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Quantum chemical studies of carbon-13 equilibrium fractionation
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Ab initio computational quantum chemical methods are used to calculate reduced partition function
ratios for all isotopomers of CO, HCQ and HOC involving the nuclidesH, ?H (D), *2C, *°C,

160, and 0. The ratios are used to calculate equilibrium constants for the reaction pairs
HCO"/CO, HOC'/CO, and C/CO. Both simple proton transfers and more complex isotopic
variants involving the breaking and reforming of CO bonds are considered. The probable pathways
for the HCO'/CO and C/CO exchange reactions are explored in detail using high-accuracy
guantum chemical calculations. It appears most likely that the HCO reaction proceeds through
exothermic formation of the linear adduct OCHC@iith D.,;, symmetry. Similarly, the ¢/CO
reaction proceeds along a spin-allowed pathway with exothermic formation of the linear adduct
COC" with D.,;, symmetry. An alternate but higher energy spin-allowed pathway for tH€Q
reaction passes through a transition state with @Jysymmetry and a locally stable intermediate
with C,, symmetry. In the ISM these reactions may proceed by these direct pathways or indirectly
through coupled exothermic reaction pairs involving other species to achi@/C isotope
exchange. ©1998 American Institute of Physids$S0021-96068)00719-3

INTRODUCTION medium (ISM). Townes® discussed the implications of ob-
served isotopic abundances in interstellar clouds, while
Experimental and theoretical studies of stable isotop&yanniet® discussed the implications of Watsohfzoposed
fractionations have played an important role in many aspectghemical models for isotope fractionations for evolution of
of chemistry, including geo- and cosmochemistry, for overihe |SM. Herbst and Klemper€rpioneered model studies of
half a century, dating from the pioneering studies of Urey, jon_molecule reactions; the latter studies were reviewed in
who presented partition functions for th&C and*°C vari-  getajl by Greert® Other reviews include those by Smith and
ants of the carbon species @amond, CO, CQ, CG;",  Adams!® Kroto,° and Dalgarnd® In addition, the very re-
HCN, and CN' and equilibrium constants for their isotope cent text by Cowleycontains an excellent chapter on isotope
exchange reactions, as well as similar results for species coRffects. Observations dfC/A3C ratios in molecular clouds
taining other stable isotopes. While Craitjscussed the dif- have continued>?*as have model studi®s? of the chemi-
ficulties of applying Urey’s methods to fractionation in solid- -3 reactions which likely occur in the ISM. A recent
gas equilibria, many such studies followed, including thosgeyiew?” of abundances in the ISM concludes that there most
by Bottinga;~® and Bottinga and Craigwith an emphasis |ikely is a statistically meaningful dependence of #3e/AC
on equilibriainvolving C (graphite and diamond CO,  ratios in molecular clouds on the distance of the clouds from
CaCQ, and HO. These results and others were summarizeghe galactic center, with this ratio being smallés20—25
by Richetet al.,” while equilibrium isotope effects in general near the center, as in the clouds $§agittarius A and B,
were reviewed by Bigeleiseet al” Isotope fractionation in  anq increasing with distance to the solar system value of 89.

cussed in detail in Watson's reviéwf interstellar molecular  chemical methods to calculate reduced partition function ra-

reactions. Smith and Adams carried out laboratory stitiies tios and equilibrium constants fd?C equilibrium fraction-
of fractionation in the reactions of Cand HCO with CO,  ations in ion—molecule reactions, with particular emphasis

and discussed the implications for interstellar reactions. Ay the HCO/CO and HOC/CO reaction pairs. We have

i 12013 i i . . . ,
representative study of the “C/%C ratio in comets is that aiso explored in detail the structures and energetics of vari-
based on studies of the CN radical in comet Halley. Furtheps states of the O ion as may be involved in the isotope

Orion molecular cloud? Quite recently C isotope fraction- \watsor to occur in the ISM.
ation studies played an important role in developing evi-
dence for life on earth approximately 3800 Myr &yand
possibly on Marg?

More relevant to our present study are the many inves-  Electronic structure calculations were made with the
tigations of the relationships between observed isotope fracsAUSSIAN 94 progrant® at the CISD levelconfiguration in-
tionations in the ion—molecule reactions occurring in mo-teraction including all single and double excitations from the
lecular clouds to nuclear abundances in the interstellaBCF reference configuratipmsing initially the split-valence

