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ABSTRACT. Dendty functiona theory calculations are presented for dicyanoacetylene N=C-C=C-C=N and its geo-

metrical isomers. The structures and harmonic frequencies are computed by the BLY P theory employing the 6-311G* basis
st A vaiety of isomers are predicted, and the relative energies are compared to estimate their thermodynamic stability.
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INTRODUCTION

Carbon clusters containing cyano groups received
considerable attention recently because of ther
interesting spectroscopic properties and astrophysi-
ca importance. Cyanopolyacetylenes, H(C=C),C=N,
are quite interesting due to their unusual abundance
in interstellar medium. Smaller cyanopolyacetylenes'2
were first observed in interstelar space quite long
ago, and recently long chain cyanopolyacetylenes
such as HC;N3* were also detected. In contrast,
studies on dicyanopolyacetylenes have been rda
tively rare. Since the lack of permanent dipole
moments of the dicyanopolyacetylenes precludes
their detection by radiospectroscopy, studies on
these clusters have been focused on the infrared
spectra. Cyanogen (C,N,), the most well-known
member of these clusters, have been detected in
Titan's atmosphere®, and good amount of knowl-

edge has been obtained both by experiments®*® and
by theoretical investigations®™* It has been predicted™*
that some isomers of cyanogens, such as CNCN,
CNNC and CCNN, are kinetically stable. C,N, is
the next molecule of consderable interest both in
spectroscopy and astrophysics in the series of dicy-
anoacetylenes N=C-(C=C),-C=N. One of the iso-
mers, NC,N, has been detected™ in interstellar medium,
and others may also be good candidates for astro-
physical observation. While NC,N, which is linesr,
may be described by canonica structures in terms
of aternating single and triple bonds, chemica
bonding in other geometrical isomers is not that
clear, and most of them are neither single nor triple.
Accordingly, these isomers may display a variety of
geometries such as linear, bent, nonplanar or cyclic
structures.

In this paper, we present theoretical investiga-
tions on the dicyanoacetylene NC,N and its iso-
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mers as our continuing effort™®*° to calculate the
spectroscopic properties of carbon clusters contain-
ing medium number (2-8) of carbon atoms. We
employ the BLY P density functiona theory, which
proved®® to be very cost-effective for studying
medium-sized carbon dugters, employing the 6-311G*
bass set. A variety of structures (linear, bent, cyclic
and nonplanar) are predicted, and the harmonic fre-
guencies are reported.

COMPUTATIONAL METHODS

In this study al the calculations are carried out
using the GAUSSIAN 94 set of programs® The
density functional theory with the exchange func-
tional of Becke? and correlation functional by Lee
et al.2 (BLYP) is employed with the 6-311G* basis
set. The stationary structures of the molecules con-
sidered in this work are computed by verifying that
all the harmonic frequencies be real. The trangition
state is obtained by ascertaining that one of the har-
monic frequencies be imaginary. Intrinsgc coordi-
nate andysis is carried out to follow the reaction
pathway involving the transition state. The relative
energies of the isomers are compared in order to
edimate their thermodynamic stability, with the
zero point energies included.
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RESULTS AND DISCUSSION

Fig. 1 showsthat all the structures of the isomers
of NC,N we computed in the present work are pla-
nar with the exception of (r), in which two three-
membered rings are in twisted positions. Calcula-
tions for NC,NC and CNC,NC, have been pre-
sented esawhere® but we include them in this
work for completeness. The isomer of the lowest
energy is computed to be NC,N (a) as presented in
Fig. 1 and Table 1. It is a linear molecule of the
canonical structure N=C-C=C-C=N with alternat-
ing triple and single bonds, athough some other
resonance structures may aso contribute as we dis-
cuss below. The isomer (b) NC,NC is quite steble
(that is, low in energy) with ZPE-corrected energy
of only 25.5 kcal/mol above (a). The linear isomers
(d), (e) and (h) lie moderately higher (45-60 kcal/
mol) in energy than (8). The energies of the iso-
mers (f) and (i), in which two nitrogen atoms are
bonded inside the chain, are extremely high, being
107.3 and 158.3 kca/mol, respectively, relative to
(@. The two branched isomers (k) and (1) lie 50.2
and 64.7 kca/mol, respectively, above (a), while
those ((m) and (n)) with six-membered ring struc-
tures are of very high energy, more than 150 kcal/
mol above (8). Therefore, only the azo compound
C,N, (e), and the isomers (b) and (h) containing one

