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with a variety of electron acceptors.17 

Reduction of Pt2(M-P205H2)4X2
4" in aqueous solution results 

in complete conversion to Pt2(M-PiOsH2),)
4" as evidenced by 

spectroelectrochemical measurements. Reduction of Pt2(M-
P2O5Hi)4

4" itself in a solution containing magnesium ion and 
buffering to pH 6 shows, by differential pulse polarography, a 
peak at -0.43 V.18 This observed potential supports the suggestion 
that Pt2(M-P2O5H2)A can be reduced in aqueous solution by added 
chromous ion.4 Nevertheless, the value of the potential is con-

(17) Nocera, D. G.; Maverick, A. W.; Winkler, J. R.; Che, C-M.; Gray, 
H. B. ACS Symp. Ser., 1983, 211, 21-33. 

(18) At more negative potentials we observe a large peak due to the re
duction to hydrogen. 

I. Introduction 
Ab initio electronic structure calculations are improving steadily 

in accuracy and usefulness.1 Nevertheless, in many cases, implicit 
and explicit extrapolation and correction schemes are needed and 
are used to obtain useful accuracy with lower levels of theory than 
would be required with unextrapolated results. An example of 
an implicit extrapolation scheme is the widely used assumption 
that errors are constant across a potential energy surface. This 
is equivalent to assuming that the extrapolated value Ee of the 
accurate (exact) total energy is given in terms of the calculated 
value E1. by 

Et = Ec + C (1) 

where C is a constant for a given reaction, i.e., C is independent 
of geometry and/or bond rearrangement. This assumption has 
proved particularly accurate when applied only to reactants and 
products of isodesmic or isogyric reactions,2 but it is often applied, 
for lack of a better assumption, to more general reactions and to 
transition states. Notice of course that C need never be specified 
if only energy differences are considered. Another form of ex
trapolation, applicable only for perturbation theory, is the use of 
Pade extrapolants3 to estimate the infinite-order correlation limit 
for a given one-electron basis set. The closest analogue for 
configuration-interaction-based methods is the use of threshold 
selection and increasingly large reference spaces to estimate the 
complete configuration interaction limit for a given one-electron 
basis.4 Unfortunately the effects of incompleteness of the one-
electron basis set are often larger than the neglect of higher order 
correlation effects. The method of scaled external correlation 
(SEC)5 attempts to extrapolate to the full-CI limit and the com
plete one-electron-basis-set limit in a single step. The SEC method 
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siderably less negative than the suggested potential of -1.4 V 
deduced from the oxidative quenching of Pt2(M-P205H2)4

4~* by 
amines.6 The reduction of Pt2(M-P2O5H2J4

4" in aqueous solution 
remains therefore an unresolved problem, and the reason for 
discrepancy between these values of the potential is unclear. We 
must, nevertheless, emphasize that the observed reduction potential 
is not a thermodynamic potential since Mg2+ ion is intimately 
involved with the complex being reduced. 
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is based on combining the results of two ab initio calculations: 
a multi-configuration self-consistent-field (MCSCF)6 calculation 
that accounts for specific geometry-dependent correlation effects 
and a multi-reference configuration interaction (MR-CI)7 cal
culation that accounts for an appreciable fraction of the external 
(or dynamical) correlation. Then the accurate energy is ap
proximated by5 

^MRCI ~ ^MCSCF 
CSEC - -^MCSCF + ~ \Z> 

where 7 is assumed constant, i.e., independent of geometry and/or 
bond rearrangement for a given system. When the one-electron 
basis set is very extensive, the MCSCF calculation is a full-valence 
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complete-active-space one,8 and the MR-CI calculation includes 
all interacting9 single and double excitations out of the occupied 
or partially occupied orbitals of the MCSCF reference space, the 
SEC method has been found to yield useful improvements over 
the original MR-CI calculations even for processes involving bond 
breaking and for transition states.5 

An important element in the physical basis for the SEC method 
is that the MCSCF calculation must be large enough to include 
all or most of the near-degeneracy and other "nondynamical"10 

effects that are sensitive to the optimization of the reference space. 
The effects included in the MCSCF wave function are called 
internal correlation, and the additional correlation included in the 
MR-CI calculation is called external. Provided that the external 
correlation does not include any nondynamical effects and provided 
that the one-electron basis set is large enough for the calculation 
to include an appreciable fraction (say 50% or more) of the 
external valence correlation, it is quite reasonable that this fraction 
depends more on the size of the system than on its specific ge
ometry or bond arrangement. But the very features of the SEC 
method that promotes its success, namely a large one-electron basis 
set (in order that F > 0.5 and preferably as large as possible) and 
a large reference space out of which all single and double exci
tations are considered (in order to separately estimate internal 
and external correlation), mitigate against its widespread appli
cability by making the MR-CI step computationally expensive. 
Thus we seek a simpler (although probably less reliable) ex
trapolation method for the case where full SEC calculations are 
prohibitive. The refinement we propose and test here is scaling 
all correlation, estimated by many-body perturbation theory1' with 
respect to the best single-determinant wave function and as 
calculated with various popular basis sets. Thus, using nth order 
Moller-Plesset (MPH) 1 2 perturbation theory based on a restricted 
or unrestricted Hartree-Fock (RHF or UHF)13 single-configu
ration reference state, as appropriate (for the cases considered 
in this paper, this means RHF for singlets and UHF for doublets), 
we write 

The new abbreviation ( M P - S A C H ) denotes scaling all the cor
relation energy as estimated by Moller-Plesset theory of order 
n. The orders specifically considered here are n = 2 and 4, yielding 
extrapolation methods to be called MP-SAC2 and MP-SAC4. 
In both SEC and MP-SAC calculations we correlate only the 
valence electrons. Core correlation is assumed to cancel for 
chemical processes in the sense of eq 1. 

The use of M P H ingredients in the M P - S A C H methods is 
motivated in part by the wide availability of efficiently coded 
programs, e.g., GAUSSIAN82,14 for the evaluation of both energies 
and energy gradients by these methods. Efficient gradient pro
grams are particularly well suited to finding transition states15 

(8) Ruedenberg, K.; Sundberg, K. R. In Quantum Science; Calais, J.-L., 
Goscinski, O., Linderberg, J., Ohm, Y., Eds.; Plenum: New York, 1975, p 
505. Roos, B. 0.; Taylor, P. R.; Seigbahn, P. E. M. Chem. Phys. 1980, 48, 
157. Roos, B. O. Int. J. Quantum Chem. Symp. 1980,14, 175. Ruedenberg, 
K.; Schmidt, M. W.; Gilbert, M. M.; Elbert, S. T. Chem. Phys. 1982, 71, 41. 

(9) Bunge, A. J. Chem. Phys. 1970, 53, 20. McLean, A. D.; Liu, B. J. 
Chem. Phys. 1973, 58 1066. 

