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Ab initio calculations are used to characterize the ground and low lying excited electronic states of selected
dicyanocarbene (Bl or C(CN)) isomers. Our calculated ground state geometries and the corresponding
vibrational frequencies agree well with available experimental and theoretical data, thereby providing the
reliability of the predicted quantities. The present calculations are used to identify the possible emitting species
for some unidentified emission bands observed in certain low-temperature matrices. It is found tRAt the 1

— XA’ transition of 3-cyano-42-azirenylidene, that is, cyclic8I-CN (Figure 1c) satisfactorily explains all

of the observed spectral features of these bands.

I. Introduction the linear (.h) and bent (G,) species. In 2003, Maier and co-
. workers identified five stable isomers of{f, (dicyanocarbene,
In recent years, the structure and properties of ”nsat“ratedcyanoisocyanocarbene, 3-cyarid-azirenylidene, 3-isocyano-
molecules O.f the general fo_rmulax: XCnX, XC?Y' etc. have 2H-azirenylidene, and diisocyanocarbene) in the photolysis and
dra_vvn con_S|derat_JIe attention fro_m astrophysmsts_ because Ofphotoisomerization of matrix-isolated dicyanodiazomethane.
their possible existence in the interstellar and circumstellar They also presented the vibrational frequencies, geometrical

hmetdla. Thuls, extens)l(\st't\luc(i)leSs Pha\>/(e )?een d ():(arr\l(eldz tout ONparameters, and the relative energies of these isomers. It is
eterocume e_ne53§Z( RN ), XGX, an Q 0 pertinent to remark that their B3LYP/6-33G* density func-
establish their presence in the interstellar and circumstellar . : . . 3

tional calculations also predict a linear triplet state &f

clouds. Despite extensive investigations, none of these speciesS mmetrv for the around state of dicvanocarbene
(CsX, XCgY, XC3X) have been found in the interstellar and/or y y 9 ) y . B} .
circumstellar clouds. Among these species, the ground state 1N€ Purpose of the present investigation is to identify the
geometries of §N,38 and PGP? are predicted to be linear or ~ SPECies responsible for the emission of an unidentified band
slightly bent. The electron paramagnetic resonance (EPR)SyStem observed by Krishnamachari et’éf:in the microwave
spectrum of GN, was recorded by Wasserman et3ah discharge products of flowing m|xtures ole‘t;{md CO/QH?,
flurolobe suspension and in hexaflurobenzene matrix. Although conde{]seq on a cold surface. Krishnamachari et al. have inferred
the EPR spectrum in flurolobe suspension suggests that the(from **C isotope shift data) that the emitter contaatdeast
ground state of €N, is a linear triplet, the corresponding WO carbon atoms. They further conclude (from the energy
spectrum recorded in hexaflurobenzene matrix was found to betransfer excitation mechanism) that the emission is most likely
compatible with a slightly bent geometry. Thus, there exists an tking place from the low lyingtableexcited triplet state (T)
ambiguity concerning the geometry of theNg species. This 10 itsstablesinglet (S) ground state withEs_t(obs)~4.5 eV.
ambiguity is also present in theoretical calculations. On the basis OUr recent comprehensive calculatihstrongly suggest that
of extended Hakel calculations, Hoffmann et &lassigned a  the isomers of &N, cannot be the possible emitter because none
linear triplet for the ground state ofsl,, which has also been ~ ©f its isomers havetabletriplet excited states WithEs- ~4.5
supported by severalb intio studiess”® Similar trends have €V, though one of its cyclic isomers possesses a ground state
also been observed for the analogues NCN and HCH. However, Vibrational frequency close to the observed value. As explained
two configuration, self-consistent field (SCF) calculations of N section IV, the GN2 molecule could be considered a PPSS'P'G
Lucchese and Schaefesuggest that the 481, triplet state is emitter of the bands. Because one of the ground state vibrational
distinctly bent ?By). frequencies (677 cm) of 3-cyano-H-azirenylidene (henceforth
The formation, structural rearrangement, and decompositions@PPreviated as cyclicfl for convenience) is significantly close

