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We investigate the G- H—R — OH + R reaction class by employing the integrated molecular orHital
molecular orbital (IMOMO) methodology. The QCISD(T), MP4, and MP2 methods are employed as the
high-level theories in the IMOMO method based on the geometries optimized at the BH&HLYP and MPW1K
methods. The results show that the energies predicted from both QCISD(T) and MP4 calculations can reasonably
be reproduced by the IMOMO method. In particular, the IMOMO method yields the mean absolute deviation

of about 1 kcal/mol in reaction energies and less than 0.4 kcal/mol in classical barrier heights. The predicted
thermal rate constants are in good agreement with the available experimental data. This approach has been
further proven to be powerful tools for studying reactions involving large molecular systems.

|. Introduction reactions of hydrogen atom with fluoromethanes {EHCHF,,

With the advent of computational science, the interests of and CHF) based on the above approdéhrhe r?S““S have .
computational chemistry are being shifted toward more and shqwn .that the approach can reduce computational cost while
more realistic models and larger molecular systems. However, malntr?lnmg an acceptaﬁle atlz.ggrac]}/.h IMOMO hodol
to obtain accurate electronic structure and energetic information, In this paper, we test t. e vall |t_y ofthe methodology
for the large molecular systems, one has to employ the expensivén the hydrogen abstraction reactions of hydrocarbons by oxygen

but more reliable ab initio molecular orbital (MO) theory such atom, which is an important class of reactions in combustion
as the MP4 or QCISD(T) level. Such calculations are compu- Chemistry.
tationally expensive for systems that have more than four non- . Methodol
hydrogen atoms. A variety of approaches has been developed - Methodology
for reducing computational cost. For example, Morokuma and  A. The IMOMO Methodology. In the IMOMO approach,
co-workerd=* have presented an integrated molecular orbital the total energy of a large “real” system is defined as
+ molecular orbital (IMOMO) method. This method considers
a small “model” system within a large “real” system, applies a E(IMOMO) = E(high,model)+ [E(low,real)—
“higher-level calculation for the model system and a “lower”- E(low,model)] (1)
level calculation for the real system, and integrates them to
define a total energy of the real system. This method has beenwhere “high” and “low” refer to levels of MO calculation, while
shown to be quite valuable so faf.For the same purpose, ‘“real” and “model” refer to the large “real” system and the small
Truong and co-workefs® have proposed a reaction-class “model” system, respectively. In this approach, the geometries
approach. The central idea is from recognizing that reactions of the species of the “model” reaction and the “real” reaction
that have the same reactive moiety have similar features on theirare optimized at the “low” level of theory that demands less
potential-energy surface along the particular reaction path computational resources. The high-level energy refinement is
direction. Therefore, the certain potential information from the performed only for the “model” reaction, and this also needs
principal reaction (the smallest reaction in the class) can be relatively small computational demands due to the small size
transferred to larger reactions in the same class without havingof the “model” reaction. Obviously, the IMOMO method
to calculate it explicitly. Furthermore, Truong et al. have duplicates the correlation energy of the “model” system to the
combined the reaction class approach with the IMOMO ‘“real” system. Because of the difference of sizes between the
methodology for improving energetic information of chemical “model” system and the “real” systerg(IMOMO) is not an
reactions'®1 This approach has been successfully applied to accurate estimation of the energy of the “real” system at the
hydrogen abstraction reactions of hydrocarbons by the hydrogen“high” level of theory. However, in some circumstance, it is
atom, and yields average unsigned errors of about 1 kcal/molthe relative energy but not the absolute energy of the system
in the reaction energies and about 0.2 kcal/mol in the barrier that is of interest. For instance, when we calculate the rate
heights for saturated hydrocarbon systems. After that, they constants of a reaction, the reaction barrier, namely, the relative
calculated the thermal rate constants of hydrogen abstractionenergy between the transition state and the reactant, is of our
Toun . — . — interest. In some cases when we calculate relative energies such
Fax: 3&_2’6‘_335%5282. _?2?3’;‘23’10?629 lrzeggg - E-mail: gsli@bit.edu.cn. ¢ rgactlon barrier, the difference of correlation energy caused
T Beijing Institute of Technology. by size might be canceled and the IMOMO method is very
*Jilin University. useful. The IMOMO method is of particular interest for the
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reaction class theory. Truong and co-worketshave demon- -9 QCISD(TY/BHEHLYP
strated Fhe valld_|ty of the IMOMO methogl for _the hydrogen o, N\ IMOMO(QCISD(T):BH&HLYP)
abstraction reactions by a hydrogen atom, in which the reactions - — — — QCISD(T)/MPWIK

generally have early transition states. In the present study, we
expect to show the validity of the IMOMO method in the
hydrogen abstraction reaction by an oxygen atom.

