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ABSTRACT

By application of empirical and semi-empirical methods the enthalpies of formation for series of
XN=C=Y molecules (X=F, Cl, Br, I; Y= 0O, § Se) were calculated. Empirical procedures was
used for calculation of enthalpies of formation for X=C=C=X molecules with X = O, S Se. The
possibility of synthesis of carbon monoxide dimer O=C=C=0 is discussed.
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The present work continues our previous work omtieehemistry of ketene GHC=0 molecule
and the related species of the A=B=C general stract. In results of that work the enthalpy of
formation for ketene molecule was drastically chethffom currently used value -11.4.g. see
Ref. 2, to -24 kcal mdl* and theAH;° values for some novel species of A=B=C serieewe
derived,e.g. CH,=S=CH, CH,=S=S and S=S=5. Here we consider a novel set of A=B=C-type
species, namely, XN=CO and XN=CS molecules ( X4 Fand X=C=C=X (X =0, S, Se) which
thermochemical data are unknown or conflicting.

We begin from analysis @fH;° CIN=C=0 molecule since for this one the setxqgiezimental
data is available > 52%or 8.5 kcal mot *. To deriveAH;° CINCO we apply the enthalpic shift
procedure originally suggested by Ben3otater applied to the thermochemistry of moleciogs
many authors, and finally formulated as a complatthodology for checking or correcting
known and finding unknown values in our recent fmatiions®®. This time we analyze the known
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data for H- CI enthalpic shift in molecules with H and Cl atattached to N-atom (Eqgns 1-4)
(AH{® - kcal mof):

>79.9
H-N=C=0 —— > CI-N=C=0

AHP: 272 AAH{ >52.93 )
35.5
H-N=C=0 ——— CI-N=C=0
AHY: 27 8.5% @)
16
H-N=Cc=z0 —— CI-NH;
AHY: o118 5 (3
1.4
H-N=C=0 —— > CI-N=0
AH{:  23.83 12410 (4

From Egns 3 and 4 we see that-HCI enthalpic shift depends on electronegativitil)®Bf the
substituent X. Applying the new EN sclin which EN of F is assigned 10 units, we take EN
values for NH-, NCO- and NO-groups 6.5, 7.9 and 8.5 units, respaly, and by interpolation
gainAAH® for HN=C=0 - CIN=C=0 shift about -3 kcal mdl (Eqn 5):

AAH® (HNCO - CINCO) =AAH{® (H-NH, — CI-NH,) — [AAH (HNH2 - CINHy) - AAH{®
(HNO - CINO)] x [(EN(NCO) - EN(NH)J/ [EN(NO) - EN(NH)]] = 16 - {[16 - (-11.4)] x [7.9 -
6.5] : [8.5 - 6.5]} = ~ -3 kcal mdl (5).

Hence,AH;® (CIN=C=0) =AH;® (HNCO) (-27) - 3=~ -30 kcal mof. We do not insist on either
value of -3 forAAH% in Egn 5 or on the value of -30 kcal mdior AH° CINCO since the
interrelationship ENXH;° is not so straightforward as to be given by Edpustill extremely high
AAH® values for H- Cl replacement 35.5 kcal mio{Eqn 2) and even more 53 kcal M@Eqgn 1)
seem doubtful if compared with data of Eqns 3 an€dnsequently, thé&H®% CINCO = 8.5 kcall
mol™* gained from experiment in Ref. 4 also appearstddubtful.

We suggest the following explanation for the veighhexperimental value for CINCO molecule
enthalpy of formation. Since the latter was ol#dirirom an experimental bond dissociation
energy AH{%(CINCO) = AHL(CI) + AHL(NCO) - Dy(CI-NCO), the highAH:® value can be
explained by involvement of structure for [NCOfree radical which differs from expected
*N=C=0 structuree.g. cyclic one cyclo-NOC (I) which obviously might have much highfi°
compared with lineaN=C=0 isomer. Recently, the same group of autbbserved formation of
a cyclic isomer cyclo-M (ll) in addition to azide free radicall; in photofragmentation study of
Cl-N; (azide) moleculé'. The moieties -N=C=0 and -N=N(+)=Mre isoelectronic, so therefore
our suggestion about involvement of cyclic NC@omer seems reasonable.
N
/\ A

o . N—N .
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There is another possibility to be discussed tcaiobthe high (CI-NCO) value, this is
isomerization of initial molecule in course of expgent. For [HCNO] species there are 6
possible isomers\H;® - in kcal mot* - from Ref. 6)

