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Abstract In previous studies (West et al. in J Phys Chem
A 113(45):12663, 2009; West et al. in Theor Chem Acc
131:1123, 2012), the lowest-lying OCP) + C,H, and sin-
glet PES near the -CH,CH,0- biradical were extensively
explored at several levels of theory. In this work, the
lowest-lying O('D) + C,H, PES is further examined at the
multiconfigurational  self-consistent field (MCSCF),
MRMP2, CR-CC(2,3), GVB-PP, and MR-AQCC levels.
This study aims to provide a detailed comparison of these
different levels of theory for this particular system. In
particular, many reactions for this system involve multiple
bond rearrangements and require various degrees of both
non-dynamic and dynamic correlation for reasonable
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energetics. As a result of this variety, coupled cluster
results parallel but do not always match up with multire-
ference results as previously anticipated. In the case of the
CH,CHOH - oxirane pathway, MCSCF results show the
possibility of a two-step mechanism rather than an ele-
mentary step, but the case is very difficult to elucidate. In
the case of the CH3C:-OH — H,CCO + H, pathway, a
non-traditional NEB MEP at the GVB-PP level and MR-
AQCC stationary point determination illustrate the need for
a complex treatment of this surface.

Keywords CASSCF - MR-AQCC - MRMP2 -
CR-CC(2,3) - Multireference - GVB-PP - Perfect pairing -
IRC - Ketocarbene - Combustion

1 Introduction

For the O + ethylene system, both theoretical and exper-
imental [1-5] studies strive toward more accurate potential
energy surface (PES) methods, which could subsequently
serve as a model to advance combustion studies on larger
hydrocarbon systems [6]. Our previous work [1, 2] estab-
lished that discerning transition states (TSs) and minimum
energy paths (MEPs) for this system can sometimes be
elusive at both the single reference and multireference
levels.

Several initial theoretical studies [7—11] of the PES of
this reaction were conducted, but the more recent PES
studies of Nguyen et al. [12] and Yang et al. [13] gave
more comprehensive surveys of the O + ethylene PES.
Dynamics studies range from examining the dynamics in
the -CH,CH,O- biradical region in Hu et al. [14] to single-
state dynamics studies of Joshi et al. [15] and Bowman
et al. [16-18].
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Our first study [1] on the lowest-lying triplet examined
pathways 1-9 from Nguyen’s [12] work with an additional
triplet path 10, and our second study [2] analyzed excited
states, surface crossings, and reactions near the -CH,CH,0-
and -CH,-CHOH biradicals. The current study adds to the
previous paper [2] by examining the barriers farther from
the -CH,CH,O- biradical PES region: the lowest-lying
singlet paths 14-19 and 21-25 as labeled in Nguyen et al.
[12] at several levels of theory. This study examines the
following reactions at multiple levels of theory.

14 CH;CHO — CH,CHOH

15 CH;C:-OH — CH;CHO

16 CH;C:-OH — CH,CHOH
17 CH;CHO — -CH; + -CHO
18 CH3;CHO — CH;5-CO + -H
19 CH;CHO - -CH,CHO + -H
21 CH;CHO — CH; + CO

22 CH,CHOH - oxirane

23 oxirane —» CH3;0C:-H

24 CH,CHOH — H,CCO + H,
25 CH;C:-OH - H,CCO + H,
26 oxirane — --CH, + H,CO

2 Methods

Results from calculations at the MCSCF and MRMP2
levels in this paper were performed with the GAMESS
software [19]. The multireference procedure from the pre-
vious work [1, 2] was used in the current work and is only
summarized here. Multireference calculations were carried
out at the complete active space self-consistent field
(CASSCF) [20-29] level of theory with the aug-cc-pVTZ
[30] basis set. The determinant-based method [31] and the
full Newton—Raphson converger with augmented Hessian
technique [32-34] were used to obtain solutions because of
the large complete active space (CAS) sizes. Restricted
Hartree—Fock (RHF) or restricted open-shell Hartree—Fock
(ROHF) calculations with modified valence orbitals [35]
and Boys localization [36] provided good starting orbitals
for most pathways. In particular, the ROHF orbitals can
provide good starting orbitals for open-shell singlets.
CASSCEF stationary point searches for species in the reac-
tions above employed analytical gradients and central-dif-
ferenced, numerical Hessians. Intrinsic reaction coordinate
(IRC) runs were obtained with the second-order Gonzalez-
Schlegel (GS2) method [37] to identify the minima asso-
ciated with TSs. If an elementary reaction involves a single
bond break with no TS, a series of constrained optimiza-
tions at the CASSCEF level were performed to a bimolecular
distance of about 5 1&, which was further optimized without
constraint as a supermolecule to a bimolecular geometry.
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The individual pathway sections list any imaginary fre-
quencies present at any bimolecular stationary points with
or without a TS in the elementary step.

Once a reaction path was located, second-order single-
state multireference Mgller-Plesset perturbation (MRMP2)
[38] single-point energies using the aug-cc-pVTZ [30]
basis set were performed along the entire IRC to recover
the majority of the dynamic correlation. From the previous
work on the triplet surface, MRMP2 results quantitatively
agreed with multireference average quadratic coupled
cluster (MR-AQCC) [39] results using COLUMBUS
[40—42]. However, previous work [2] on the singlet
revealed that this chemical system requires substantial
dynamic correlation for some pathways. So the following
additional calculations were performed.

Completely renormalized coupled cluster singles, dou-
bles, and non-iterative triples CR-CC(2,3) [43, 44] single-
point energies with aug-cc-pVDZ [30] and aug-cc-pVTZ
[30] basis sets were also performed for all paths along the
IRC (or constrained optimization series) except for 14, 22,
and 25. In difficult cases, the ROHF reference was used
instead of the RHF reference. For path 14 the GS2
CASSCEF IRC calculation failed, and orbital root flipping
(ORF—when an orbital not originally in the active space
“flips” into the active space) precluded one side of the
IRC. So only stationary points were used in path 14 cal-
culations. Paths 22 and 25 require a more careful
examination.