- - — - IMOMO(QCISD(T):MPW1K)
X Miyoshi93
O Mahmud88
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Figure 1. Arrhenius plots of the calculated rate constants at the QCISD-
e (T)//BH&HLYP, IMOMO(QCISD(T):BH&HLYP), QCISD(T)/MPW1K,
O+ H-CF;—~ OH+ CFy (R6) and IMOMO(QCISD(T):MPW1K) levels of theory for the G-

H—CH,CHz; — OH + CH3CH; reaction along with available experi-
O+ H_CH2C3H7 — OH + 03H7CH2 (R?) mental data.

O + H=CH(CHy)C,Hs — OH + C;H5(CH3)CH (R8) reaction systems. Thus, in the present study, we only use the
Eckart method to estimate the transmission coefficient.

C. Computational Details. In an earlier IMOMO study of

The above reactions have the same “model” system for high- thé H+ H—R — H, + R° reaction class by Truong and co-
level calculations, namely, the & H—CH; — OH + CHs workers?223 they showed that the hybrid DFT method
reaction is the “model” reaction of this class. Reactions R1, BH&HLYP/cc-pVDZ provides good predictions of geometries
R2, R4, and R7 involve hydrogen abstraction from primary Of the reactants, transition states, and products. Recently, Truhlar
carbons, while reactions R3, R5, and R8 involve hydrogen and co-workers developed a new hybrid DFT method MPW1K
abstraction from secondary carbons, and reactions R6 and RJor predicting geometries and energetic and kinetics data of
are tertiary hydrogen abstraction. Therefore, by calculating the reactions*-26 These hybrid DFT methods have proven their
energies of the hydrogen abstractions from primary, secondary,efficiency and accuracy in predicting geometries of similar
and tertiary carbons in the real systems listed above, we canspecies to the present study. Therefore, the two methods are
examine the effect of the IMOMO method of all these types of employed as low levels of theory in the IMOMO approach to
reactions. optimize the geometries of the species in all the reactions

B. Thermal Rate Constant. At present time, thermal rate presented in this Study. For Comparison purpose, we emp|0yed
constants can be accurately evaluated using some sophisticategifferent high-level methods and basis sets to test the IMOMO
methods such as the canonical variational transition state theoryapproach. When the BH&HLYP/cc-pVDZ method is used as a

(Cl\/T?-lz_ls Thﬁ quanl'ltum transmissiorlll coefficients f%g be |ow level of theory, the QCISD(T) and MP4 levels of theory
calculated by the small curvature tunneling (SCT) methgd. | . the cc-pVTZ basis set, and MP2 level of theory with the

For the present study, we only perform a cursory comparison c-pVQZ basis set are used as the high-level of theory, and

between the experimental rate constants and those CalCUIate(%enoted as high: BH&HLYP (here high indicates the QCISD-
using the transition state theory to show the validity of the 7. MP4. and MPZ levels. 1 tively. th bel
IMOMO theory in predicting reaction barriers. Within the (_)’_ & EVeIS, respectively, the same as elow).
transition state theory (TST) framewotkthe thermal rate Similarly, when the MPW1K/6-3G(d,p) method is used as
constant of a reaction can be expressed as a low level of theory, the QCISD(T) and MP4 levels of theory
with the 6-311+G(2df,p) basis set and MP2 level of theory
ks T (jF AVF with the 6-311#+G(3df,2pd) basis set are used as the high level
K(T) = k(T)o — -~z ex T T 2 of theory, and denoted as high: MPW1K. We adopt the
Q 6-31+G(d,p) basis set for the MPW1K calculation due to the

where«(T) is the transmission coefficient accounting for the fact that this method has been proven that it can provide good
quantum mechanical tunneling effectsjs the reaction sym- prediction of geometries of stable molecules and transition
metry numberQ* is the total partition functions of the transition ~ states’:22 To explain the IMOMO approach discussed in the
state,QR is the total partition functions (per unit volume) of earlier section with these MO calculation methods, we take an
the reactantsAV* is the classical barrier heighf is the example with the MP4/cc-pVTZ as the high-level of theory and
temperature, ankg and h are the Boltzmann and Plank BH&HLYP/cc-pVDZ as the low level of theory; the energy of
constants, respectively. the IMOMO calculation can be expressed as