H
+ - /N\ ,N\+
HNCO HOCN HCNO HON=C O-CH o-C~
1l \Y, V VI il VI
AHO 27 15 43 57 67 -

Thus we have to consider the enthalpies of formata all isomers when H is replaced by
Cl-atom. H- Cl replacement at C-atom exhibits rather sm#d{®values, e.gAAH;® (CH; —
CHsCI) ~ -1.8 or AAH{ (C;Hs — CICH3) 7.3 kcal mot with AH’values (CIGH3) 5.2 kcall
mol™ 2. Therefore, thé\H;° values for isomers V or VIl at H. Cl replacement will still give
rather highAH;°values for CICNO or cyclo-NOCCI isomers, respedtivavhile we need to have
low AH{[CI, C, N, O] values to gain low pvalues: B[CI-(C,N,0)] = AH(CI) + AH{’(NCO) -
AHL[CI, C, N, O] (isomers V and VII) (Egn 6). Similgrthe H - Cl replacement in isomers IV,
VI or XVIII will hardly lead to low AH{ value for [CI, C, N, O] molecules to gain high
experimental [y values (Eqn 6). The authofsadmit the possibility of formation of cyclic
[CINCO] isomer in course of reaction of linear CIRCwith photon but not link it with
thermochemistry of the process.

There is the third possibility to obtain the tiégAH;° value for @y CI-NCO value this is the
“electronic isomerization” of initial CINCO moletu(Eqn 6).

(@]
hv %4 /O
CI—N—C=0 —— N—C «—» N=C —»
/ /
Cl cl
— > N=C - N=C — fragments
/N AN
Cl O Cl

(6)
In such case, we obtain [NCO]Jwhatever its structure is) in an excited stafeich “electronic
isomerization” was described in detail in casepbbtofragmentation of acetylene HCH
molecule (see Ref. 6).
H

hy /" hv c=cC
HC=CH —— Cc=C —— AN
/ H
linear (1X) H transoid (X) cisoid (XI)
% hv l hv
HC=cC- HC=C - (7)

With some photofragmentation methods #C free radical is obtained from “isomer” X thus
giving AH® of HC=C" 1312 or 130.6** kcal mol*, with other methods the further
“isomerization” X - X! occurs leading tdH;° HC=C" 136-140 kcal mét (see Ref. 6).

Thus, in all known photofragmentation studies ti@&=B" radical is obtained only in excited state
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and its enthalpy of formation in the ground statermt be gained by this method. Butitd’ can

be obtained in chemical kinetic experiments, frétrspectra and some empirical estimations (see
Ref. 6). Similarly, in our opinion, the enthalpf/formation of CIN=C=0 and of other XNCO
molecules could hardly be obtained in photofragmtsm experiments.

We also perform computation AH° for CINCO molecule by semi-empirical methods gppj
isodesmic reactioff' (Eqn 8)

Method HN=C=0 + CIN=0 —> CINC=0 + HN=0 - Hy
AH{? (kcal mol™') -27 12.4 [X] 23.8

MNDO/3 -30.3 8.1

MNDO -32.6 58

AM1 -33.0 5.4

PM3 -35.9 25 (g)

Thus, all three methods give much lower values @megbto that obtained in Ref. 4. We would
prefer here the result gained by MINDO/3 methoadsinamely by this method earlier the best
results were obtained for GEC=0 molecule (analogue of CIN=C=0) and other males of
A=B=C series: -20.74 (MINDO/3), -6.83 (MNDO), -5(AM1), -9.27 (PM3) while the
empirically foundAH;? (CH,=C=0) was -23 — (-24) kcal mb(from Ref. 1).

MINDO/3 for FN=C=0 molecule does not give any déwia from other methods (compare with
ketene CH=C=0 molecule): -59.3 (MNDO/3), -59.9 (MNDO), -57(AM1) and -60.3 (PM3).
Unfortunately, MINDO/3 could not be applied to Br®@Cand INCO because there are no
parameters for Br- and I-atoms at this method.

The drastic difference between our results andetfmsnd in the work of Ji et 4tan be explained
by application of diverse calculation schemes dgeccin both works. While Ji et al involved
calculation of atomization energies for HNCO an®8lCO molecules we used isodesmic reaction
(Eqgn 8) with the species closely related structyral the target CINCO molecule. The latter
procedure usually gives better results.

