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Fragmentation path for hydrogen atom dissociation from methoxy radical
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Salient features of the potential surface for hydrogen atom dissociation from the methoxy radical
(CH30) have been investigated via high-level coupled-cluster methods using a fldpBésis set

for geometry optimization and harmonic vibrational analyses and the correlation-consistent
cc-pVXZ (X=2-6) series for final energetic determinations and extrapolations. Of central concern
for continuing photofragmentation dynamics experiments isGggymmetry?A’ transition state

for dissociation, which TZ2F(d) RCCSIT) theory locates at a critical C—H distance of 1.79 A
with a barrier frequency of 94m™ L. Our zero-point-corrected focal-point extrapolations place this
transition state 4.7 kcal mot above the CHO+H products and yield a dissociation energy of 20.1
kcal mol % the latter differs from the most reliable experimental values by only 0.2—0.3 kcaf'mol

A revised enthalpy of formationAH;’O(CH3O)=6.5 kcal mol'?, is proposed. Disappointingly,
TZ2P(f,d) UB3LYP theory underestimates the @BH association barrier by 2.3 kcal mdl
missing about half the barrier height. The complete set of TZE2ZR(RCCSOT) data for structures

and frequencies coupled with final focal-point energetics provides definitive values for parameters
essential to the analysis of experimental photofragmentation rate profile00® American
Institute of Physics.[DOI: 10.1063/1.1477180

I. INTRODUCTION vibrational levels on the ground surface in the vicinity of the
hydrogen dissociation barri&t?° As demonstrated in other
Since its discovery in 1953, the methoxy radical has besystems such as ketéhe?®and acetaldehyd®;?’ tuning the
come one of the most widely studied organic radi¢&%his  imparted vibrational excitation energy through the threshold
species, which turns up in many fields of chemistry, is préyegion and upward reveals a spectroscopic signature with a
eminent in atmospheric and combustion chemistry, being ageaith of dynamical information. The interpretation of these
intermediate in methane and other flames as well as an IMsignatures can be difficult and controver&al’ but in their
_7 . ’
portant component of'smgq’g. Methoxy generally appears in - o|,cidation groundbreaking insights may be revealed for the
the photochemical OX|dat|on of hydrocarbons and Cont”b“teﬁttendant reaction dynamics. In such cases it is imperative
'E(:)Htrg)e p(rje_seln_ce IOf I;plradlcda![s n dthetr? tmosphe?_é?.Th?Nothat the system be rigorously analyzed by electronic structure
gV radical IS also believed 10 aid in the conversion o theory and that the necessary features of the potential surface

0 NG, in poIIuteq atmospheres. . l?e definitively established bab initio investigations.
Recent experimental work has made the methoxy radica . 2
In C3, symmetry, the methoxy radical has“& elec-

a fertile testing ground for unimolecular chemical dynamics, . L . )
I Ing grou un! Y ! y ! tronic ground state, which is subject to Jahn—Telldn dis-

including intramolecular vibrational energy redistribution i | thee vibrational d litting the d
(IVR) and related, fundamental theories of reaction rateé.Or |on§ along ’ee;w" ra |qna modes, SP' |_ng .e egen—
eracy into a tA’,2A") pair of states differing in orbital

such as  Rice-Ramsperger-Kassel-MarcugRRKM) 5.l . N2 o

theory!-16 Oshornet al "8 recently studied the photofrag- °ccupancy by a @)“(7a )—>(29a )(27a )* excitation. In

mentation dynamics of methoxy at wavelengths in the 250-hiS classic Jahn—Teller systéfir°the A’ state is known to
be the lowest state i6 symmetry, while itSA” companion

285 nm range. After excitation to trﬁzAl state, they ob- ) . . . .
served that the major fragmentation product channel waSCMPrises the saddle points for interconversions of equiva-

2 . . . . .
CHa+0; however, at these high excitation energies, the therl€nt “A" minima in the threefold pseudorotation well. Previ-

. . . 2 . .
modynamically preferred hydrogen-atom dissociation, ensuQUS computations indicate that thié(,A") energy splitting

ing on the ground-state surface, occurred 2%-10% of thé only about 0.11 keal mof and the JT stabilization energy
time® Particularly intriguing is the accessibility of the from the’E state is merely 0.60 kcal mol.** However, de-

threshold for CHO—CH,O+H bond dissociation within 25 Spite much theoretical work** questions have persisted
kcal mol™* of the ground vibrational state of methoxy, facili- regarding the intricate JT pseudorotation surface and its ex-
tating detailed experimental probes of the interplay betweetgnsion into the dissociation channels, including some dis-
statistical behavior and state-specific quantum dynamics ovégreement in the experimental literatti&**~*°as to the