COMPUTATIONAL METHOD
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TABLE I. Zero-point energies, rotational constants, and vibrational con-

plus polarization basis set 6-31*G (six second-ordef5 (7=

d-type plus 1ls-type) Gaussians for each heavy atom and
three p-type for hydrogeh for HCO" and HOC', and the  gpecies ZPE 9,00 Bt
basis set 6-31G(six second-order Gaussians for each heavy

atom) for CO and GO™. This computational level is desig- 1038 1628.5 2.74 3257

. 0 1592.5 2.62 3185

nated as CISD/6-31% (or CISD/6-31G if no H atoms g 1589.5 261 3179

present Molecular geometries were optimized at this level 13cisg 1552.0 2.49 3104
using analytic gradients, while vibrational frequencies forHCO* 5343.0 213 1271m), 3332(0), 4812(0)
stationary points were calculated from finite differences oft"CO’ 5287.0 2.07 1259m), 3280(0), 4776(0)
analytic gradients. The energies of a number of possiblggcs?80+ gggg'g igg Egg:; gig?gg 23338
structures for transition statésaddle pointsand intermedi- oo 2455.0 172 10177), 2904(0), 3972 ()
ates(local minimg for the GO* adduct as formed in the ptco* 43955 1.69 10027), 2894 (o), 3893 (c)
isotope exchange reaction betweefi éhd CO were com- DC*0* 4407.5 1.65 1018m), 2856(0), 3933(0)
puted at their CISD/6-31Goptimized geometries using the DBleO* 4347.5 161 998m), 2844(a), 3855(0)
higher computational level QCISD)/6-311G(&if )/ [O% . 41855 213 99m), 2922(0), 5159(0)
) . : oc 4102.0 2.04 957), 2856(0), 5158(0)
CISD/6-31G. These letters designate quadratic configurayysyc+ 40925 206 94m), 2861 (0), 5136(0)
tion interaction with single, double, and triple electronic ex-pHotsct 4058.0 1.97 94), 2793(0), 5135(0)
citations, with a triple-zeta basis set augmented by two setsoC* 3403.5 1.81 69m), 2814(0), 3855(0)
of d-type and one set df-type polarization functions. Dlol3c: 3369.5 1.74 69m), 2752(0), 3849(0)
Using the computed molecular structures and vibrationaglgéC+ ggggg i'g 23:; Zﬁg gggi’g

frequencies we next calculate the reduced partition function
ratio Q(*°C)/Q(*?C) for the'3C and'%C isotopic species of Zero-point energy in K computed at optimized CISD/6-31Gevel.

a g|ven molecule(Calculatlng the ra‘“os Of the molecular bRotationaI constants in K Computed at 0ptimized CISD/6-31@&vel.
partition functions for isotopic species implicitly assumes ir]_Wlbratlonal constants in K computed at optimized CISD/6-31Gvel.
vocation of the Teller—Redlich product rule, with the conse-

quence that the molecular structural information contained in,, | B ) i 13
moments of inertia cancels, leaving the reduced ratios depez— C/1%C)i=0.011 24, corresponding to which tH&C/“C
ratio is 88.968 and the atom fraction &fC is 0.011 12.

dent only on isotopic changes in harmonic vibrational fre—T King th ity f ; . . i b
quencies. The reduced partition function ratio is defined as | 2<INg the activity for a given Isotopic species to be propor-
tional to its atomic concentration, an equilibrium constant

the ratio of the actual partition functions multiplied by the .

factor [m(13C)/m(12C)]3?, wheren is the number of car- May De rewritten as

bon atoms exchanged; for of 1 this mass factor equals Kq,=(*C/*?C)g/(**C/**C)p=[1+1038(B)J[1+10 35A)],
1.128 005.(For reactions in which®0 replaces0 there is

similar factor of[ m(*%0)/m(*60)]%?=1.193 728\ Thus de- @
fined, the reduced partition function ratio for exothermic ex-where &B) and 8(A) denote thes(*3C) values for the'3C
change reactions approaches plus infinity as the temperatucentaining product and reactant species, respectively. Note
T approaches zero, but unity dsapproached infinity. To that the reference ratid®C/*?C)yqin Eq. (3) does not appear
obtain these ratios we calculated the molecular partitionin Eq. (4), and that&B) and &A) are not uniquely deter-
functions assuming ideal gas behavior for a range of temmined by the value oK.