of C3N; have also received considerable attention from experi- to_ th_e observed (670 cr¥) valu_e n _the emission band_%,ll
mentalists. The synthesis o6, and its ionic species from its NS isomer could be the possibémitter of the unexplained
precursors has been studied by Blanksby etaho have also bano! system, provided its low lying triplet _excned state is stable
reported the geometrical parameters and relative stabilities of2nd i separated from its ground state singlet-ays ev.

This article describes calculations of the ground and low lying

*To whom correspondence should be addressed. E-mail: Uriplet state properties of linear and cyclicNG isomers to
rkchaudh@iiap.res.in. identify the unknown emitter. Because the vibrational frequen-
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cies and the geometry of the ground and lowest excited triplet TABLE 1. Ground State Geometrical Parameters of
states are relevant to the identification of the emitter, our Dicyanocarbene Isomers (Figure la and 1)

calculations are mainly confined to these two states of cyclic parameter CASSCF others
C3N_2. Our calcu_lations for the Iinear_ structures agree well \_/vi_th X35 (a) foe 1.301 1319
available experimental and theoretical data, thereby providing K 1.318
a benchmark for assessing the predictions. The present calcula- ren 1.197 1.186
tion further shows that all of the observed spectral features of 1.194
the unidentified band system could be satisfactorily explained pccc 180.0 1800
as being due to the3A’ — XA’ transition of cyclic GNo. T 180.0 1809

g . . . XAy (b) fec 1.400 1.424

The article is organized as follows. Section Il describes the 1.369

basis set used in the calculations for the ground and excited Fen 1.153 1.160
state properties of thes8; isomers. The results obtained from 1.187
various correlated theories are discussed in section I, followed gcce 113.2 112%)’4&9
ggcttril:naﬁ/slgnment of the emitter of the unidentified bands in ONGC 175.1 1740

) 1719
Il. Computational Details aBond lengths and bond angles are given in A and degrees,

. . respectively.
Two sets of basis functions are employed to compute the

ground and excited state geometries, and state energieblaf C ~ TABLE 2: Ground and Excited State Geometrical
The structural parameters and vibrational frequencies of someParameters of Cyclic GN, (Figure 1c and dy

selected @N, isomers (relevant to the present study) are parameter CASSCF Maier et&l.
calculated at the complete active space (CAS) self-consistent  x1p (c) rec od1) 1.378 1.415
field (SCF) level using the DALTON package with the rec(2) 1.417 1.393
[14s9p4d]/(6s4p2d) atomic natural (ANO) basis of Widmark ren(1) 1.427 1.390
et all* The state energies, however, are estimated using the ren(2) 1.301 1.304
CCSD* (EOMCCSD* for the excited states of interest) method %Kl(g)(a) 63%64 6%%57
with the [14s9p4d3f]/(7s5p3d2f) ANO basis of Widmark etal. CCN (8) 552 554

In addition to CCSD, we also report the transition energies NCC () 179.1 180.0
(for the cyclic isomer) obtained from the multireference quasi-  1°A’ (d) rec(1) 1.386
degenerate second-order perturbation theory(MCQDPT2), rec(2) 1.441
multireference Mber—Plesset second-order perturbation theory ren(1) 1414
(MRMP2)8 and third-order effective valence Hamiltonian ren(3) 1318
method (H3rg).1? OCNC (@) 61.1

It is worth mentioning that the complete active space second- OCCN (8) 55.6
order perturbation theory (CASPT)is also capable of UNCC () 123.4

providing reliable and accurate ground and excited state agond lengths and bond angles are given in A and degrees,
properties for such systems. Because the CASPT2 code wasespectively.

