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Abstract Density functional calculations using the hybrid B3LYP functional have been carried out on
the fragmentation reaction of cyclic SCO trimers. Analogous calculations fpa@HNCO have also

been performed for compson. Theenergies of the different trimers relative to those of the isolated
monomers as well as the energy barriers to fragmentation have been calculated. For all the calculations,
a reaction path in which three bonds are simultaneously broken has been considered. It has been found
that the fragmentation of cyclic SCO trimers is a rather facdegss. Thesame statement applies to

the cyclic CQ trimer but not to the HNCO one. In addition, the latter is much more stable than three
free HNCO monomers, which is not the case for SCO angd CO

Keywords Density functional, Cyclic trimers, Fragmentation reaction, Activation energy

such compounds could be of considerable interest for their
use as high-energy materials [1]. If there is a way to keep
. ) ) ) . _the compound in the solid high-pressure form and to con-
The interest in cyclic .SCO trimers arises frqm the possibilyyg) jts depolymerization at normal pressure, an enormous
ity that, usually, the high-pressure modifications of a com-increase in volume would be obtained leading exclusively
pound lead to higher coordination numbers of the atomgg gaseous products which are, in the case gf G@-toxic.
involved than the corresponding low-pressure forms. Fofrhe trimeric structures discussed here could thus be of large
instance in graphite, the C-atoms of this low-pressure modimterest for technical applications (air-bag, explosives, ...).
fication have a coordination number of three, whereas the g gur knowledge, only two theoretical studies have been
high-pressure modification, namely diamond, shows a Coreported on the structure and energetics of main group ele-
ord|nat|on'number of four. Thergfore, it might be possiblepent cyclic trimerd1,2]. Thesecond one presents the re-
to have high-pressure modifications for £&nd O=C=S  gits obtained from semiempirical calculations for theJCO
with coordination numbers of three (trigonal planar C) or cyciic trimer, whereas the first one is a more extensive study
four (tetrahedral C) comparable to i this is the case, \yhich reports both semiempirical amth initio results for
(CO,); polymers and oligomers. In the latter, comparison
with other species is also reported. As far as the analogous
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Table 1 Optimized structural ¢ ;. B3LYP/6-31G*  MP2/6-31G* MP2/6-31G*[1]
parameters for CQtrimers
(cyclic and TS) and CQ ¢__ sd__ (A) 1.184/1.371 1.192/1.375 1.192/1.375
monomer at different levels ofo(o'_c_o s 122.2 1221 122.1
theory Uo.co () 115.7 115.8
Ococ () 124.3 124.1
Energy (au) -565.66695 -564.22248 -564.22248
+ZPE (au) -565.62588 -564.18161 -564.18406
TS
deo (A) 1.172/1.248 1.182/1.260 1.181/1.260
d. oA 1.707 1.684 1.684
d. < (A) 2.681 2.664
Ooeo () 141.6 140.7 140.7
Energy (au) -565.63157 -564.18865 -564.18865
+ZPE (au) -565.59425 -564.15153 -564.15376
E, (kcal-mot?) [a] 22.2 21.2 21.2
+ZPE (kcal-mof) 19.8 18.9 19.0
CO,
deeg (R) 1.190 1.180
Ooeo () 180 180
Energy (au) -188.57935 -188.10775
+ZPE (au) -188.56973 -188.09624
3*E(CO,) (au) -565.73805 -564.32325
+ZPE (au) -565.70919 -564.28872
AE (au) [b] -0.07110 -0.10077
(kcal-mot?) -44.6 -63.2
_ ) : +ZPE (au) -0.08331 -0.10711
[a] B,=E(TS)-E(cyclic) (kcal-mot?) 52.3 67.2

[b] AE=3*E(CO,)- E(cyclic)

dimeric systems are concerned, calculations have been

cently performed by Pyykko [3].

croeiﬁputational details

On the basis of the results obtained in those previous stud-

ies and with the object of a better understanding of the striR@nsity functional calculations with the hybrid B3LYP [4]
ture and energetics of cyclic SCO trimers, it was tempting§%change-correlation functional have be;en performed using
use Density Functional Theory (DFT) for the present studje Gaussian94 program [5]. The 6-31G* basis set has been