peratures fronir=10 to T=1000 K. All vibrations are as-
sumed to be harmonic and all rotations classi@abh-
temperature limjt The equilibrium constank., expressed
in terms of thermodynamic activities Zero-point energies, spectroscopic constants, and

partition functions
Keg=[a(**A)a(**B)]/[a(**A)a(*?B)] D

RESULTS AND DISCUSSION

o . In Table | we list the computed zero-point energies in K
for a generic isotope exchange reaction together with computed rotational constants and harmonic
13p L 12m 127 4 13 vibrational frequencies, also expressed in K, for the various
A+-B A+-B 2 .
- @ isotopomers of CO, HCO, and HOC . We have chosen to
between species A and B is then given simply by the ratio oexpress these constants in temperature units rather than wave
the reduced partition function ratio for species B to that fornumbers as our applications are primarily statistical thermo-

species A. dynamic rather than spectroscopic. In Tables I, Ill, and IV
Fractionation is often expresseid terms of 5(*°C) val-  we list as a function of temperature reduced partition func-
ues which are defined fdfC, *°C mixtures by tion ratios Q(*3C)/Q(**C) for CO, HCO', and HOC, re-
13 — 713~ 1 A3~/ 13~ /1 spectively.
s(HC)={[(**c/ 2C)spl (BC2C)sull(*°C 2C)Std}><103,(3) Equilibrium constant¥,, as a function of temperature

for isotope exchange reactions having the form of the generic
where “spl” denotes the sample and “std” the reference reaction(2) are given by the quotient of the appropriate pair
standard. The PDB-Chicago stand&tdased on belemnite of reduced partition function ratios as given in Tables II-IV.
fossils of the Peedee, SC, formation, has a value off the species A is atomic carboftharged or neutrgl the



8014 J. Chem. Phys., Vol. 108, No. 19, 15 May 1998 Lawrence L. Lohr

TABLE Il. Reduced partition function ratié8 Q(*3C)/Q(**C) for CO. TABLE IV. Reduced partition function ratié$ Q(*3C)/Q(*?C) for DCO*
and DOC'.

T(K)  Bcolco  Bc¥o/cto  Bco/dto  Hclo/co

Dco'/ D3co"/ DO®C*/ D803/

10 36.90 40.41 0.739 2016 T(K) DCO* DCleo+ DoC* Doct
25 4.178 4.329 0.887 20.38
50 2.021 2.056 0.942 4.407 10 360.8 395.9 28.51 30.68
100 1.406 1.417 0.972 2.049 25 10.21 10.59 3.751 3.859
200 1.172 1.176 0.987 1.400 50 3.113 3.168 1.907 1.933
300 1.103 1.106 0.992 1.230 100 1.718 1.733 1.359 1.369
400 1.071 1.072 0.994 1.154 200 1.278 1.282 1.148 1.150
600 1.039 1.040 0.997 1.084 300 1.160 1.163 1.085 1.086
800 1.025 1.025 0.998 1.052 400 1.108 1.109 1.055 1.055
1000 1.017 1.017 0.999 1.036 600 1.060 1.060 1.026 1.026
800 1.038 1.038 1.013 1.013
2All values calculated at optimized CISD/6-31Glevel. 1000 1.026 1.026 1.007 1.006
®The reduction factors are [m(*3C)/m(*?C)]¥?=1.128 005 and
[m(*80)/m(*%0)]¥?=1.193 728. aAll values calculated at optimized CISD/6-31Glevel.

bThe reduction factor ism(*3C)/m(**C)]%?=1.128 005.

equilibrium constants are given directly by the reduced par@S Well @s reactions which are not simple proton transfers but
tition function ratio for species B as that for the atomic spe-nStéad involve breaking and reforming CO bonds to achieve
cies is taken to be unity. Values 6{13C) for any exchange €Xchange of a single isotope, namely,

reaction may be obtained given some assumption about the 13CO+HC®0" —~HC®0"+CO AZPE=-21.0 K,
relationship ofé for species B to that for species A. (9

13c®0+HCO" —H®CO"+C®0 AZPE=-185 K.
(10)
In Table V we listK¢q values for isotope exchange re- Equilibrium constants for reaction&), (6), (9), and (10)
actions involving the species HCGand CO, displayed with  differ negligibly as theirAZPE values differ negligibly. Re-

HCO*/CO

their AZPE values in K, the latter correspondingA® val-  action(7), which involves one heavy isotope in each reactant
ues at 0 K. The first two are and product species, is the least exothermic of the set of six
13CO+HCO* —HYBCO* +CO  AZPE=—-20.0 K, 5) _react|0nsz while reactiofB), Whlcg (ion(ientrates both heavy
isotopes in the product species¥*0", is the most exo-
Bcl%o+Hc®o" —HYBC®0 ™ +C%0 AZPE=-19.5 K. thermic.[The equilibrium constants for all of the above re-

(6) actions except Eq<7) and(8) are obtained as quotients of
(Unlabeled atoms are understood to represent the most abuigduced partition function ratios from Tables Il and IV; the
dant isotopes, namelH, 12C, and'®0.) Other isotopic vari- mixed CO ratios needed for Eq¥) and(8) are included in
ants of the above exchange reactions include simple protoh@ble Il, but the mixed ratios for HCOare not tabulatedl.
transfers which are in effect exchanges of two isotopes!N€ HC_OF/lEO excrl13anlgBe reactions may be exothermic with-
namely out having~*CO or ~°C*°0 as a reactant; subtracting Eq)