Paths 22 and 25 are examples of particularly difficult
portions of the PES. So the generalized valence bond—
perfect pairing (GVB-PP) [45-47] approach for the wave
function was utilized using COLUMBUS [40—42] for these
calculations. For path 25 only, additional MR-AQCC cal-
culations were performed. For the GVB-PP calculations, 9
pairs are used with each pair consisting of two electrons in
two orbitals—GVB-PP(9). Besides the chemical core O 1s
and C 1s orbitals, which are doubly occupied, all other
orbitals are treated on an equal footing allowing for the
correct dissociation of individual electron pairs. The total
electronic wave function consists of an antisymmetrized
product of the nine perfect pairs yielding a space of 2°
(512) configurations. At the GVB-PP level, all stationary
points of the reaction were characterized by frequency
calculations using both the cc-pVDZ [30] and cc-pVTZ
[30] basis sets.

On top of the GVB-PP(9)/cc-pVDZ level geometries, a
MR-AQCC PP(6) study on path 25 was performed. All
pairs are active in the reference space except two non-
action CH bonds and the CC ¢ bond, which are doubly
occupied, and their weakly occupied antibonding orbitals
in the virtual space. Here and throughout this paper,
“action” coordinates refer to internal coordinates that
significantly change in length or degree relative to
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remaining (i.e. “non-action”) internal coordinate changes,
which are defined by cutoffs. Based on this reference
space, single and double excitations are allowed imposing
generalized interacting space restrictions [48], which
results in an MR-AQCC expansion space of 6,109,120
configurations. At this level, all stationary points of path 25
were characterized by frequency calculations using the
cc-pVDZ [30] basis set. Hessians were computed with the
program Suscal [49] by means of finite differences using
analytic gradients [50-52].

The MEP was computed using the nudged elastic band
(NEB) method [53-56] for pathway 25 and the traditional
IRC method [57-59] for pathway 22 as implemented in
MEPPACK (part of COLUMBUS; for more details, see
Sellner [60]) at the GVB-PP(9)/cc-pVDZ level. The Hes-
sian matrices used in the relaxation of these NEBs were
approximated by scaled diagonal matrices. The conver-
gence threshold on the root-mean-square (RMS) value of
the modified gradient on each image in case of the path 25
NEB calculation is 107> aJ/(/ck sqrt(amu)) and on the RMS
value of the projected gradient in each step of the path 22
IRC calculation is 10~* aJ/(A sqrt(amu)).

3 Results and discussion

Table 1 displays the active space for each reaction where
the labels “near” and “far” refer to the carbon closest and
farthest from oxygen, respectively. Examination of bond
length changes, natural orbital occupation numbers, and
localized molecular orbital coefficients over the course of
each reaction in different CAS sizes ultimately decide the
choice of active space. As described in the previous papers
[1, 2], results with in—out correlation (IOC—a mostly
unoccupied orbital that has an additional, inappropriate
radial node) usually result in ORF. So unless either the IOC
constitutes proper radial correlation at some geometry in
the pathway or ORF prevents placing the lone O2p in the
MCSCEF core, CASSCEF active spaces do not contain IOC
orbitals. However, as will be shown, current, variational
techniques do not always allow for chemically intuitive
active spaces to persist in many reaction pathways.
Tables 2 and 3 give the overall barrier information for all
elementary reactions (except for the multistep reaction 25)
whereby each TS divides each pathway into reactant to TS
(forward barrier) and product to TS (reverse barrier). Table 2
shows the CAS barriers with and without zero-point energies
(ZPE), and Table 3 gives the barriers from MRMP?2 energies
at the CAS stationary points (stationary point MRMP2—
SPMRMP2), CR-CC(2,3) optimized geometries at the aug-
cc-pVDZ [30] basis, Nguyen et al. [12] and Yang et al. [13]
barriers, and single-point MRMP2 and CR-CC(2,3) energies
at the CASSCF TS geometry and IRC endpoint geometries

(i.e. “select” geometries). While the single-point MRMP2
barriers are not strictly barriers of optimized structures, they
should be approximately representative of them as previously
shown [1]. In addition, for these particular pathways,
SPMRMP?2 energy barriers always include ZPE (except for
species with ORF issues in numerical Hessians as discussed
below). Table 4 gives barriers for the GVB-PP and existing
MR-AQCC calculations. The natural orbital configuration
interaction (NOCI) coefficients help to suggest multirefer-
ence character. So, in difficult cases, this additional analysis is
given. Since no absolute cutoff exists to indicate a multire-
ference situation based on the size of the squared NOCI
coefficients, two approximate indicators are chosen for this
study. First, if the dominant NOCI weight (i.e. the square of
the largest NOCI coefficient) is below 0.95, this approximate
cutoff strongly suggests that (dynamical or quasi-degenerate)
correlation plays an important role. Paths 14, 21, and 25 each
show the dominant NOCI weight below 0.95. Second, if any
NOCI weights other than the dominant NOCI weight are
above 0.05, this approximate cutoff suggests a multireference
situation with quasi-degenerate correlation. Paths 21 and 25
show additional weights above 0.05. Such an analysis might
suggest when the CR-CC(2,3) energies are inappropriate.
However, even when the above analysis does not suggest
multireference character and the reaction of interest simul-
taneously involves multiple bond rearrangements, borderline
cases are possible.

For the rest of the results in this section, specifics on each
of the reactions are presented and discussed. Unless otherwise
explicitly noted, the descriptions contain the following: bar-
riers and energetics comparisons include ZPE; “select”
barriers are calculated using the select geometries without
ZPE; the CASSCF active spaces do not contain IOC and
contain one lone O2p orbital in the MCSCF core; any refer-
ences made to stationary points refer to CASSCF stationary
points (except for explicitly denoted GVB-PP, MR-AQCC,
or CR-CC(2,3) optimizations); basis set energy differences
are given from the aug-cc-pVDZ [30] to the aug-cc-pVTZ
[30] basis at the CR-CC(2,3) level of theory without ZPE at
select geometries (as specified in Table 3) and are reported
only when the difference exceeds 1.0 kcal/mol; CR-CC(2,3)
select barriers are reported with the aug-cc-pVTZ basis in the
text; and individual pathways report only non-negligible
geometry changes in this study’s CASSCEF stationary points
relative to Nguyen’s [12] B3LYP results.