@

(1)

Fig. 1. Relative energies of the isomers.
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Table 1. Electronic energies E, zero-point energies (ZPE) and
relative energies DE of NC,N and isomers

E(au.) ZPE (kcal/mole) AE (kca/mole)

@ -261.83824 16.08 0

(b) -261.79696 15.70 255
(@] -261.72622 1523 69.4
(d)  -261.74560 15.16 57.2
(e -261.70633 1521 46.2
() -261.66411 14.19 107.3
(9 -261.67884 14.35 98.3
(hy  -261.75282 15.18 52.7
(0] -261.58199 1361 158.3
0) -261.65280 1364 1139
(k) -261.69136 14.04 50.2
() -261.73256 14.53 64.7
(m)  -261.59049 13.01 152.4
(n) -261.58643 12.82 154.7
(0) -261.66778 1392 104.8
P -261.60644 1319 1425
()] -261.53719 12.46 185.3
0] -261.65337 13.05 1129

and two isocyano groups, respectively, and the
branched isomer (k) are moderady higher in energy
than the most stable isomer (a), indicting they may
be kinetically stable for observation in low temper-
ature laboratory conditions or in interstellar space.
In particular, the molecule (b) NC,NC may be a
good candidate for astrophysical observation. Since
the energies of other isomers are rather too high,
they may be quite amenable to isomerization or dis-
sociation reactions, and thus may be observed only
in highly inert conditions such as in rare gas matrix.

Although the lowest energy isomer (a) seems to
be described by alternating triple and single bonds,
the bond lengths of the molecule indicate that other
resonance structures may a so contribute. For exam-
ple, the length (1.360 A) of the two CC bonds adja-
cent to the termind CN bonds are much smaller
than the typical CC single bond length (~1.50 A),
being rather close to typical CC double bond length
(~1.34 A). The central CC bond (1.225 A) isdso a
bit longer than the typical CC triple bond length
(~1.20 A). The bonding structures in other isomers
are much more complicated, and no smple canoni-
ca structures may even be assumed for them. The
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Fig. 2. Structures of the isomers.
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length (1.201 A) of the CN bond in the isomer (b),
for example, is congiderably longer than that (1.174
A) in (&), indicating that the bond is weaker than the
canonical CN triple bond. The termina CC bond
lengthsin the isomer (¢) and (d) are 1.287-1.288 A,
lying between the typica double and triple CC
bond lengths. The terminal NC bond lengthens
from the triple bond (1.174 A) in (a) to 1.180 A in
(c). All the CC bond lengths (1.264-1.303 A) in (€)
are intermediate between the double and triple CC
bond lengths. Since their lengths are quite differ-
ent, these CC bonds cannot be smply described as
cumulated double bonds, and several resonance
structures must be envisaged as contributing to the
overal gructure of the isomer (€). It should aso be
noted that the length (1.283 A) of the NN bond in
the bent isomer (f) is much larger than that (1.157
A) in the azo compound (€). The bonding struc-
tures in the branched isomers (j)-(I) are aso pecu-
liar. While the terminal CN bond lengths (1.193 A)
in the isomer (j) is larger than the C=N bond length
(1.174 A) in (), the lengths (1.168 A) of the termi-
nal NC bondsin (I) are smaller, indicating that they
are stronger than the C=N triple bond. Although
quite high in energy above (a), the structures of the
six-membered ring structures (m) and (n) are inter-
esting. Some CC bonds in these two isomers are
about 1.39 A, similar to typicad CC double bond
disance (~1.34A). Moreover, some of the dis
tances between the carbon and nitrogen atoms in
these isomers are quite long, being 1.47-1.52 A.
These molecules may be studied in inert environ-
ment such as in rare gas matrix. The isomers (p)
and (g) containing a three-membered ring may be
intermediate complexes in the isomerization reac-
tion involving the exchange of carbon and nitrogen
atoms, aswe have shown for smpler systems®. The
only nonplanar isomer (r) contains two triangular
ring structures twisted from each other. The struc-
ture with the two coplanar triangular rings is com-
puted to be a trangition state, lying 31.7 kcal/mol
above (r). The dipole moments of al the computed
structures are rather smal (mostly below 2 Debye)
with the exception of the linear molecules (€) and