L ot fot 18 from Eqgs.(9) or (10) from Eg. (8) yields
3CO+HC 80 —H>™CO"+C*0 AZPE:_].ZS K(,7) C180+H13co+_)Hl3cl80++Co AZPE=-8.5 K.
(11
1318 -+ 13~18~+ -
CHO+HCO'—HC®0"+CO  AZPE=-27.0 K(’S) Another exothermic variant is obtained by subtracting Eq.
(7) from Egs.(10) or (9) from Eq. (8), yielding

Bcl®o+HCO" —HC®Oo " +1%CcO AZPE=-6.0 K.
TABLE lIl. Reduced partition function ratid® Q(*C)/Q(*?C) for HCO" (12)
and HOC'. ) _
We do not tabulate thig,, values for the slightly exothermic
H13CO:/ Hl‘”’clleo:/ HO“C:/ HliO”C:/ reactions(11) and(12), as they may be readily obtained by
T(K) HCO HCY0 HOC H*0C combining tabulated values.

10 246.8 268.6 27.76 29.99 While at temperatures of say, 10 to 50 KG° values

25 8.798 9.131 3.718 3.832 for isotope exchange reactions are approximated well by
50 2.905 2.958 1.902 1.930 zero-point energy differencdAZPE’s), so that equilibrium

100 1.669 1.683 1.360 1.369 constants are approximately exp{ZPE/RT), at tempera-
200 1.266 1.270 1.150 1.153 ¢ | hundred K theG® val iderabl
300 1155 1158 1088 1.089 tures o several hundre Kt values are considerably
400 1.105 1.106 1.058 1.058 smaller in magnitude than thAZPE's. For reaction(5)

600 1.058 1.059 1.029 1030  AZPE is —158Jmol?, while AG° at 500 K is

800 1.037 1.037 1.016 1.016

—96Jmol"; Keq is 1.023 vs 1.039 if approximated as
exp(—AZPE/RT). The difference appears slight, but the de-
2All values calculated at optimized CISD/6-31Glevel. viations from unity, to which equilibrium fractionations are
The reduction factor i$m(*3C)/m(*3C)]%?=1.128 005. closely related, are significantly different.

1000 1.026 1.026 1.010 1.010
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TABLE V. Isotope exchange equilibrium constants for HGOO reactions.

HCO"/®CO HC0*/4%CH0 HCY0" /%co HCO"/Ct0 HCY0*/%%co HCO"/¥Ct0
T(K) H1CO*/CO HICH0*/CH0 H3CO*/Cl0 H13CH0*/CO HIC¥0*/CO H1CO*/Ct0
10 6.690 6.648 3.327 13.37 7.281 6.109
25 2.106 2.109 1.605 2.768 2.186 2.032
50 1.438 1.438 1.254 1.643 1.464 1.413
100 1.187 1.188 1111 1.266 1.198 1.178
150 1114 1.115 1.070 1.160 1.120 1.109
200 1.080 1.080 1.049 1111 1.084 1.076
300 1.047 1.047 1.029 1.065 1.049 1.045
400 1.032 1.032 1.019 1.044 1.033 1.030
500 1.023 1.023 1.014 1.032 1.024 1.022
600 1.018 1.018 1.011 1.025 1.019 1.018
700 1.014 1.014 1.009 1.020 1.015 1.014
800 1.012 1.012 1.007 1.016 1.012 1.012
900 1.010 1.010 1.006 1.014 1.010 1.010
1000 1.008 1.008 1.005 1.012 1.009 1.008
AZPE ~20.0 -195 -125 -27.0 ~21.0 ~185

#The first line denotes reactants, the second denotes products. The reactions are given(By-E@s.
bZero-point energy changes in K.