3.1 Pathway 14: CH;CHO — CH,CHOH

In this reaction a hydrogen shifts from the carbon farthest
from the oxygen to the oxygen itself. The involvement of
the oxygen here in multiple bond changes (e.g. the trans-
formation of a CO =, n* to a CC 7, n*) requires three O2p
orbitals in the active space and leads to IOC, which
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Table 1 Description of the main CAS sizes used for each reaction
pathway

In—out
correlation

Active
space

Reaction
pathway

Description

14 (14,14) Y 3 CHg, COmn, COg, CCo, lone

02p

—2 CHo, CCn, OHo, COgo,
CCa, lone O2p

COg, COn, OHg, lone C2p

— COg, COn, CHo, lone O2p
CCa, 3 CHg, lone C2p

— CCo, 3 CHo, CCn

COg, CCg, 3 CHao, lone C2p,
lone O2p

— COg, CCo, 3 CHo, CCm,
lone O2p

COm, lone O2p, COg, CCo

— 2 COmn, COg, biradical(near
C2p;02p, far C2p)

COm, lone O2p, COg, CHo

— 2 COmn, COg, biradical(near
C2p;02p, H)

3 CHo, COmn, COg, CCo

— 2 CHo, COn, COg, CCo,
biradical(far C2p, H)

Near CHo, COm, loneO2p,
COg, CCo

— far CHo, COn, COn, COg,
CCa

Far CHo, CCo, CCn

— near CHo, CCo, lone C2p,
lone C2 s

OHg, CCo, COg, lone
C2p,lone O2p

— CHo, CCo, 2COg, lone O2p
CHo, CCaq, 2COg, lone O2p
— CHo, lone C2p, 2COg, COn

CHg, OHo, loneO2p, CCr,
COg

— HHo, 2 COn, CCn, COo
CCog, 2CO0

— COga, COm, biradical(far
C2p, far C2 s)

15 88 Y

16 (10,10) N

(14,14) Y

17 88 Y

18 (8,8) Y

19 (12,12) N

21 (10,10) Y

22 Step 1 (6,6) N
22 Step 2

(10,10) Y

23 (10,10) Y

24 (10,10) Y

26 66) N

Only the lone pairs and bonding orbitals are shown; the antibonding
orbitals can be inferred from bonding orbitals and the indication of
in—out correlation. The O2 s is always in the core

requires the use of an even (14,14) CAS. Both minima are
A’ states with C; symmetry while the TS is asymmetric.
Despite the presence of both a reasonable active space and
frequencies at the TS, the GS2 computation resulted in an
excess of constrained optimizations on the hypersphere
surface in an attempt to reach the next point in the IRC. In
addition, the vinyl alcohol ends up with a carbon—carbon
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IOC orbital instead of an O2p* IOC orbital in the CAS.
Therefore, an IRC is unavailable for this pathway.

The CR-CC(2,3) TS optimization failed while CR-
CC(2,3) select barriers do not even match any other results
to within ~ 10.0 kcal/mol. Because of this failure, further
analysis is required in terms of weights (as previously
described). At the CASSCF TS geometry, the dominant
NOCI weight is 0.90 with no other weights above the
approximate 0.05 cutoff, and the coupled cluster T2
amplitude magnitudes are small (i.e. lamplitudel <0.1 as
the cutoff). However, as stated above, this reaction
simultaneously involves multiple bond changes which
suggests that multireference character may be playing a
role. The forward (reverse) barrier is 68.1 (57.1) kcal/mol
at the SPMRMP2 level. Because of the carbon—carbon IOC
orbital on vinyl alcohol, the reverse barrier could be less
accurate than the forward barrier. In addition, vinyl alcohol
has two possible conformations with C; symmetry because
of OH rotation, which gives an energy difference of only
~1 kcal/mol at the CASSCF level. Since an IRC for a
different reaction with a smaller CAS space leads to the
higher energy conformer, the enthalpy was calculated with
the higher energy conformer. Experimental results show
the overall reaction enthalpy to be 9.9 kcal/mol [61, 62],
which closely matches 11.0 (11.3) kcal/mol derived from
SPMRMP2 (CR-CC(2,3) optimization) for this path. Fur-
thermore, these results also match Nguyen and Yang
results to within 1.0 kcal/mol.

3.2 Pathway 15: CH3;C:-~OH — CH;CHO

For this pathway an (8,8) CAS models a hydrogen shift
from 1-hydroxyethylidene to acetaldehyde. In this case, the
IRC has Cs symmetry. Despite several attempts at a (6,6)
and an (8,7) CAS, this pathway unfortunately required an
IOC orbital in order to avoid ORF. Dynamic correlation
from MRMP2 leads to a modest shift in pathway energetics
and essentially no shift along the reaction coordinate. Here
and throughout this paper, a shift simply refers to how
single-point energies at a different level of theory hori-
zontally and vertically change the IRC curvature. The
forward barrier (reverse barrier) is 23.3 (78.2) kcal/mol at
the SPMRMP2 level, and with CR-CC(2,3) optimized
geometries, the forward (reverse) barrier is 29.3 (78.6)
kcal/mol. Nguyen, Yang, and the CR-CC(2,3) barriers all
match to within 1 kcal/mol.

3.3 Pathway 16: CH;C:-OH — CH,CHOH

The reaction for 1-hydroxyethylidene to vinyl alcohol
requires at least a (10,10) CAS. In addition, a (14,14) CAS
provides some additional comparisons for this pathway.
The (14,14) CAS has IOC whereas the (10,10) CAS has a
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Table 2 Barriers to reactions in kcal/mol calculated at the CAS level
without and with (in parenthesis) ZPE

Reaction CAS CAS Nguyen’s Nguyen’s

pathway forward reverse forward reverse
barrier® barrier® barrier® barrier”

14 80.1 51.2 67.6 56.9
(76.8) (47.4)

15 342 90.9 28.4 79.4
(30.4) (87.2)

16° 27.0 72.0 232 63.5
(24.6) (69.1)

16¢ 29.6 70.1
(27.0) (67.2)

17 76.7 N/A 82.0 N/A
(68.9) (N/A)

18 85.5 N/A 87.3 N/A
(78.0) (N/A)

