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Electronic Spectrum of Dicyanoacetylene. 1. Calculations of the Geometries and Vibrations
of Ground and Excited States of Diacetylene, Cyanoacetylene, Cyanogen, Triacetylene,
Cyanodiacetylene, and Dicyanoacetylerie

Gad Fischer* and I. G. Ross
Department of Chemistry, The Faculties, The Australian Nationabélsity, Canberra ACT 0200, Australia

Receied: April 10, 2003; In Final Form: September 9, 2003

The predictive reliability of calculations of the excitation energies, geometries, and vibration frequencies for
the lower singlet states of NCCCCN is tested by similar calculations on well-characterized states of HCCCCH,
HCCCN, NCCN, HCCCCCCH, and HCCCCCN. Their performance encourages confidence in the predictions
for the so far unanalyzed first singlet transition of NCCCCN.

Introduction A", A— A"+ A"). In the cyanidesg* < n transitions from

The purpose of this work is to assist the interpretation of the f[he hitrogen lone pairs are also possible, but have not been seen

hitherto unexplained first singlet electronic transition of the |n*molecules of t.h's class'and must lie unobserved among strong
linear molecule dicyanoacetyleneslC—C=C—C=N.1 We do * ~— zu absorptions at higher energy.
this by computational prediction of the shape, rotational
constant(s), and vibration frequencies of the excited molecule. Calculations

To establish the credentials of these predictions, we carried
out similar calculations on five related molecules for which there
is a good deal of reliable experimental data drawn from analyzed
spectra. These molecules are diacetylene (butadiynesGt€
C=CH 2% cyanoacetylene HEC—C=N,"8 cyanogen R=C—
C=N? triacetylene (hexatriyne) HEC—C=C—C=CH3%and
cyanodiacetylene (cyanobutadiyne) #C—C=C—-C=N. A
special feature of these triple-bonded molecules is, as was first
recognized in acetylene HECH!® and hydrogen cyanide HE
N, that they may become (trans-)bent in certain excited states,
especially in the first excited state. We find we are able to predict
such changes in full agreement with the available spectroscopic
evidence, giving us confidence in the predictions for the target
molecule NCCCCN.

Methods. Molecular orbital calculations were carried out
using the GAUSSIAN 982 and MOLPRO 2000314suites of
programs to determine the electronic state energies, molecular
structures, and vibration frequencies of the lowest excited states
of the six molecules. Several different procedures were used.
In the configuration interaction with single excitations (CIS)
method?1> geometry optimizations and harmonic frequency
calculations were undertaken for all the excited states of interest.
In terms of electronic state energies CIS has been found to be
qualitatively accurate. Its quantitative predictions for both
energies and molecular structural parameters are in general less
reliable than computational methods that include configuration
interactions higher than singles, such as CASSCF and CASPT2
discussed below. It is comparable to Hartr€®ck (HF) theory
for ground electronic states. However, with respect to the
accuracy of vibrational frequency predictions, the CIS scaled

The lower electronic excitations of all six molecules (and of harmonic frequencies, in a number of instances, have been found
HCCH and HCN) are of the same kind. In molecular orbital to be more reliable than the more comprehensive metHods.

Expected Excited States

terms, the relevant electron configurations (in point grbup) Multiplication of the CIS calculated harmonic frequencies by
are an appropriate scaling factor takes into account the neglected
electron correlation. The scaling factor used is that recommended
ground state _.I(U)“(ﬂg)“a 123 for the HF predicted fre_quenciéép.895, and is one that has
been found to work satisfactorily for a number of molecules.
excited states . f,J(J)“(ﬂgf( 7)) — 125, 1Au, 123 The excited states were also investigated using the complete

active space multiconfiguration self-consistent field (CASSCF)

13 i
plus the corresponding triplets, The excited states are listed inmethOd' This method takes some account of the electron

the order predicted at virtually all levels of approximation in gorrela_ltion by comb_ining a Se.lf'conSi.Sten.t ﬁeld.(SCF) computa-
MO (molecular orbital) methods (the triplets differ: see NCCN tion with a full configuration interaction involving a subset of

and NCCCCN in Table 1). For HCCCN and HCCCCCN the the orbitals. The CASSCF method neglects some important
DOINt Group iSCey, and the g u subscripts do not apply. If the additional electron correlation effects. To incorporate these, it
molecule beco“r;:(,es trans-bént Hg state transforms a.SuA is possible to use the CASSCF wave functions as reference for