Figure 1 illustrates the general reaction investigated in thiged for all the atoms and all the stationary points have been
work. characterized by vibrational frequencies analysis. In some

cases, correlated MP2/6-31G* calculations have been per-
formed for comparison.

v Results

First, the results obtained for the (§{rimers are discussed
and compared to those reported by Lewars [1] as well as to
our own MP2/6-31G* calculations. Second, the results ob-
tained for the SCO trimers are presented. In this case, two
different structures have been investigated depending on the
relative position of the S and O atoms in the trimeric struc-
tures. Toour knowledge, no theoretical study has been re-
Figure 1 Fragmentation reaction of the cyclic (XGYjimer ported on these compounds. Third, the DFT results for the
into three non-interacting XCY monomers (X=S or O ardNCO trimers are reported and compared to previous works.

Y=0 or S, for SCO and OCS, respectively; Xx=Y=0 for,CO N each case, the geometries of all the possible trimeric
X=NH and Y=0 for HNCO) structures have been optimized and characterized by vibra-
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tional frequencies angis. Then, the activation energy formarized in Table 1. Figure 2 shows the structures and ener-
fragmentation has been calculated. Finally, the relative engies obtained at the B3LYP/6-31G* level.
gies between the stationary points of the potential energyFor the cyclic trimer, all the geometrical parameters but
surface have been evaluated. the C=0 distance are similar at the two levels of calculation.
The C=0 distance is about 0.01 A longer at the MP2/6-31G*
level of calculation. Our results are in good agreement with
(CO,), previously reported results which, together with our own pre-
liminary calculations, validate the choice of the B3LYP/6-
Structural Features The geometries and energies of the diB1G* level in this work.
ferent structures encountered along the reaction path of thé\s in the case of the cyclic structure, our results for the
dissociation reaction of the cyclic (G)@ structure are pre- TS structure are in good agreement with those of Lewars and
sented here. Indeed, the cyclic (§Qrimeric structure and both agree so as to a planar structure for the transition state
the transition state (TS) connecting the previous structure waftthe reaction.
three non-interacting COnonomers have been investigated. The TS has been characterized by vibrational frequencies
As stated before, Density Functional Theory calculations hagalysis at both levels of calculation and one unique imagi-
been performed using the hybrid B3LYP functional and theary frequency corresponding to the fragmentation of the
6-31G* basis set. For comparison, calculations have also begglic trimer into three COmonomers has been found in
done at the correlated MP2 level and with the same basis 8&th case. Its value is 602i<¢rat both levels of calculation,
The results obtained at the two levels of calculation are sumiereas the uncorrected value of 673icamd the corrected

TS

oy

E=-565.63157 a.u.
ZPE=+0.03732 a.u.

A

E**PE=-565.59425 a.u.

0.03163 a.u.
(19.8 kcal/mol)

T 0.08331 a.u.
52.3 kcal/mol
A )

I three non-interacting CO, monomers

E**PE=-565.62588 a.u. \ 4

A 4

E=-565.66695 a.u.
ZPE=+0.04107 a.u.

E=-565.73805 a.u.
ZPE=+0.02886 a.u.

E**PE=-565.70919 a.u.

Figure 2 Potential energy surface of the fragmentation reaction of the cyclic){@@mer at the B3LYP/6-31G* level of
theory
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Table 20ptimized structural ;
parameters for SCO and cyclic (SCO), (OCS)
OCS trimers (cyclic and TS) A 1.203/1. 1.613/1.
and SCO monomer at thegcz_x oesfTey =s 0 () 1133/ 803 12623_23/ 365
B3LYP/6-31G* level of aj-CC'YY(O) 1273 1155
theory Oeve () 112.7 124.5
Energy (au) -1534.53613 -1534.49426
+ZPE (au) -1534.50551 -1534.46197
TS in-plane out-of-plane
de/dey (R) 1.177/1.678 1.594/1.250
-y 2.217 1.696
d. < (A) 3.404
Ayey (°) 139.7 139.8
Energy (au) -1534.50004 -1534.45693
+ZPE (au) -1534.47200 -1534.42868
E, (kcal-mot?) [a] 22.6 23.4
+ZPE(kcal-mat?) 21.0 20.9
SCO
deeoons (B) 1.165/1.575
Ogeo (° 180
Energy (au) -511.53555
+ZPE (au) -511.52639
3*E(SCO) (au) -1534.60665
+ZPE (au) -1534.57917
AE (au) [b] -0.07052 -0.11239
(kcal-mot?) -44.3 -70.5
_ ) - +ZPE (au) -0.07366 -0.11720
[a] E_=E(TS)-E(cyclic) 462 735

[b] AE=3*E(SCO)- E(cyclic) (keal-mot?)

