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Abstract: Polymeric phases for carbon dioxide and carbon disulfide are predicted on the basis of density
functional calculations. Poly-COf containing three-coordinated carbon atoms is calculated to be 22 kcal/
mol less stable than free molecular £@hile its sulfur analogue poly-C$gis 19 kcal/mol higher in energy

than free C& Another polymeric carbon disulfide phase based onQ&trahedra is calculated to be only 2
kcal/mol higher in energy than the trithiocarbonate-based polymer polg£8$hree-dimensional C&xsilica-

like compound may be derived from the corresponding&kased polymeric model which is higher in energy
than free CQby 40 kcal/mol. Besides these solid-state compounds containing an extended network, four- and
six-membered rings (C¥, (n = 2, 3) have been calculated to be less stable than their corresponding monomers
by less than 15 and 24 kcal/mol forX S and O, respectively. The planar cyclic oligomers of 6i$ould be
feasible and could be the precursors in the synthesis reaction of the one-dimensional pghpt&e.

Introduction initio molecular dynamic simulations on pressure-induced solid
¢ COz has confirmed these experimental findirfgs.

The topology of a chemical species made of one or several
triatomic 16-valence electrons AXinits is directly related to

The search for new allotropic or polymorphic phases o
known compounds is a fascinating area, which can lead to
materials exhibiting unusual properties and are also often e
attractive from both the fundamental and the aesthetical pointsthe co?rdlga'\t:cin 2n_umbe|r (Cl'N')COf lthg ’(\:Ien_trgl_atcr)]m A For
of view. Typical examples can be found in the area of condensed &*@MpP e'd .CII\I_C én(r:n|(\)| efuf.‘r thQB’ C. |_ |n3t e rmﬁ
phases of small molecular species which have been preparecf;om_poun ( I b ’b ’ '_f Ln e_@_?_ ipfo yr_rller Ias gve
by using various experimental techniques: ring-opening-po- as In several members o t_e_S| lica family. In these
lymerization, for example, polyphosphazer@PCh),— ! pres- examples, the octet rule is satisfied for all the atoms, which is

1] 1 X 1 . . . .
sure-induced polymerization of molecular crystals, for example, n?]t alwgy S t;‘e casel |ntso.rtrr1]e CS 'Il\';a(s%hﬁsfs such an Sé'ShOV'te
cyanogen @N,2 or thermally controlled polymerization, for where Si 1S hypervaient wi N= 6. In the case of C§ -
example, SN».3 A way to design new stable or metastable two dlffere_nt coordination numbers have been_shown _to exist:
polymers or materials based on existing molecular species is toC-N- = 2/in 'I[he m.olectl:lar Sti‘:ﬁ and Clll\lz 3B|r(l;| the h,'ghé)l K
use the predictive ability of quantum chemical methods. We pressure. po ymegc phase, Ihe so-cale nagmans blac
recently predicted by using this approach the existence of ad'SUIfIOIe ((]ICSQ)E_S. Tt?e I|teratu_r§ describes _tE|sSpSolymer as
polymeric phase of carbon monoxitieshich has been thereafter connected it (l)oca_r onate 2(5. ) groups wit Cross-
synthesized under high-pressure by Lipp and co-workers. Imkegl strugturé. This polymeric form of a 16-valence triatomic
Continuing our search for new condensed phases derived from>PECIES bridges the gap between moleculag @@l the three-

simple molecules, we investigate below the possibility for carbon dirgensional Si(kaghas%s. dioxid | . b
dioxide (CQ) and its isoelectronic species carbon disulfide Ne may ask It carbon dioxide may polymerizeé as carbon

(CS) to exist in the form of extended networks. As this work disulfide CS having the structural typg (thereafter called poly-

was in progress, quartz-like G@as been characterized at high CXXag) or if CS, could exist in a form similar @, that is,

pressuré. Independently, a theoretical investigation using ab ‘_N'th fqur-ponnected carbo_n_gtoms, that is, poly#XA DFT
investigation on the possibility of existence of extended net-

*To whom correspondence should be addressed. Fax: 33 (0)5 49 45yorks for such 16-valence-electrons K= 0, S) species is
34 99. E-mail: gilles.frapper@campus.univ-poitiers.fr. detailed th it ’
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Methods and Modeling

All of the geometry optimizations were carried out with the use of

the Gaussian 94 package at the B3LYP level, using the 6-31G** basis

set (B3LYP/6-31G** calculations)t Harmonic vibrational frequencies

and zero-point vibrational energies (ZPVE) were computed at this level.