The above reactions are hydrogen abstraction reactions with

apparent barrier height in which the tunneling effect is signifi- E(IMOMO) = IMOMO(MP4:BH&HLYP) =

cant for predicting rate constants. To obtain an accurate ]
estimation of tunneling effects, we need to use the more E(MP4/cc-pVTZ//BH&HLYP/cc-pvDZ;model}-

sophisticated SCT methd81°However, we hope to provide a [E(BH&HLYP/cc-pVDZ;real) —
practical method to easily estimate the rate constants of large E(BH&HLYP/cc-pvVDZ;model)]

O + H—C(CHy); — OH + (CH,),C (R9)
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Figure 2. Arrhenius plots of the calculated rate constants at the QCISD-
(T)/IBH&HLYP, IMOMO(QCISD(T):BH&HLYP), QCISD(T)/MPW1K,

and IMOMO(QCISD(T):MPW1K) levels of theory for the G-
H—CH,CH,CH3; — OH + CH3;CH,CH, reaction.
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Figure 3. Arrhenius plots of the calculated rate constants at the QCISD-
(TY/BH&HLYP, IMOMO(QCISD(T):BH&HLYP), QCISD(T)//MPW1K,

and IMOMO(QCISD(T):MPW1K) levels of theory for the ® H—CH-
(CHjz), — OH + (CHj3),CH reaction.

The rests may be deduced by analogy. All of the electronic
structure calculations are done using the Gaussian 98 Pré§ram.

Ill. Results and Discussion

Li et al.
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Figure 4. Arrhenius plots of the calculated rate constants at the QCISD-
(TY/IBH&HLYP, IMOMO(QCISD(T):BH&HLYP), QCISD(T)/MPW1K,

and IMOMO(QCISD(T):MPW1K) levels of theory for the G-
H—CH,F — OH + CH,F reaction.
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Figure 5. Arrhenius plots of the calculated rate constants at the QCISD-
(T)/IBH&HLYP, IMOMO(QCISD(T):BH&HLYP), QCISD(T)//IMPW1K,

and IMOMO(QCISD(T):MPW1K) levels of theory for the G-
H—CHF, — OH + CHF; reaction.

MAD of the MP2:BH&HLYP method is 1.26 kcal/mol for
reaction energies and 0.97 kcal/mol for barrier heights. Although
the MAD of reaction energies of the MP2:BH&HLYP method
is close to that of the QCISD(T):BH&HLYP and MP4:
BH&HLYP methods, its MAD of barrier heights seems too large
compared to the later two methods. It is interesting that the
MAD of barrier heights is smaller than that of reaction energies

Tables 1, 2, and 3 show the comparison of reaction energies,for all the IMOMO methods. This is caused by the fact that the
classical barrier heights, and absolute deviations between theabsolute deviationsAAE in the tables) of barrier heights are

high level results and the IMOMO results at the QCISD(T):
BH&HLYP, MP4:BH&HLYP, and MP2:BH&HLYP levels of

almost identical for the primary, secondary, and tertiary
hydrogen abstractions in contrast to the fact thatAléE of

theory, respectively. From these tables, we can see that thereaction energies has systematic error between different types

QCISD(T):BH&HLYP method predicts the best reaction ener-

of hydrogen abstractions. In particular, tA&\E of reaction

gies and barrier heights among the three methods with the mearenergies of secondary hydrogen abstractions is about 0.8 kcal/

absolute deviation (MAD) of 0.87 kcal/mol for reaction energies
and 0.14 kcal/mol for barrier heights. The MAD of the MP4:
BH&HLYP method is 1.07 kcal/mol for reaction energies and
0.28 kcal/mol for barrier heights. Thus, both the QCISD(T):
BH&HLYP and MP4:BH&HLYP methods can provide good

mol larger than that of primary hydrogen abstractions; similarly,
the AAE of reaction energies of tertiary hydrogen abstractions
is about 0.8 kcal/mol larger than that of secondary hydrogen
abstractions. Thus, eq 1 is a good estimation of barrier heights
for the O+ H—R reaction class. However, it might be more

approximations for reaction energies and barrier heights despiteaccurate in predicting reaction energies of thetOH—R

the fact that the MAD of barrier heights of the MP4:BH&HLYP
method is twice that of the QCISD(T):BH&HLYP method. The

reaction class if we put an additional constant (0.8 kcal/mol,
for example) into eq 1. The fact that the IMOMO method
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Figure 6. Arrhenius plots of the calculated rate constants at the QCISD- 1000/T