Now we represent the literature data on theatpids of formatiomAH;® and enthalpic shifts
AAH{° (at arrows) for two series of compounds XNftom Ref. 9) and XNG° (Egns 9 and 10)

[AH{® andAAH — in kcal mot):

+16.5 +15 +13
FNH2 — CINHZ —— BI‘NHZ e INHZ
AHL -115 5 20 33 ©)
+28.1 +72 +94
FNO — CINO —> BNO —> INO
AH;" -15.7 12.4 19.6 29 (10)

Similarly, we give our computation results AAH:" values for the XN=C=0 serieAHl;° and
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AAHL (at arrows) — in kcal md] (Eqns 11 and 12)

-10.2
o 20t s BANEC=0 ——> IN=C=0

S - -13.0 232
MNDO AH’ -38.7 142 an
i 1.1
FN=C=0 22, Cl=C=0 30 BINSC=0 —— IN=C=0
AM1  AH -279 157 -18.7 -19.8 (12)

From EN values for NH (6.5), -N=C=0 (7.9) and -N=0 (8.5) groups (sbewe) the enthalpic
shifts, theAAH;" for XNCO series at F» Cl - Br — | replacement should betermediate
between those for XNjand XN=0O series. However we see that alldhel;° values in Egns 11
and 12 are appeared to be very far from the expecrtes. Moreover, there are 3 negative (?) and
one small positivéAH;° values (+1.2 kcal md) which are inconsistent with the tendencies at F
- Cl - Br - | substitution in XNH and XNCO series. Hence, we can conclude that both
semi-empirical methods, MNDO and AM1, failed in qmuation ofAH;° XNCO species.

Now we analyze the data of PM3 computation scheepeating - for comparison - the

experimental data on XN+and XNO and our empirical results for XNCO sefisid;® andAAH;°
(at arrows) in kcal md! (Eqns 9, 10, 13 and 14)

+16.5 +15 +13
FNH2 —_— CINHZ — BI‘NHZ —_— INH2
AH -11.5 5 20 33 ©)
+24.4 +7.7 195
FNCO —— > CINCO —> BrNCO ———» INCO
AHL(PM3):  -60.3 -35.9 -28.2 -18.70 (13)
+25 +9.5 +10.3
FNCO —— CINCO —> BrNCO ———> INCO
AH*: -55 -30 -20.5 -10.2
* from empirical calculations (see above) (14)
+28.1 +72 +9.4
FNO —> CINO —> BrINO —> INO
AH -15.7 12.4 19.6 29

(10)

We see that PM3 results for CINCO and BrNCO molegare rather close to our empirical results
both inAH¢®> andAAH;® (CINCO - BrNCO) values thus supporting our empirical praged In
addition, theAAH;° at Cl - Br replacement appears to be intermediate for segglacement in
XNH, and XNO series. However, the compufgd}’ values for FNCO and INCO molecules lead
to AAH® for F » and Br | substitution which are very far from the tendesdollowing from
both experimental (for XNHand XNO series) and empirical ones for XNCO mdiesu We
report that thedAH° for the latter should be intermediate betweasd¢hfor XNH and XNO
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series. Thus, rounding up the values for INCO mdke(-10.2 to -10 kcal md) we represent our
final results on the enthalpies of formation for XGEO molecules: -55 (F), -30 (Cl), -20.5 (Br)
and -10 kcal mat (I). Probably for FNCO molecule i8H;° value might be slightly more
positive -52 - (-53) kcal mdl to fit the tendencies iNAH° (FNH, — CICH,) and (FNO
CINO) replacement.

We think that in the absence of experimental thelmmical data for XN=C=0 molecules or their
controversial value (see above) our data, althdughg approximate ones, could be used in
practice.

Now we can proceed to the estimation of the entbéslpf formation of other A=B=C and
A=B=C=D type species. Applying the enthalpic sfoftAH;" HN=C=0 - AH;" HN=C=S = -27
~ 30 =57 kcal mol we can now estimate the enthalpies of formatmmnother XN=C=S
molecules (foAH;° of XN=C=0 see above)

AHL[CIN=C=S] = AH;”[CIN=C=0] + AAH;°(HN=C=0 - HN=C=S) = -30 + 57 = 27 kcal mbl
AHL[BrN=C=S] =AH;’[BrN=C=0](-20.5) + 57 = 36.5 kcal mdI
AHL[IN=C=S] = AH;"[IN=C=0](-10) + 57 = 47 kcal mdi

However, for FN=C=S molecule we introduce the smdlitrary correction term. We think that in
FN=C=0 molecule there exists certain F/CO (tworggracceptors) repulsion which is absent in
FN=C=S molecule. Hence,

AHL[FN=C=S] =AH;’[FN=C=0](-53) + 57 +A(0- 2) = R kcal mol*

Similarly, using the enthalpies of formation for £#€=S (38) and ChkC=Se (60 kcal md) ’

and, consequently, the enthalpic shifiH;° (CH,=C=S - CH,=C=Se) = 60 - 38 =22 kcal mbl
we gainAH’ [HN=C=Se] =AH;° [HN=C=S] (30) + 22 = 52 kcal mdl Now we can estimatsH;°

of XN=C=Se molecules adding 22 kcal mabAH;° XN=C=S. Thus, we obtaifiH;" XN=C=Se:
24 (F), 49 (CI), 58.5 (Br) and 69 kcal rifo(l).