(10) Sinanoglu, O. Adv. Chem. Phys. 1964, 6, 315. McKoy, V.; Sinanoglu, 
O. J. Chem. Phys. 1964, 41, 2684. Silverstone, H. J.; Sinanoglu, O. J. Chem. 
Phys. 1966, 44, 1899. 

(11) Bartlett, R. J. Amu. Rev. Phys. Chem. 1981, 32, 359. 
(12) Moller, C ; Plesset, M. S. Phys. Rev. 1934, 46, 618. Binkley, J. S.; 

Pople, J. A. Int. J. Quantum. Chem. 1975, 9, 229. Pople, J. A.; Binkley, J. 
S.; Seeger, R. Int. J. Quantum Chem. Symp. 1976,10, 1. Krishnan, R.; Pople, 
J. a. Int. J. Quantum Chem. 1978, 14, 91. DeFrees, D. J..; Levi, B. A.; 
Pollack, S. K.; Hehre, W. J.; Binkley, J. S.; Pople, J. A. / . Am. Chem. Soc. 
1979, 101, 4085. Krishnan, R.; Frisch, M. J.; Pople, J. A. J. Chem. Phys. 
1980, 72, 4244. DeFrees, D. J.; Ragavachari, K.; Schlegel, H. B.; Pople, J. 
A. J. Am. Chem. Soc. 1982, 104, 5576. Pople, J. A.; Frisch, M. J.; Luke, B. 
T.; Binkley, J. S. Int. J. Quantum Chem. 1978, 14, 91. 

(13) Roothaan, C. C. F. Rev. Mod. Phys. 1951, 23, 69. Pople, J. A.; 
Nesbet, R. K. J. Chem. Phys. 1954, 22, 571. 

(14) Binkley, J. s.; Frisch, M.; Raghavachari, K.; DeFrees, D.; Schlegel, 
H. B.; Whiteside, R.; Fluder, E.; Seeger, R.; Pople, J. A. GAUSSIAN82, Car
negie-Mellon University, 1983, unpublished. 

Table I. Experimental Energies (kcal/mol) for 
Reactions AH„ — AH^ 1 + H 

A 

H 
C 
N 
O 
F 

n 

1 
4 
3 
2 
1 

A#0° 
103.2 
103.8 
107.1 
118.0 
135.2 

Oe(expt) 

109.2 
112.7 
116.3 
125.7 
140.7 

and calculating reaction-path potentials.16 Two other advantages 
of using many-body perturbation theory are that it scales properly 
with molecular size and, since we always use a single determinant 
reference state, there is no question about how to choose the 
reference state when new systems are considered. The unfortunate 
trade-off is that, as compared to an MCSCF reference state, use 
of the UHF reference state is often quantitatively deficient, and 
it forces us to scale internal as well as external correlation effects. 
The present article examines the resulting question: it is never
theless sometimes useful to scale all the correlation energy? 

Although this introduction cannot review all previous extrap
olation methods, we also mention the work of Meyer, Davidson, 
and Melius and their co-workers.17"19 

Section Ha presents a table of accurate classical bond disso
ciation energies calculated from data in the literature to serve as 
a basis for estimating scale factors, and section HB presents 
estimates of classical barrier heights for two reactions to serve 
as tests of the theory for reaction barriers. Section HI presents 
the methods used for the electronic structure calculations, and 
sections IV and V present the results. Section VI presents our 
conclusions about the constancy of 5?„ for various classes of bond 
energies and suggests "standard" values for various classes of 
processes and basis sets. It also discusses illustrative applications 
of the MP-SAC2 and MP-SAC4 methods for the problem of 
calculating barrier heights for atom-transfer reactions. Section 
VII summarizes the main findings. 

II. Reference data 

A. Bond-Dissociation Energies. The approach used to allow 
direct comparisons between experiment and theory is similar to 
that described by Pople, Luke, Frisch, and Binkley,20 except that 
we prefer to compare theory and experiment by converting ex
perimental heats of reaction and heats of formation to electronic 
energy differences (including nuclear repulsions), rather than 
converting theoretical electronic energy differences to enthalpy 
changes. Given an experimental heat of formation of AHn at 298 
K (A.r7f°298), the corresponding value at 0 K (AH°0) may be 
obtained from 

A//f°0(AH„) = 
Atff°298(AH„) - [/T298(AH11) - H°0(AHn)] + (l/m) X 

[#°298(Am) - IP0(AJ] + (H /2 ) [ /P 2 9 8 (H 2 ) - //0O(H2)] (4) 

where An, refers to the standard state of the element A (in this 
work, A = H, C, N, O, or F). The A//f°298 values were taken 
from the CODATA recommended values for the elements and 

(15) Mailer, K. Angew. Chem. Int. Ed. Engl. 1980, 19, 1. Morokuma, K.; 
Kato, S. In Potential Energy Surfaces and Dynamics Calculations; Truhlar, 
D. G., Ed.; Plenum; New York, 1981; p 243. Schlegel, H. B. J. Comput. 
Chem. 1982, 3, 214. 

(16) Gray, S. K.; Miller, W. H.; Yamaguchi, Y.; Schaefer, H. F., Ill / . 
Chem. Phys. 1980, 73, 2733. Truhlar, D. G.; Brown, F. B.; Steckler, R.; 
Isaacson, A. D. In Theory of Chemical Reaction Dynamics; Reidel: Dor
drecht, Holland, in press. 

(17) Mehler, E. L.; Meyer, W. Chem. Phys. Lett. 1976, 38, 144. Bot-
schwina, P.; Meyer, W. Chem. Phys. Lett. 1977, 20, 43. 

(18) Langhoff, S. R.; Davidson, E. R. Int. J. Quantum Chem. 1974, 8, 61; 
J. Chem. Phys. 1976, 64, 4699. Davidson, E. R. In The World of Quantum 
Chemistry; Daudel, R., Pullman, B„ Eds.; Reidel: Dordrecht, 1979, p 17. 