. Z further calculations. This was achieved by implementation of a
andA, — Ay + By (for bent HCCCN, point groufs, 2, second-order perturbation method (CASPT2, multireference
T Part of the special issue “Charles S. Parmenter Festschrift”. Ra.yle'|.gh—Schr(d|r?ger perturbation .theor)})’l' In so f.ar as the
* To whom correspondence should be addressed. Telephed2 6125 reliability of the different methods is concerned, it should be
2935. Fax: +61 2 6125 0760. E-mail: Gad.Fischer@anu.edu.au. noted that in some recent studies on the transition energies of

10.1021/jp034966j CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/04/2003




10632 J. Phys. Chem. A, Vol. 107, No. 49, 2003 Fischer and Ross

TABLE 1: Adiabatic Transition Energies (eV) and Geometries of Lower Excited State3

CAS CASPT2 geometry
state obs CIS (12/12) (8/8) obs calc
Diacetylene (HCCCCH)
1A, 433 4.06 5.03 412 beht bent
1Ay 5.06 4,73 lineaf linear
123 7.54 <10.3 <Deoh
Cyanoacetylene (HCCCN)
A" 4.7R 4.29 5.30 4.64 beht bent
1A 5.48 5.12 6.11 4.99 linedr linear
T+ 8.58 <11.0 bent
_ Cyanogen (NCCN) _
32: 4.13 3.48 4.55 3.49 linear linear
Do 5.6 5.19 6.67 5.35 line#r linear
123 9.17 <11.8 <Dwh
Triacetylene (HCCCCCCH)
DN 3.76 4.72 3.38 linear
Ay 4.19 4.01 5.14 3.67 linear linear
D 6.82" 8.52 linear
Cyanodiacetylene (HCCCCCN)
13- 3.95 4.94 3.51 linear
1A 4.22 5.38 3.81 linear
= 8.98 linear
Dicyanoacetylene (NCCCCN)

32: 3.18 2.75 3.61 2.02 linear linear
= 4.40 4.20 5.26 3.68 line&r linear
1Ay 462 4.49 lineap linear
11, <9.7 <Dcoh
1t 7.69 <9.0 <Deoh

a Calculated values all include corrections for zero-point vibratisom ref 2.¢ From refs 3 and 19 From ref 19.¢ From ref 5.7 A global
minimum could not be found for this stateFrom ref 7." From ref 8.' From ref 20J From ref 9.X From ref 21.! From ref 3.™ From ref 5." From
ref 22.° From refs 1,23P From ref 1.

the diazines it was found that the most reliable results were for the occupied and vacant orbitals, respectively. The corre-
given by CASPT2, coupled cluster, and density functional sponding orbitals were used for the nonlinear structures.
procedured®!8 Geometry optimizations and frequency determinations were
Ground-state calculations were carried out at the HF, carried out at the CASSCEF level, but not at the CASPT2 level.
CASSCF, and CASPT2 theoretical levels, Additional ground- The CASPT2 transition energies were calculated for the
state calculations were carried out at the MP2 (second-order CASSCF optimized structures. Harmonic vibrational frequencies
Moller—Plesset perturbation theory) and B3LYP (Becke-style were determined analytically in the CASSCF method, and the
three-parameter density functional theory) levels, but since the frequencies were not scaled.
results did not show Significant differences from our HF and For all six molecules geometry Optimizations were allowed
CASSCF calculations, they have not been included in the tables.to proceed from both linear and nonlinear initial geometries.
All calculations used the 6-31G(d) basis. This is a polarized This ensured that true global minima were obtained. Despite
basis set with d functions on the C and N atoms. It is an adequatethis approach some initial confusion was encountered in the
basis set for the ground and valence excited states studied incalculations for diacetylene. For optimizations started from a
this work where the inclusion of diffuse functions is not linear structure the global minimum for the lowest singlet excited
necessary. For the higher-lyiﬁ@j andT1, states, larger basis  state, obtained at both CIS and CASSCEF levels, corresponded
sets would have been more appropriate, but with the existenceto the linear molecule. However, when optimization proceeded
of only very limited experimental information this was not done. from the trans structure determined for the lowest triplet state,
Calculated results for these states only appear in Table 1 andthe molecule adopted a trans structure for the lowest singlet,
are restricted to excitation energies and geometries. 1A, (corresponds t&, for the linear molecule). In the trans