not accessible to us, we employed the above-mentioned per- ] o

turbative methods in which MCQDPT2 and MRPT2 are closely TABLE 3: Ground and Excited State Vibrational

related to CASPT2, whereas thésd method is also known to Frequencies (in cm) of Dicyanocarbenes (Figure 1a and b)

produce results of similar qualify. Maier et al?
] ) CASSCF calcd obsd

[ll. Results and Discussions X35, (@) " 1892.4 20234 19450

The ground state structural parameters from the CASSCF and V2 1648.4 1792.3 1747.6
other correlated calculatioh$ of dicyanocarbene and cyclic V3 1468.9 1585.4 1508.1
CsN; are collected in Tables 1 and 2. The present calculation z“ Z;g'g Zgg'g ggg'g
also predicts a lineal; ground state for dicyanaocarbene and VZ 407.2 4422 373.0
is in accord with almost all previous theoretical calculations vz 148.6 1185 102.0
except the one reported by Lucchese and Schéefercan be XA (b) 21 2348.9
seen in Table 1, the CASSCF predicted CC (1.308 A) and CN v 2273.3
(1.197 A) bond lengths are in excellent agreement with previous 33 %Zg'g
theoretical estimates of Maier et%and Blanksby et al. e 593.7

The vibrational frequencies for the ground state of dicyano- Ve 361.5
carbene determined from the CASSCF method are presented V7 345.4
in Table 3. Recently, Maier and co-workers have calculated the ZS igg-g

9 .

vibrational frequencies of dicyanocarbene from the IR spectrum
of dicyanodiazomethane irradiated with light of wavelength
greater than 385 nm. They have also computed its vibrational two-configuration SCF method. Their two-configuration SCF
frequencies using the B3LYP/6-31G* method, which fits geometry optimization predicts the CC and CN bond distances
nicely with their observed values. Our predicted vibrational to be 1.421, and 1.16 A, respectively, wifCCC = 114.9,
frequencies are also in accord with the observed and theoreticawhereas the B3LYP/6-31G(d) calculation$ estimate these
estimate of Maier et al. parameters to be 1.467 and 1.191 A, and 125@spectively.
The bent singlet state dicyanocarbene Vil configuration Unfortunately none of these studies provides any information
was studied theoretically by Lucchese and Schéafsing a on the vibrational frequencies and the stability théAf state
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TABLE 4: Ground and Excited State Vibrational
Frequencies (in cm?) of Cyclic C3N, Isomers (Figure 1c and
d)

Maier et al®
CASSCF calcd obsd

XA (c) v 2309.3 2314.5 2222.2

V2 1758.6 1716.1 1628.8

V3 1399.8 1286.8 1281.5

V4 1004.8 1032.1 991.4

Vs 694.2 696.5 677.0

Ve 587.8 590.0 559.3

V7 549.3 543.1 517.8

Vg 234.8 235.2 215.

Vg 218.5 217.9 193.
13A' (d) 2 1758.1

2 1504.1

V3 1363.3

Va 1048.4

Vs 790.1

Vg 524.0

V7 474.9

Vg 224.9

V9 118.9

TABLE 5: Relative Energies (in kcal mol™) of the Neutral
and Negative lon States of GN, Isomers

state this work others
X2B2 —68.87 —70.67
X33~ 0.00 0.00
1B 7.64 7.8
1A 13.70 18.3%

18.2¢
XA 16.43

a2 Computed atB; geometry? Computed atA; geometry.

of dicyanocarbene. It should be noted that the B3LYP/6-
3114+-G* calculations of Maier et dl.exhibit numerical instabil-

ity of the 1A; state wave function. However, no such numerical
instability was found in the CASSCF calculation, which is
evident from its positive vibrational frequencies (see Table 3).
The CASSCF geometrical parameters for YAg state are also
reasonably close to those in the earlier predictions.