(T)/IBH&HLYP, IMOMO(QCISD(T):BH&HLYP), QCISD(T)/MPW1K,
and IMOMO(QCISD(T):MPW!1K) levels of theory for the ® H—CF;
— OH + CF; reaction.

Figure 8. Arrhenius plots of the calculated rate constants at the QCISD-
(T)/IBH&HLYP, IMOMO(QCISD(T):BH&HLYP), QCISD(T)//MPW1K,

and IMOMO(QCISD(T):MPW1K) levels of theory for the ® H—CH-
(CH3)CzH5 — OH + Csz (CH3)CH reaction.
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Figure 7. Arrhenius plots of the calculated rate constants at the QCISD- 1000/T

(T)//BH&HLYP, IMOMO(QCISD(T):BH&HLYP), QCISD(T)/MPW1K,
and IMOMO(QCISD(T):MPWI1K) levels of theory for the G-
H—CH,C3H; — OH + C3H,CH, reaction.

Figure 9. Arrhenius plots of the calculated rate constants at the QCISD-
(T)//BH&HLYP, IMOMO(QCISD(T):BH&HLYP), QCISD(T)//MPW1K,

and IMOMO(QCISD(T):MPW1K) levels of theory for the G-
H—C(CHs)s — OH + (CHjy)sC reaction.

provides better prediction for barrier heights than for reaction

energies is caused by the approximation of the IMOMO method. AAE of the IMOMO method in predicting reaction energy is
As discussed in the methodology section, the IMOMO method still in the acceptable range.

duplicates the correlation energy of the “model” system to the  Tables 4, 5, and 6 list the comparison of reaction energies,
“real” system. When we calculate relative energies for the “real” classical barrier heights, and absolute deviations between the
system using the IMOMO method, we assume that the contribu- high-level results and the IMOMO results at the QCISD(T):
tion of correlation energy in relative energy of the “model” MPW1K, MP4:MPW1K, and MP2:MPW1K levels of theory,
system is the same as that of the “real” system. For the presentrespectively. Obviously, the accuracy of the predicted reaction
reaction class, since the transition state of each reaction appearsnergies and barrier heights from these IMOMO methods are
early on the potential-energy surface, the structure of the in accordance with those from the corresponding IMOMO
transition state is close to the reactants. Thus, the difference ofmethods of QCISD(T):BH&HLYP, MP4:BH&HLYP, and MP2;
correlation energies between the transition state and reactant8H&HLYP since the high-level theory of the corresponding
of the “model” reaction is close to those of the “real” reactions, IMOMO methods (for example, QCISD(T):MPW1K and QCISD-
and thus the IMOMO method can provide a good prediction of (T):BH&HLYP) are identical despite the fact that the basis sets
barrier heights. However, the structures of the products are notfor the high-level energy refinement are different. The basis
so close to those of the reactants for each reaction in the reactiorset for the high-level energy refinement employed in the QCISD-
class. The difference of correlation energy between the reactantyT):BH&HLYP method is cc-pVTZ in contrast to the 6-313#G-

and products of the “model” reaction is somewhat different from (2df,p) basis set in the QCISD(T):MPW1K method. However,
those of the “real” reactions, and thus the IMOMO method gives it seems that the basis set does not significantly affect the
a largerAAE in predicting reaction energies. Fortunately, the predicted reaction energies. For instance, the MADs of predicted
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TABLE 1. QCISD(T)/cc-pVTZ and IMOMO (QCISD(T)/ TABLE 3: MP2/cc-pvVQZ and IMOMO (MP2/
cc-pVTZ:BH&HLYP/cc-pVDZ) Reaction Energies (AE), cc-pVQZ:BH&HLYP/cc-pVDZ) Reaction Energies (AE),
Classical Barrier Heights (AV¥), Absolute Deviations AAE), Classical Barrier Heights (AV*), Absolute Deviations AAE),
and Mean Absolute Deviations (MAD) in kcal/mol and Mean Absolute Deviations (MAD) in kcal/mol
AE AVF AE AVF

reactions  QCISD(F®) IMOMOP AAES QCISD(T) IMOMO AAE reactions MP2 IMOMOP AAE® MP2 IMOMO AAE
O+ H—CH,- 5.10 442 0.68 12.77 12.72 0.05 O+ H—CH,CH3 1.10 0.33 0.77 10.37 993 044