(19) Melius, C. F.; Binkley, J. S. Am. Chem. Soc. Symp. Ser. 1984, 249, 
103. Melius, C. F.; Binkley, J. S.; Koszykowski, M. L. Abstracts of the 
Combustion Research Contractors'' Meeting, Sandia National Laboratories, 
Livermore, CA, May 22-24, 1984; p 29. Melius, C. F.; Binkley, J. S. 
Twentieth International Symposium on Combustion, The Combustion In
stitute, Pittsburgh, 1985; p 575. 
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from the JANAF Thermochemical Tables, as tabulated in ref 20, 
for compounds, and the bracketed finite-temperature corrections 
for Am, AHn, and H2 are obtained from ab initio frequencies20 

and thermochemical data21 described in ref 20. 
To obtain the values of 7 2 and S74, we will be particularly 

interested in the reactions 

103.2., 

AH„(g) - AH„_,(g) + H(g) (5) 

where AHn is a closed-shell gaseous saturated hydride. Thus, the 
next step is to convert AHf0Q values obtained from (4) to AH" 0 

values for reaction 5. Finally (again following Pople and co
workers20 but in the opposite direction) these enthalpy changes 
are converted to electronic energy differences AE by using the 
zero-point vibrational energies from SCF/6-31G(d)22 calculations, 
scaled by a factor of 0.89. The resulting AIP0 and AE values 
for reaction 5 are summarized in Table I. The latter values will 
hereafter be referred to as the experimental equilibrium disso
ciation energies, Z)e(exptl). (For consistency we use this procedure 
even for H2, for which it yields AE = 109.2 kcal mol, even though 
in the case of H2 a more accurate value, 109.5 kcal mol, is available 
from other sources.23) 

B. Classical Barrier Heights. We also wish to test our method 
for the prediction of chemical reaction barrier heights. We denote 
the electronic energy differences (including nuclear repulsion) 
between the saddle point and the reactants as the classical barrier 
height, V*. Experimental values of V are estimated for two 
reactions of current interest 

CH3 + H2 ; = : CH4 + H 

OH + CH4 ^ H2O + CH3 

(6) 

(7) 

as follows. For reaction 6 a semiempirical potential energy surface 
was adjusted by Steckler and one of the authors24 so that the 
transition-state zero-point energy is within 0.1 kcal/mol of the 
ab initio polarization configuration interaction (PoICI) value of 
Schatz et al.,25 scaled by 0.98, so that rate constants calculated 
from it by variational transition-state theory with semiclassical 
transmission coefficients26 agree with the experimental rate 
constants recommended by Shaw27 at 667 K, and so that reactant 
and product vibrational frequencies and equilibrium constants 
calculated from it agree with experimental values and thermo
chemical tabulations.28 This yields a forward classical barrier 
height V*6; s 8 kcal mol, a backward one of V*6T a 11 kcal mol, 
and a reaction energy, AE, of about 3.5 kcal/mol. 

For reaction 7 we do not have reliable dynamical calculations 
for a global potential energy surface to aid in estimating V* so 
we use cruder estimates. We will consider two different estimates, 
one of which probably overestimates V* and one of which probably 
underestimates it. 

The phenomenological activation energy, E1, for reaction 7f 
is 6 kcal/mol lower than that for reaction 6r.26 If we assume V* 
exceeds E1 by the same amount for these two similar radical-
molecule reactions, then V*lf s V*ir - 6 kcal/mol = 5 kcal/mol. 
Table I then yields V1, = V*lt + 13 kcal/mol s 18 kcal/mol. 
This procedure probably overestimates V* because tunneling is 

(20) Pople, J. A.; Luke, B. T.; Frisch, M. J.; Binkley, J. S. J. Phys. Chem. 
1985, 89, 2198. 

(21) Task Group of the Committee on Data for Science and Technology 
of the International Council of Scientific Unions: J. Chem. Thermodyn. 1978, 
10, 903. 

(22) Hariharan, P. C; Pople, J. A. Theor. Chim. Acta 1973, 28, 213. 
(23) Kolos, W.; Wolniewicz, L. J. Chem. Phys. 1965, 43, 2429. 
(24) Steckler, R.; Truhlar, D. G., unpublished calculations. 
(25) Schatz, G. C; Walch, S. P.; Wagner, A. F. / . Chem. Phys. 1980, 73, 

4536. 
(26) Truhlar, D. G.; Isaacson, A. D.; Garrett, B. C. In Theory of Chemical 

Reaction Dynamics; Baer, M., Ed.; CRC Press: Boca Raton, FL, 1985, Vol. 
4, p 65. 

(27) Shaw, R. J. Phys. Chem. Ref. Data 1978, 7, 1179. 
(28) JANAF Thermochemical Tables, 2nd ed.; Stull, D. R., Prophet, H., 

Eds.; National Bureau of Standards: Washington, D.C., 1971. 
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Figure 1. Transition-state geometries with bond lengths in A and bond 
angles in deg. The level used to optimize each transition-state geometry 
is indicated below the structure. The CH5 structures have C3„ symmetry, 
and the CH4OH structures have C1 symmetry. 

more important for higher barrier reactions and hence V* - £ a 

is probably greater for reaction 6r than for reaction 7f. 
Another way to estimate the barrier height for reaction 7f is 

to completely ignore tunneling and entropic effects, as well as the 
dislocation of the dynamical bottleneck from the saddle point. 
Under these assumptions we may equate the observed activation 
energy to the zero-point-corected saddle-point height. Then, 
estimating the zero-point energies of the reactants and transition 
state from the SCF/6-31G(d) frequencies adjusted by a factor 
of 0.89, we obtain an estimate of the classical barrier height as 
£ a minus the zero-point difference of the transition state from 
reactants. Recent experiments29'30 yield £a7 f = 3 .3 -4 kcal mol"1 

at T ^ 300 K, and this implies V*7! £ 2 kcal rnor1, and hence 
V*7b s 15 kcal mol"1. This is probably an underestimate because 
of the neglect of tunneling effects, which tend to lower £ a for a 
given V*. 

Combining the two estimates we obtain K*7f s 3.5 ± 2 kcal 
mol-1 and V1, a 16.5 ± 2 kcal mol-1. 

III. Computational Methods 

Several popular basis sets were used in this study. For the evaluation 
of thermodynamic energy differences, the 6-31G(d)22 structures for the 
AHn and AHn., compounds [obtained at the SCF level using RHF or 
UHF wave functions as appropriate] were taken from ref 20. MP2 and 
MP4 energies at these geometries were calculated or obtained from the 
literature for several basis sets. For the 6-31 lG(d,p),3' 6-311+G(d,p),32 

and 6-31 lG(2d,p)32 basis sets, the MP4 energies were taken from ref 20. 
The SCF and MP2 energies for these basis sets and all energies for the 
6-31G(d),22 6-31G(d,p),22 6-31+G(d,p),32 and 6-31G(2d,p)32 basis sets 
were computed in this laboratory. 

For the barrier height calculations, we used the same six basis sets and 
again used SCF/6-31G(d) geometries. The transition-state geometries 
are shown in Figure 1. In addition, since the determination of transi
tion-state geometries and the evaluation of the associated reaction paths 

(29) Baulch, D. L.; Cox, R. A.; Crutzen, P. J.; Hampson, R. F., Jr.; Kerr, 
J. A.; Troe, J.; Watson, R. T. J. Phys. Chem. Ref. Data 1982, / / , 327. Jeong, 
K.-M.; Kaufman, F. J. Phys. Chem. 1982, 86, 1808. 

(30) Cohen, N.; Westberg, K. R. J. Phys. Chem. Ref. Data 1983, 12, 531. 
(31) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem. Phys. 