a fragmentation barrier of unusually low enef§ontrolled  structure and spectroscopy of tRE surface. In the region
methoxy fragmentation at relatively low energies can benear the CHO equilibrium, notable aid has come from a
achieved using lasers in a stimulated emission pumpingery recent MRCI studi which computed both sheets of the
scheme, whereby the molecule is first pumped to the highex?E electronic state and performed dynamical calculations
A2A, electronic state and then dumped to selected excitetbr the vibronic structure. Nonetheless, experimental efforts
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to observe state-specific reaction dynamics in the dissocia- g ,,(X)=E,+ae X @

tion channels continue to be hindered by complexities result-

ing from the Jahn—Teller characteristics of the methoxy radi&nd

cal. In support of ongoing photofragmentation studies of the  E_ (X)= Eumpz,ucd X) — Eupe(X) = Efgyt bX~3, (2
methoxy radical, we present here high-level coupled-cluster ) ) )

structural, energetic, and vibrational frequency predictiondVhich are based on both theor-et|ca?I_glonS|derat|ons and ex-
for the hydrogen atom dissociation path, with emphasis off€"Sivé computational observatiofis.

the C-symmetry?A’ transition state.
Ill. FEATURES OF THE HYDROGEN DISSOCIATION

PATH
Il. COMPUTATIONAL METHODS A. Stationary structures

Electronic energies were obtained using both spin-  Figure 1 presents the geometric structures optimized in
restricted and spin-unrestricted Hartree-FOBRIOHF, UHB  the current investigation for the2A’,2A”) ground-state
reference wave function$->*Post Hartree-Fock correlation manifold of CHO, the?A’ transition state for H-atom ex-
methods included second-order/Mo-Plesset perturbation trusion, and the formaldehyde product. Table | compares
theory (MP2),°1°2%556 the coupled-cluster singles and these predictions with analogous structures determined in the
doubles methodCCSD),>’~®°and CCSD method augmented best previousab initio work30333436:4192rhe symmary in
either by fulf*~®3or perturbativ&*®®inclusion of connected Table | shows general consistency among theoretical data but
triple excitationg CCSDT or CCSIT)]. The lowest two oc- an unsatisfactory lack of convergence in geometric param-
cupied and highest two unoccupied orbitals were frozen ireters, due to limitations both in the basis sets and in the
all dynamical correlation procedures. All coupled-cluster re-dynamical electron correlation treatments. The comparisons
sults were obtained with thecesii program packag® For  in the table will not be belabored here, except for discussing
comparison purposes, density functional theory was also enbelow the striking disparities ilR(C—H) for the transition
ployed using the three-parameter HF/DFT hybrid Becke exstate; rather, focus will be given to our results obtained with
change functional with the correlation functional of Lee,the TZ2Pf,d) RCCSOT) method, whose reliability is thor-
Yang, and Par(B3LYP).6"68 Spin restriction was not im- oughly established in the literatuté:*®
posed on the DFT calculations. All Hartree-Fock and DFT  In the %A’,2A") ground-state manifold of methoxy, the
results were obtained with theaussian program suité® C-O0 distance$1.3746+-0.0006 A are contracted about 0.05

Two basis sets were employed in geometry optimizationd\ compared to methanol, while the C—H distances, averag-
for this study. For exploratory computations, a DZP basisng 1.1053 A, are roughly 0.01 A longer than in gBH.%’
was constructed from a standard Huzinaga-Dunnggy At the TZ2P(f,d) RCCSOT) level, Jahn—Teller distortions
sef®~"?of contracted Gaussian functiof@GFs augmented in the lower-energy?A’ state of CHO yield a unique C—H
with correlation-optimized polarization functions taken from distance 0.0060 A longer and a pair of C—H distances 0.0027
the cc-pVDZ basis sefS. The contraction scheme for the A shorter than the overalPA’,?A”) average. In contrast, the
DZP set was H(41p/2slp) and C,0(%5pld/4s2pld), 2A” component, lying 51 ¢ higher (vide infra Table 11,
with 45 total CGFs. For final structures, a TZ2R{) basis displays a pair of C—H distances 0.0018 A longer and a
was formed from larger Huzinaga-Dunnisg set€®’#aug-  unique C—H distance 0.0042 A shorter than the same aver-
mented with (211f,2p1d) correlation-optimized polariza- age. In the?A’ state, the unique and symmetry-equivalent
tion manifolds from the cc-pVTZ sefs:’® The contraction H—C—H angles deviate by+3.2° and —1.6°, respectively,
scheme for the TZ2R(d) basis was H(52p1d/3s2pld) from the overall mean of 108.4°. By comparison, the com-
and C,0(1685p2d1f/4s3p2d1f), with 104 CGFs. All po- panion 2A” structure has corresponding unique and
larization manifolds used in this study were comprised onlysymmetry-equivalent—C—Hangle deviations of-3.6° and
of pure spherical harmonics. Stationary points were opti-+1.8°, respectively. Finally, in the?A’,?A”) structures, the
mized within C4 (reactant, transition stgter C,, (produc) C-0 axis is tilted(toward, away fromthe unique hydrogen
symmetry using analytic gradient techniqd&s’® until all atom. The shallowness of the pseudorotation potential well
residual Cartesian gradients were less than®18.u. Qua- and concomitant zero-point vibrational averaging have pre-
dratic force constants for Hartree-Fo¢klF) and density cluded experimental determinations of Jahn—Teller distorted
functional theory(DFT) were determined via analytic second structures of CHO. For example, submillimeter wave spec-
derivatives. The coupled-cluster force constants were detetroscopy has given an effectiv€s, rg structure,r (C—H)
mined using analytic gradients by means of careful finite=1.1176 A, r(C-0)=1.39258 A, and 2(H-C-0O
difference techniques. =113.9°% yet all of these values appear to be too large in