19 92.7 N/A 93.8 N/A
(84.6) (N/A)

21 88.1 102.5 83.4 89.3
(83.6) (101.7)

22 step 1 81.7 1.4 N/A N/A
(79.1) 0.7)

22 step 2 12.4 79.0 N/A N/A
(10.7) (75.4)

23 82.2 39.0 75.8 35.9
(78.5) (37.2)

24 100.3 83.4 85.6 70.6
(94.3) (86.8)

26 3.6 70.1 N/A N/A
(4.6) (65.0)

Nguyen’s barriers include ZPE

* CAS barriers are obtained from unconstrained optimizations of
intermediates and ~3-5 A separated products

b Nguyen’s [12] barriers are the average barriers from several dif-
ferent levels of theory

¢ (10,10) CAS
9 (14,14) CAS

core O2p (i.e. no IOC). Here, both minima have C; sym-
metry while the rest of the pathway has no symmetry. For
the (10,10) CAS with the lower energy vinyl alcohol
conformer as an endpoint, the forward barrier (reverse
barrier) is 19.0 (62.7) kcal/mol at the SPMRMP?2 level. For
the reverse barrier in the (14,14) CAS, the IRC converges
to the vinyl alcohol minimum with a rotated hydroxyl
group in a higher energy conformation; but just as in path
14, the rotation makes little difference to the reverse bar-
rier. Based on the CR-CC(2,3) data, the basis set energy
difference is approximately 1.1 kcal/mol. The CR-CC(2,3)
TS optimization failed. The CR-CC(2,3) select forward

(reverse) barrier is 25.0 (64.4) kcal/mol. Here, the select
barriers involve the higher energy vinyl alcohol conformer.
These results match Nguyen and Yang forward barrier to
within 2 kcal/mol. The T2 amplitude magnitudes are below
the cutoff, and the dominant NOCI weight is 0.93.

For geometry comparisons, (10,10) and (14,14) CAS
geometries are very similar. The CC bond length goes from
1.53 to 1.41 A in the forward barrier and from 1.41 to 1.35
A in the reverse barrier. The TS geometry has action CCH
angles of 60° and 56°. In the forward barrier, the CO dis-
tance slightly changes from 1.30 to 1.35 A.

3.4 Pathway 17: CH;CHO — -CH; + -CHO

This pathway is the first of three barrierless, acetaldehyde
dissociations that require both constrained optimizations
and a basis larger than a double zeta basis. Here, barrierless
means that there is no maximum in the PES before
dissociation. For this pathway an (8,8) CAS provides a
qualitatively reasonable wave function for breaking the
carbon—carbon bond plus accompanying bonding changes.
From previous calculations with the analogous triplet
pathway [1], it is well known that the active space must
contain all three O2p orbitals. Since ORF occurs for a pure
(i.e. not state-averaged) state (8,7) CAS, the calculations
must include IOC. The results for this pathway are all in
the A’ state in C; symmetry. Since this pathway has no TS,
energy differences between minima are given.

First, based on the CR-CC(2,3) select barriers, this
pathway displays a 4.2 kcal/mol basis set energy differ-
ence. So, a double zeta basis would be insufficient to
describe the energetics to within 1 kcal/mol. Second, at the
SPMRMP?2 level, this separation requires 74.6 kcal/mol.
The 5 A fragment (not a CASSCF minimum within the
constraints of the constrained optimization) has one
imaginary frequency of 26i cm™ " at the CASSCF level that
points along the motion of the two products leaving each
other (along the line of symmetry). Extending the distance
to ~10 A, the supermolecule energy only differs by
~ 1 keal/mol from the 5 A supermolecule energy. Third, at
the CR-CC(2,3)/aug-cc-pVDZ level, supermolecule
geometry optimizations led to an energy difference of
84.4 keal/mol at 5 A distance while optimizations on the
individual doublet CH; and CHO products and singlet
acetaldehyde yielded differences of 85.8 kcal/mol (without
ZPE) and 77.9 kcal/mol (with ZPE). More strictly, com-
paring select MRMP2 and CR-CC(2,3) energies confirms
the particular importance of dynamic correlation for
accurate energetics in this pathway. Comparing the su-
permolecule and doublet optimized energetics shows the
large contribution to the dynamic correlation derives from
interactions from the CC o, o* bonds. In fact, at the 5 A
supermolecule, T2 amplitude magnitudes at or above the

@ Springer
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Table 3 Barriers to reactions in kcal/mol from single-point energies calculated at the MRMP2 level with aug-cc-pVTZ, and CR-CC(2,3) level

with both aug-cc-pVDZ (ACCD) and aug-cc-pVTZ

Reaction SPMRMP2* Opt Nguyenb/Yang Opt Select Select Select
pathway (ZPE) CR-CC(2,3) (ZPE) CR-CC(2,3) MRMP2 CR-CC(2,3) CR-CC(2.3)
(ZPE) (ACCD) (ACCD)
(ACCD)
14R 57.1 - 56.9 - 60.9" 70.5" 71.0°
56.4¢
14 F 68.1 - 67.6 - 71.4° 59.6" 59.0°
67.0°
I5R 78.2 78.6 794 82.6 81.9 82.5 82.7
79.3¢
15 F 23.3 293 28.4 33.0 27.0 323 329
28.7¢
16 R! 62.7 - 63.5 - 64.7 64.4 63.3
62.4¢
16 F 19.0 - 23.2 - 21.4 25.0 254
23.7¢
16 R 61.2 - - - 64.1 - -
16 B 19.5 - - - 22.1 - -
17 74.6 84.4 82.0 92.0 82.4 96.6 924
77.98 85.8 ¢
18 83.5 86.8 87.3 943 91.0 97.8 94.4
83.6%0 91.28h
19 88.6 - 93.8 - 96.7 103.8 99.9
90.38" 98.38h
21R 84.7 90.8 89.3 91.9 85.6 91.6 92.5
91.18 91.78
21 F 76.9 82.5 83.4 86.8 80.1 86.9 86.5
22 S1 R¥ - - - - —34 -3.1 -2.6
4.1
22 S1 F* 777 - - - 80.3 76.4 745
22 S2 R¥ 68.0 - - - 71.6 7222 703
22 S2 F* - - - - 0.4 34 5.0
13
23R 27.1 - 35.9 - 28.9 326 33.3
29.0° 32.14
23 F 74.9 - 75.8 - 78.5 77.9 76.4
76.8° 74.9¢
24 R 68.3 68.2 70.6 66.0 65.3 65.9 65.7
24 F 84.4 85.6 85.6 91.8 89.6 90.3 90.6
26 81.4 - 85.7 — 91.6 89.9 85.3
79.68 88.5¢