The CASSCF active space has been limited to 12 electronsgeometry one component of the near-lyfdg, state is'Ay. We

in 12 orbitals. For the linear structures of cyanogen, cyanoacety-surmise that upon distortion of the molecule to the trans
lene, and diacetylene this consisted of all fauand twoo for geometry this state dropped in energy to experience an avoided
the occupied orbitals and a similar choice for the vacant orbitals. Crossing with the othetA,, state whose energy increased upon
For the nonlinear structures the corresponding orbitals were departure from the linear geometry. Such a pattern of behavior
chosen. For triacetylene, cyanodiacetylene, and dicyanoacetylen&vas not encountered for cyanoacetylene, which is also bent in
the CASSCF space consisted of all sixfor the occupied  its lowest excited singlet state.

orbitals and sixt* for the vacant orbitals. Because of memory Results. Successive tables give, for all the molecules and
and time limitations, the CASPT2 computations could not be for selected electronic states, the adiabatic transition energies
carried out at the same 12/12 level at which the CASSCF for optimized geometries, the geometries themselves, and the
calculations were undertaken. The CASPT2 space was limitedvibration frequencies. The states chosen for inclusion are those
to 8 electrons in 8 orbitals and consisted of fauand fourz* for which there are experimental data or which exhibit features
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TABLE 2: Bond Lengths (A), Angles (deg), and Rotational Constants (cm~2) in Selected States

ground state excited state excited state
obs HF CAS obs CIS CAS obs CIS CAS8
Diacetylene

1Z+ lAu 1Au
CH 1.094 1057 1.077 1.078 1.097 1.055
cC 1.218 1.187 1.212 1.281 1.303 1.256
CcC 1.384 1.389 1.383 1.300 1.295 1.305
HCC 132.6 129.9
CCC 172.0 163.9
A 16.38 16.43 13.70
B 0.1464 0.1479 0.1449 0.14715 0.1486 0.1471 0.1461
C 0.14583 0.1472 0.1455

Cyanoacetylene

12+ 1A lA
NC 1.1585 1.136 1.175 (1.16) 1.145 1.191 1.187
CcC 1.3786 1.391 1.387 1.40 1.392 1.377 1.311
CcC 1.2033 1.185 1.210 1.25 1.347 1.388 1.273
CH 1.0690 1.058 1.078 (1.08) 1.079 1.081 1.056
NCC (180) 174.5 173
CCC 143 132.6 129.7
CCH 164 124.7 121.0
A 7.005 4.821 3.084
B 0.1517 0.1536 0.1494 0.1594 0.1603 0.1623 0.1512
C 0.1559 0.1576 0.1580

Cyanogen
‘ 12;’r 32: 12u
NC 1.1578 1.134 1.173 1.207 1.264 1.208 1.255
CcC 1.3839 1.397 1.395 1.320 1.300 1.310 1.296
B 0.1571 0.1595 0.1537 0.153% 0.1560 0.1496 0.1538 0.1568 0.1513
Triacetylene

=y D Ay
CH 1.057 1.056 1.056 1.055 1.056
cC 1.188 1.212 1.224 1.252 1.223
CcC 1.385 1.380 1.318 1.303 1.317
cC 1.191 1.215 1.272 1.293 1.268
B 0.0442 0.0444 0.0437 0.0444 0.0439 0.0445

Cyanodiacetylene

12+ 127 1A
NC 1.161 1.137 1.162 1.158 1.190 1.159
CcC 1.364 1.388 1.382 1.336 1.320 1.335
CcC 1.222 1.189 1.213 1.271 1.292 1.268
CcC 1.362 1.348 1.379 1.308 1.296 1.309
CcC 1.209 1.187 1211 1.233 1.260 1.232
CH 1.057 1.058 1.057 1.057 1.056 1.057
B 0.04441 0.04471 0.04396 0.04460 0.04410 0.04467