1980, 72, 650. 
(32) Frisch, M. J.; Pople, J. A.; Binkley, J. S. J. Chem. Phys. 1984, 80, 

3265. 
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Table IL Total Energies (hartrees)" for AHn Compounds 

31(d) 
SCF 
MP2 
MP4 
31G(d,p) 
SCF 
MP2 
MP4 

•31+G(d,p) 
SCF 
MP2 
MP4 

•31G(2d,p) 
SCF 
MP2 
MP4 

•311G(d,p) 
SCF 
MP2 
MP44 

•311+G(d,p) 
SCF 
MP2 
MP4* 

•311G(2d,p) 
SCF 
MP2 
MP4» 

H2 

-1.12683 
-1.14410 
-1.15082 

-1.13133 
-1.15765 
-1.164 54 

-1.13133 
-1.15765 
-1.16454 

-1.13133 
-1.157 65 
-1.164 54 

-1.13247 
-1.16022 
-1.16763 

-1.13247 
-1.16022 
-1.167 63 

-1.13247 
-1.16022 
-1.167 63 

CH4 

-40.195 17 
-40.33244 
-40.354 55 

-40.201 70 
-40.36462 
-40.388 61 

-40.202 13 
-40.365 94 
-40.39003 

-40.203 34 
-40.374 31 
-40.399 27 

-40.208 95 
-40.379 23 
-40.40481 

-40.209 09 
-40.37941 
-40.405 11 

-40.21024 
-40.387 65 
-40.413 88 

" 1 hartree = 627.51 kcal/mol. 'Energies taken from ref 20 of text. 

and energetics is rather more time consuming than is the calculation of 
thermodynamic energy differences, it is of interest to determine whether 
SAC extrapolations using smaller basis sets might yield consistently 
reliable results. For this purpose, the smaller 3-2IG33 basis was also 
considered. For the 3-2IG calculations, the geometries used were those 
obtained with the SCF/3-21G wave functions. Again the saddle-point 
geometries are shown in Figure 1. 

The CH5 structure was also optimized at the MP2/6-31 lG(d,p) level, 
and this geometry is also shown in Figure 1. The CH5 transition states 
were optimized in C31, symmetry, and the CH4OH ones were optimized 
in C1 symmetry. In all cases, however, the Hessian matrix was calculated 
and diagonalized and yielded only one negative eigenvalue, indicating a 
true saddle point was found. 

For reaction 6 we also performed calculations with one very large basis 
set. In particular, MP2 and MP4 calculations were carried out at the 
SCF/6-31G(d) geometries with the 6-311++G(3df,2pd)32 basis set. 

Finally, because the use of the basis sets discussed so far can be rather 
expensive for larger compounds, parallel calculations have been carried 
out with the more economical 3-2IG basis set. (We do not recommend 
using even smaller basis sets, e.g., STO-3G34 or STO-2G,34 with the 
MP-SACn method; such basis sets are too small to yield even a quali
tatively correct estimate of correlation energy trends. Even the 3-2IG 
basis set does not always predict qualitatively correct correlation trends, 
and in fact the use of any basis set that does not include polarization 
functions for estimates of the correlation energy cannot be recommended 
as a general procedure.) 

Since the SAC method is designed to scale the correlation energy in 
cases where the UHF wave function provides at least a reasonable 
first-order description, it would not be expected to be successful at re
moving spin contamination due to the fact that UHF wave functions are 
not spin eigenfunctions. We therefore monitored the expectation of S2 

in all UHF and MP2 wave functions. For doublets, it was always in the 
range 0.75-0.78, where 0.75 is the correct value. Thus spin contamina
tion is not severe. 

IV. Results for Bond Energies 
The total energies for the 6-31G(d) and larger basis sets are 

summarized in Tables II and HI for the AHn and AHn-, species, 
respectively. (The MP4 values for the three largest basis sets are 
reproduced from ref 20 for comparison.) The resulting ab initio 
bond energies corresponding to reaction 5 are listed in Table IV. 

(33) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 
102, 939. 

(34) Hehre, W. J.; Stewart, R. F.; Pople, J. A. /. Chem. Phys. 1969, 51, 
2657. 
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NH3 H2O HF 

-56.184 36 
-56.35371 
-56.370 50 

-56.195 53 
-56.38295 
-56.401 03 

-56.200 74 
-56.39173 
-56.409 70 

-56.198 73 
-56.399 64 
-56.418 72 

-56.210 39 
-56.408 46 
-56.427 54 

-56.214 59 
-56.415 00 
-56.433 89 

-56.21155 
-56.42019 
-56.439 70 

-76.01075 
-76.195 96 
-76.206 32 

-76.023 57 
-79.219 36 
-76.23081 

-76.031 13 
-76.23260 
-76.24410 

-76.028 28 
-76.247 89 
-76.26079 

-76.046 92 
-76.263 58 
-76.275 90 

-76.053 22 
-76.274 37 
-76.28662 

-76.04813 
-76.27919 
-76.29192 

-100.002 91 
-100.18158 
-100.187 80 

-100.01155 
-100.19451 
-100.201 31 

-100.024 21 
-100.21553 
-100.222 71 

-100.01471 
-100.23176 
-100.240 22 

-100.04662 
-100.267 21 
-100.27421 

-100.053 03 
-100.278 76 
-100.28608 

-100.047 48 
-100.288 07 
-100.295 68 

These bond energies are used to calculate an 7„ fof each bond 
type and each basis set. This is accomplished with the expression 

= Z)6(MPK) - Z)6(SCF) 

" D.(expt) - Z)6(SCF) ( } 

where the bond energy Z)6 refers to the energy difference for 
reaction 5 as obtained from experiment (expt), SCF wave func
tions, or the appropriate level of perturbation theory (UMPn). 
The values obtained in this way are presented in Table V. 

Since one will frequently be interested in reactions in which 
different kinds of A-H bonds are being broken or formed, e.g., 
reaction 6 or 7, it may be of interest to have a single "standard" 
value of 7„ for each basis set. This may be done separately for 
each row of the periodic table or globally for all atoms A. The 
most straightforward approach for obtaining such standard S7„ 
values is to take a simple average of the 7„ for the atoms of 
interest. These standard values so obtained, with and without the 
inclusion of H-H bonds, are also listed in Table V. The two kinds 
of average are denoted Al and A2, respectively. 

For the 6-311++G(3df,2pd) basis set, the ^ 2 values for H-H 
and C-H are 0.78 and 0.92, respectively, while the corresponding 
5?4 values are 0.95 and 0.96. The 7 2 and 7 4 values for the 3-21G 
basis set are given in Table VI. 

V. Results for Barrier Heights 
To test the ability of the SAC method to predict reaction 

energetics, the method was applied to reactions 6 and 7. The 
6-31G(d) transition-state structures for these reactions are dis
played in Figure 1, and the energetics are summarized in Tables 
VII, VIII, and IX. 