F indicates the forward barrier while R indicates the reverse barrier. SPMRMP2 barriers include ZPE from CASSCEF stationary points. Nguyen’s barriers include ZPE. Select
MRMP2 and CR-CC(2,3) barriers do not include ZPE and are all at the same CASSCF geometries. In addition, energy differences with and without CR-CC(2,3) ZPE are given
for geometry optimizations at the CR-CC(2,3) level with an aug-cc-pVDZ basis

% SPMRMP?2 values derive from CAS stationary points, which are obtained from unconstrained optimizations of intermediates and ~ 3-5 A separated products

° Nguyen’s [12] barriers are the average barriers from several different levels of theory and are unlabeled in the column
¢ MRMP2 barrier with ZPE from shifts in the TS only

d Yang’s [13] barriers at the CCSD(T)/cc-pVTZ//B3LYP/6-311++G* level of theory

e

T Single-point energies performed at CASSCF stationary points rather than off of IRC

g

" Energy value for doublet hydrogen is taken from ROHF as -0.4993343154 Hartree

! (10,10) CAS

i (14,14) CAS
k “g”

@ Springer

ORF indicates orbital root flipping

Optimizations separately performed on each product fragment

indicates step for the two pseudo-elementary steps located for pathway 22
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Table 4 Barriers to reactions in kcal/mol calculated at the GVB-PP
level without and with (in parenthesis) ZPE at the cc-pVDZ or
cc-pVTZ basis as labeled

Reaction GVB-PP GVB-PP Nguyen’s Nguyen’s

pathway forward reverse forward reverse
barrier® barrier” barrier” barrier”

22 S14¢ 77.0 8.0 N/A N/A
(74.4) (7.5)

22 §2%e 29.4 82.5 N/A N/A
(28.6) (78.8)

25 51.8" N/A 33.0 583
(46.6)" (N/A)
[33.01°¢ [N/A]

Path 25 also includes barriers with MR-AQCC optimized geometries
at the cc-pVDZ basis with ZPE in square brackets; as described in the
text, the TS geometry with the most reasonable geometry is used in
the construction of path 25 barriers. Nguyen’s barriers include ZPE

4 GVB-PP barriers from GVB-PP stationary points

b Nguyen’s [12] barriers are the average barriers from several dif-
ferent levels of theory

¢ MR-AQCC barrier from MR-AQCC stationary points

4 «“S” indicates step for the two pseudo-elementary steps located for
pathway 22

¢ cc-pVDZ basis
f cc-pVTZ basis

0.1 cutoff are on the orders of 0.75 and 0.1, which indicate
strong multireference character.

The 5 A CR-CC(2,3), 84.4 kcal/mol energy difference
matches the experimental result of 84.8 kcal/mol [63] and
Nguyen energetics of 82.0 kcal/mol. With respect to the
SPMRMP2 energetics, IOC in the wave function might
slightly contribute to the 10.2 kcal/mol error in the final
energetics. In terms of energy differences with respect to
differing geometries, the individual coupled cluster
geometries differ by very little from the corresponding
geometries in a 5 A supermolecule. Given the difference in
the basis set energies and the computationally expensive
CR-CC(2,3) optimizations with a triple zeta basis, these
coupled cluster calculations give the barrier to be
~75.2-80.6 kcal/mol, which matches the MRMP2 results
just as well as the experimental barrier. It should also be
noted that while there are large energy barriers in these
reactions, they will be favored by entropy since they lead to
multiple products.

3.5 Pathway 18: CH;CHO — CH;-CO + -H

This hydrogen dissociation also requires constrained opti-
mizations in Cy symmetry with an (8,8) CAS that contains
I0C; modeling this pathway involves the same issues as
modeling pathway 17. The basis set energy difference is
3.4 kcal/mol, which is again quite large. At the ~5 A

product, two imaginary frequencies are still present for the
CASSCEF, constrained stationary point. The first imaginary
frequency of 34i cm™' points from the hydrogen fragment
along the motion of the two fragments leaving each other
(along the line of symmetry). The second imaginary fre-
quency of 33i cm ™' involves a methyl rotation and a bend
of the CO group out of the plane. In addition, the CR-
CC(2,3)/aug-cc-pVDZ level, supermolecule geometry
optimizations (again, with two small imaginary frequen-
cies) led to an energy difference of 86.8 kcal/mol, and the
CR-CC(2,3)/aug-cc-pVDZ level, doublet optimizations led
to an energy difference of 91.2 kcal/mol (without ZPE) and
83.6 kcal/mol (with ZPE).

As a result, the separation requires 83.5 kcal/mol at the
SPMRMP2 level while the CR-C(2,3)/aug-cc-pVDZ
supermolecule energy difference of 86.8 kcal/mol more
closely matches Nguyen energy difference of 87.3 kcal/
mol and the experimental barrier of 89.3 kcal/mol [61, 64,
65]. Again, these MRMP2 calculations did not recover
enough dynamic correlation to get the energetics correct
for this bimolecular reaction while the CR-CC(2,3) calcu-
lations may have issues due to the multireference character
of the wave function. Besides the dissociating hydrogen, no
major geometry changes take place in this pathway.