(by a scaling factor of 0.94) value of 633i ¢émvere ob- 19.8 and 18.9 kcal-mdlat the B3LYP/6-31G* and MP2/6-
tained at the MP2/6-31G* level [1]. 31G* levels, respectively. These values are in nice agree-
ment with the 19.0 kcal-mdlpreviously reported at the MP2/
Energetic Features The activation energy, calculated as th&é-31G* level of calculation. It is noteworthy that different
difference between the energytbé TS and that ahe cy- values were obtained for the activation energy depending on
clic structure, is 22.2 and 21.2 kcal-mait the B3LYP/6- the method of calculation [1]. In particular, the calculated
31G* and MP2/6-31G* levels of theory, respectively. Thesetivation energies range from 41.1 kcalthat the AM1
values do not take into account the ZPE correction to tlegel to 36.6 and 28.0 kcal-mbht the HF/3-21G and HF/6-
energy. Adding ZPE corrections, the activation energies &EG* levels, respectively, and 19.0 kcal-mdt the MP2

Figure 3 Cyclic (SCQ) (a)
and (OCS) (b) trimeric
structures

cyclic (SCO} cyclic (OCS)

(a) (b)
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level. Because of the agreement between our DFT calcBcO),
tions and the correlated MP2 results, we believe that both
these methods provide the most reliable values for the aStructural Features The geometry of the cyclic SCO trimer,
vation energy of the reaction of interest. as well as the structure of the transition state of the fragmen-
Since this energy corresponds to the breaking of three eqatibn reaction, have been calculated at the B3LYP/6-31G*
C-O bonds so as to lead to three Gfilecules, the ZPE- level of theory. In contrast to (CR which leads to a single
corrected activation energy per CQolecule is thus 6.6 andcyclic structure, two possible isomers arise from the combi-
6.3 kcal-mof at the B3LYP/6-31G* and MP2/6-31G* lev-nation of three SCO monomers. These two structures are
els, respectively. As previously reported, such values are ragteswn in Figure 3. From simple considerations of bond
small when compared to those of other well-known systestsength, (SCQ)is expected to be more stable than (OCS)
(i.e. cyclohexane, cyclohexene), which indicates that,JCO The geometries of both those cyclic systems have been
fragmentation into three C@onomers is a rather facile proceptimized and the stationary points of the potential energy
ess. surface corresponding to their respective fragmentation into
As depicted in Table 1 and Figure 2, at the B3LYP/6-31&free SCO monomers have been calculated. The results have
level of theory and including ZPE corrections to the endyeen compared to each other and to the results reported above
gies, the cyclic (CQ), structure is 52.3 kcal-mdlless stable for (CO,),. Table 2 displays the geometrical features of all
than the corresponding three non-interacting @Onomers, the calculated structures and Figures 4 and 5 summarize both
which stands for an exothermic reaction. fragmentation reactions.

TS

E=-1534.50004 a.u.
ZPE=+0.02804 a.u.

E**PE=-1534.47200 a.u.

0.03351 a.u.
(21.0 kcal/mol)

A 0.07366a.u.
E=-1534.53613 a.u. f (46.2 keal/mol)
|
\ 4

ZPE=+0.03062 a.u. three non-interacting SCO monomers

E*PE=.1534.50551 a.u.
E=-1534.60665 a.u.

ZPE=+0.02748 a.u.

E*PE=.1534.57917 a.u.