All of the optimized structures where characterized as true minima.

The total energies considered in this study were obtained by running

single-point calculations on the optimized geometries with the larger
6-311++G** basis set (B3LYP/6-311+G**//B3LYP/6-31G** cal-
culations, ZPVE corrected). Detailed results are given in Supporting
Information.

The energy per CXrepeat unit of an infinite polymer has been
calculated by using the finite difference methbdhich consists of
calculating the total energids, of saturated oligomers R(GXR of
increasing length. When increases, the difference functigkg, =
(Ens1 — En) is expected to tend to the polymer energy per repeat unit.
The asymptotic value oAAE, is considered to be reached when the
difference energy is less than 1 kcal/mol. In the following, we define
asoE the difference betweeAE, and the energy of the free triatomic
molecular C% species. Therefore, a negative (positivig value
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Figure 1. Optimized structures of (C¥, compoundsr{ = 1-3). 1.

COz (Doc ); 6a C204 (Dzh); Ta C30e (Dgh); 4: CSZ (Dooh); 6b: CzS4

(Dan); 7b: CsSs (Dan). Selected parameters are given (distances in A
and angles in degrees). In parentheses are given the relative energies
per CX repeat unit of the (C¥n species with respect to the free £€X
monomer at the B3LYP/6-3#1G*//B3LYP/6-31G* level of theory

(OE' = E(CX2)w/n — E(CXy), in kcal/maol).

1. All of the calculated models were found to be planar. The
only unusual geometrical parameters are the rather shoi€C
nonbonding distances in the four-membered rings which lie in
the range of 1.7592.360 A. Those values are lower than twice
the van der Waals radius of carbon (3.79A Such unusually
short nonbonding distances have been shown to exist in 1,3-

indicates that the extended structure is more (less) stable than the freadisubstituted four-membered rings such as in cyclodisiloxéne,

triatomic molecule. In the case where cyclic (§Xmodels where
consideredpE' was computed as being the difference between) (1/
x E[(CX2)n] and the energy of the triatomic molecular £€Xpecies.

Results and Discussion

Cyclic Oligomers with C.N. = 3. The four- and six-
membered (CY), cyclic species have been calculated$X0O
6a—7a, X = S 6b—7b) as well as their corresponding GQ
and CS$ 4 monomers. Their structures are based on the CS
dimer 6b which has been proposed to polymerize into the
—(CS)x— polymer5,19-d and on the structurally characterized
isoelectronic six-membered ringsK;Cls 2 or B3OsF3 mol-
eculest®14The optimized structures and their relative energies
OE' of the (CX)n compoundsi{ = 1—3) are shown in Figure

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision D.3, Gaussian,
Inc.: Pittsburgh, PA, 1995.

(12) (a) Karpfen, A.; Ladik, J.; Rusegger, R.; Schuster, O.; Suhai, S.
Theor. Chim. Actd 974 34, 115. (b) Cui, C. X.; Kertesz, M.; Jiang, Y.
Phys. Chem199Q 94, 5172. (c) See ref 4 for a similar approach.

(13) Note that (BOR)has been claimed to be a molecular precursor in
the reaction of BEFand BOg, leading to the boron oxyfluoride BOF glass
which presents-BFO,,— chains similar t&: (a) Boussard-Pledel, C. Ph.D.
Thesis, Universitale Rennes, 1997. (b) Boussard-Pledel, C.; Fonteneau,
G.; Lucas, JJ. Non-Cryst. Solid4995 188 n.1, 147. (c) Boussard-Pledel,

C.; Le Floch, M.; Fonteneau, G.; Lucas, J.; Sinbandhit, S.; Shao, J.; Angell,

C. A;; Emery, J.; Buzare, J. Yd. Non-Cryst. Solid4997 209 n.3, 247.

(14) (a) Baumgarten, P.; Bruns, \Ber. 1939 72B, 1753. (b) Ruff, O.;
Breschneider, OZ. Anorg. Allg. Chem1932 206, 59. (c) Fisher, H. D.;
Lehman, W. J.; Shapiro, D. Phys. Cheml961, 65, 1166.

as well as in the BC, rhombuses existing in the two-dimensional
B,C network of the YBC phasé.’” Theoretical analysis have
shown that this peculiar feature can be explained by using the
o-bridgedst bonding model8 This is a pures-type (in-plane)
effect whose strength depends on the electronegativity difference
between the two types of atoms constituting the ring. Besides
these structural peculiarities of the four-membered ring, the
geometrical parameters found for the (§X(n = 1—-3) series

lie in the range of expected values.