VI. Discussion 
A. Constancy of 7„ Values. As expected, the addition of 

correlation corrections, here in the form of perturbation theory, 
results in a dramatic improvement in the predicted bond-disso
ciation energies, as seen by comparing the unextrapolated cal
culated results in Table IV to the experimental values in Table 
I. The variation in improving the order from MP2 to MP4 is 
generally much smaller than that for improving from SCF to MP2. 

The first and most crucial question to be answered by the 
present research is the following: do perturbation theory calcu
lations based on a single-configuration SCF reference state recover 
an approximately constant (independent of bond type for a given 
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Table III. Total Energies (hartrees) for AH^1 Compounds 

31G(d) 
SCF 
MP2 
MP4 
31G(d,p) 
SCF 
MP2 
MP4 

•31+G(d,p) 
SCF 
MP2 
MP4 

•31G(2d,p) 
SCF 
MP2 
MP4 

•311G(d,p) 
SCF 
MP2 
MP4" 

•311+G(d,p) 
SCF 
MP2 
MP4" 

•311G(2d,p) 
SCF 
MP2 
MP4" 

H 

-0.498 23 
-0.498 23 
-0.498 23 

-0.498 23 
-0.498 23 
-0.498 23 

-0.498 23 
-0.498 23 
-0.498 23 

-0.498 23 
-0.498 23 
-0.498 23 

-0.499 81 
-0.499 81 
-0.499 81 

-0.499 81 
-0.499 81 
-0.499 81 

-0.49981 
-0.499 81 
-0.49981 

CH3 

-39.558 99 
-39.668 67 
-39.68918 

-39.56446 
-39.69270 
-39.71472 

-39.566 70 
-39.696 32 
-39.71842 

-39.56616 
-39.701 16 
-39.72438 

-39.572 91 
-39.70715 
-39.73060 

-39.573 64 
-39.708 43 
-39.73187 

-39.57416 
-39.714 56 
-39.738 56 

" Energies taken from ref. 20 of text. 

Table IV. Theoretical Equilibrium Dissociation Energies (kcal/mol) for 

H C 
•31G(d) 
SCF 
MP2 
MP4 

•31G(d,p) 
SCF 
MP2 
MP4 
31+G(d,p) 
SCF 
MP2 
MP4 

•31G(2d,p) 
SCF 
MP2 
MP4 
311G(d,p) 
SCF 
MP2 
MP4 

•311+G(d,p) 
SCF 
MP2 
MP4 
311G(2d,p) 
SCF 
MP2 
MP4 

81.8 
92.6 
96.9 

84.6 
101.1 
105.5 

84.6 
101.1 
105.5 

84.6 
101.1 
105.5 

83.4 
100.8 
105.4 

83.4 
100.8 
105.4 

83.4 
100.8 
105.4 

86.6 
103.9 
104.9 

87.2 
109.0 
110.2 

86.1 
107.6 
108.8 

87.2 
109.8 
110.9 

85.5 
108.1 
109.4 

85.1 
107.4 
108.8 

85.5 
108.7 
110.1 

order of perturbation theory and basis) fraction of the valence 
correlation energy change in a bond-breaking process? This 
translates into an equivalent question, namely, are the ?„ values 
in a given row of Table V approximately constant? The answer 
is yes for n - 2 if we exclude H2 as a special case, and yes for 
n = 4 even including H2. This is immediately encouraging, and 
it provides a motivation for further explorations of the validity 
of the theory. 

We note for discussion purposes that unextrapolated MPn 
calculations may now be considered as special cases of MP-SACn 
with 7„ = 1. Then the question "Is MP-SACn more accurate 
than MPn for the bond-breaking process?" is equivalent to "Is 

Gordon and Truhlar 

NH2 OH F 

55.557 70 
•55.69047 
•55.70943 

•55.564 82 
•55.709 71 
•55.729 50 

•55.568 22 
•55.71562 
•55.735 59 

•55.568 63 
•55.724 58 
•55.745 38 

•55.578 93 
-55.732 32 
•55.75262 

-55.58199 
-55.737 19 
-55.757 51 

•55.580 90 
•55.743 75 
•55.764 77 

-75.382 28 
-75.52063 
-75.535 61 

-75.388 32 
-75.53191 
-75.547 34 

-75.393 26 
-75.540 83 
-75.55666 

-75.392 02 
-75.556 57 
-75.573 38 

-75.41069 
-75.572 84 
-75.588 22 

-75.414 66 
-75.579 62 
-75.595 23 

-75.41196 
-75.587 76 
-75.604 23 

-99.364 96 
-99.487 27 
-99.498 65 

-99.364 96 
-99.487 27 
-99.498 65 

-99.37165 
-99.498 82 
-99.51087 

-99.36617 
-99.518 97 
-99.532 31 

-99.396 87 
-99.55417 
-99.565 34 

-99.399 89 
-99.559 59 
-99.571 12 

-99.397 54 
-99.573 14 
-99.585 80 

Reaction AHn — AHn., + H 
A = 
N O F 

80.6 
103.5 
102.2 

83.1 
109.8 
108.7 

84.3 
111.6 
110.4 

82.8 
111.0 
109.9 

82.6 
110.6 
109.9 

83.3 
111.7 
110.8 

82.1 
110.8 
109.9 

81.7 
111.1 
108.2 

86.0 
118.7 
116.2 

87.6 
121.4 
118.7 

86.6 
121.2 
118.7 

85.6 
119.8 
117.9 

87.1 
122.3 
120.2 

85.6 
120.2 
117.9 

87.7 
123.0 
119.8 

93.1 
131.2 
128.3 

96.8 
137.1 
134.0 

94.3 
134.6 
131.6 

94.1 
133.8 
131.2 

96.2 
137.6 
135.0 

94.2 
135.0 
131.8 

my best available estimated 5*„ value closer to the true J7„ value 
for this process than the true S7„ value is to unity?" In general 
we want to apply the MPn and MP-SACn methods to more 
complicated molecules than those involved in Tables II and III. 
Nevertheless, these simple molecules are probably adequate for 
a reliable general answer to the question for processes in which 
the only bonds being broken or made involve H bonded to itself 
or a nonmetal from the second row of the periodic table. In 
particular, 32 of the 35 J72 values in Table V are closer to the Al 
average values for their row than the Al average is to unity, and 
33 of the 35 7 4 values are closer to ^ 4 (Al) than the latter is to 
unity. This means that the MP-SACn method with the Al 
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Table V. <7„ Values" 

N O Al A2 
6-31G(d) 

^2 
?4 

6-31G(d,p) 
?2 
5<4 

6-31+G(d,p) 
^2 
5*4 

6-31G(2d,p) 
$2 
?4 

6-311G(d,p) 
S2 

?4 
6-311+G(d,p) 

7 2 

?4 
6-311G(2d,p) 