3.6 Pathway 19: CH3;CHO — -CH,CHO + -H

This hydrogen dissociation is the last barrierless pathway
that was calculated with constrained optimizations. With a
basis set energy difference of 3.9 kcal/mol, a larger than
double zeta basis is again required for this pathway. Our
previous paper [1] gives this dissociation on the triplet
surface. The triplet dissociation is extremely problematic
both with and without IOC; only an active space of three
O2p orbitals and no IOC could lead to a smooth IRC.
However, as before, (N,N-1) pure state, non-full valence,
active spaces are not feasible with current convergers and
still lead to ORF. Thus, for the singlet dissociation, the
MCSCEF core contains a lone O2p with the understanding
that this CAS will lead to the least convergence issues in
the search for pure states in this constrained optimization
series. This pathway requires at least a (12,12) CAS and is
asymmetric except at acetaldehyde, for which the calcu-
lations do not use symmetry. Pulling the fragments out to
~5A yields a separation energy of 88.6 kcal/mol at the
SPMRMP?2 level. CC-CR(2,3) optimized geometries result
in energy differences of 90.3 kcal/mol for fully separated
doublet products. CR-CC(2,3) supermolecular optimiza-
tions yielded diverging energies and were not pursued
further. These results differ from Nguyen’s energetics of
93.8 kcal/mol by 3.5 kcal/mol. In fact, relative to the
Nguyen values, the CR-CC(2,3) select energy difference is
larger at 103.8 kcal/mol.
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3.7 Pathway 21: CH;CHO — CH,4 + :CO

This pathway from acetaldehyde also requires a compro-
mised CAS because of computational expense. A (10,10)
CAS with IOC starts with and retains acetaldehyde’s
methyl group in the MCSCF core rather than an active
space that additionally contains the methyl group (i.e.
compromised CAS). The reaction ultimately results in
methane and carbon monoxide bimolecular fragments. For
this pathway both acetaldehyde and ~5 A bimolecular
fragment calculations have an A’ state in C; symmetry; so
this pathway’s IRC appears to be entirely symmetric with
the given CAS size. However, the symmetric fragment
geometry contains a small imaginary frequency of
22i cm™' that essentially rotates the entire methane.
Without this symmetry restriction on the bimolecular
fragments, an ORF occurs so that all methane CH ¢ orbitals
equivalently reside in the core. The forward (reverse)
barrier is 76.9 (84.7) kcal/mol at the SPMRMP2 level.
CR-CC(2,3) optimized geometries result in a forward
(reverse) barrier of 82.5 (90.8) kcal/mol. However, the
dominant CASSCF TS NOCI weight is 0.87 while another
weight is 0.07, which indicates the correlation is important.
In addition, the occupation number also suggests multire-
ference character with a value of 0.17. Furthermore, the
CR-CC(2,3) optimized doublets demonstrate that further
separation comprises less than 1 kcal/mol contribution to
the reverse barrier. The reaction enthalpy of —7.8(—8.3)
kcal/mol at the SPMRMP2 (CR-CC(2,3)/aug-cc-p-VDZ
supermolecule) level differs from the experimental reaction
enthalpy of —14.5 kcal/mol [61, 66]. Because of the
CR-CC(2,3) results, this difference from experiment most
likely does not derive from the use of the compromised
CAS. Nguyen’s forward and reverse barriers both lie
within 2 kcal/mol of the corresponding CR-CC(2,3)
results.

The OCC angle changes from 125° to 107° in the course
of the forward barrier. The CC ¢ bond breaks in the for-
ward barrier; and the CC distance changes from 1.53 to
2.22 A. For the TS this study gives the distance from the
action H to the carbon of methyl as 1.89 A while Nguyen’s
study gives 1.73 A; as well, this study finds the TS CC
distance as 2.22 A while Nguyen shows it to be 2.10 A.

3.8 Pathway 22: CH,CHOH — oxirane

Nguyen et al. reported this rearrangement as a concerted
reaction. However, Yang et al. [13] indicated that at the
CCSD(T)/cc-pVTZ//B3LYP/6-311+4G* level, this path-
way does not exist and in fact requires two steps:
CH,CHOH — HC:-CH,OH and HC:—CH,OH — oxirane.
This reaction involves multiple bond formations and mul-
tiple numbers of lone pairs (i.e. O2p, C2p). In addition, the

@ Springer

CR-CC(2,3) TS optimization also failed, which again
suggests difficulties with this level of theory for multiple
bond rearrangements. All attempts to find a one-step
mechanism failed. However, in order to obtain energetics
for the desired intermediates for the total reaction, GVB-PP
geometry optimizations started with Nguyen’s reported
stationary points and produced corresponding extrema.
GVB-PP gives the overall reaction with an enthalpy of
18.2 kcal/mol, which matches 17.2 kcal/mol from experi-
ment [62, 66]. In an attempt to clarify the elementary steps
for this reaction, various CAS sizes were used, but this
study only reports results for non-ORF CAS and GVB-PP
results below.

3.9 Pathway 22 Step 1: CH,CHOH — HC:—-CH,OH

Locating an IRC at the density function theory level with
the hybrid B3LYP [67, 68] functional and the 6-31G*
[69, 70] basis provided reasonable initial geometries for
CASSCF geometry searches. Then, plotting CR-CC(2,3)
and (6,6) CAS single-point energies along the DFT IRC
reveals a particular difference in the elongated curvature
(see Fig. 1): the larger barrier does not exist in the
CASSCF curve unlike the single reference DFT and
CR-CC(2,3).

In order to properly model this hydrogen transfer, a
small, compromised (6,6) CAS size is required. Even
though a possibly more chemically intuitive, larger CAS
size is computationally feasible in this case, ORF occurs
during the course of the IRC. At the beginning of this IRC,
the active space minimally includes the CC and CH ¢
spaces and the CC = space. Figure 2 shows the CASSCF
IRC with the MRMP2 and CR-CC(2,3) single-point ener-
gies. The HC:—CH,OH endpoint of the CASSCF IRC
roughly corresponds to the end of the first barrier shown in
the DFT IRC (Fig. 1) (around s = —2 bohr sqrt(amu)).

Based on the CR-CC(2,3) data, the basis set energy
difference is approximately 1.9 kcal/mol. The GVB-PP(9)/
cc-pVDZ IRC forward (reverse) barrier is 74.4 (7.5) kcal/
mol, the (6,6) CAS IRC forward (reverse) barrier is 79.1
(0.7) kcal/mol, the forward (reverse) barrier is 77.7 (—4.1)
kcal/mol at the SPMRMP2 level, and the CR-CC(2,3)
select forward (reverse) barrier is 76.4 (—3.1) kcal/mol.
Because of the curvature differences between DFT, CR-
CC(2,3), and (6,6) CAS in Fig. 1, CR-CC(2,3) TS opti-
mizations were not attempted. It is important to note that
both the SPMRMP2 and CR-CC(2,3) results suggest that
adding dynamic correlation makes this barrier disappear.