Dicyanoacetylene

0 Do Ay
NC 1.16T 1.f36 1.161 1.164 1.196 1.164
CcC 1.367 1.390 1.383 1.327 1.312 1.327
CcC 1.198 1.186 1.210 1.277 1.295 1.273
N---N 6.254 6.238 6.298 6.259 6.311 6.255
Bo 0.04459 0.0452%4 <B(1z;)q
Be 0.04452 0.04495 0.04417 >0.0424 0.04473 0.04425 0.04482

@ Observed (italicized) and calculated rotational constantBgaa®dB. and refer to the vibrationless level and equilibrium structure, respectively.
b CAS results are for 12/12.From ref 24.9 From ref 2.6 From ref 25.f From ref 7. Values in parentheses are assum&dom ref 26." From ref
7. The measured quantity w8s = (By + Co)/2, the individual values were inferredFrom ref 27.) From refs 21 and 28 From ref 9.' From ref
29.MFrom ref 30." From ref 31.° From ref 32.P From ref 23.9 Red-degraded bands, ref 1.

of consequence, e.g. nonlinearity, to the discussion of this andCIS results being the closer. The CASPT2 method is a
the following paper in this issue. The calculations on unstudied considerable improvement on CAS(12/12). The performance of
HCCCCCN are included for completeness. all calculations leaves little doubt that the order of the states is
Table 1 gives the energies. Zero-point corrections to the correctly predicted. The observed gross geomelinear or

calculated energies were derived from the respective HF- andbent—is predicted correctly throughout. There is a simple way
ClIS-calculated ground- and upper-state frequencies (Table 3).of looking at such geometry changes in HCCH and HCN:
They are small{—0.1 to—0.2 eV). The same corrections were namely, that the promotion fromvabonding to ar-antibonding
applied to the CAS (CASSCF) and CASPT?2 results and are orbital in the triple bond effectively converts it to a double bond
included in the listed values of Table 1. The data cited as and so should induce the bent geometry of ethylene. With two
“observed” we deem to be well-established. The CIS and CAS- conjugated triple bonds this tendency has to compete with an
(12/12) calculations tend to bracket the observed values, thealternative, namely, that the-€C single bond joining them
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TABLE 3: Vibrational Frequencies (cm~1) in Selected Electronic States

vibn obs HF CAS vibn obs CIs CA3 vibn obs CIs
Diacetylene
12+ 1Au lAu
03(1) 3332 3280 3409 1) 3071 (1) 3283
2) 2189 2244 2329 2 2006 (2) 2105 2096
3) 872 844 921 3) 898 (3) 964 912
gl (@) 3333 3280 3408 4) 712 4) 3264
(5) 2019 2070 2136 (5) 398 (5) 1421
74(6) 626 795 650 &6) 1107 74(6) 428 518
(7) 483 610 545 7) 208 ( 288 287
y(8) 628 737 586 #8) 482 y(8) 335
9) 220 251 235 9) 3070 9) 237
(10) 1441
(11) 439
(12) 223
Cyanoacetylene
12 + 1A” lA
o(1) 3327 3272 3408 a(l) 2996 ot(1) 3270
2) 2271 2377 2374 2) 2197 (2) 2120 2124
3) 2077 2137 2165 (3) 1547 (3) 1454
(4) 876 838 905 4) 921 4) 953 890
7(5) 663 762 617 (5) 884 806 (5) 414 451
(6) 500 552 500 (6) 520 (6) 290 284
7) 224 245 227 a(7) 160 199 (7) 226 231
(8) 798
9) 333
Cyanogen
1> 32: 12;
a;r ) 2330 2451 2413 2049 2175 2138 2140 2190
) 845 830 885 899 875 918 915 895
ol (3) 2158 2276 2193 663 857 1028
79(4) 503 547 521 264 292 310 276 356
7u(5) 233 250 241 211 221 223 238
Triacetylene
3 Do Ay
0‘3— 1) 3313 3277 3648 3274 3276
2) 2201 2307 2390 2120 2163 2133
3) 2019 2082 2155 1692 1724
4) 625 584 635 603 607
al (5) 3329 3278 3648 3262 3264
(6) 2129 2173 2263 1604 1669
7) 1115 1096 1200 1199 1204
74(8) 622 849 700 541 549 564
9) 491 705 556 431 464
(10) 258 285 259 250 327 265
my(11) 621 773 590 552 575
(12) 443 552 490 448 462
(13) 105 113 107 99 101
Cyanodiacetylene
1Z+ 15— lA
o(1) 3273 3645 3261 3263
2) 2256 2379 2445 2167 2177
3) 2270 2342 1898 1918
4) 2119 2191 1543 1606
(5) 1097 1200 1191 1196
(6) 579 630 593 597
7(7) 642" 796 620 560 595
(8) 643 543 469 497
9) 506 425 428 445
(10) 285 253 247 265
(11) 113 106 91 97
Dicyanoacetylene
> > Ay
gg(l) 22971 24?[3 2493 2115 2211 2192 2224
2) 2123 2216 2266 1759 1789
3) 620 572 623 551 577 591 583
o'qu (4) 2245 2359 2409 1754 1798
(5) 1155 1092 1196 1179 1187
74(6) 505 553 437 422 415 458 455
(7) 261 282 246 223 236 260 265
74(8) 472 500 422 424 443 441
9) 107 114 106 87 91 99 98