Focal-point energetic analysés®® and extrapolations relation to the average TZ2P¢) RCCSOT) parameters in
were performed using UHF-based correlation energies at theig. 1.

TZ2P(f,d) UCCSIOT) optimized geometries, all computa- The optimum ¢A’,2A”) methoxy structures given for
tions again utilizing theaceslil program package. Complete other levels of theory in Fig. 1 exhibit varying degrees of
basis sef{CBS) limits for the focal-point scheme were sur- agreement with the TZ2P(d) RCCSOT) standards. For
mised from sequences of cc-pVXZ computatitié=%®  both states, the UHF spin contamination is less than 0.01 a.u.
throughX=6, involving as many as 553 functions. The ana-and accordingly, allU,R) pairs of coupled-cluster geometric
lytic forms adopted for the extrapolations were parameters agree remarkably, to 0.0001 A and 0.01°. For the
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FIG. 1. TZ2P§,d) stationary structures for the hydrogen-atom dissociation path of methoxy radical. Sets of opfidti#edJB3LYP, UCCSD, RCCSD,
UCCSOT), RCCSOT)] bond distance$A) and anglegdeg are shown for each coordinate. The fragmentation and pseudorotation processes r@aintain
symmetry with respect to the HC—O reféction plane. For the transition state, the angleof the C—O bond out of the 4+C—H, plane is given by
cosp=—cos B sec(y/2), and the deflection angl@) of the C—H vector from the normal to the same plane is defineda$—p—90°.

C—-H bond lengths, typical trends are seen within theand CCSD generally givet50%, ~90%, and 110%-130%
UHF—CCSD—CCSIOT) series, viz., successive shifts of of the shifts predicted by CCSD) theory.

+0.018+0.003 A and+0.0027-0.0007 A, whereas the cor- The transition state for hydrogen atom dissociation in
responding UB3LYP values lie below but within 0.003 A of methoxy(Fig. 1) arises by stretching the unique, longer C—H
the CCSD predicti_ons. For the C-O bond, it is unusual thalyyng in the2A’ equilibrium structure. Along this path, or-
the UHF 1, value is 0.003-0.005 A larger than the CCSD ;i symmetry is conserved; however, there is a dramatic

anql CCSIT) bond Iengths(v_vhmh agree within 0.001 A transformation of the singly occupied, oxygen-localized 7
while the UB3LYP method gives the poorest result, 0.012 A" . X . .
shorter than CCSD. Among the bond angles shown in Fig. 1?rb|tal of methogy o an isolated hydrogee drbital, while
the (average absolute, largesthanges for UHFCCSD, gh% o(C—Hy) pair forms thewr bond in formaldehyde. The
UB3LYP—CCSD, and CCSB-CCSD(T) are (1.0°—2.39), A" state of methoxy does not correlate to a low-lying prod-
(0.5°+1.4%, and (0.2°~0.49, respectively, withy(?A") uct state and thus rises to much higher energy once
consistently being the angle of greatest sensitivity. With rel H-CH,0]"(X?A") is reached. In our(best TZ2P(f,d)

gard to the magnitude of the aforementioned Jahn—TelleRCCSOT) predictions,R(C—H;) is extended by 0.679 A

distortions from overall parameter averages, UHF, UB3LYPjn the transition state. The accompanying changes in



10232  J. Chem. Phys., Vol. 116, No. 23, 15 June 2002 Petraco, Allen, and Schaefer

TABLE I. Geometric structurésalong the CHO—CH,O+H fragmentation path given by some recent high-level theoretical studies.