CHs O + H—CH,CH,CHs 1.79 094 0.85 10.49 10.09 0.40
O+ H—CHy- 5.58 504 0.54 12.76 12.88 0.12 O + H—CH(CH)2 -1.23 —-295 1.72 8.01 7.21 0.80

CHCHs O+ H—CHF 056 —0.26 0.82 1225 11.17 1.08
O+ H—CH- 2.58 1.15 143 10.08 10.00 0.08 O+ H-CHR, 1.00 —-0.13 1.13 1388 11.86 2.02

(CHy) O+H-CFs 584 523 061 17.62 16.33 1.29
O+H-CHF 423 383 040 1416 1396 020 .4 H-CH,CH, 164 086 078 1037 10.02 0.35
O+H-CHR, 447 396 051 1491 1465 026 o4 H-CH(CH)CHs —092 —-2.73 181 7.75 644 131
o] —EI:'—CHZ— 5.43 495 048 1259 1281 022  yaAD 126 0.97

3M7

O+ H-CH- 2.75 1.37 138 9.49 9.23 0.26 aMP2 denotes that the data are calculated at the MP2/cc-pvVQZz//

(CHy)CaHs BH&HLYP/cc-pVDZ level of theory.” IMOMO denotes that the data
O+C';'_|_C‘ 0.74 -153 227 7.91 7.91  0.00 are calculated at the MP2:BH&HLYP level of theory as described in
M A(D 93 0.87 014 the electronic structure calculation sectiébsolute deviatior= AAE

= |AE(MP2) — AE(IMOMO)|.

a2 QCISD(T) denotes that the data are calculated at the QCISD(T)/
cc-pVTZ/I BH&HLYP/cc-pVDZ level of theory” IMOMO denotes that TABLE 4: QCISD(T)/6-311+-+G(2df,p) and IMOMO
the data are calculated at the QCISD(T):BH&HLYP level of theory as (QCISD(T)/6-311++G(2df,p):MPWlK’/6-3l+G(d,p))

described in the electronic structure calculation sectigxbsolute Reaction Energies AE), Classical Barrier Heights (AV¥),
deviation= AAE = |AE (QCISD(T)) — AE(IMOMO)|. Absolute Deviations AAE), and Mean Absolute Deviations
(MAD) in kcal/mol
TABLE 2: MP4/cc-pVTZ and IMOMO (MP4/
cc-pVTZ:BH&HLYP/cc-pVDZ) Reaction Energies (AE), AE AV*
Classical Barrier Heights (AV*), Absolute Deviations AAE), reactions  QCISD(F) IMOMOP AAE® QCISD(T) IMOMO AAE
and Mean Absolute Deviations (MAD) in kcal/mol
O+ H—CHy- 4.44 3.79 065 1238 12.33 0.05
AE AV CHs

reactions MP& IMOMOP AAES MP4 IMOMO AAE OJ&HZ_CCH':Z‘ 4.73 402 071 1236 1253 016
O+ H—CHCHjs 4.75 401 074 1214 12.00 0.14 O+ H-CH- 1.86 045 141 9.51 9.51 0.00
O+ H-CH,CH,CH;  5.29 463 0.66 12.13 12.16 0.03 (CHa)2
O + H—CH(CHs)2 2.29 0.74 155 956 9.28 0.28 O+ H-CHzF 4.17 4.08 0.09 1440 14.49 0.09
O+ H—CH,F 3.98 3.42 056 13.61 1324 0.37 O+ H-CHR, 4.24 3.99 0.25 15.04 15.48 0.44
O+ H-CHR, 4.44 355 0.89 1453 1393 0.61 O+ H-CR 9.01 8.63 038 19.25 20.07 0.82
O+ H-CFs 9.47 891 056 1851 1840 0.11 O+ H-CHg- 4.88 419 069 1219 12.42 0.23
O + H—CH.CgH; 5.14 454 0.60 11.97 12.09 0.12 CsHy
O+H-CH (CH)CHs 250 096 154 901 851 0.50 OJ{C':'—)%HA 2.08 063 145 898 939 041