(9) (3.88 and 3.41 Dehye, respectively).
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Table 2. Dipole moments u (Debye), rotational congtants B, (GHz) and harmonic frequencies (cm™) of the isomers (a)-(f)

@ (b) (©
11 - 11 1.10 u 1.99
B. 1.330956 B. 1.398654 B. 1.440341
vy(0y) 2269 (0.0) v,(0) 2278 (53) v,(0) 2259 (518)
v,(0,) 2113(0.0) v,(0) 2193 (28) v,(0) 2155 (208)
V4(ay) 608 (0.0) v,(0) 2003 (166) v,(0) 1930 (489)
v,(0,) 2236 (5.2) v,(0) 1220 (0.16) v,(0) 1194 (1.3
vs(a,) 1175 (0.07) v¢(0) 627 (0.1) v¢(0) 653 (0.008)
Vo(TY) 527 (0.0) Ve(TD) 524 (3.7) Ve(TD) 468 (1.6)
vA(Ty) 279 (0.0) v,(TD) 436 (0.009) v,(TD) 450 (1.6)
V(1) 506 (5.6) vg(T) 254 (0.003) vg(T) 215 (0.001)
Vo(TT) 112 (9) Vo(TD) 116 (7.5) Vo(TD) 98 (13)
(d) C) ()
U 0.95 K 3.88 Y 1.69
B. 1.447803 B. 1.409506 B, 445.78986
153254
153254
v,(0) 2294 (1386) v,(0) 2246 (1959) v,(A") 2233 (1148)
v,(0) 2216 (255) v,(0) 2124 (60) V,(A") 2048 (468)
v,(0) 1911 (157) v,(0) 1857 (387) V(A" 1869 (18)
v,(0) 1220 (9.6) v,(0) 1287 (1.8) v, (A) 1197 (9)
v¢(0) 665 (0.02) v¢(0) 654 (0.2) V(A" 659 (5)
ve(0) 497 (5) ve(0) 499 (0.2) Ve(A") 486 (14)
V(1) 434 (13) V(D) 469 (9) v;(A") 296 (13)
vg(TD) 167 (4.6) vg(TD) 193 (5) Vg(A) 172 (19)
Vo(TD) 52 (6.8) Vo(TD) 77(34) Vo(A") 82 (11.7)
Vi(A") 473 (8)
vi(A") 259 (1)
V,(A") 126 (10)

The computed harmonic frequencies of the mole-
cules are given in Table 2-Table 4, and Fig. 3
depicts the v, modes of the isomers. Considering
that the calculated harmonic frequencies of the low-
est-energy isomer NC,N compare very well (mostly
to within 30 cm™) with experimental observations
(see Table 8 in [Ref. 23]), the harmonic frequencies
given in Table 2-Table 4 could provide useful guide
for assigning the experimentaly observed infrared
spectra to specific isomer(s). The v, frequencies of
al the linear isomers are those of stretching of the
central bond of the molecule and the concomitant
contraction of the two adjacent bonds. The magni-
tude of the harmonic frequencies of the isomers
listed in Table 2 Table 4 may be considered as good
measures to scrutinize the difference in chemical
bonding among the isomers. For example, the v,

modes of (8) and (b) depicted in Fig. 3 are very
similar, consisting of stretching motions of the cen-
tral four atoms. The only differenceisthat in () the
v, mode is the dtretching of the three CC bonds,
while in (b) one of the bond is CN, whose length
(2.300 A) is a hit shorter than the CC bond (1.360
A) in (a). Consequertly, the n, frequency (2278 c™®) of
(b) is abit larger than that (2269 cm™) of (a). With
the exception of (j), (M), (n), (q) and (r), the har-
monic frequencies of the n, modes are 2200-2300
cm™. The v, frequencies of (j) and (g) are 2071 and
2016 cm™, respectively, while that of (r) is 1861
cm, The six-membered ring isomers (m) and (n)
are characterized by extremdly low-frequency (1519
and 1587 cm™, respectively) v, modes of strong
intensity. Out-of-plane bending modes of some lin-
ear isomers display quite smal frequencies (52, 77

Journal of the Korean Chemical Society
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Table 3. Dipole moments P (Debye), rotationa consgtants B, (GHz) and harmonic frequencies (cm™) of the isomers (g)-(1)