In their laboratory SIFT(selected ion flow tubestudies tions lies at a still lower energy, thus supporting the sugges-
of the reactions of HCO with CO, Smith and Adarm8 ob-  tion of exothermic complex formation at least for those
tained K¢, values for reactior(5) of 1.17, 1.07, 1.04, and HCO'/CO exchanges which may occur by proton transfer
1.00 forT=280, 200, 300, and 510 K, respectively, in reason-rather than by breaking and reforming CO bonds. In the next
able agreement with our computed values of 1.187, 1.08Gsection we discuss in greater detail complex formation and
1.047, and 1.023 fol =100, 200, 300, and 500 K, respec- the observatiolf of similar anti-Arrhenius behavior in the
tively. They also noted that since reactions such as Efs. reaction of C with CO.
and (9) involve the same reactanfas does also the endo- Equilibrium constants for the deuterium counterpart of
thermic reverse of Eq12)], single revergzi(tz)lelsre%%tiorllss can- Eq. (5), namely
not be cleanly studied for these mixed@, ~C, ~°O, ~*0O)
systems. Similarly, the endothermic reverses of E8js.(9), FCO+DCO’—DCO™+CO AZPE=-230 K (13
and (11) have identical reactants. They do report that theare given in Table VI. The values are slightly higher than
appearance of chann@) is about 10% of that for the less their proton counterparts due to the slightly higher exother-
exothermid(by almost a factor of Pchannel7), but as noted  micity of the deuterium reaction. Values for th#0 variant
above, (7) is a simple proton transfer, whil€d) involves  of Eq. (13) are not sufficiently different from those for Eq.
breaking and reforming the CO bonds, which undoubtedly(13) to warrant tabulation.
accounts for the greater importance of Eg). compared to
Eqg. (9).

A striking result of these SIFT studiés of the .

i . . TABLE VI. Isotope exchange equilibrium constants for DQOO,
HCO"/CO exchange reaction is the observed decrease Noct/co, and DOC/CO reactions.
both the forward and reverse rate constants as the tempera

ture is increased from 80 to 510 K, a result strongly sugges- DCO'/®Co HO®C*/CcO DOYC*/CO
tive of a reaction pathway involving exothermic complex  T(K) D¥Co*/CO HOC*/**CO DOC*/**CO
formation. We have located a centrosymmetric linear saddle 10 9.780 1.329 1.294
point with connectivity OCHCO on the five-atom potential 25 2.445 1.124 1.114
energy surface for COHCO'. At the optimized 50 1.540 1.062 1.060
CISD/6-31G* level the CO and CH separations are 1.115 100 1.222 1.034 1.034
and 1.382 A, respectively, with the only imaginary vibra- 150 1.132 1.024 1.026
_ ' » respectively, ne only imaginary Vit 200 1.090 1.019 1.021
tional wave number being 10B8m™- for an antisymmetric 300 1.052 1.015 1.017
o, Stretching mode. The energy of this possible transition 400 1.035 1.012 1.015
state structure for proton transfer between HCénd CO, 500 1.025 1.011 1.014
and hence fot3C/*°C isotope exchange, is 46.0 kJ moi* 600 1.019 1.010 1.013
. . 700 1.016 1.009 1.012
relative to that of the reactants at the higher 800 1013 1008 1011
QCISD(T)/G-Sl]g(de )//CISD/6-31G‘* level; the zero- 900 1.010 1.008 1.010
point energy change for formation of this transition state 1000 1.009 1.007 1.010
from HCO" and CO is —4.1kJmol! at the AZPE? -230 -25 -2.0

) - . ..
CISD/6-31G 1 Ievel’. glV!ng a t.Otal . eXOthermlClty _Of aThe first line denotes reactants, the second denotes products. The reactions
—50.1 kI mot~. The imaginaryo, vibrational frequency in e given by Eqs(13-(15).

turn implies that a linear structure with unequal CH separa®zero-point energy changes in K.
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HOC*/CO striking result was their finding that the individual rate con-
stants decreased with rising temperatitseyy a factor of 2.6
asT increased from 80 to 510 K, ard by a factor of 1.6.
eI'hey interpreted this anti-Arrhenius behavior as evidence for
adduct formation, which is the aspect of this reaction we
explore next.

There have been a number of computational quantum
chemical studies of £O*. First, HF/DZ (double-zetastruc-
tures withC.,, symmetry have been reportédor linear 211
states with both CCO and COC connectivities, the latter with
unequal CO bond lengths, as well as for a presumed linear
saddle point structure witB ., symmetry. Results have also
CO+HOYC*—HOC'+'CO AZPE=-25 K (14)  been reported at various higher levels of computation for the
two linear?IT states>3for linear?s ~ and“3 ~ states with
CCO connectivity* and for a triangulanC,, symmetry
CO+DO™C*—DOC"+1CO AZPE=-2.0 K. (15)  4p, transition staté* A state should meet two requirements

The exothermicities are small, but note that the direction of©r it to serve as an intermediate for reactid), first, that
the reactions is the opposite of that for HGO exchange, the 2 C atoms should occupy equivalent positions in the

namely that there is a slight preference ¥€ being in CO  Structure (thus excluding the linear CCOforms and the
rather than in HOC. noncentrosymmetric COCform), and second, that the elec-

tronic state should be a spin doublet. The latter requirement
follows from the spin state of Cbeing a doubletiP) and