Figure 4 Potential energy surface of the fragmentation reaction of the cyclic (3G@gr at the B3LYP/6-31G* level of
theory
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In the (SCQ) cyclic structure, the C=0 bond length is From an energetic point of view, (SCQ3 26.3 and 27.3
1.203 A and thus, 0.019 A longer than that of the analogdwsl-mot! more stable than (OCS)without and with ZPE
(CO,); system. TheC-S distance is 1.803 A, which makesorrections, respectively. This energy difference may be ex-
the whole structure more expanded than the analogouy,(C®lained by the larger bond energy of the C=0 bond versus C-
The S-C-S angle is slightly larger than that in the /SO O and C=S bonds. It is known that the preferred structure for
system, whereas the O=C-S angle is slightly smaller andtise thioethers is that with C=0 double bond rather than C=S
does the C-S-C angle. The latter, 112.7°, is however lardeuble bond [7].
than the corresponding C-S-C angle for the linear systemThe calculated vibrational frequencies for both these cy-
(CH,),S (99.1°) [6]. clic structures are repted in Table 3. The main diffences

In the (OCS) cyclic structure, the C=S bond length isire seen in the stretching modes corresponding to the C=X
1.613 A and therefore shorter than in the previous systemd C-Y bonds (X=(3; Y=S,0 in(SCO), and (OCS) re-
indicating a double bond character in this case (this valuespectivey). The coresponding frequencies are always higher
close to that observed for C=S in £8amely 1.56 A) [6]. for C=0 and C-O than for C=S and C-S, respectively. This
The C-O distance is 1.365 A, which is very close to the caprrelates well with the results reported previously for jgO
responding value in the analogous (E@tructure. The char- [1]. Thein-plane bending mode (Zpalso exhibits a higher
acteristic valence angles are almost identical to those obsemadde for O-C-O than for S-C-S. The frequencies of the out-
in (CQ,); and, therefore, the only major difference betweeni-plane bending modes leading to the motion between in-
(CO,), and (OCS) is the replacement of a C=0 by a C=$lane and boat conformation (1e” and 2e”) are almost equal
bond. in both cases. The values for the motion between in-plane

f TS
Y

E=-1534.45693 a.u.
ZPE=+0.02825 a.u.

E**PE=-1534.42868 a.u.

0.03329 a.u.
(20.9 kcal/mol)

+

| 0.11720 a.u.
(73.5 kcal/mol)

E=-1534.49426 a.u.
ZPE=+0.03229 a.u. v

E*ZPE=_1534.46197 a.L. three non-interacting SCO monomers

|
|
|

\4

E=-1534.60665 a.u.
ZPE=+0.02748 a.u.

E**PE=-1534.57917 a.u.

Figure 5 Potential energy surface of the fragmentation reaction of the cyclic (Q@8gr at the B3LYP/6-31G* level of
theory
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Table 3 Calculated vibrational frequencies for the cyclic (S¢@nd (OCS) structures at the B3LYP/6-31G* level of

theory
mode V((SCO),) (cnr?) V((OCS),) (cn?) Av(cm™) [a]
1a’ 1786 Reo 1381 R s +405
2a’ 510 Oges 851 Ooco -341
33’ 408 ring-breathing 462 ring-breathing -54
1a/ 693 s 1022 o -329
23, 452 Oqcs (rotation) 474 O g, (rotation) -22
la” 489 oop bending [b] 612 oop bending [b] -123
(plane « chair) (plane~ chair)
23,” 102 “ 79 “ +23
le’ 1764 Ro 1289 R s +475
2e’ 986 R 1173 Ro -187
3e’ 532 R 883 R..o/Rcs -351
4e’ 337 R 454 Ooco -117
5e’ 258 Ogcs 217 Ogsco +41
le” 574 oop bending [b] 581 oop bending [b] -7
(plane « boat) (plane~ boat)
2e” 50 “ 51 ! -1
ZPE (a.u.) 0.03062 0.03229
(kcal-mot?) 19.2 20.3