(9) (h) 0)

u 341 u - U -

B, 1513401 B, 1.470297 B, 1.543058
v,(0) 2300 (304) v,(0y) 2295 (0.0) v,(0y) 2287 (0.0)
v,(0) 2011 (891) V,(Ty) 1980 (0.0) V,(Ty) 1803 (0.0)
v,(0) 1881 (34) V4(0,) 647 (0.0) V4(0,) 659 (0.0)
v,(0) 1219 (0.02) v,(0,) 2073 (388) v,(0,) 1974 (1560)
v5(0) 674 (0.05) vs(0,) 1251 (0.6) vs(0,) 1180 (7.5)
V(D) 421 (0.7) V(Ty) 424.(0.0) V(Ty) 332(0.09)
v,(TD) 292 (0.2) V,(TT) 240(0.0) V,(TT) 144 (0.0)
Vg(TD) 185 (0.5) Vg(TT) 400 (0.0004) Vg(TT) 225(0.0)
Vy(TD) 78(12) Vy(TT) 121 (6.8) vy(a,) 97 (18)

() (k) 0]
M 0.58 H 0.87 u 110
8.83076 8.89792 8.77750
B, 3.09217 B, 2.86186 B, 2.68219
2.29022 2.16540 2.05441
v, (A") 2071 (54) v,(A) 2208 (2.3) v,(A) 2237 (0.4)
V,(A") 2040 (288) V,(A') 2076 (128) V,(A') 2229 (0.3)
V,(A") 1536 (16) V,(A') 1536 (29) V,(A') 1533 (46)
V,(A) 1104 (17) V,(A") 1101 (6.5) V,(A") 1113 (0.2)
V5(A") 755 (6.8) V(A") 731(5.6) V(A" 712 (2)
Ve(A) 500 (5.7) V(A") 526 (2.7) V(A" 546 (0.3)
V,(A) 265(1.3) V,(A") 293(1) v,(A") 364 (1)
Vg(A) 145 (4.9) Vg(A") 127 (35) Vg(A") 128 (7)
Vg(A) 114 (2.7) Vg(A") 119 (5.4) Vg(A") 100 (2)
V,(A") 551 (6.6) v, (A") 573(0.3) V,(A") 592 (1)
V,u(A") 272 (0.0) v, (A") 333(4.8) v, (A") 395 (0.0001)
V,(A") 190 (6.7) V,(A") 196 (8.5) V,(A") 215(15)

and 78 cm ™ for (d), (€) and (g), respectively) indi-
cating the molecules are floppy with respect to the
mode, while those for branched or six-membered
ring isomers (j) (n) are of much higher (200-300
cm™) harmonic frequencies. It seems that the v,
modes of the linear isomers ((d), (g), (h) and (i))
displaying (antisymmetric) movements of more
than two CN bonds are of higher frequencies near
at 2300 cm™. The v, mode (2233 cm™) of the bent
isomer (f) involves the antisymmetric movements
of the centra NC bond and the neighboring CC
bond. Although the v, frequencies of the two low-
est-energy isomers (a) and (b) are rather smilar, the
computed infrared spectrum of the isomer (b) is
characterized by very strong absorption a 2003 cmi™.
Thislatter v, (s) mode involves a symmetric stretch-

2004, Vol. 48, No. 6

ing of CN bond as shown in Fig. 4, and thus may be
quite useful for identifying this potentially kineti-
cdly stable molecule ether in the laboratory or in
intergtellar space by infrared spectroscopy. Like-
wise, the v, () frequency of the isomer (€) of the
third-lowest energy at 1857 cm™ may aso be
employed to characterize the molecule (see Fig. 4).
The v, modes of the branched isomers (j), (k) and
() involve the dretching of the terminal CN (or
NC) bonds. The v, frequency of (j) is much smaller
than those of (k) and (1), in line with the observa-
tion that the length of the terminal bond (1.193 A)
isggnificantly larger (wesker) than those of (k) and
(1). These branched isomers are also characterized
by the v, (A) frequencies at 1530-1540 cm™. The
v, modes of the six-membered ring isomers (m) and
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Table 4. Dipole moments u (Debye), rotational constants B, (GHz) and harmonic frequencies (cm™) of the isomers (m)-(r)