Ref. d(C-0) r(C-H,, R(C—-Hy) B(Hy ,~C-0) 8(H3;—C-0) v(H—C-H)

CH,O(X2A") reactant

TZP MCSCF 33 1.383 1.086 1.111 111.7 106.1 108.1

6-31G" CASSCF 41 1.421 1.085 1.085 111.2 105.7 109.0

DzP CASSCF 34 1.412 1.092 1.092 111.7 105.3 111.5

6-31+G** QCISD 36 1.390 1.110

cc-pvVTZ MR CISD 30 1.3934 1.0876 1.0923 112.3 105.3 107.9

TZ2P(f,d) RCCSOT) b 1.3741 1.1026 1.1113 112.92 106.83 111.58
CH30(3<2A”) pseudorotated reactant

cc-pVTZ MR CISD 30 1.3934 1.0904 1.0867 108.3 113.4 110.3

TZ2P(f,d) RCCSOT) b 1.3752 1.1071 1.1011 108.55 114.17 104.75
[H-CH,0]T(X?A") transition state

TZP MCSCF 33 1.232 1.087 1.710 120.5 102.5

DzP CASSCF 34 1.259 1.094 1.668 120.3 102.2 117.1

6-31+G** QCISD 36 1.241 1.661

TZ2P(f,d) RCCSOT) b 1.2263 1.1091 1.7900 121.47 103.29 116.26
CH,O(X*A’) +H(?S) product

TZP MCSCF 33 1.202 1.090 o 121.5 - 117.0

DzP CASSCF 34 1.226 1.097 o 121.4 - 117.1

6-31+G** QCISD 36 1.224 e -

cc-pCVQZ CCSOT) 92 1.2043 1.1008 © 121.78 - 116.44

TZ2P(f,d) CCSDOT) b 1.2089 1.1130 o 121.84 - 116.32

Empirical (re) 92 1.2047 1.1007 0 121.63 - 116.74

Experimental ()° 107 1.203 1.099 0 121.75 - 116.5

3Bond lengths in A and angles in deg. See Fig. 1 for labeling conventions.
PBest predictions from current study.
‘See also Refs. 99 and 108.

r(C—H;», d(C-0), y(H;~C—Hy), and §(H;—~C-0O) are plane (p) and deflection(#) angles in the transition state,
+0.0065 A,—0.1478 A, +4.68°, and—1.89°, respectively, which specify critical orientations, are tightly grouped in
the former three quantities exhibiting 86%, 89%, and 98% 00.7° ranges. The UHF and UB3LY(B,6) values lies outside
their variation for the entire reaction. Clearly, the hydrogenthese ranges by+0.6°,—3.99 and (—2.9°+4.6°, respec-
atom dissociation col is a classic, late transition state. Asively, indicating the difficulties of computing these orienta-
defined in Fig. 1, the anglép) of the C—O bond out of the  tjonal angles at lower levels of theory.
H;—C-H, plane is only 8.6°, and the deflection ang® o_f The formaldehyde product ensues from the
Lhnelycil_;% vector from the normal to the #+C—H, plane is [H-CH,0]"(X?A") transition state via relaxationgt the
There is wide variation among theoretical predictions of 1 £2P(f,d) RCCSOT) levell in r(C—H, 5, d(C-O) i and
the critical R(C—H;) distance in the transition state, both in Y(Hl__c_kb) of only J_ro'001 A, -0.017 A, a‘?d+9-1y re-
Table | and Fig. 1. The previous MCSGRefs. 33 and 34 spectively, accompanied by an 8.6° depyramidalization about
and QCISD(Ref. 36 distances are 0.08—0.13 A smaller thanthe carbon atom. Therefore, all of the product vibrational
our TZ2P(,d) RCCSOT) values of 1.79 A, obtained with a modes, perhaps excepting the(b,) out-of-plane wag,
larger basis set and with a more extensive treatment of eleshould be highly conserved in the egress from the transition
tron correlation. At the transition state there is severe spirstate. Accurate , parameters for formaldehyde have very
contamination in the UHF reference wave function (&%) recently been derived by a convolution of empirical rota-
=0.92. Accordingly, the UCCSD value foR(C—Hs) is  tional constants and cc-pCVQZ CCSD vibrational
0.035 A larger than that for RCCSD, but at the CaBD  corrections’? along the lines of earlier anharmonic force
level this difference is merely 0.0009 A, indicating the re-fig|q studie®~1°*Comparison of this standard with our val-
moval of the last vestiges of spin contamination. Most Strik'ues(TabIe ) reveals C—H and C—O bond length inaccuracies