— — 3)\-215
EAXDH C(CH)s 0.54 1.94 126478 152 719 0%‘5’3 O+H- —-0.02 -2.17 215 7.04 7.45 041

' ’ C(CHs)s
2 MP4 denotes that the data are calculated at the MP4/cc-pVTZz// MAD 0.86 0.29

BH&HLYP/cc-pVDZ level of theory.>? IMOMO denotes that the_data' aOCISD(T) denotes that the data are calculated at the OCISD(T)/
e calecd at e NP EHAHLIP loeof oo s s n a1 o MWL 33 G(0p vl of Peont NOWO
- ’ denotes that the data are calculated at the QCISD(T):MPW1K level of
= |AE(MP4) — AE(IMOMO). theory as described in the electronic structure calculation section.
¢ Absolute deviationr= AAE = |AE(QCISD(T)) — AE(IMOMO)|.
reaction energies from the QCISD(T):BH&HLYP and QCISD-
(T):MPW1K methods are 0.87 and 0.86 kcal/mol, respectively;  From these figures, we can see that all the rate constants
the MAD of predicted reaction energies of the MP4:BH&HLYP calculated from the IMOMO energies are very close to those
and MP4:MPW1K methods are 1.07 and 1.06 kcal/mol, from the full high-level energies. The rate constants calculated
respectively. The predicted barrier heights, in contrast to the at the QCISD(T)/6-311+G(2df,p) level of theory are different
reaction energies, are relevant to the basis sets. The MADs offrom those calculated at the QCISD(T)/cc-pVTZ level of theory.
the predicted barrier heights at the QCISD(T):BH&HLYP, The difference of rate constants between the two levels mainly
QCISD(T):MPW1K, MP4:BH&HLYP, and MP4:MPW1K lev- comes from the difference of barrier heights that are originated
els of theory are 0.14, 0.29, 0.28, and 0.38 kcal/mol, respec-from the difference of the size of basis functions for the
tively. From the above discussion we can see that all the correlation energy calculation in the IMOMO method.
IMOMO methods employed in this study can provide a good We also compared the calculated rate constants with the
estimation of reaction energies and barrier heights; moreover,available experimental data or those derived either from fitting
the QCISD(T):BH&HLYP method provides the best estimation to a complex reaction mechanism or other experimental data in
among all the IMOMO methods. Figures 1-9. From these figures, we can see that the theoretical
To show the validity of the IMOMO method for the present predictions are in good agreement with the experimental results
reaction class, we calculated the thermal rate constants of theat high temperatures. At low temperatures, the calculated rate
reactions listed above using the IMOMO energies and comparedconstants are still close to the experimental data despite the fact
the calculated rate constants with available experimental that the calculated rate constants are generally smaller than the
data3®-38 The Arrhenius plots of the rate constants for reactions experimental data. This may be caused by the underestimation
R1—-R9 are shown in Figures-19, respectively. of the tunneling effects of the Eckart method and can be
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TABLE 5. MP4/6-311++G(2df,p) and IMOMO (MP4/
6-311++G(2df,p):MPW1K/ 6-31+G$d,p)) Reaction Energies
(AE), Classical Barrier Heights (AV*), Absolute Deviations
(AAE), and Mean Absolute Deviations (MAD) in kcal/mol

AE AVF

reactions MP& IMOMOP AAE® MP4 IMOMO AAE
O + H—CHxCHs 4.14 343 071 1217 11.83 0.34
O + H—CHCH,CH3 4.47 3.66 0.82 12.14 12.03 0.11
O + H—CH(CHg)2 1.61 0.09 152 964 9.01 0.63
O+ H-CH.F 3.98 3.72 0.26 1440 1399 041
O+ H-CHR, 4.26 3.63 0.63 15.34 1498 0.36
O+ H-CR 9.10 8.27 0.83 18.94 19.57 0.63
O + H—CH2C3H7 4.64 3.83 0.81 1199 1192 0.07
O+ H—-CH (CH;)C;Hs 1.88 0.26 162 913 889 0.24
O + H-C(CHy)s —-0.17 —-253 236 755 6.95 0.60
MAD 1.06 0.38

aMP4 denotes that the data are calculated at the MP4/6-311
G(2df,p)//IMPW1K/ 6-33-G(d,p) level of theory? IMOMO denotes
that the data are calculated at the MP4: MPW1K level of theory as
described in the electronic structure calculation sectigbsolute
deviation= AAE = |AE(MP4) — AE(IMOMO)|.