?4 

0.39 
0.55 

0.67 
0.85 

0.67 
0.85 

0.67 
0.85 

0.67 
0.85 

0.67 
0.85 

0.67 
0.85 

0.66 
0.70 

0.85 
0.90 

0.81 
0.85 

0.89 
0.93 

0.83 
0.88 

0.81 
0.86 

0.85 
0.90 

0.64 
0.61 

0.80 
0.77 

0.85 
0.82 

0.84 
0.81 

0.83 
0.81 

0.86 
0.83 

0.84 
0.81 

0.67 
0.60 

0.83 
0.76 

0.88 
0.82 

0.88 
0.82 

0.85 
0.81 

0.91 
0.86 

0.86 
0.81 

0.67 
0.61 

0.80 
0.74 

0.92 
0.85 

0.87 
0.80 

0.85 
0.80 

0.93 
0.87 

0.89 
0.81 

0.61 
0.61 

0.79 
0.80 

0.83 
0.84 

0.83 
0.84 

0.81 
0.83 

0.84 
0.85 

0.82 
0.84 

0.66 
0.63 

0.82 
0.79 

0.86 
0.83 

0.87 
0.84 

0.84 
0.82 

0.88 
0.86 

0.86 
0.83 

"Al and A2 refer to average 7 values with and without the inclusion of hydrogen, respectively. 

Table VI. 

^2 
?4 

7„ Values for the 3-2IG Basis Set 

H C N O 

0.39 0.54 0.49 0.44 
0.53 0.60 0.49 0.43 

F 

0.41 
0.40 

Al 

0.45 
0.49 

average ?„ values would yield more accurate Dt values than 
unextrapolated MPn calculations in over 90% of the cases. This 
is especially striking when we note that the MP-SACn extrapo
lation step involves negligible additional work, i.e., only the three 
floating point operations of eq 3 are required. 

Note that the 7„ values for the 3-2IG basis set are much smaller 
than those for the larger basis sets, reflecting the fact that the 
improvement obtained from adding correlation corrections here 
is much smaller. The spread of 7„ values for the atoms considered 
is greater than that for the larger basis sets considered above, 
particularly at the MP4 level. In this respect the use of an average 
7 may be more tenuous here; however, there is also more to gain, 
and the typical 7„ value is still much closer to the average than 
the average is to unity. In fact the relative constancy of the 7„ 
values as compared to the deviation of the average J7„ from unity 
is even better satisfied for the 3-21G basis sets than for the larger 
ones. 

Clearly the MP-SACn method becomes more accurate if one 
has better estimates of J?„. The "standard" values of Table V may 
be useful for processes in which the only bonds being made or 
broken involve H when no additional information is available or 

for treating whole sets of such processes at a consistent level. If, 
however, one is interested, for example, in a process in which only 
C-H bonds are made and broken, it may be desirable to use the 
7„ values from the C-H column of Table V or Table VI or even 
to perform additional calibration calculations based on known 
thermochemical data for a series of C-H bond-rearranging re
actions. Alternatively, for the reaction such as (6) one might use 
an average of the C-H and H-H 17 „ values, or for (7) one might 
use an average of the C-H and O-H values. At an even finer 
level of tuning or to consider reactions in which a wider variety 
of bond types are made or broken, one might specially adjust a 
basis set so that ^fn comes out the same for all the bond types 
involved in a given rearrangement. Then the electronic end-
oergicity would be correct by construction, and one might hope 
that the accuracy of additional features of the potential energy 
surface, such as saddle point location and/or height, would also 
be improved. We recommend such procedures for calculations 
of specific potential energy surfaces and barrier heights in the 
future, but, except for one calculation with the 6-311++G-
(3pd,2df) basis for which 7„ has not been calculated for all the 
cases in Table V, we restrict our attention in the rest of this article 
to the use of the Al standard values of 7„ to see what improve
ments, if any, we can obtain without any additional, more specific 
calibrations. 

B. Barrier Heights for Basis Sets Including Polarization 
Functions on AU Centers. We first discuss the barrier height 
calculations for the six basis sets of Tables H-V that include 

Table VII. Calculated Reaction Energies and Barrier Heights (kcal/mol) for the Reaction CH3 + H2 — H + CH4" 

basis SCF MP2 MP4 MP-SAC2/A1 MP-SAC4/A1 expt 
forward barrier 

6-31G(d) 
6-31G(d,p) 
6-31+G(d,p) 
6-31G(2d,p) 
6-311G(d,p) 
6-311+G(d,p) 
6-311G(2d,p) 
6-311++G(3df,2pd) 

reverse barrier 
6-31G(d) 
6-31G(d,p) 
6-31+G(d,p) 
6-31G(2d,p) 
6-311G(d,p) 
6-311+G(d,p) 
6-311G(2d,p) 
6-311++G(3df,2pd) 

20.5 
21.2 
22.2 
21.3 
21.5 
21.9 
21.7 
22.0 

25.2 
23.8 
23.7 
23.8 
23.7 
23.6 
23.8 
23.6 

14.4 
14.3 
15.5 
13.7 
13.3 (13.3) 
13.8 
13.1 
13.0 

25.6 
22.2 
21.9 
22.4 
20.7 (20.9) 
20.5 
21.0 
19.8 

14.9 
14.7 
15.8 
14.2 
13.3 (13.4) 
13.8 
13.0 
12.6 

23.0 
19.4 
19.1 
19.6 
17.3 (17.2) 
17.2 
17.7 
16.3 

10.5 
12.5 
14.2 
12.3 
11.4 
12.3 
11.2 
11.4 

25.8 
21.8 
21.6 
22.1 
20.0 
19.9 
20.4 
19.1 

11.3 
13.1 
14.6 
12.8 
11.6 
12.4 
11.3 
12.2 

21.6 
18.3 
18.2 
18.8 
16.0 
16.1 
16.5 
16.0 

11 

"Values in parentheses calculated with MP2/6-311G(d,p) geometries; other values calculated with SCF/6-31G(d) geometries. 
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Table VIII. Calculated Barrier Heights (kcal/mol) for the Reaction OH 
+ CH4 — H2O + CH3 

basis 

forward reaction 
6-31G(d) 
6-31G(d,p) 
6-31+G(d,p) 
6-31G(2d,p) 
6-311G(d,p) 
6-311+G(d,p) 
6-311G(2d,p) 
6-311+G(2d,p)" 

reverse reaction 
6-31G(d) 
6-31G(d,p) 
6-31+G(d,p) 
6-31G(2d,p) 
6-311G(d,p) 
6-311+G(d,p) 
6-311G(2d,p) 
6-311+G(2d,p)" 

SCF 

31.2 
29.2 
28.1 
28.7 
28.3 
27.8 
28.5 
28.0 

26.4 
28.0 
29.7 
28.1 
28.5 
29.7 
28.6 
29.8 

MP2 

12.6 
10.4 
7.5 
8.8 
8.6 
6.5 
7.8 
5.7 

19.9 
20.1 
21.4 
20.2 
20.3 
21.4 
19.3 
20.4 

MP4 

14.3 
12.0 
9.1 

10.3 
9.3 
7.2 
8.9 
6.8 

17.7 
18.0 
19.0 
18.1 
17.7 
18.6 
16.7 
17.6 

MP-
SAC2/A1 

0.7 
5.1 
3.3 
4.7 
4.0 
2.4 
3.3 
1.1 

15.7 
18.0 
19.7 
18.6 
18.4 
19.8 
17.3 
18.6 

MP-
SAC4/A1 expt 

2-5 
3.5 
7.7 
5.2 
6.5 
5.4 
3.6 
5.2 
2.5 

15-18 
12.1 
15.5 
16.8 
16.1 
15.5 
16.6 
15.1 
15.3 

"Extrapolated values—see text. 