ing in Fig. 1 is the apparent failure of UB3LYP in predicting of +0.012 A and+0.004 A. res .
. . . , respectively, at the TZ2R¢)
an anomalously lon@R(C—Hy) distance of 1.966 A. In the CCsOT) level, residual errors which are likely to be

o . . R
transition state the pattern among the theoretical values is thr%u hlv constant for all the structures reported here. The cor-
same as in the ground-state manifold for the G Honds, gnly P ’

but not for the C—O bond, where now, more typically, UHF responding bond angle discrepancies for formaldehyde are at

gives d(C—0) smaller than CCSD, and the CCSD most a few tenths of a degree. Finally, in arriving at the
—CCSOT) effect is +0.006 A. The apparent underestima- CH,O product, there are no longer any atypical patterns
tion of d(C—0) by UB3LYP is still observed, however. The among the theoretical geometric parametéig. 1); N.B.,
range ofy(H;—C—H,) values in the transition state is iden- for d(C-0O) the(HF, B3LYP, CCSD distances ar¢—0.032,
tical to that at equilibrium, but the order is entirely different. —0.010,-0.007 A removed from the CCS@) value of

All coupled-cluster values for the aforementioned out-of-1.209 A.
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TABLE Il. TZ2P(f,d) harmonic vibrational frequencie§in cm™) of stationary structures along the
CH;0—CH,O+H fragmentation path.

UHF UB3LYP UCCSD RCCSD UCCS@) RCCSOT)

CH,O(X?A") reactant

w.(a')H;—C—H, sym str 3196 2961 3003 3003 2974 2974
wy(a")C—H; str 3134 2886 2925 2926 2891 2891
ws(a’)H;—C—H, scissor 1636 1513 1507 1507 1493 1493
wy(a’)H;—C—-H, wag 1553 1364 1381 1382 1360 1360
wg(a’")C-0 str 1198 1106 1122 1123 1105 1105
wg(a')O—C—H; bend 1091 958 974 975 956 956
w7(a")H,;—C—H, asym str 3216 3005 3046 3045 3020 3020
wg(a")H;—C—H, twist 1558 1355 1381 1380 1362 1364
(") Hy—C—H, rock 811 684 754 752 746 745
CH,O(X?A") pseudorotated reactant
wy(a')H;—C—H, sym str 3211 3015 3049 3046 3021 3021
wy(a'")C—H; str 3137 2907 2939 2939 2908 2908
ws(a’)H;—C—H, scissor 1612 1489 1483 1483 1468 1468
wy(a’)H;—C—-H, wag 1535 1339 1360 1361 1339 1339
wg(a’")C-0 str 1278 1182 1191 1191 1177 1176
wg(a')O—C—H; bend 1135 1044 1059 1059 1041 1041
w7(a")H,;—C—H, asym str 3198 2935 2991 2992 2959 2962
wg(a")H;—C—H, twist 1603 1408 1435 1434 1421 1423
wg(a")H;—C—H, rock 864 642 762 760 743 742
[H-CH,0]"(X?A’") transition state
wy(a’)H;—C—H, sym str 3135 2887 2927 2924 2894 2894
wy(a')C—Hs str 998 592 961i 1014 962 947
ws(a’)H;—C—H, scissor 1520 1516 1510 1512 1496 1492
w4(a’)H;—C—H, wag 1220 1168 1183 1190 1171 1165
ws(a’)C-0 str 1679 1725 1681 1691 1663 1651
wg(a')O—C—H; bend 505 356 465 485 464 464
w7(a")H;—C—H, asym str 3227 2942 2996 2993 2960 2961
wg(a")H;—C—H, twist 656 401 556 575 544 546
(") Hy—C—H, rock 1338 1254 1256 1256 1242 1240
CH,O(X*A") + H(?S) product
wy(a;)H;—C—H, sym str 3090 2883 2918 2918 2889 2889
w,(a;)C-0 str 1995 1818 1817 1817 1767 1767
ws(a;)H;—C—H, scissor 1651 1533 1535 1535 1518 1518
w4(b;)H;—C—H, wag 1341 1206 1204 1204 1180 1180
ws(by)H;—C—H, asym str 3161 2943 2988 2988 2958 2958
wg(b,)H;—C—H, rock 1369 1267 1274 1274 1257 1257