As an example, we can estimate the enthalpy of ddom for compound XVIII, e.g.
CH,=C=C=C=S molecule: AH (XVII) = AH;® (CH,=C=S) + 2 G (where G is the Benson
group contribution for cumulenic carbon C=C=C) ='3@ (34.6)" = 107.2 ~ 107 kcal mdl

An interesting cumulene type system is the dimerawsbon monoxide O=C=C=0 which has not
been yet synthesized despite many attempts to dichi2 question arises whether this molecule is
thermodynamically stable. We present now the englicalculation of its enthalpy of formation:
AH{° [0=C=C=0] = 2AH;° [CH,=C=0] - AH{° [CH,=CH,] + A = 2 (-24)° - 12.5% + A (Egn 15) =
-60.5 +A kcal mol* while the sum oAH° of decomposition products, i.e. for tlil° (CO) is
2x(-26.2) = -52.4 kcal mdl Thus at the beginning, it seems that O=C=C=Oemué is
thermodynamically stable if th® correction term is < ~8 kcal mitl This correction term might
appear due to expected repulsion of two powerf@ctebn withdrawing CO/CO groups
destabilizing the system. Now we try to estiméis torrection term.

Leaning on close EN values for CHO- (7.2) and @gups (7.3f, we adjust the repulsive
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interaction of two CO-groups in O=C=C=0 to thatstixig in CL=CF, molecule. We think that
steric cis- F/F interaction is of minor importandee to small size of F-atoms. St
(calc)[CR=CR] = 2AH;® [CR=CH;,] - AH{’ [CH,=CH,] = 2 (-80.1)* - 12.5% = -172.7 whileAH;"
(exp)[CR=CF)] is -157.5% kcal mol* (Eqn 16). Thus destabilization of the molecule do
repulsive CHCF, interaction exhibits -157.5 - (-172.7) = 15.2 keabl’. Hence, AH{
(calc)[0=C=C=0] = AAH{° [CH,=C=0] -AH{® [CH,=CH,] + A = 2 (-24)" - 12.5* + 15.2 = -45.3
kcal mol* (Eqn 17); while the sum @H;° of its decomposition products two CO molecule? is
(-26.2) = -52.4° kcal mol*. The reality of CO/CO strong interaction is suped by calculated
AHL deviation from additivity in its analogues@ molecule. AH;° [O=C=C=C=0](calc) = 2
AHL [CH,=C=0] +AH{® [CH,=C=CHj] — 2 AH;° [CH,=CH,] = 2 (-24) + 45.5 — 2 (12.5) = -27.5
kcal mol* (Eqn 18) wherea&H;° (exp) = -23.4 kcal mol* leading to destabilization of —23.4 —
(-27.5) = 4.1 kcal mal.

We think, that rather strong CO/CO repulsive int&oa in -position in O=C=C=C=0 molecule
stands in line with expected larger CO/CO intemactn a-position in O=C=C=0 molecule 15.2
kcal mol* (see above). So, comparing the° (calc) for the latter, -45.3 with theAH [2
CO](-52.4 kcal mat) we see that if the barrier for reaction O=C=C=s CO is a small one than
the dimer of carbon monoxide is thermodynamicafigtable molecule and cannot be synthesized.
However, if such barrier is > ~8 kcal rffo[-45.3 — (-52.4)] its synthesis becomes quitdista.
We notice, that structurally close O=EQ-Me free radical is stablkinetically while being
unstablehermodynamically, compare itédH;° -40.4 with X [CO, + Me] = -94.1° + 55.1" = -59.0
kcal mol*. Up to now all attempts to observe O=C=C=0 mdkaumass spectrometer applying
collision activation (CA) techniques have faiféd However, as it is thoroughly examined in Ref.
7 at the CA process the collision gas (usually, E) play an active role as the “catalyst”
decreasing the energetical barrier, in our caseghction O=C=C=0- 2 CO. Thus, other ways
of O=C=C=0 synthesis might be exercised where ampg of catalysis are excluded.