3.10 Pathway 22 Step 2: HC:~CH,OH — oxirane

For the second step, a compromised (10,10) CAS is used
for modeling. In particular, on the reactant side of step 2,
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Fig. 1 Path 22 Step 1: DFT 10 aaAb aaskl 1adas
IRC and single-point energies 5

(6-31G* basis no ZPE) 0F DFT
5 F CR-CC(23)

-10 F (6,6)CAS )K

Energy (kcal/mol)
&

al L " L | PP T P P e e | al al 1 Ll " Lasaal

the 3 non-action CH ¢ orbitals are left out of the active
space. Figure 3 shows the CASSCF IRC with the MRMP2
and CR-CC(2,3) single-point energies. Both the MRMP2
and CR-CC(2,3) methods lower the barriers relative to the
CASSCF method. The HC:—-CH,OH endpoint of the
CASSCEF IRC is not the same as the one for step 2 and
involves rotation of the O-C-C-H and C-C-O-H dihe-
drals. By performing a scan between these two points at the
CASSCF (SPMRMP2) level, the step 2 endpoint is ~6.6
(7.1) kcal/mol uphill in energy from the step 1 endpoint
without an explicit barrier.

Based on the CR-CC(2,3) data, the basis set energy
difference is again approximately 1.9 kcal/mol. The GVB-
PP(9)/cc-pVDZ IRC forward (reverse) barrier is 28.6 (78.8)
kcal/mol, the (10,10) CAS forward (reverse) barrier is 10.7
(75.4) kcal/mol, the forward (reverse) barrier is —1.3 (68.0)
kcal/mol at the SPMRMP?2 level, and the CR-CC(2,3) select
forward (reverse) barrier is 3.4 (72.2) kcal/mol. The large
GVB-PP forward barrier relative to the CAS and
SPMRMP?2 barriers most likely occurs since GVB-PP does
not include the majority of the quasi-degenerate correlation
for this step, which involves action among several more
bonds than even in the reverse barrier for path 22 step 1. So
while the CASSCF level shows two barriers (Figs. 2, 3), the
CR-CC(2,3) and SPMRMP2 data suggest that the overall
reaction (i.e. pathway 22) is one high-energy barrier with a
very flat, extended surface (Figs. 2, 3 combined) that may
or may not involve two steps.

3.11 Pathway 23: oxirane — CH;0C:-H
This pathway depicts the ring-opening of oxirane and a

hydrogen shift as concerted processes. As such, this com-
promised (10,10) CAS keeps 3 CH ¢ orbitals in the core

-9 -85 -8 -75 -7 -65 -6 -55 -5 -45 -4 -35 -3 -25-2-15-1-05 0 05 1 15 2 25 3

S value (bohr*sgrt(amuy))

and has IOC; this active space choice does not allow Cg
symmetry for oxirane. As well, symmetric A’ calculations
on CH;0C:-H were not attempted because of previous
difficulties with compromised CAS starting orbitals. Vari-
ous attempts to place an O2p into the core (and hence allow
for more CH o, o* oribtals in the CAS) fail because the
O2p enters the active space once the IRC reaches the
CH;0C:—H intermediate. Although this pathway has two
closed-shell endpoints, it differs from other “closed-shell”
pathways in the fact that dynamic correlation slightly shifts
the TS along the reaction coordinate; the minima only
energetically shift. The forward barrier (reverse barrier) is
74.9 (27.1) kcal/mol at the SPMRMP?2 level. As well, this
pathway shows a small, 1.5 kcal/mol basis set energy dif-
ference. Even though the NOCI and T2 cutoffs do not
indicate a multireference situation, this reaction involves
multiple bond changes, and the dominant NOCI weight is
0.92 for the TS.

The CR-CC(2,3) TS optimization also failed for this
reaction. So, the CR-CC(2,3) select forward (reverse)
barrier is 77.9 (32.6) kcal/mol. SPMRMP2 forward
(reverse) barrier lies 1.0 (8.8) kcal/mol shallower than the
corresponding Nguyen barrier while CR-CC(2,3)/aug-cc-
pVTZ select forward (reverse) barrier lies 2.1 kcal/mol
deeper (3.3 kcal/mol shallower) than the corresponding
Nguyen barrier.

3.12 Pathway 24: CH,CHOH — H,CCO + H,

For this hydrogen dissociation from vinyl alcohol, a (10,10)
CAS has two CH o orbitals farthest from the oxygen in the
core as a compromise and also has IOC. The reaction
stationary points all have Cy symmetry with an A’ state.
However, the CCO angle in H,CCO slightly bends at the
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Fig. 2 Path 22 Step 1: 85 prrrrr—ro

CASSCF IRC and single-point
energies (aug-cc-pVTZ basis no
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Energy (kcal/mol)

CASSCF ——
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CR-CC(2,3) ---¥-

Fig. 3 Path 22 Step 2:

-25 -2 -1.5 -1
S value (bohr*sgrt(amuy))

CASSCF IRC and single-point
energies (aug-cc-pVTZ basis no
ZPE)

Energy (kcal/mol)

CASSCF —— 1
MRMP2 --5¢-- 3
CR-CC(2,3) ---X¥--

~4 A product end. From our previous study [2], pathway
20 also has this common minimum but does not suffer from
this bent angle with a (12,12) CAS. Furthermore, this part
of the surface tends to be very flat, which makes optimi-
zation difficult. Thus, this bimolecular ~4 A geometry was
pulled out to ~ 10 A and asymmetrically re-optimized to
avoid this issue. Comparing the ~ 10 A and the geometry
at the end of the IRC gives less than 1 kcal/mol change in
the CASSCF energy. In this case, MRMP2 gives a hori-
zontal shift for the bimolecular ~4 A product. The forward
barrier (reverse barrier) is 84.4 (68.3) kcal/mol at the
SPMRMP?2 level. Furthermore, the CR-CC(2,3) optimiza-
tions led to a forward (reverse) barrier of 85.6 (68.2) kcal/
mol. This forward barrier matches the Nguyen forward
barrier within 1.0 kcal/mol and the SPMRMP2 barrier
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within 1.2 kcal/mol. The reverse barrier matches the
SPMRMP2 barrier within 1.0 kcal/mol but lies 2.4 kcal/
mol shallower than the Nguyen reverse barrier.