An important isomer of HCO is HOC, the analog of
hydrogen isocyanide. Measurements of the millimeter-wav
transitions of HOC in dense molecular clouds have recently
been mad@ and used to obtaifHCO™J/[HOC'] ratios. At
the optimized CISD/6-31& level this isomer lies higher in
electronic energy by 150.9 kJ mdl or 18,150 K than the
more stable HCO isomer. The zero-point energy difference
lowers this by 1208 K fot*C and by 1185 K for*C (Table
I). Table VI lists values of the equilibrium constant for the
exchange reaction

and its deuterium counterpart

The reaction of C * and CO that of CO a singlet, so that exchange proceeding through a
Watsor! proposed that significant chemical fractionation quartet inter_mediate to doublet_proc_ju_cts would involve two
of C isotopes in the ISM might occur via the reaction curve crossings and thus be inefficient although not pre-
134+ + 13 cluded. The only reported structure satisfying these require-
C"+CO—-C"+7CO, (16 ments is the centrosymmetric COGaddle poinf! with a

if sufficiently large amounts of Cwere present. Given the HF/DZ energy approximately 32 kJ mdlabove that of the
significance of this proposal we have considered possibl€" and CO reactants. . _
pathways for this isotope exchange. First, it may well be that We have located a total of 9 stationary points, 5 corre-

such exchanges, assuming that they occur in the I1SM, takgponding to spin doublets and 4 to spin quartets, on {@&'C
place indirectly via exothermic reaction pairs such as surface at the CISD/6-3IGlevel. Vibrational frequencies

C* +OHCO+H* 17 Wgre_calcula_lteq at this level from finite_differences of ana-
' Iytic first derivatives, and then the energies were recalculated
Het+CO—C*+0+He, (18  at the higher QCISDN)/6-311G(Af) level using the
CISD/6-31G geometries. The energies and structures are
summarized in Tables VII and VIII, respectively. We first
discuss the spin doublets as they may be derived from the

just as exchange between CO and HC@ay occur via the
exothermic reaction pair

H;"+CO—H,+HCO", (199  ground states of Cand CO. The lowest energy spin doublet
L is the previously reportéd—33linear I state with connec-
HCO™ +e"—H+CO. (20 tivity ccO*. The CC distance is longl.600 A), the CO

Reaction (19) presumably proceeds through the adductdistance shorf1.094 A), so the structure clearly represents
H, --HCO", which has been studi@liby ir spectroscopy; an adduct of C and an only slightly perturbed CO. The
the more stabf@ protonated formaldehyde isomep®OH"* energy is —250.7 kI mol?! relative to C'+CO at the
does not lead to HCO production. Different rate constants QCISD(T)/6-311G(Af)//CISD/6-31G level. However,

for different C isotopes in a reaction pair can lead to chemithis structure cannot account for the exchange of C atoms
cal fractionation, although such differences are expected tbetween C and CO. By contrast the line&ll state with

be small for exothermic pairs such as E@¢s9) and (20).  connectivity COC may, as it is associated with a symmetric
Alternatively reactior(16) may proceed directly, via aO*  double-well potential energy function. Tﬁﬂg state of the
adduct, as is presumably the case in the laboratory SIF€entrosymmetric D, structure has an energy of
studies of Smith and Adam§.They foundKeq values, de- —84.4kJ mol! relative to C+CO at the QCISDT)/
fined as the ratid; /k, of forward and reverse rate constants, 6-311G(21f)//CISD/6-31G level, and is unstable with re-
for reaction(16) to be 1.66, 1.20, 1.14, and 1.04 B&80, spect to the antisymmetric stretching mode leading t¢The
200, 300, and 510 K, respectively; from the temperature destate of a noncentrosymmetr,,, structure having an en-
pendence oK, they extracted a\E value of —40+6 K. ergy of —102.5 kJ mol!. Figure 1 shows a schematic po-
Our calculated equilibrium constants for E46) are equal tential energy curve of the exothermic formation of this lin-
to the reduced partition function ratios for CO as given inear adduct; the relative energy values include zero-point
Table II; the values are 1.406, 1.172, 1.103, and 1.052 foenergies at the CISD/6-3%Qevel as appropriate to the pres-
temperatures of 100, 200, 300, and 500 K, respectively. fence of on€™C in the reaction. With this inclusion tH2..;,
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TABLE VII. Ab initio energies and energy differengdsr the GO*/C*+CO exchange reaction.