Table IX. Barrier Heights (kcal/mol) Calculated with the 3-2IG 
Basis Set 

SCF 
MP2 
MP4 
MP-SAC2 
MP-SAC4 

CH3 + H2 — 
CH4 

forward 

19.1 
15.0 
15.5 
10.1 
11.7 

+ H 
reverse 

24.3 
23.8 
21.4 
23.2 
18.4 

OH + CH4 — 
H2O + CH3 

forward 

29.3 
15.7 
15.8 
-0.7 

1.7 

reverse 

17.6 
12.3 
10.6 
10.6 
3.3 

polarization functions on all centers, i.e., the 6-31G(d,p) and better 
bases. For reaction 6, Table VII shows that both the forward and 
reverse barrier heights are severely overestimated at the SCF level, 
as expected. The addition of MP2 corrections decreases the 
forward barrier for all basis sets by about 30-40%; however, this 
level of perturbation theory has only a small effect on the reverse 
barrier. This is not unexpected since the treatment of H2 at this 
level of theory is less accurate than that for the other species. This 
is apparent, for example, from the ^ 2 values for H2 relative to 
the others in Table V, and a similar difficulty of treating the H-H 
bond relative to the H3C-H bond in a configuration interaction 
context has been noted previously by Walch.35 On the other hand, 
fourth-order perturbation theory has only a small effect relative 
to MP2 for the forward barrier, but it has a larger effect on the 
reverse barrier. For the 6-31lG(d,p), 6-311+G(d,p), and 6-
31 lG(2d,p) basis sets, at the SAC4 level of theory, both barriers 
are overestimated by 3-5 kcal/mol, relative to the estimated 
experimental values of 8 and 11 kcal/mol, respectively. For the 
forward barrier, the much less expensive MP-SAC2 method does 
as well as SAC4, but for the reasons discussed above, the MP-
SAC4 reverse barriers are 3-4 kcal/mol more accurate than those 
for MP-SAC2. 

In an effort to improve the agreement between theory and 
experiment for reaction 6, two additional sets of calculations were 
performed. First, the structures of reactants and transition states 
were re-evaluated at the MP2/6-31 lG(d,p) level. As indicated 
in Table VII, the predicted MP2 and MP4 barriers are hardly 
changed by optimizing the geometries at this higher level. Second, 
MP2 and MP4 calculations were carried out at the SCF/6-31G(d) 
geometries with use of the 6-311++G(3df,2pd)32 basis set. As 
shown in Table VII, the corresponding MP-SAC2 and MP-SAC4 
barriers (obtained by using the average of the H-H and C-H ?„ 
values) are not much different from those for the smaller 6-
31 lG(2d,p) basis. Thus although MP-SACn barrier heights for 
reaction 6 appear to be about 1-2 kcal/mol more accurate than 

(35) Walch, S. P. J. Chem. Phys. 1980, 72, 4932. 

the MPn values, the forward barriers are still systematically too 
high by 3-6 kcal/mol at either the MP-SAC2 or MP-SAC4 level, 
and the reverse barrier heights are too high by about 8-11 
kcal/mol at the MP-SAC2 level and 5-8 kcal/mol at the MP-
SAC4 level. 

We should note that reaction 6 is a very difficult case for the 
MP-SAC method, especially with n = 2, because of the difficulty 
of treating H2 consistently with bonds to atoms heavier than H. 
Many reactions of interest do not involve H in the form of H2, 
and the MP-SAC method is expected to work better for these. 
Note also that at least partly as a consequence of this special 
difficulty, the overall energy difference, AE, for reaction 6, which 
is the difference of the forward and reverse barrier heights, is not 
predicted particularly accurately by the MP-SAC2 method. (The 
most accurate A£ values are predicted by MP4 and MP-SAC4 
calculations with the basis sets that include diffuse functions, 
6-31+G(d,p), 6-311+G(d,p), and 6-311++G(3df,2pd).) Nev
ertheless, as discussed above, the SAC method does improve the 
predicted barrier heights. Since this occurs for many basis sets 
we judge the improvements to be a systematic feature of the 
method, rather than fortuitous. 

The results in Table VII may be compared with the best pre
viously available calculation, which is the PoICI calculation of 
Walch,35 using an [1 Is6p2d/5slp)/[4s3p2d/3slp] basis set, which 
yielded barriers of 10.7 and 15.9 kcal/mol for the forward and 
reverse reactions, respectively. The present MP-SAC4 barrier 
heights for the four basis sets with the largest s,p (6-311... or 
6-311+...) subspaces and the PoICI barrier heights are in mutual 
agreement within 1.7 kcal/mol for the forward reaction and 0.6 
kcal/mol for the reverse. The average reaction energy, AE, 
predicted by these four MP-SAC4 calculations is 4.3 kcal/mol, 
and it is closer to the accurate value of 3.5 kcal/mol (see Table 
I and section HB) than is the PoICI value of 5.2 kcal/mol; this 
is consistent with our expectations since the SAC method has been 
calibrated here against bond energies, and AE is the difference 
of two bond energies. 

Reaction 7 is more typical of what might be expected for many 
organic hydrogen atom transfer and hydrogen shift reactions since 
the bonds being made and broken both involve a second period 
atom and not H2. Table VIII shows that the improvements in 
barrier heights for reaction 7 are more significant than those for 
(6), and the MP-SAC2 method provides a more consistent im
provement for the forward and reverse reactions in this case. 
Indeed, the MP-SAC2 results are in better agreement with the 
experimental barriers than are the uncorrected (and much more 
expensive) MP4 values. The effects of adding both diffuse 
functions and a second set of d orbitals can be estimated by 
assuming the two effects to be additive. These extrapolated results 
are also listed in Table VIII, where one can see that the MP-SAC4 
barriers so obtained are both within the estimated uncertainty of 
the experimental values. 