Empirical (Ref. 109: w,=2932, w,= 1777, ;= 1535, w,= 1188, ws = 3007, w= 1272

B. Vibrational frequencies mentation and is quite sensitive to level of theory. Earlier
In Table Il harmonic vibrational frequencies are pre- DZP MCSCF(Ref. 33 and DZP CASSCRRef. 34 studies

sented for the four stationary structures involved in methoxyProvided »* =139 and 1435 cm 4 respectively. At the
fragmentation. Note that both the pseudorot&&@ reactant Oth?{ extreme, the TZ2P(d) UBBLYPf\l/aIue is only 592
and the fragmentation transition state display the expecte@™ - Our best predictiony™ =947 cm - at the TZ2P{.d)
lone imaginary frequencies at all levels of theory. As the nindRCCSOT) level, supercedes all other values owing to a rig-
internal modes of CED evolve during dissociation, the; , orous treatment of dynamical electron correlation with a ro-
w,, and ws stretches transform smoothly to product vibra- Pust basis set.

tions, thews, w,, andwy C—H bending modes experience Statistics which characterize the variation of the
significant recoupling, ana,, wg, andwg decay to zero. At TZ2P(f,d) frequency predictions in Table Il with respect to
the transition state, the CH stretches exhibit over 90% of level of theory are as follows: in relation to the RCGSD
their frequency reduction toward formaldehyde, while thestandard, thémean absolute % error, maximum % error in
C-O stretch, which increases over 650 ¢noverall, dis- magnitude, % of cases overestimateamong all frequencies
plays greater than 80% of its total change. However, in the&xcept the barrier frequenay* of the transition state, is
coupled cluster predictions, the C—O stretch is the only fre{9.6%, +20.1%, 100% (3.0%, —26.6%, 47%, and(1.6%,
quency that changes more than 26 ¢rfrom transition state  +5.3%, 100% for UHF, UB3LYP, and RCCSD, respec-
to product. TheO-C-H; bend and KH-C—H, twist in the tively. In turn, for formaldehyde the TZ2Pd) RCCSOT)
transition state have decayed 50%-60% toward free rotaw; values uniformly cluster in a very narrow range 0.6%—
tions. Clearly, of great concern is the Csbhrrier frequency 1.6% below the experimentally derived harmonic frequen-
(w™), which influences the tunneling dynamics of the frag-cies, buttressing confidence in the analogous theoretical pre-
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TABLE Ill. Energetic quantitiegin cm 1) for the CHLO—CH,O+H fragmentation path.

AECA"-?A’) Do(D) V5 (Vo)
This work
TZ2P(f,d) UHF 28 9295(11689 2674(2337)
TZ2P(f,d) UB3LYP 46 8400(10497) 840 (541
TZ2P(f,d) UCCSD 48 69509128 1974(1555H
TZ2P(f,d) RCCSD 47 69259103 2183(1738
TZ2P(f,d) UCCSOT) 51 6146(831H 2016(1583
TZ2P(f,d) RCCSOT) 51 6144(8313 1907(148H
Focal-point 7035(9209 1653(1231)
Previous theoR*
6-31G™ MP3//UHF, Ref. 32 7695 4337
6-31G™* QCISD, Ref. 36 9499 1742
TZP MR Cl//MCSCF, Ref. 33 6156 2798
cc-pVTZ MR-CCHQ!// 6226 1959
DZP CASSCEF, Ref. 34
Experiment
Ref. 47 6900
Refs. 19, 110 6950150 1560:150
Ref. 18 6936-200
RRKM analysis of kinetics; 1820, 2170

Ref. 12 within Ref. 34

@See Table IV; TZ2P{,d) RCCSIT) zero-point vibrational energy corrections utilized.

PResults for Jahn—Teller splitting: 42 ¢ty 6-31G™ UHF//UMP3 (Ref. 32; 50 cnit, UMP2 (Ref. 41); 59
cm !, UMP4 (Ref. 37; 37 e}, cc-pVTZ MR CISD(Ref. 30.

°A combinedD,+V§ value of 8653 cmt is given by 6-31% G(3df,2p) QCISD(T)//6-311G(,p) QCISD
theory (Ref. 35.

dictions for the other stationary structures. The UCCSD andlissociation energy 0.23 kcal mdl larger than that of
UCCSD(T) frequencies for the ?A’,A”) ground-state TZ2P(f,d) RCCSOT). The association barrieM{) for the
manifold all agree with their restricted counterparts within 3reaction, i.e., the height of ﬂ{e-l—CI-bO]T(;(ZA’) transition
cm L. In the transition state, where the reference wave funcstate above CyD+H, is the energetic feature of greatest
tion is subject to large spin contamination, the barrier fre-interest here. In Table Il it is evident that this small barrier is
quency, and to a lesser extent the interfragment bendingather severely underestimated with the TZRB] UB3LYP
modesws andwg, are sensitive to the choice of a restricted method, by roughly a factor of 2, whereas the analogous
versus unrestricted coupled-cluster formalism. These samg@HF result is at least 50% too large. The spurious UB3LYP
bending modes are the source of the largest differences bgasult may be predominantly due to an anomalous self-

tween the RCCSO) frequencies and their RCCSD and energy term for the hydrogen atom asymptote. Compared to
UB3LYP counterparts, the latter of which are underestimatequ, V¥ is much more sensitive to spin contamination in the

by over 20%. reference wave function; the UCCSERCCSD V} differ-
. ence is +209 cm?, but the UCCSDI)
C. Energetics —RCCSOT) shift is —109 cml The TZ2P¢,d)