C,S, 6b and GSg 7b are computed to be less stable than
free CS by less than 15 kcal/mol (per G$init) while their
oxygen analogues 0, 6a and GOg 7a are less 24 kcal/mol
(per CQ unit) higher in energy than free GQ@see Figure 1).
Changing X into O in (CX), rings increasesE' by 9 kcal/
mol, because of the larger ring strain in the oxygen species.
Although less stable than their free monomers, oligomers of
CS (and perhaps even of GPshould be feasible, and these
calculations support the hypothetical existence gb,Qluring
the polymerization process of molecular 48 —(CSy)x—.100-d

(CS)n (n = 2—4) Systems Presenting SS Bonds. The
peculiarity of sulfur is its ability to easily make-S& bonds.
This is why we have investigated hypothetical oligomers of,CS
namely GS; 8a—b, C3S 9a—b, and GSg 10, in which both
sulfur—sulfur and carborcarbon bonds are present (see Figure
2). GS4 8ais higher in energy by 6.8 kcal/mol than its isomer

(15) Emsley, JThe ElementsClarendon Press: Oxford, 1989.

(16) Sohn, H.; Tan, R. P.; Powell, D. R.; West,&ganometallics1994
13, 1390 and references cited therein.

(17) (a) Bauer, J.; Nowotny, HVionatsh. Chem1971, 102 1129. (b)
Bauer, JJ. Less-Common Mel982 87, 45.

(18) (a) Liang, C.; Allen, L. CJ. Am. Chem. S0d.991 113 1878 and
references therein. (b) Grev, R. S.; Schaefer, H. F.JIIAm. Chem. Soc.
1987 109, 6577.
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Figure 2. Optimized structures fo€,, 8a and Dz, 8b C,S, isomers,
C: 9a and Cy, 9b C;Ss isomers and; 10 CsSs compound. Selected
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Table 1. Relative Energie®E? (in kcal/mol) with Respect to Free
CX; for CXz-based Oligomers H(@1X2n+1)H 11 and
Ha(Ch+1Xon)H2 12 (X = O, S)

n 1la 11b 1lc 12a 12b
1 +21.4 +17.4 +34.3 +17.8
2 +22.1 +17.7 +20.3 +40.1 +20.6
3 +22.2 +18.6 +40.3 +20.7

a Relative energy per CXrepeat unit of the oligomers with respect
to the free CX monomer PE = En1 — E, — E(CXy)]. The energies
are calculated at the B3LYP level using the 6-311G** basis set at
the optimized B3LYP/6-31G** geometry (ZPVE corrected). See
Supporting Information.

series with X= O 11laand S11b. Each oligomer structure has

ro [t L
HC\X C\H HT g \ﬁ/C\H
n -1 g

11a (X=0),11b (X=S) 11¢
a starting all-trans conformation, that is, with the-8—X—-C
dihedral anglex) along the chain set to 18Qa cis conformation

is associated witht = 0°). This choice of the starting
conformation before geometry optimization allowed us to get
a homogeneous set oAE, values within each series of
compounds, avoiding the variation irregularities due to the
peculiar conformational preference of each individual oligomer.
We would like to mention here that rotation around the single
bonds of the studied oligomers is very easy and is mostly

parameters are given (distances in A and angles in degrees). Ingjctated by packing forces in a real material and that prediction

parentheses are given the relative energies per€at unit of the
(CS)n species with respect to the free O8onomer monomer at the
B3LYP/6-31H-G*//B3LYP/6-31G* level of theory §E' = E(CS)n/n
— E(CSy), in kcal/mol).