The experimental vibrational frequencies for the grod#d
state of cyclic GN, were reported by Maier et &They have
also computed the vibrational frequencies and structural pa-
rameters using B3LYP theory with a 6-3tG* basis. Because
the ground state of cyclic{8l; is a stable singlet and one of its
vibrational frequencies is close to the observed véldéwe
investigated its ground and excited state properties to identify
the unknown band systett11 The CASSCF geometry optimi-
zation shows that cyclic 4, possesses stablé’ ground and
SA" excited states. It is evident that geometry (Table 2) and
vibrational wave numbers (Table 4) of th& ground state of
cyclic GsN; are in accord with the experimental and theoretical
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TABLE 6: Adiabatic Excitation Energies (in eV) of Cyclic
CaN22

state ccsb MCQDPT2 HY

XIA 0.00 0.00 0.00
13A" 2.95 (2.89) 2.49 3.05
13A 4.43 (5.16) 4.34 4.46
2 5.38 (6.35) 5.35 5.32

a Entries with parentheses are vertical excitation energies.

TABLE 7: Dissociation Energies (GN, — C,N+CN) of C3N;
Isomerst

state CCSD
X35 3.93
XA 4.80

a All entries are in eV.

dicyanocarbene and its negative ion and of cycltl£are in
the following order: XB; > X3, > 13B; > X!A; > XA

The dissociation energy @bof the ground state of dicyano-
carbene and cyclic §bl, are presented in Table 7. We report
the GN, — C,N + CN bond breaking energy because of its
relevance to the assignment of the emission band. Because both
C:N and CN species are open shell doublets, CCSD state
energies of these species are computed using open-shell coupled
cluster theory for one-electron-attachment processes (OSCC-
EA).22 The dissociation energies of dicyanocarbene and cyclic
CsN; are helpful in explaining the stability of these molecules
in a low-temperature deposit (discussed section 1V).

The CCSD ground and low lying excited state energies of
cyclic G3N; are depicted in Figure 2 as a function ofNGCN
bond distance, that is, rcc(2) of Figure 1c. As can be seen in
Figure 2, the 2A" states of @GN, exhibit an avoided crossing
with the BA" state near Ry—cn = 1.3 A. Perhaps because of
this, the CASSCF geometry optimization procedure for A 2
state fails to yield real frequencies for all of the vibrational
degrees of freedom. The potential energy curves of cycliit,C
qualitatively show that the3/\' state joins the ground 4’ state
at the dissociation limit. We emphasize that although these
curves explain several observed features ofithidentifiedband
system (discussed below), they are not quantitatively correct,
especially near the bond-breaking region. This arises mainly
because of the multiconfiguration nature of the state(s) of
interest. Multireference theories may be used to obtain more
accurate and reliable potential energy curves, but this technically
difficult problem is beyond the scope of the present work.

IV. Low-Temperature Matrix Emission Spectra

Krishnamachari et &1 observed two band systems in the
3000-4500 A region that are emitted by the products of a
microwave oscillator discharge through flowing mixtures of

data® Because our computed quantities for the ground state arenitrogen and acetylene or nitrogen and carbon monoxide, which
reasonably close to experimental and other correlated calcula-are then condensed on a surface that is cooled to liquid helium
tions, we believe that our predicted geometry and vibrational or liquid hydrogen temperatures. One of these systems (referred

frequencies for the excited state are likewise quite accurate. Weto here as system I) has its-0 band at 3013 A and consists of

also note that our computed singtetiplet energy gap (see
Table 6) for cyclic GN, agrees favorably well with experi-
ment10.11

a progression of six narrow and diffuse bands with an interval
of 2300 cntl. The second system (referred to here as system
1) has its 0-0 band at 2895 A and consists of a long progression