Table IIl lists the relative energies corresponding to theRCCSOT)  association barrier, 1907 cth or 5.45
TZ2P(f,d) optimum structures in Fig. 1 and compares themkcal mol™, is 0.15 kcal mol* smaller than the most reliable
with previous theoretical values. All correlated methodsprevious value of Walcfi! However, none of the theoretical
yield Jahn—Teller splittings in the 46-51 chmrange, DoandVg values in Table lil realistically has an uncertainty
roughly 20 cni® larger than the UHF result. These minus-less than 1  kcalmof, and thus focal-point
cule splittings are in general accord with previous theoreticaxtrapolations’~%* are necessary to meaningfully asséss
results®323"4Yfootnote b of Table I, such as the recently supersedeexperimental measurements.
reported cc-pVTZ MR CISD value of 37 ¢cm*° For the Our best valence focal-point analyses of the vibration-
CH;0—CH,O+H dissociation energy, there is an unusualless dissociation energy and association barrier are detailed
decreasing trend iB 4 with increasing correlation treatment. in Table IV. ForD,, strong oscillations in the correlation
Specifically, the TZ2Pf,d) UHF—RCCSD—-RCCSOT) increments are observed, specifically, successive UMP2,
sequence is 929569256144 cmi L. The UCCSDT) and UCCSD, and UCCSDT contributions ef18, +12, and—2
RCCSOT) methods agree to 2 ¢m, and both predicDg kcal mol'!, respectively. However, preliminary cc-pVDZ
=17.6 kcal mor'l. The analogous TZ2®(d) B3LYP value UBD(TQ) (Ref. 102 computations executed here suggest
is 6.4 kcal molt higher, constituting a considerable overes-that the amplitudes of the oscillations past CCSDT are less
timation. Among previous theoretical studiés®**the cc-  than 0.1 kcal mal'. The net, explicitly computed cc-pV5Z
pVTZ MR-CCI+Q//DZP CASSCF computations of Wafth UHF, UMP2, and UCCSD dissociation energies differ from
most closely approach the basis set and correlation requirdheir extrapolated limits by only 1, 38, and 15 chrespec-
ments for satisfactory convergence, and these results givetively. Using theX={4,5,6}, {4,5}, and{4,5} cc-pVXZ UHF,
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TABLE IV. Valence focal-point analysigin cm™ %) of the dissociation energy and association barrier fogGm;KZA’)HCHZO(ilAl)+H(ZS).

AE, (UHF) 5[UMP2] s[uccspl spucesom)] s[UccsDT] AE, (UCCSDT)
Dissociation energyd,)
cc-pVDZ(43) 11979 —6570 +3444 —715 +41 8179
cc-pVTZ(102 12034 —6290 +3902 —858 +114 8902
cc-pvQZ(200) 11959 —6059 +4017 —870 [+114] [9160]
cc-pV5Z(347) 11974 —6094 +4065 [—870] [+114] [9189
cc-pV6Z(553 11975 [-6110] [+4087 [—870] [+114] [9196
Extrapolation limit(e) [11975 [—6132 [+4117] [—870] [+114] [9204]
Association barrier \(3)
cc-pVDZ(43) 2066 +3758 —3597 +76 —139 2164
cc-pVTZ(102 2031 +3252 —3686 +52 —168 1481
cc-pvQZ(200) 2044 +3175 —3761 +37 [—168] [1327]
cc-pV5Z(347) 2049 +3160 —~3796 [+37] [—168] [1282]
cc-pV6Z(553) 2050 [+3153 [—3812] [+37] [—168] [1261]
Extrapolation limit(c) [2050] [+3144) [—3833 [+37] [—168] [123]]

&The analysis is performed at TZ2R() UCCSDT) optimum structures. The symbéldenotes the increment in the relative enerdye() with respect to

the preceding level of theory in the correlation series UMBPMP2—UCCSD—UCCSIOT)—UCCSDT. For each one-particle basis, the total number of
contracted Gaussian functions is given in parentheses. The extrapolated UHF, UMP2, and UCCSD entries shown in brackets were obtained vifa direct fits o
Egs. (1) and (2) to the cc-pVXZ data of highest cardinal number, iX5{4,5,6; and{4,5 for the UHF and correlation energies, respectively. Simple
additivity was assumed for the UCCED and UCCSDT increments listed in brackets.