[a] Av(cmrl) =y((SCO)) — V((OCS))
[b] where oop stands for out-of-plane

and chair conformation (Jaand 23") are somewhat differ- distance between two monomers is 3.404 A and the O-C-S
ent. The lowest modes in € symmetry correspond to in-plaarggle is 139.7°, i.e. 23.3° larger than in the cyclic structure.
bending modes and to single-bond stretching. The 4e’ modeAs regards the TS for the fragmentation of (OC&non-
for (SCO), and the 5e’ mode for (OC3re analogous. In theplanar system has been obtained. The C=S distance is 1.594
former, the stretching C-S contribution dominates, whereAswhereas the C-O distances are 1.250 and 1.696 A between
in the latter the bending S-C-O motion does. Finally, the mo@ atoms belonging to the same and to different monomers,
corresponding to the ring fragmentation is'.1&gain, the respectively. The valence angle S-C-O is 139.8°, i.e. 17.6°
associated vibrational frequency is lower for C-S (693'cmlarger than that in the cyclic analogue.
than for C-O (1022 cm), which is in agreement with the As all the other structures calculated hé¢he, TS struc-
value previously reported for (CQ fragmentation (958 crf) tures have been characterized by vibrational frequencies
[1]. analysis. In both cases, a unique imaginary frequency is ob-
As far as the TS structures are concerned, a planar sttaged with a value of 495i cfhand 618i cmt for (SCO),
ture analogous to that obtained for (s observed for and (OCS), respectively. These values correlate well with
(SCO), In contrast, the TS structure for the fragmentation tfose reported in Table 3 for the modes responsible for frag-
(OCS),is no longer planar. The optimized structures for thoseentation of the cyclic structure (Da Indeed, the corre-
both TS are msented in Figures 4 and 5, respectively.  sponding mode has a lower frequency for the breaking of a
For the TS structure that corresponds to the fragmentaS bond than for that of a C-O bond. This is in agreement
tion of (SCO), the C=0 distance is 1.177 A, which is verith the bond strength order, namely the C-O bond is stronger
close to the corresponding value in the case of,YC®he than the C-S bond.
C-S distance is 1.678 A and thus, closer to a C=S bond than
to a C-S one for the atoms belonging to the same SCO mdaioergetic Features The activation energy, i.e. the energy
mer, which agrees with the expected evolution of the fradjfference between the TS and the cyclic structure, has been
mentation reaction. The corresponding C-S distance betwealtulated for each case. ZPE corrections to the energies have
the atoms of two different monomers is 2.217 A. The Ci&en included. For (SCQand (OCS), the values for the
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Table 4 Optimized structural

. - * -
parameters  for  HNCO cyclic Exp. [8] B3LYP/6-31G HF/3-21G [1]
trimeric structures (cyclic g _jd_  (A) 1.224/1.371 1.211/1.392
andTS) and HNCO monomerg ﬁ) _ 1.012
atthe B3LYP/6-31G* levelof g " (¢ 122.9 1235
theory Open ) 115.4 113.0
Uene () 124.6 127.0
U ) 117.7 116.5
Energy (au) -506.12707
+ZPE (au) -506.04620 -500.48963
TS
deofdey (B) 1.179/1.260
de o (R) 2.059 1.700 [a]
ooy () 158.2
Oypnc () 1141
Energy (au) -505.98539
+ZPE (au) -505.91494 -500.31954 [a]
E, (kcal-mot?) [b] 88.9
+ZPE (kcal-mof) 82.4 106.9
HNCO
decoren (A 1.174/1.219
dy.y (B) 1.009
Energy (au) -168.67750
+ZPE (au) -168.65621 -166.79187
3*E(HNCO) (au) -506.03250
) . _ +ZPE (au) -505.96863 -500.37561
[a]Q...N broken” bond con AE (au) [c] +0.09457
strained at 1.700 A (kcal-mot +50.3
%E]] 'jgg@;@ﬁgg;“f) +ZPE (au) +0.07757 +0.11402
(kcal-mot?) +48.7 +71.5