Overall, for the six most complete basis sets studied for reaction 
7, from the 6-31G(d,p) basis set to the 6-311G(2d,p) basis set 
in Table VIII, the MP-SAC2 forward barriers, in kcal/mol, of 
3 ± 2 and the SAC4 forward barriers of 5 ± 3 are both in better 
agreement with the experimental estimate of 2-5 than are the 
unextrapolated MP2 values of 8 ± 2 or the unextrapolated MP4 
values of 9 ± 3. Similarly, for all seven basis sets for the reverse 
reaction the MP-SAC2 barriers of 18.5 ± 1.5 are in better 
agreement with the experimental estimates, 15-18, than are the 
MP2 barriers of 20 ± 1, but the relative accuracy of the SAC4 
method vs. the MP4 method may lie within the experimental 
uncertainty. 

C. Barrier Heights Calculated with Partially Polarized or 
Unpolarized Basis Sets. Next we consider what happens if the 
MP-SACn barrier heights are computed with the more economical 
6-31G(d) and 3-21G basis sets. The former includes polarization 
functions only on the second-row atoms, and the latter is unpo
larized. 

Tables VII and VIII show that the MP-SACw results for the 
6-31G(d) basis set are slightly less reliable than those for the larger 
basis sets, but on the whole they are not greatly different. 
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The use of the 3-21G basis though shows how eventually the 
results become somewhat erratic if we cut back too far on the basis 
set. For reaction 6 the difficulty with treating H2 is again apparent 
from the much better agreement in Table IX for the forward than 
the reverse barrier at the MP2 and MP-SAC2 levels. This is 
improved somewhat at the MP4 and MP-SAC4 levels of theory. 
For the latter, the forward barrier is roughly the same as that 
predicted by the much larger basis sets (Table VII), while the 
reverse barrier is about 2 kcal/mol higher than the more accurate 
results. Nonetheless, it is important to recognize that the MP-
SAC4/3-21G results for this reaction are better than those pre
dicted by any of the much more expensive unextrapolated MP2 
or MP4 values in Table VII. As an example of the difference 
in computing time, the Cray-1 CPU time required for the 
MP4/3-21G calculations at the transition state is 14 s, which is 
much less than that for MP4 calculations with the 6-31G(2p,d) 
basis, 323 s. 

For reaction 7 the MP2 corrections for the forward and reverse 
barriers are rather large. As a result, SAC2 underestimates the 
forward barrier (the predicted interaction energy is actually 
negative at the SCF/3-21G saddle-point geometry) and may be 
fortuitously accurate for the backward one. At the MP-
SAC4/3-21G level, the forward barrier is within the range of 
experimental estimates, while the reverse barrier is much too small. 
Nonetheless, whereas both MP2/3-21G and MP4/3-21G calcu
lations predict the energy difference for the overall reaction to 
have the wrong sign, the MP-SAC2/3-21G and MP-SAC4/3-
21G calculations both, remarkably, remove this error. Never
theless, it appears to be asking too much of the extrapolation 
procedure to predict an accurate berrier height for a case where 

The three-dimensional structure of a molecule can be established 
from intramolecular distances, intramolecular angles, or a com
bination of distances and angles. X-ray diffraction measurements 
yield the relative positions of individual atoms, from which the 
relative orientations of chemical groups such as peptide planes 
can be determined. NMR cross relaxation measurements on 
biopolymers in solution yield internuclear distances,1 which can 
be combined with the known structures of the chemical groups 
to determine molecular conformations.2-3 Solid state NMR 
techniques, as described in this paper, directly yield angular 
measurements. The angles between nuclear spin interaction 
tensors and the direction of the applied magnetic field can be 

(1) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R. R. J. Chem. Phys. 
1979, 71, 4546-4553. 

(2) Braun, W.; Wider, G.; Lee, K. H.; Wuthrich, K. J. MoI. Biol. 1983, 
169, 921-948. 

(3) Kline, A. D.; Braun, W.; Wuthrich, K. J. MoI. Biol. 1986, 189, 
377-382. 

the unextrapolated A£ has such a large error. 

VII. Concluding Remarks 
The concept of scaling all the correlation energy, as estimated 

by Hth-order Moller-Plesset perturbation theory ( M P - S A C H ) , 
has been advanced and tested for the class of processes in which 
bonds to H are made and broken. Even using standard basis sets, 
the method is very promising and should allow for improved 
estimates of bond dissociation energies and reaction barrier heights. 
Use of specially balanced basis sets may lead to even greater 
accuracy and allow the method to be extended to wider classes 
of processes. 

The MP-SAC method is an economical way to improve the 
accuracy of ab initio electronic structure calculations, thereby 
turning them into advanced semiempirical methods. For example, 
the semiempirical MP-SAC2 method with medium-size basis sets, 
which involves the same computational labor as the ab initio MP2 
method, is often more accurate than the more computationally 
demanding ab initio MP4 method with much larger basis sets. 
We conclude that the SAC method should be of widespread 
usefulness for improving the accuracy of electronic energies in 
cases where multi-configuration reference states are not essential. 

Acknowledgment. The authors are grateful to Rozeanne 
Steckler for helpful assistance. This work was supported in part 
by the National Science Foundation under Grant No. CHE83-
17944 and CHE83-09948 and the Air Force Office of Scientific 
Research under Grant No. 82-0190 and by the University of 
Minnesota Supercomputer Institute. 

Registry No. CH3
-, 2229-07-4; CH4, 74-82-8. 

determined in oriented samples from spectroscopic measurements 
of the frequencies and splittings of the anisotropic chemical shift, 
nuclear quadrupole, and dipole-dipole interactions. When the 
orientations of the spin interaction tensors in the molecular 
framework are known, the spectroscopic measurements can be 
used to extract the angles between chemical groups and the field 
direction. The orientations of peptide planes can in principle be 
determined by two independent angular measurements. If the 
orientations of individual peptide planes in a polypeptide are 
known, then the secondary and tertiary backbone structures can 
be constructed by using standard bond lengths and geometries. 

The observation of nitrogen NMR resonances is useful for the 
determination of peptide plane orientations because each peptide 
bond contains an amide nitrogen. Previous work has relied on 
'5N labeling to enable 15N NMR experiments,4"7 but the alter-

(4) Cross, T. A.; Opella, S. J. / . Am. Chem. Soc. 1983, 105, 306-308. 
(5) Cross, T. A.; Tsang, P.; Opella, S. J. Biochemistry 1983, 22, 721-726. 
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Abstract: A method for determining the orientations of peptide planes in single crystal or uniaxially oriented samples is presented. 
The method depends on the measurement of multiple orientationally dependent spectroscopic parameters in solid state fundamental 
and overtone '4N NMR experiments. Results are presented from experiments on a single crystal sample of iV-acetyl-D,L-valine, 
in which there are two magnetically inequivalent molecular orientations. The spectroscopic data are analyzed in terms of 
the orientations of peptide planes with respect to the direction of the applied magnetic field, taking into account experimental 
error and uncertainties in the nuclear spin interaction tensors. The peptide plane orientations determined by 14N NMR and 
by X-ray diffraction for A'-acetylvaline are in close agreement. 
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