UMP2, and UCCSD points, in order, in direct fits to E(B.  scattered closely about this proposaithin 30 cm %), indi-
and (2), in conjunction with assumed additivity of the cating much improved consistency in inferring CBS limits.
smaller-basis coupled-cluster triples increments, yields a fiFor example, arX={3,4} extrapolation of the UCCSQO)
nal prediction ofD,=9204 cm* (26.3 kcal mol'?), or D,  data gives a credible limit 6fUCCSDT)]=+18 cm * and
=7035 cm ! (20.1 kcal mol'Y) with TZ2P(f,d) RCCSOT)  a barrier decrease of 19 ¢th On the other hand, performing
zero-point vibrational corrections. If the cc-pVTZ points are exponential extrapolations on all the UHF, UMP2, and
included in all the fitsD, is raised by 136 cm, but the UCCSD data raises the barrier by 28 cmThe preferred
computed largex variations are not as uniform or credible. If focal-point resultv} =3.5 kcal mol ! is 0.7 kcal mol'? be-
a separateX={3,4} extrapolation of the UCCS(O) data is low the TZ2Pf,d) RCCSOT) barrier, a shift which is en-
performed, D, increases by 216 cn, but the limiting ergetically significant, but small enough to allay concerns
JUCCSOT)]=-654 cm lis in clear disagreement with the over the optimized geometric structure of the transition state
explicitly computed cc-pVQZ increment 6f870 cmi'*. One  adopted for the focal-point analysis.
concludes that the cc-pVTZ energies are too far removed
from the gsymptotm regime tp pe reliably used in basis sefv_ DISCUSSION
extrapolations for the dissociation energy. If the Hartree—
Fock and correlation energies are all extrapolated with the In a 1995 study, Dertinger and co-workErsised SEP
exponential form of Eq(1), D, is lowered by 75 cm'.  techniques to measure rovibrational quantum-state resolved
Finally, if Schwartz4 and Schwartz6 extrapolatiffisare  unimolecular dissociation ratg(v,J)] of highly excited
performedD, is reduced by 3 and 65 cm, respectively. In  methoxy radicals over a 3000 cthrange of energies envel-
summary, alternate extrapolation schemes yield results whicbping the formaldehyde appearance threshold. A striking de-
envelope the value adopted hee,=9204 cmi?, which is  gree of quantum-state specificity was observed over the full
not only a compromise value but is also preferred on theexcitation energy range. For example, in a manifold of 27
grounds of more credible fits and basis set trends. neighboring states in the tunneling regime near 7460%cm
The focal-point layout ofV} in Table IV displays the decay constants varied by up to two orders of magnitude,
UMP2, UCCSD, and UCCSDT contributions &f9, —11,  and differences by a factor of 8 were witnessed for states
and —0.4 kcal mol'%, respectively, i.e., a large MP2 increase only 0.3 cm ! apart. Nonetheless, averages over the erratic
of the barrier nullified by a larger UCCSD decrease, fol-variations were taken to infer statistical rate constants
lowed (unlike theD, cas¢ by only a small UCCSDT effect. k(E,J), which were then fit to a conventional RRKM ex-
Again, our preliminary cc-pVDZ UBDIQ) computations pression, modified to include hydrogen atom tunneling. The
suggest that the next increment due to connected quadrupémalysis was based on the DZP CASSCF rotational constants
excitations is less than 0.1 kcal mdl The net, explicity —and vibrational frequencies for the transition state computed
computed cc-pV5Z UHF, UMP2, and UCCSD barriers al-earlier by Walct?* except that the imaginary barrier fre-
ready closely approach their extrapolated limits, within 1, 15quency was scaled in the process. The association barrier
and 52 cm?, respectively. The same extrapolation schemeVi =1560+150 cm ! (4.5+0.4 kcal mol'l) was adopted
preferred forD. now predicts the final valu&/y =1231 from a 1994 investigatioby the same experimental group
cm ! (3.5 kcal mol'Y), or Vi =1653 cm* (4.7 kcalmol?)  of the activation energy for H-D isotope exchange in the
with TZ2P(f,d) RCCSOT) zero-point corrections. The al- reaction D-H,CO. The RRKM analysis of averages over the
ternative extrapolation procedures testedlqrgive results quantum-state specific rates then provided a dissociation en-
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