3.13 Pathway 25: CH;C:—-OH — H,CCO + H,

This hydrogen molecular dissociation presents a challenge
to multireference calculations. After initial calculations
with various CAS sizes from Nguyen’s starting saddle
point geometry, a (12,12) CAS provides a compromised
solution where two out of the three, degenerate CH o
orbitals at the unimolecular intermediate remain in the
MCSCEF core throughout the saddle point search. However,
such a search resulted in an unexpected saddle point
geometry, or TS 25 (Fig. 4). In addition, the CR-CC(2,3)
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Fig. 4 Non-traditional MEP for
pathway 25 shown at the GVB-
PP level with a cc-pVDZ basis.
The plot displays several TSs
between the desired minima
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TS optimization failed, and the dominant NOCI weight is
0.84. Another NOCI weight is 0.08, and an occupation
number of 0.21 is found, which possibly indicates some
multireference character. In order to further characterize this
PES region, GVB-PP calculations with the NEB method
provided a non-traditional MEP that involves several TSs.
Figure 4 displays the NEB results; the potential near TS 25 is
particularly flat at the GVB-PP level of theory. Here, the non-
traditional MEP between the reactants and products involves
three saddle points, and the surface flatness makes location of
the minima between these saddle points very difficult. In
order to determine the effect of dynamic correlation on this
path, stationary points were located at the MR-AQCC level
of theory with a cc-pVDZ basis. As aresult of the flat surface,
TS 25 strongly depends on the presence or absence of
dynamic correlation. In particular, the OH distance is 3.76 A
atthe GVB-PP level, whereas the same OH distance is 1.95 A
at the MR-AQCC level. Table 4 gives the forward barrier to
TS OH at the GVB-PP level and TS 25 at the MR-AQCC
level. The forward barrier is 46.8 kcal/mol and 33.0 kcal/
mol at the GVB-PP and MR-AQCC levels, respectively.

The most noticeable geometry difference between these
structures and Nguyen’s saddle point geometry lies in the
HH distance. The TS OH geometry most resembles Ngu-
yen’s saddle point; however, GVB-PP (MR-AQCC) level
of theory yields an HH distance of 2.16 (2.01) A, whereas
Nguyen reported 1.08 A. As well, the MR-AQCC TS 25
geometry gives a more comparable HH distance of 1.15 A,
but as already noted above, the OH distance differs from
Nguyen’s reported geometry. Overall, dynamic correlation
is as important as quasi-degenerate correlation for deter-
mining an accurate, TS geometry in this case.

3.14 Pathway 26: oxirane — --CH, + H,CO

For this pathway, a (6,6) CAS provides the IRC, which has
C, symmetry throughout the forward barrier and most of

H Migration

CH,

the reverse barrier. For the energetics with respect to the
basis set, this pathway shows a large 4.6 kcal/mol basis set
energy difference. Including dynamic correlation at the
SPMRMP?2 level leads to a barrierless reaction with an
energy gain of 81.4 kcal/mol. Including more correlation
with CC-CR(2,3)/aug-cc-pVDZ doublet optimizations
resulted in an energy difference of 79.6 kcal/mol. Based on
the above basis set energy difference, the energy difference
could approximately vary toward 84.2 kcal/mol, which is
similar to the Nguyen’s result of 85.7 kcal/mol. However,
SPMRMP2/aug-cc-pVTZ single-point energy results agree
more with the CR-CC(2,3)/aug-cc-pVDZ optimization
results than the Nguyen results. No major differences exist
in the fragmented geometries. The CASSCF has a potential
well on the product side at ~3 A separation (reaching this
symmetric product requires a rotation of the formaldehyde
with respect to the methylene, which breaks the original
pathway symmetry). The SPMRMP2 reaction enthalpy of
81.4 kcal/mol is within 1.3 kcal/mol of the experimental
enthalpy of 80.1 kcal/mol [71-73].

4 Conclusions

In this work, selected pathways of the 0o('D) + C,H, PES
were calculated at the CASSCF, MRMP2, and CR-CC(2,3)
levels of theory. Whenever possible, CASSCF active
spaces for pure states did not contain lone O2p orbitals,
which tend to lead to IOC ORF with the current, conver-
gence techniques. This active space construction is par-
ticularly important in both solving for pure states at the
CASSCEF level (avoiding IOC ORF) and obtaining single-
state. MRMP2 results (avoiding state root flipping). In
addition, dynamic correlation is also essential for obtaining
reasonable energetics—horizontal shifts in the locations of
TSs and minima using single-point energetics are small for
the singlet reactions in this study. The MRMP2 treatment
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captures a significant portion of this correlation but cer-
tainly does not encapsulate all of it. In most cases con-
sidered here, CR-CC(2,3) results recover additional
correlation missed by MRMP2, but in some cases, these
coupled cluster results appear to be inappropriate as indi-
cated by the NOCI coefficients. Nonetheless, given com-
parisons of CR-CC(2,3) single-point data to both Nguyen
and experiment, CR-CC(2,3) optimized barriers appear to
be crucial for accurate energetics. Furthermore, CR-
CC(2,3) TS optimizations sometimes fail for multiple bond
changes in some reactions, for which NOCI expansions
sometimes suggest multireference character. For a variety
of reasons, paths 14, 16, 21, 23, and 25 were computa-
tionally difficult. These cases and the cases with a possibly
insufficient, double zeta basis in the CR-CC(2,3) calcula-
tions limit valid conclusions.

Comparing this work’s enthalpies with those available
from experiment gives reasonable agreement in many
cases. In these reactions, the calculated enthalpy errors
range from less than 2.5 kcal/mol to a single, worst case of
6.2 kcal/mol. However, in one case (i.e. pathway 21), our
results compare well with Nguyen et al. Future work on
O + ethylene will take a number of directions that include
further GVB-PP and MR-AQCC energetics with eventual
applications toward dynamics for this system.
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