The CCSD state energies for the neutral and negative ionsof 22 very broad (half-width at half-maximum intensity, 50

of C3N; are summarized in Table 5. For simplicity, the CCSD
state energies for the negative ions are computed aiptmized
geometry of the neutral speciekhe present calculation shows

cm™1) and diffuse bands with an interval of 6@8 25 cnt™.
System | appears with good intensity as soon as the condensation
of the discharge products begins, whereas system Il emerges

that the dicyanocarbene anion is energetically more stable thanafter a certain delay when a sufficient amount of deposit gets

its neutral counterpart. The cycligi8, negative ion is unstable

collected on the cold surface. In addition to the emission that

and, hence, not reported here. The relative state energies obccurs during the condensation of the discharge products through
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Figure 1. CASSCF optimized ground {ec) and excited state (d) geometries of dicyanocarbene and cyslig-C
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-222.4 T T T T T depending upon the nature of the gas mixture; thus, system |
shows increasing intensity on passage from methane to carbon
tetrachloride, whereas system II, which is very intense with
methane, decreases in intensity on passing from methane to
chloroform and is practically absent with carbon tetrachloride.
These observations thus show that the two systems belong to
different emitters. Valadier et 8f.assigned the band system |

to theads, — X12g transition of GN,, corresponding to the
absorption system in the gas phase observed by Calloman and
Davey?* The emission in the low-temperature matrix arises as
a result of the formation of £, from the recombination CN
radicals at the cold surface and the subsequent excitation of
C.N; through energy transfer from metastable A?ZLT mol-
ecules, which are also formed in the discharge and reach the
cold surface. This assignment was subsequently confirmed by
Mayer et al2®> who observed this transition in emission in the
gas phase by directly excitingR, with N, A32: molecules.

The emitter for the band system Il, however, remains unidenti-
fied.

The band system Il consists of a long progression of bands
involving a ground state vibrational frequency of 66&5 cnt?
and an electronic transition energy of 4.28 eV. In order to
explain the observed vibrational structure of the band system,
| \ | \ | the emitter should have a ground-state vibrational frequency of
'223'10‘8 1 1.9 14 1.6 18 9 668+ 25 cnT?, and because the excitation takes place through
) energy transfer from {3\1323 molecules (6.22 eV), it should
R(C:N-CN) (in A) have a singlet ground state and a triplet excited state at the
Figure 2. Ground and excited state potential energy curves of cyclic- appropriate excitation energy. In an earlier communicaifon,
GaN: as a function €N-CN bond distance (rcc(2) of Figure 1c). we have considered the possibility of assigning this band system
to cyanogen or one of its isomers, viz., isocyanogen, diisocy-

the gas mixtures, the two systems could also be excited from @n0gen, diazodicarbon, and cyclic cyanogens. Neither cyanogen
the initially formed deposit with the aid of the discharge products NOr any of these isomers was found to satisfy these requirements
obtained from flowing nitrogen alone. These bands were initially @nd hence could not be considered as the emitter.
assigned to Cg and NCGP but was later revisett With the Because the band system Il could be generated with high
help of thel3C isotope shifts observed in both systems, it was intensity using M and CH, or N, and GH, mixtures and
concluded that the emitting species contains at least two carbonbecause the discharges through ,Gitd GH, are known to
atoms in each cageé. produce the gradical?8 it is plausible that the emitter could
Valadier et aP® later produced these bands, using similar be GN;, which is formed by the recombination ok@nd N
excitation conditions but with flowing mixtures of nitrogen and at the cold surface. In light of the theoretical calculations for
methane, methyl-chloride, dichloromethane, chloroform, or the GN, isomers presented in section Il, we analyzed the
carbon tetrachloride. (Their band systems A and B correspond possibility of assigning the emitter to one of these isomers. The
to our systems Il and I, respectively.) They observed marked geometries of the stables8; isomers (depicted in Figure 1)
differences in the relative intensities of the two systems are shown in Tables 1 and 2. Because the excitation of the
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-222.7 -

-2228 |-

Energy (in a.u.)