Lawrence L. Lohr 8017

Symmetry(Term) CISD/6-31G QCISI(T)/6-311G(2if ) ZPE*C) PZPEC)®
C..,(°I), cco’ —150.428 22 —150.610 51 0.008 51 0.008 33,0.008 47
(—168.4) (-250.7) (+8.8) (+8.6, +9.0)
C..,(°I), coct —150.384 73 —150.554 05 0.005 98 0.005 87,0.005 96
(—54.3) (-102.5) +2.2) (+2.2, +2.4)
D..n(ll4), COC’ —150.370 09 —150.547 16 0.003 85 0.003 79
(—15.8) (—84.4) (-3.4) (-33)
Cy, (A1) —150.363 71 —150.543 96 0.005 98 0.005 90
(+0.9) (~76.0) (+2.2) (+2.3)
Cy(*A") —150.356 94 —150.537 37 0.005 01 0.004 99,0.004 92
(+18.6) (-58.7) (-0.4) (-0.1, -0.3)
C..,(*27), cco —150.432 12 ~150.601 98 0.010 42 0.010 22,0.010 33
(—178.7) (-228.3) (+13.8) (+13.6, +13.9)
Cy(*A") —150.309 27 —150.483 96 0.007 45 0.007 32,0.007 37
(+143.8) (+81.5) (+6.0) (+6.0, +6.1)
Cy,(*Ay) —150.308 49 —150.484 38 0.01183 0.011 65
(+145.9) (+80.4) (+17.5) (+17.4)
D..n(*%,), COC —150.261 89 ~150.465 00 0.007 76 0.007 66
(+268.2) (+131.2) (+6.8) (+6.9)
C*(*P)+CO —150.364 06 —150.515 01 0.005 16 0.005 04

©

©)

(©)

©)

®Energies in hartrees and energy differen@agarenthesesn kJ mol?, all at optimized CISD/6-318& geometries. Th@xh(ZHg) andC(?A’) structures

are saddle points, the others local minima at this level.

bZero-point energy of puréC species.

cZero-point energy of mixetfC, 1°C species; the first value f@, symmetry is for long bond t&°C, the second is for long bond tC. The firstC,,, entries
are for terminat’C, the second for termindfC. The C +CO entry is for’?C* +13CO.

and C.,, structures lie at-77.8 and—100.4 kJ mol’, re-  mum, or—58.7 kJ mol ! relative to C +CO. TheC, struc-
spectively, relative to C+CO reactants. Our result confirms ture is characterized by one long CO bond of 1.482 A, one
the conjectur# that this structure, which has an energy short bond of 1.218 A, a COC angle of 88.5°, and a single
above that of the € and CO reactants at the SCF level of imaginary a’ vibrational wave number with magnitude
computations, would have an energy below that of reactant603 cn ! at the CISD/6-316 level. These two spin doublet

at a sufficiently high level of computation. Thus exchange ofstructures lie on the same potential energy surface, namely,
C atoms between Tand CO may well occur via a spin- One correlated to theS* state of collinear COCrather than
allowed pathway through the centrosymmetric COgaddle

point.

Another possible spin-allowed pathway for exchange of 20
C atoms between Cand CO involves the electronic state
2A, for a structure withC,, symmetry. This structure is a 1
local minimum with an energy of 76.0 kJ mol ! relative to 20l
that of C" and CO at the QCISO)/6-311G(if )// ';
CISD/6-31G level. We have also located a saddle point £ .40
with symmetryCs; the electronic state ¥A’, with an elec- i
tronic energy 17.3 kJ mot above that of the,, local mini- g -60
w
-80
TABLE VIIl. Ab initio structural parametetgor C,O*.
-100 +
Symmetry(Term) C,-O C,-O C-GC,
C..,(2Il), CCO' 1.118 1.566 120
C..,(?Il), coc’ 1.162 1.659
th(ZHg), CcOoC 1.261 1.261 13c+4 CO 13c+..0c 13coc+ 13co--C+ 13CO + C+
C,,(?A;) 1.314 1.314 1.641 Cov Dt Cuv
C(?A") 1.218 1.482 1.894
C.,(*27), cco* 1.128 1.110 FIG. 1. Schematic potential energy curve showing exothermic formation of
cs(4A") 1.269 1.539 1.359 the linear adduct COCin the C"/CO isotope exchange reaction. All ener-
Czu(4Az) 1.394 1.394 1.319 gies(in kJ molY) are relative to that of th&C" and CO reactants, and are
th(42;)7 cocC' 1.242 1.242 . a combination of electronic energies at the QC(BI6-311G(2if)//

