthe By, * mental and theoretical excitation values is 3.5%. As
electronic states. This situation seems to be similar can be seen from the dominant electron configuration
to that observed previously for the isoelectronig™C given in Table 2 the DI, state is classified as a
ion [23]. A detailed prediction of the levels accessible shake-up one.

as result of this interaction is not feasible at present. = The next two strongest absorptions present in the
Besides these absorptions, excitations of one quantumspectrum of the BIT, <« le'lg electronic transition

of the v, and two quanta of the; modes can be seen  of the NCCN" cation are assigned to excitations of the

(Table 3. v1 andvy stretching modes. Considerable differences
in the CN and CC bond lengths for thé My and the
4.2. DI, < X2[1, electronic transition D2I1, electronic statesTable 29 are predicted by the

calculations and account for the Franck—Condon activ-

The first band (at 33,522 cm) of the system de- ity of these stretching modes. Although the structure
tected in the UV region is close to the value calculated Of the bending and the combination levels cannot be
for the D’My <« X2Ig electronic transition of the ~ Properly distinguished due to the complex bent/bent
NCCN* cation. Furthermore, the calculations show Renner—Teller problem in the?DI, electronic state,
that the CNCN cation, the presence of which cannot @ tentative assignment of the weak features on either
a priori be ruled out because the absorptions of the Side of the 3* band Fig. 8) to double excitations of
neutral CNCN are observed in the IR, possesses nothevs andvs bending vibrations is suggested. Some

state in the region where the electronic transition oc- combination bands involving these modes are also
present {able 5. The feeble absorption marked with

an asterisk in the figure cannot belong to the NCCN
© ) cation because it persists after exposure to the UV
Positions of the band maxima+(.2nm) observed for the . - . .
B2x,* < X2, electronic transition of NCCN in a 5K neon irradiation. Moreover, this band is also observed fol-
matrix and the suggested assignment lowing mass-selected deposition of theNZ ions
(the published article does not report spectra for this
region)[21]. It appears that the band belongs to the

Table 3

A (nm) b (cm 1) Av(cm 1) Assignment

870.6 11,486.4 0 } 000 A2A, < X2Mg4 electronic transition of CNC, the
£68.2 11,518.3 =2 origin of which is at 30,303 cmt in solid neon[21].
851.2 11,747.5 261 a
849.6 11,769.6 283 }
845.6 11,826.0 340 Table 4
Calculated equilibrium geometry, electronic configuration and ver-
834.6 11,982.2 496 } 2 tical excitation energies of the lowest excited states of CNCN
833.3 12,000.2 514
829.8 12,051.0 565 State Re(CN) Re(CN) R¢(NC) Electronic  To (eV)
(Bohr)  (Bohr)  (Bohr)  configuration calculated
816.5 12,247.8 761
815.0 12,269.6 783 } 201 X2 2.32 2.36 2.30 RENE RS 02
811.7 12,319.1 833 2wt - - - o’olnin® 043
2pt — - - olonint 2.22
799.9 12,502.1 1016 , o _ _ _ o2e2mmt  3.89
798.0 12,531.6 1045 4o 2A — — — o2olm?minl 534
794.6 12,585.5 1099 2 d?o?mimlal 537
aArise as result of vibronic interaction between thésR* 3CASSCF total energy at the equilibrium geometry of the

and A?Z:g+ electronic states. X2I1 state:—184.38490823 a.u. (VQZ basis set).
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Table 5 electronically degenerafdl states form linear/linear

Positions of the band maxima+0.2nm) observed for the X2I1, and CII, states) andctis-bent/bent as well
D?I1, « X2[I4 electronic transition of NCCN in a 5K neon ( 9 u )

matrix and the suggested assignment. as trans-bent/bent (BI1,) Renner-Teller pairs. The
. R - quartet states have been calculated to lie above the

X (hm) 7 (cm 1) AD (cm 1) Assignment 2

C-<I1, state.
298.3 33,521.9 0 &
292.4 34,202.1 680 B
291.0 34,366.9 845 0
289.5 34,536.4 1015 oA Acknowledgements
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