TABLE 6: MP2/6-311++G(3df,2pd) and IMOMO (MP2/
6-311++G(3df,2pd):MPW1K/6-31+G(d,p)) Reaction
Energies (AE), Classical Barrier Heights (AV¥), Absolute
Deviations (AAE), and Mean Absolute Deviations (MAD) in
kcal/mol

AE AVF

reactions MP2 IMOMOP AAE® MP2 IMOMO AAE
O + H—CHCHjs 0.65 —-0.34 099 1064 9.86 0.79
O + H—CH,CH,CHjz 1.02 -0.11 113 1065 10.05 0.59
O + H—CH(CHg), —-159 —-3.67 208 848 7.04 1.44
O+ H—CH.F 0.29 -0.05 0.33 13.06 12.02 1.05
O+ H-CHR, 0.71 -0.14 0.85 1426 13.01 1.25
O+ H-CR 5.49 451 099 17.58 17.60 0.02
O + H—CH,C3H, 1.14 0.07 1.07 1053 9.95 0.58
O+ H-CH (CH3)C,Hs —1.29 —-350 221 8.03 6.92 112
O + H—C(CHy)s —-3.04 —-6.29 325 6.84 498 1.86
MAD 1.43 0.97

aMP2 denotes that the data are calculated at the MP2/6-303-
(3df,2pd)//IMPW1K/ 6-3%G(d,p) level of theory® IMOMO denotes
that the data are calculated at the MP2:MPW1K level of theory as
described in the electronic structure calculation sectidbsolute
deviation= AAE = |AE(MP2) — AE(IMOMO)|.

TABLE 7: High/6-311++G(2df,p) and IMOMO (High/
6-311++G(2df,p):MPW1K/6-31+G(d,p)) CPU Hours, Where
High Is the QCISD(T) or MP4 Method

CPU time
IMOMO IMOMO
(QCISD(T): (MP4:
reactions QCISD(T) MPWI1K) MP4  MPW1K)
O + H—CH,CH;3 4.06 3.74 1.46 2.23
O + H—CH,C,Hs 32.58 5.53 15.71 4.02
O + H—CH,C3H, 115.72 11.10 49.44 9.59

improved by choosing the SCT tunneling method. Thus, the
IMOMO method is a good approximation in predicting the
barrier heights in the calculation of rate constants for the O
H—R — OH + R reaction class.

To show the efficiency of the IMOMO approach, we listed
the CPU time required for the IMOMO calculation and the high-
level energy refinements in Table 7. In this table, the CPU time
of the IMOMO calculation includes the optimization time of
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Table 7, we can see that the CPU time of the high-level energy
refinement of real reaction systems increases dramatically with
the size of molecules. For thelds molecule, the CPU time of
the high-level calculations are close to those of the IMOMO
calculations. However, the CPU time of the QCISD(T)/cc-pVTZ
and MP4/cc-pVTZ energy refinement is larger than that of the
IMOMO calculation by factors of 10 and 5, respectively, for
the GH1o molecule. As the size of the molecules increases, this
factor will rise more quickly. In contrast, the CPU time of
IMOMO calculations rises much more slowly.

IV. Summary

We presented in this work an IMOMO study on the4©
H—R — OH + R reaction class. The mean absolute deviations
of the predicted barrier heights of the IMOMO (QCISD(T):
BH&HLYP), IMOMO (MP4:BH&HLYP), IMOMO (QCISD-
(T):MPW1K), and IMOMO (MP4:MPW1K) methods are 0.14,
0.28, 0.29, and 0.38 kcal/mol, respectively, compared with the
exact corresponding high-level energy refinement. The MADs
of the predicted reaction energies of the same IMOMO methods
are 0.87, 1.07, 0.86, and 1.06 kcal/mol, respectively. The
predicated rate constants from the IMOMO energies are in good
agreement with those from the full high-level energies and with
the available experimental data. In particular, the IMOMO
approach requires many little computational demands compared
to the exact high-level energy refinement. These results imply
that the IMOMO approach, especially for large molecular
systems, is an efficient and practical tool in predicting energies
of the O+ H—R — OH + R" reaction class.
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