- CISD/6-31G level and zero-point vibrational energies at the CISD/6-31G
3Bond distances in Agstroms from optimized CISD/6-3¥Ggeometries.  level. The overall energy change ef0.3 kJ mol'! is insignificant on the
The Dmh(zl'Ig)COC+ and C4(%A") structures are saddle points, the others scale of the diagram. Exothermic formation of the linear adduct OCHCO
local minima. The computed distance for CO is 1.136 A. in the HCO'/CO exchange reaction may be described by a similar diagram.
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to the?II state[The latter gives rise t8A, and?B; (or?B,)  the QCISOT)/6-311G(2If)//CISD/6-31G level. The en-
states inC,, symmetry, but nofA;.] Thus a second pos- ergy of this structure is close to that of the isosceles triangu-
sible spin-allowed pathway for C isotope exchange betweefar “A, state at this as well as at lower computational levels.
C" and CO might be that passing through a pai€gfsaddle  |ndeed the two structures represent two points on the same
points separated by @,, local minimum. The highest en- quartet hypersurface, both being local minima at the
ergy along such a pathway is higher by 25.7 kJThalt the  CISD/6-31G level, although the higher symmetrg,,
QCISD(T)/6-311G(alf)//CISD/6-31G level (Table VII)  structure is a saddle point at the lower HF/6-31@vel.
than that along the pathway passing through the centrosynFinally at a very high energy of 131.2 kJ mol* relative to
metric COC" saddle point, but still belowby 58.7 kI mol')  C* and CO at the QCIS(T)/6-311G(21f)//CISD/6-31C
that of the separated reactants. level there is &3, state of a centrosymmetric structure
Even allowing for some appreciable error in the compu-with connectivity C—-O-C (D, symmetry and CO dis-
tation of the energies of O structures relative to the en- tances of 1.242 A at the CISD/6-3tQevel. As we have
ergies of C and CO, we conclude that there no barrier tobeen unable to locate any spin quartet structure fgdC
isotope exchange if reactiogf19) proceeds via either of the having equivalent C atom positions and an energy compa-
above spin-allowed pathways, namely, either through theable to or below that of C and CO, we conclude that C
COC" saddle point wittD..;, symmetry or through the O atom exchange takes place along an allowed spin doublet
local minimum with C,, symmetry. The COC?II state pathway involving exothermic formation of the adduct
may be interpreted as arising from thid components of the C,0", thus accounting for the observed anti-Arrhenius be-
atomic 2P term for C"; these have an emptg, orbital  havior of the rate constants.
which serves as an electron acceptor site from a filed
orbital at the O end of CO, thus accounting for the ”nearitySUMMARY
of this state of the adduct. The linear but nhoncentrosymmet-
ric structure of this state is quite unusual; rare indeed are We have employedb initio computational quantum
triatomic molecules, linear or bent, neutral or charged, of theehemical methods to calculate reduced partition function ra-
formula ABA, with B as the central atom, but with AB bonds tios for all isotopomers of CO, HCQ and HOC' involving
of unequal length. By contrast, tf&’ (Cg) or 2A; (C,,)  the nuclides'H, ?H (D), *2C, *C, 0, and'®0. The ratios
state is nonlinear, as it is derived from " component of were obtained from unscaled vibrational frequencies com-
the atomic®P term for C' and thus has an electron in the puted at the CISD/6-313 level (CISD/6-31G for CO)

C" p, orbital. and used to calculate equilibrium constants for isotope ex-
We have also considered spin quartet states #'C  changes involving the reaction pairs HGCO, HOC'/CO,
First, we refined the CISD/6-3P®HF/6-31G calculations and C'/CO. Both simple proton transfers and more complex
of Cao and Tiaf on the linea*S, ~ local minimum and the isotopic variants involving the breaking and reforming of CO
isosceles triangulafA, transition state withC,, symmetry.  bonds have been considered. The probable pathways for the
Our optimized CISD/6-316 geometriegTable VIII) differ ~HCO'/CO and C/CO exchange reactions have been ex-
slightly but not significantly from the reported HF/6-31G plored using higher accuracy quantum chemical calculations

geometries; for the linear quartet the CC distance is 1.356 &t the QCISDT)/6-311G(2if)//CISD/6-31G level. The
and the CO distance is 1.128 A, while for the triangularHC0+/CO reaction proceeds through exothermic formation
transition state the CC distance is 1.394 A, the CO distancef the linear adduct OCHCOwith D.., symmetry. Simi-
is 1.319 A, and the COC angle is 56.5°. Although ftfe, larly, the C"/CO reaction proceeds along a spin-allowed
state Corresponds to a saddle point at the HF/6*3HSel, pathway with exothermic formation of the linear adduct
with imaginary b, wave number of 14%%Em™2, it corre- COC" with D.., symmetry. An alternate spin allowed path-
sponds to a local minimum at the optimized CISD/6-31G Way for the latter reaction passes through a pair of equivalent
level, with realb, wave number of 2242 cit. While the  transition states with onlfs symmetry separated by a local
energy of the linear quartet is quite low, namely, Minimum with C;, symmetry.
—228.3kJmol! relatve to C and CO at the
QCISD(T)/6-311G (A f)//CISD/6-31G level, the connec- ACKNOWLEDGMENTS
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