E(cyclic)

energy barrier are 21.0 and 20.9 kcal-hakspectively. As  The calculated geometry for cyanuric acid is in good agree-
in the case of (CQ),, the fragmentation energy per monomenent with experimental data. No systematic overestimation
is ~7 kcal-moil, which indicates that the fragmentation ofeither underestimation is observed either for bond lengths
the cyclic structures into three non-interacting SCO monar valence angles.
mers is again a facile process. In this case, a planar structure has been again obtained for
As in the previous case, the ZPE corrected energiestiod TS otthe fragmentation reaction. The C=0 bond decreases
both (SCO) and (OCS) cyclic structures are higher (46.2rom 1.211 in the cyclic structure to 1.179 A'in the TS struc-
and 73.5 kcal-mol, respectively) than that of three non-inture. The same effect occurs on the C-N bond, which varies
teracting SCO monomers, which indicate that the fragmdrom 1.392 to 1.260 A. This behavior is in agreement with
tation reactions studied here are exothermic processes. the expected evolution of the studied reaction. Indeed, these
bond lengths are closer to their respective values in HNCO
monomers (Tabld). The “broken”C...N distance is 2.059
A and therefore closer to the corresponding distance of the
TS of (SCQO) fragmentation than to those of the TS of (O
Structural Features First, the geometry of the cyclicand (OCS)fragmentations. TROCN valence angle increases
(HNCO), trimer or cyanuric acid has been optimized at tfisom 123.5 to 158.2°, whereas the HNC angle slightly de-
B3LYP/6-31G* level of theory. Therthe TS forthe frag- creases from 116.5 to 114.1°.
mentation reaction of cyanuric acid into three HNCO mono- Vibrational frequencies analysis of the TS structure shows
mers has been found. Finally, the structure of the HNGQunique imaginary frequency (491i ¢jncorresponding to
monomer has been calculated. Figure 6 shows the differdvet fragmentdion motion. This value islgser to that ob-
structures characterized along the fragmentation reaction taided for the fragmentation of a C-S bond than to that corre-
Table 4 displays the numerical values of the optimized geponding to the fragmentation of a C-O bond. Again, the right
metrical features. trend of bond strengths is reproduced.

(HNCO),
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Energetic FeaturesIn contrast to the previous cases, thand, together with the large activation energy calculated for

activation energy for the fragmentation reaction of cyanuidNCO), fragmentation, stands for an unfavorable fragmen-

acid is 82.4 kcal-mol including ZPE coections. This en- tation reaction.

ergy leads to a value of ~27.5 kcal-rhgder HNCO mono-

mer, which is almost four times higher than the correspond-

ing values for (CQ);, (SCO), and (OCS) Previous calcula- o 00 oo o

tions at the HF/3-21G level led to an activation energy 6

106.9 kcal-mat [1]. It is therefore to note that, the fragmen- . . )

tation reaction of cyanuric acid is not such a favorable prd@-this work, DFT calculations using the hybrid B3LYP func-

ess as the fragmentation of the other cyclic trimers preseriiegal have provided useful information for a better under-

in this work. standing of the structure and energetics of main group ele-
The energy difference between the (HNG@)clic struc- Ment trimers.

ture and that of three non-interacting HNCO monomers is The calculations presented here show that both ($CO)

48.7 kcal-mott including ZPE corrections. However, as iland (OCS) systems may undergo a fragmentation reaction.

lustrated in Figure 6, the cyclic structure is now more statfleed, the calculated activation energy for the reaction is

than three free monomers, which means that the proced§Wswhen compared to that of other known systems. In addi-

endothermic. This is in contrast with the previous syste#an, the reaction is favored by the higher stability of three

+

E

E=-505.98539 a.u.
ZPE=+0.07045 a.u.

E*"%=-505.91494 a.u| three non-interacting HNCO monomers

0.13126 a.u.
(82.4 kcal/mol) E=-506.03250 a.u.
ZPE=+0.06387

0.07757 a.u.
(48.7 kcal/mol)) ~ E**"=-505.96863 a.u.

E=-506.12707 a.u.
ZPE=+0.08087 a.u.

E**PE=-506.04620 a.u.

Figure 6 Potential energy surface of the fragmentation reaction of the cyclic (HN@@pr at the B3LYP/6-31G* level of
theory
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non-interacting SCO monomers when compared to the Riterences
responding cyclic structures. Finally, even if both (SCam

(OCS), fragmentation reactions are exothermic, the latter js
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A similar behavior is observed for the cyclic (3Qrimer, 2. Bodor, N.; Huang, M.-XChem. Phys. Letd992 192
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