6b. The GS, core in8a has been claimed to be present in the
architecture of carbon disulfide clusters anions, S
Structure8b with two strained three-membered rings is found
to be rather unstable. Compoufd, a GS; molecule made of
fused four- and six-membered rings, is calculated to be 10.
kcal/mol higher in energy than the six-membered ftbhgwhile
the fish-like strained compoun@éb is much less stable. The
C4sSs model 10 presents a non-eclipsed geometrynf sym-
metry with a nonbonded carbermarbon distance of 2.648 A
between two @54 linked units. GSg is calculated to be less
stable than free GJOE' = 25 kcal/mol). It is also less stable

than the cyclic oligomers. Due to the exposed carbon atoms,

this molecule must be highly reactive vis#s a chemical attack.
Extended Structures with C.N. = 3.We discuss now the

possibility of existence of extended networks made of the

assembly of 16-electron GY{X = O, S) monomers, starting
with the investigation of poly-CX¥;, structure typeb.2° This

model is derived from the structures of the characterized black

—(CS)x— compound and from that of the metaborate LiBO
where similar one-dimensional BOchains are preseft.To
model the poly-CXX,, system and evaluate its stability with

respect to the free monomer, the finite difference method, based

on calculations on polymers of increasing lenfthyas used
(see above). Calculations have been done on thgH¥G,+1)H

(19) Maeyama, T.; Oikawa, T.; Tsumura, T.; Mikami, N.Chem. Phys.
1998 108 1368. Their HF geometry optimization ob&~ lead to aCy,
structure similar tBa, which they calculated to be the most stable form.
Inversely, our UB3LYP/6-311+G** calculations show that theéDap
conformation of GSs~, similar to6b, is a local minimum lying 6.2 kcal/
mol below theCy, isomer.

of the conformational structure of the poly-(C¥%¥x was not
our goal in using such molecular modeling approach. Table 1
summarizes the computational data on the oligomkts
Detailed structural parameters and the energies are given in
Supporting Information. We discuss briefly below the major
geometrical features of the calculated oligomers. Selected
molecular structures are shown in Figure 3.

The optimized structures of the H{(GX2n+1)H models (X

1= O, S;n= 1-4) adopt (or are very close to) ti& symmetry,

which renders equivalent both halves of each chain. They are
nonplanar and exhibit typical €X and C=X bond lengths
(C—0 = 1.365-1.396 A; C=0 = 1.187-1.191 A; C-S =
1.767-1.804 A; G=S=1.616-1.622 A)815The carbon atoms
always maintain their expected (locally planar kpbridization.
Consequently, the conformation of the studied oligomers can
be simply described by the series of the dihedral angl@$2

<t < 15% for X = O and 129< 7t < 156 for X = S, see
Figure 3). Turning the discussion to the variationy& uponn
(Table 1), one can see that for= 4 the oscillations due to the
small size effect are damped, and the asymptotic vald&as
nearly reached. At our level of calculations (B3LYP/
6-311++G**//B3LYP/6-31G**, ZPVE corrected), poly-CXX:»

is computed to be less stable than the free @¥nomer by 22
and 19 kcal/mol (per CXunit), for X = O and S, respectively.

(20) We have also investigated the hypothetical polymeric systems poly-
BFO,; and poly-CCINy, derived from the existing six-membered ringd
C3N3Clz 3 and BOsFs by ring-opening polymerization. Calculations have
been done on (i) the HB10nFn+1)H series, (i) the [H(G+iNyClnt1)H] T
cationic species, and (i) the neutral H{GCl,)H series. The calculated

values ofdE indicate that the polymerization process of the cyclic trimer,

nB303F3 — (BOF), is almost thermoneutral. Poly-nitrite (CNz;2Cl)x—
is found to be isoenergetic with the experimentally characteriztCls
cyclic compound, rendering this hypothetical helical polymer an interesting

target for synthesis (manuscript in preparation).

(21) Note that BOg*~ isostructural and isoelectronic ta@sFs is known
as, for example, in Nd30s. See ref 8a, p 10701071.
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otherst® Poly-CQy; (C.N. = 4) is computed to be less stable
than the free C@monomer (C.N= 2) by 40 kcal/mol, and 18
kcal/mol less stable than poly-CQ&X(C.N. = 3) which contains
O—C(=0)-0 groups. Clearly, COphases in which carbon is
four-coordinated are disfavored at standard pressure. The
calculated energy differences are not very high, and one may
think that they are probably overestimated, due to the simpli-
fication of three-dimensional silica-like phases by the one-
dimensional modeld2a On the other hand, we note that at
low pressure the energy difference between molecular and
extended C@phases is calculated by Serra et al. to~b&7
kcal/mol, a value somewhat larger (although of the same order
of magnitude) than ou$E value calculated fot2a?* Let turn

our discussion to the isostructural model of Be8based on
CSy-tetraedra (see mod&Rbwith X = S). Poly-CS3j, (C.N.=

Selected parameters are given (distances in A, bond angles and dihedraf) 1S @valuated to be only 2 kcal/mol less stable than poly£SS

angles along the HC—X—C chain {) in degrees).