-2229 -

-223 -




Dicayanocarbene (8l,) and Its Isomers J. Phys. Chem. A, Vol. 111, No. 22, 2004853

emission band arises by energy transfer from the metastablebroadening and overlapping of its rotational levels. It is thus

N, A3Z! molecule, in order to conserve spin, the emitter seen that the cyclic 4, satisfactorily explains all observed

should have a singlet ground state and a triplet excited state.spectral features of band system Il and can be considered as

As in the case of €N, isomers, the tripletsinglet emission  the possible emitter of this band system.

occurs because of relaxation of the spin selection rule due to The dissociation of cyclic-¢N, to C;N + CN suggests the

the influence of the crystal field in the low-temperature matrix. possibility of its formation through the recombination ofNC

In the solid matrix, the higher vibrational levels of the excited and CN. However, although 8 has been observed in the

state relax very fast to the lowest vibrational level, and the photolysis of diazometharté,so far there is no report of its

emission essentially consists of progressions in the ground stateappearance in an electrical discharge through methane and
The ground state of the lineagld, isomer (Figure 1a), which nitrogen mixtures. Hence, this possibility is not considered here.

has the lowest energy of formation, is a triplet st&% J and The present calcul;ations for c_ycIngnz qlemo_nstrat_e the
hence could not be considered as the emitter. As shown in Table€XIStence of a stable’A” state with an '?‘d'aba“c ex_(:|tat|on
5, the bent dicyanocarbene (Figure 1b) and the cychi,C energy of 2.95 eV (Table 6)_. In the experiments of Krishnama-
(Figure 1c) have singlet ground states. However, none of the cahri and co-worker&:11emission from this state could not be
ground state vibrational frequencies of the bent dicyanocarbene®PServed because of the mismatch of its \;er+t|cal excitation
are close to the observed value in the band system II, wherea<£n€rgy (2.89 eV) with the energy of the, %, molecule

the cyclic GN, isomer has a ground state frequency of (6.22 eV). However, it might be possible to produce this
677 cnrt, agreeing well with the observed value of 688 emission by exciting the deposit with radiation of the appropriate

25 cnmt (Table 4) in band system II. The calculated energies Wavelength. it would also be possible to see the corresponding
for the excited electronic states of the cyclighG are givenin  absorption spectrum in the deposit, though its intensity would
Table 6. The CCSD estimate of adiabatic energy for the be weak because of the spin forbidden nature of the transition.
transition BA' — XA’ is 4.43 eV, which, after correction for N View of the current astrophysical interest in cyano-molecules,
zero-point energies (ZPE) in the two states, comes to 4.36 eV, It would be desirable to perform further studies on these spectra.

in quite good agreement with the observed value of 4.28 eV in While Maier et af have reported the formation of cyclics,

band system II. It is pertinent to remark that the MCQDPT2 N the photolysis of dicyanodiazomethane, the present studies
estimates of 3 — XA’ transition energy (4.27 eV after ZPE indicate the pos§|b|I|ty of its formatlon by the recomblna'tlon
correction) are in better agreement than CCSD. The CCSD of Cg and N, which would be of interest in the astrophysical
vertical excitation energy (see Table 6) of théNlstate is  context.

5.16 eV, and thus, this state can be excited by energy transfer
from ASZI state N molecules (6.22 eV). The geometrical
parameters of the3A’ and XA’ states are shown in Table 2.
The NCC angley in Figure 1d) displays a large change from
179.7 in the ground state to 123.4n the excited state. This
explains the occurrence of a long progression involving the

bendinag frequency 66& 25 cnt?! in the ground state. (1) Brown, D. R.; Eastwood, W. F.; Elmes, S. P.; Godfrey,JPAm.
9 q y 9 Chem. Soc1983 105 6496; Brown, R. D.; Pullin, D. E.; Rice, E. H. N.;

The recombination of €and N> might directly lead to the Rodler, M.J. Am. Chem. Sod.985 107, 7877.
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