For calculation ofAH;° for S=C=C=S we apply the same scheme as for O=CO=@slecule (see
above):AH;® [S=C=C=S] = 2AH° [CH,=C=S] -AH{° [CH,=CH,] + A = 2 (38)° - 12.5% +A =
63.5 kcal mol + A (Eqn 19)

We expect destabilization for CS/CS interactiompetssentially weaker compared with CO/CO
interaction in O=C=C=0 molecule. But we cannot @gC=CCL molecule as a model for
calculation of such destabilization in S=C=C=S male since, firstly, EN of CHGland CHS
differ essentially 6.2 and 6.8 units, respectiv&lyand secondly, both steric and polar CI/Cl
interaction do exist in @C=CCkL molecule when compared with two,CECH, molecules. Our
calculation of summary destabilization of Cl/Cldrsction is 8.7 kcal mdl Thus, fromA in Eqn

19 we take an arbitrary value of, say, ~4.5 kcal'mand obtaim\H;° (S=C=C=S) ~ 68 kcal mol
while the sum ofAH;® of its decomposition products two CS is 2 (64) 128 kcal mof. So,
S=C=C=S thermodynamically is a stable speciesinfiio computation ofAH;° of the latter from
AHRg = 33.7 kcal mot for S=C=C=S-, 2 CS gives the very high value 9%°3f the AH;® for CS
64 kcal mot' is used.

Finally, AH{ (calc.)[Se=C=C=Se] = &8H;° [CH,=C=Se] -AH;" [CH,=CH,] = 2 (60)® - 12.5% + A

= 1017.5 +A. Applying an arbitrary minor value 0.5 fArwe getAH;° [Se=C=C=Se] ~ 108 kcal
mol ™.
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CONCLUSIONS

Applying combination of empirical and semi-empiticeethods the enthalpies of formation for 15
heterocumulenes of the types A=B=C and A=B=C=0 westanated. Empirical procedures were
based on enthalpic shifts and the new electronggascale. Most of semi-empirical results
appeared to be unsatisfactory and could be treatgdtogether with empirically gained values.
The possibilities of synthesis of carbon monoxideet O=C=C=0 are discused. Its enthalpy of
formation is estimated as -45.5 kcal fhevhich only by ~7 kcal mél is higher than that of its
fragments — two CO molecules.

REFERENCES

[1] A.V.Golovin, D.A.Ponomarev, V.V.Takhistoy,Mol.Sruct. 524 (2000) 259.

[2] J.B.Pedley, R.D.Naylor, S.P.KirbyThermochemical Data of Organic Compounds, 2nd
ed.,Chapman and Hall, Londdi886.

[3] O.D.Bell, R.D.Coombe].Chem.Phys, 82 (1985) 1317.

[4] Y.Ji, L.,P.Bobadova-Parvanova, C.Larson, P.C.Samaai.Morukuma, J.J.-M.Lin,
T.T.Ching, C.Chaudhury, S.-H.Lee, A.M.WodtkeChem.Phys, 124 (2006) 241106.

[5] S.W.BensonChem.Rev. 78 (1978) 23.

[6] A.V.Golovin, V.V.Takhistov,J.Mol.Sruct. 701 (2004) 57.

[7] V.V.Takhistov, D.A.Ponomarev,Organic Mass Spectrometry (in Russian) BBM,
S.Petersburdg005, 345p.

[8] V.V.Takhistov A.V.Golovin,J.Mol.Struct. 784 (2006) 47.

[9] A.V.Golovin, D.A.Ponomarev, V.V.Takhistow].Theoret.Comp.Chem. 9 (Suppll) (2010)
125.

[10] S.W.BensonThermochemical Kinetics, Wiley, New York,1976.

[11] P.C.Samartzis, J.-J.M.Lin, T.T.Ching, C.Chaudhify,.Lee, A.WodtkeJ.Chem.Phys. 123
(2005) 0511101.

[12] J.Segall, R.Lavi, Y.Wen, C.Wittigl.Phys.Chem. 93 (1989) 7287.

[13] P.G.Green, J.L.Kinsey, R.W.FieldiChem.Phys. 91 (1989) 5160.

[14] D.A.Ponomarev, V.V.Takhistou,Chem.Educ. 74 (1997) 201.

[15] V.V.Takhistov, D.A.PonomareWrg. Mass Spectrom. 29 (1994) 395.

[16] M.W.Wong, C.Wentrup, R.FlammangdPhys.Chem. 99 (1995) 16849.

21
Scholars Research Library