a CAS results are for 12/12.From ref 33.c From ref 19.9 From ref 7. See text! From ref 8.9 From refs 21,28" From ref 9.' From ref 21.

I From refs 29 and 34 From ref 3. From ref 35." From ref 36.P From ref 32.9 From ref 23." From ref 1. The 591 and 443 crfrequencies,
considered uncertain in the reference, are considered to be confirmed.
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acquires double bond character, which would tend to favor the values. There are no exceptions to this statement that we see as

linear structure of the cumulenes, e.gd+C=C=CH,. Thus being of any consequence. For much more testing comparisons
we do not expect to find any simple intuitive way of rational- with excited states, there are fewer available, but such as can
izing the pattern of the geometry effects. be made are singularly close, indeed, with respect to the second

The results for thé= | states are also included in the table. excited state of NCCCCN, correct to within 2%. A less good
These states are electric-dipole-allowed and long-axis-polarizedcomparison is wittvs of ‘A" HCCCN (884 obs, 806 calc), but
and are associated with large transition intensities. Their for DCCCN the comparison is better (682 obs, 688 calc).
transition energies have been experimentally determined but not We have imposed our own interpretations of two spectra:
their geometries. Only for triacetylene and cyanodiacetylene The®A, — 'S transition of diacetylene has been measured in
could global minima be determined for the lin€y, structure  the vapor and trapped in argon at $&19The most recent
with the CIS calculations. The other molecules, including Study” places the forbidden origin at 40 845 cthnand bands
dicyanoacetylene, have reduced symmetry in this state, and ncat +288 and+428 cnt! have been assigned aé aénd a
global minima nor optimized structures could be obtained. In bending mode or overtone/combination band. We propose that
the reduced point group, there are states of the same symmetna more appropriate assignment has these bandé asd?té,
at lower energies and the search for a minimum experiences arespectively. The revised assignment is in much better agreement
cascade through lower states. This applies also télihestate with the CIS calculated values of 287 and 5187¢ér(Table 3)
of dicyanoacetylene. These results have important implications and compares well with similar assignments for HCCORar
for possible vibronic coupling activity. Because of the reduced triacetylene, thé'A, state, the analysis proposedsesvs =
symmetries of the'’s,” and 1, states of dicyanoacetylene, 324 cntand 2’ = 546 cnT™. The spectrum is similar to that
and as a consequence of the relaxed selection rules governingf the corresponding transition of NCCCCN which has two
the vibronic coupling, additional vibrations may be active in Vvibronic origins. We consider that this spectrum, the features
inducing intensity from these states. It is this reasoning that in which are broad, is more reasonably assigned (on an
will be put forward to account for the presence and intensities unchanged forbidden origin) in terms ef = 549 cn! and
of bands that are nominally electric-dipole-forbidden in the 2800 v1¢ = 327 cn1?, which are the numbers in Table 3.