@) @ ©
m 0.01 m 0.68 m 201
B, 11.55135 B, 10.16863 B, 1251683
2.20694 5.68907 2.47965
358910 3.64807 2.06964
V,(A) 1519 (0.06) V(A 1587 (47) V(A 2236 (6.5)
V,(A) 1474 (34) V(A 1258 (60) Vy(A) 1835 (101)
V,(A) 993 (0.003) Vy(A) 1018 (25) Vy(A) 1581 (119)
V,(A) 890 (0.03) V(A 980 (8) V(A 1014 (33)
V(A" 791 (12) V(A) 879 (6) V(A") 701 (05)
Vo(A) 691 (80) V(A 716 (7.8) V(A" 551 (12)
V,(A) 609 (0.08) V(A 623 (37) V(A 400 (10)
Vo(A) 530 (0.001) V(A 519 (19) V(A" 229 (6)
Vo(A) 295 (36) Vo(A) 92 (54) Vo(A) 105 (10)
V(A" 539 (0.004) V(A" 594 (1.5) Vi(A") 560 (1.8)
Vi(A") 528 (0.09) Vi(A") 406 (1) Vi(A") 310(2)
V(A" 242 (12) V(A" 298 (18) Vu(A") 213 (15)
(9] @ 0]
m 158 m 212 m 045
B, 12.06929 B, 11.98710 B, 2392533
2.68619 2.84718 228434
219178 230071 228392
V,(A) 2207 (36) V(A 2016 (103) v,(A) 1861 (13.5)
V,(A) 1745 (139) V(A 1739 (154) Vy(A) 1218 (0.02)
V,(A) 1419 (393) V(A 1454 (256) vy(A) 744 (0.02)
V(A 827 (5) V(A" 011 (11) Vi(A) 474.(2)
Vo(A) 748 (69) V(A") 736 (15.7) V(A) 423 (0.6)
Vo(A) 533 (13.6) V(A 464 (2) V(A) 247 (0.14)
V,(A) 484(4.6) V(A 416 (32) vi(A) 161 (3)
Vo(A) 255 (6) V(A 188 (5.5) v(B) 1580 (34.6)
Vo(A) 125 (10) Vo(A) 112 (6.6) v(B) 1084 (4.9)
V(A" 419 (5.5) V(A" 314 (0.05) V,(B) 695 (28.5)
V(A" 300 (0.06) V(A" 239(0.2) v,(B) 471 (2.6)
Vi(A") 118(7) Vi(A") 126 (8) V1(B) 166 (4)

(n) are aso depicted in Fig. 3. The movements of
the atoms in the v, modes of these two isomers are
not along the bonds, and they may be regarded as
combination of stretching and in-plane bonding
motions, giving very low characteritic infrared fre-
guencies (1519 and 1587 cm™). The v, modes of
(0), (p) and (q) conggs of the gtretching of the termingl
CN (or NC) bonds, and thet of theisomer (r) containing
two three-membered rings is dso of low frequency
(1861 e, involving ring-distorting motion.

One of the more interesting questions concerning
these molecules is the kinetic stability of the low-

energy isomers such as (b). Since the isocyano iso-
mer (b) NC,NC is computed to be only 25.5 kcal/
mol above (), it may be agood candidate for astro-
physca molecule. Since the energy difference
between the two interstellar molecules HC,N and
HC,NC is computed to be 26.6 kca®, the ratio of
[NC,NJ/[NC,NC] in interstellar media may be sm-
ilar to the edtimated interstellar abundance ratio
[HC,N]J/[HCNC] of 20-60%, if the barriers of
isomerization of the two systems are comparable.
We extensively searched for the dynamic (isomer-
ization) path connecting these two lowest-energy

Journal of the Korean Chemical Society
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Fig. 4 v, (o) modes of the isomers (b) and (€).

isomers NC,N and NC,NC, but failed to find one
most probably due to the size of the molecules and
the rather drastic movements of the nuclel along the
isomerization reaction. Thisis left as a future work.

In conclusion, we have presented the densty
functional theory calculations for dicyanoacetylene
and its geometrical isomers. Due to the compli-
cated nature of the chemical bonding, a lot of iso-
mers are predicted. We hope tha the present
caculations would stimulate further investigations
on these interesting molecules.
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