These values compare well with those obtained for cyclic

11b(C.N. = 3). On the basis of these results, one may conclude
that an hypothetical condensed &hase may present four-
connected carbon atoms as in the experimentally characterized

oligomers (see Figure 1). On the basis of the rather small C(SR) molecules (e.g., R= Ph)#

difference between bothE values (less than 3 kcal/mol) and
on the fact that poly-CSexists, one may conclude that the
polymerization of CQto the extended one-dimensionaD—
C(=0)—0-containing network should be feasible, at least from
a thermodynamical point of view.

Because the sum of one-S and one €C bond energies is
nearly equal to two €S bond energie'¥, one may be tempted

Summary and Future Prospectives

Density functional (B3LYP) calculations have been carried
out on a series of oligomer-made 16-valence electron triatomic
repeat units to investigate the stability of polymeric and
condensed allotropics forms of G@nd CS$. The planar cyclic
compounds (C8n (n = 2, 3) have been calculated to be

to consider an alternative one-dimensional polymer analogue thermodynamically slightly more stable than the existing one-

to 5, namelyllc The increment energdyE for this modelllc

dimensional chain—(CSS)x— containing trithiocarbonate

is calculated to be of the same order of magnitude as that for (SXC=S) groups. These results reinforce the hypothesis that four-

the one found in regular Bridgman'’s (&%5 (see Table 1).
Extended Structures with C.N. = 4. We now turn the
discussion to the possibility for poly-GXto have a four-

membered ring €5, may be a suitable precursor during the
CS; polymerization. With four-coordinated carbon atoms, poly-
CSy2, made of Cgshared tetrahedra is calculated to be almost

coordinated carbon atom leading to the design of a compoundisoenergetic to poly-CSg and 19 kcal/mol higher in energy

having connected CxXtetrahedr&?23 Let us remember that a
high-pressure quartz-like G@hase has been recently charac-
terized and that several carbonate-like £€@hases have been
theoretically predicted to be stable at high pressgure this
contribution, we consider the one-dimensiona({®h+1X2,)H>
series of oligomer&?2. The structure of these models is directly
related to that 08. Such a structure for 16-electron AXpecies

is well-known, as in fibrous Sigor Si$.821n Table 1 are listed
the relative energie®)E calculated for the b{Cni1Xan)H2
oligomers with X= 0, 123 and S,12b. Figure 3 shows the

X
He. \C --------- Ko, H
i y Ny H
X n/2

12a (X = 0),12b (X= S)

optimized molecular structures of the(Bs0g)H and H(CsSg)-

H, oligomers. The only unusual structural parameters are the

rather short ©-C distances calculated between two nonbonded
carbon atoms, less th& A in Ha(Cnt+102n+1)H2 Oligomers, as
found also in the cyclic €4 dimers (se®a—b). Again, this is
due to theo-bridgeds orbitals effect described by Allen and

(22) Such CQ@;, motif is present in very few structurally characterized
molecular compounds: (a) Boulos, L. S.; Hennawy,. IPfiosphorus, Sulfur
Silicon Relat. Elem1993 84(1), 173. (b) Palomo, C.; Alzpurua, J. M.;
Garcia, J. M.; Picard, J. P.; DunoguesTétrahedron Lett199Q vol. 31,

13, 1921. (c) Jutzi, P.; Eikenberg, D.; Kide, A.; Neumann, B.; Stammler,
H.-G. Organometallics1996 15, 753.

(23) Note that orthocarbonate C(QRjompounds are known. See for
example: Narasimhamurthy, N.; Manohar, H.; Samuelson, A. G.; Chan-
drasekhar, JJ. Am. Chem. Sod99Q 112 2937 and references therein.

per CS repeat unit than molecular carbon disulfide. This model,
which mimics a silica-like Cgstructure, suggests that such
phases might some day be synthesized. The oxygen analogue
compounds are higher in energy than the sulfur ones as
compared to their free GX(X = O, S). The one-dimensional
poly-COGy, containing three-coordinated carbon atoms is
calculated to be lower in energy by 18 kcal/mol (per Qait)
than the three-dimensional poly-G&and 22 kcal/mol higher
in energy than free CO

We are currently using the same theoretical approach to
investigate the stability of hypothetical polymeric forms of
molecular species such as carbon sulfide and sulfur dioxide.
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