A system of dicyanoacetylene (see the following paher However, the most plainly anomalous results occur with the

The data given for diacetylene require comment. The origin SO far unobserved antisymmetric CN stretching mogié8) of
of the transition to a bent first excited state is confidently placed €xcited cyanogen, for which in two states the predicted values
among a group of weak rotationally resolved bands around appear to be far too low. By analogy with all the other
34 912 cnt! (4.33 eV), but there is a further pattern of hot and molecules, one would expeetl500 cn?. The predicted values
cold bands, diffuse but more intense, centered around 4.85 evare, for the triplet, 663 (CIS) and 857 ch(CAS) and, for the
and attributed speculatively to a linear form of IHEJ first smglet, 102_8 cmt (CIS). Vlbronl_c coupllng, not necessanly
molecule? These bands, which were not found in solid4Ar, Otherwise manifest (e.g. by stolen intensity), can be responsible
deserve further investigation. For the location of the second for large changes in specific frequenciés? To restrict the
excited state there are alternative propdsiid®which are not vibronic interaction matrix elements to acceptable magnifiides

far apart; we follow the most recent study (Bandy et%l. (<1500 cn?), such an explanation would require th& and
40 855 cn1! (5.06 eV). The geometry of this higher stata ( 13, states, which we suggest are responsible for the anoma-
if linear) is uncertairrindeed Chang and Grahanfavor lous predicted frequencies, to lie energetically close (within 1

marginally a slightly bent state but the arguments are finely eV) to the states for which the vibration calculations were
balanced, and we give more weight to the absence of the performed. Preliminary calculations on the energies of higher
progressions in bending modes that are prominent in the excited states put the separations at less than 2 eV.
spectrum of cyanoacetyleridlso it is stated by Bandy et &f.
that their results support the arguments for a linear structure.
Table 2 lists molecular geometries. Insofar as observed data We employ the normal coordinates generated in the course
allow, there are no obvious anomalies. Listed too are the Of the calculations to make two predictions relating to the
rotational constant® (and A, C when applicable), which are  €lectronic spectrum of NCCCCN. _ _
inversely proportional to the principal moments of inertia. There ~ The first relates to the three symmetric stretching modes
are several opportunities to compare these equilibrium constants’2 3. The predicted changes of bond length on excitation (Table
Be with observed constants applicable to the zero-point level, 2) are much the same for th&, and 'A, states. The
Bo, or to some excited vibrational level. The corrections to be stretching coordinatesy’, o', gs' can be expressed similarly,
applied in comparing the predicted and observed values areand when the shift in geometry is projected onto them, it is
small: of the order of 1%By — B, being negative for short ~ found thatg,’ predominates in the (normalized) result; e.g.,
molecules and positive for longer ones where the contributions geometry shift= 0.94q;' + 0.34g;' + 0.0405' (1=). Franck-
of degenerate bending vibrations prevail. It seems that the Condon intensities of the first\p = 1) progression members
predicted changes in thigvalues are in the right direction, and  should be approximately proportional to the squares of the above
for the molecules that bend, the sensitive valudafependent coefficients. Thusy' should be dominant in both transitions
on the moment of inertia about the long molecular axis, is well- andv’, v3' only marginally detectable, as is the case.
handled. For our target molecule, dicyanoacetylene, for which  Second, we can calculate the realignment of the normal
from rotational analys@%we find ABy to be positive, bufABe coordinates (Duschinsky rotation) on excitationf,. We
almost certainly negative, we include the overall molecular find seven of the nine coordinates to be little changed, but the
lengths (N-+N) which increase as expected, and then calcula- coordinates ofvg and v7 (7g) undergo a rotation of 22(i.e.
tions of Be which predict little change. Os7 = 0.93s7' + 0.3&76"). This rotation explains, via a
Table 3 gives the vibration frequencies. For the ground states,Simple vectorial argument, a marked difference in the intensities
as with the excitation energies in Table 1, the HF and CAS- of bands §, 7; and (Boltzmann corrected)67; observed in
(12/12) calculations almost consistently bracket the observedthe 1=, «— 12; spectrunt?

Dicyanoacetylene: Further Vibrational Calculations
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Conclusion
The calculations of geometries and vibration frequencies,

Fischer and Ross

Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. SAUSSIAN 98Revision A.9; Gaussian,

whether by the HF/CIS or the CAS method, pass exacting tests!nc.: Pittsburgh, PA, 1998.

of their applicability to the ground and excited states of
HCCCCH, HCCCN, and NCCN, and the ground states of
HCCCCCCH, HCCCCCN, and NCCCCN. They also fit ex-
traordinarily well six known frequencies of the second excited

singlet state of the last molecule. We conclude that they also

have strong predictive value in relation to the linear geometry
and, especially the bending vibration frequencies of NCCCCN'’s
first excited singlet staté:>,. Their application to the spec-
trum is described in the subsequent paiSer.
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