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We found, by using the theoretical MP2 model, that correlation energy of the valence electrons in a large
number of 3D organic molecules follows a very simple additivity rule resembling that established earlier in
planarz-systems. Namely, it turns out that the total correlation energy is a multilinear function of the number
of atoms of each element entering a molecule. Extrapolating the calculated correlation energies to the complete
basis set (CBS) values, it occurs that the additivity holdsH@BS)..r too. We believe that computational
methods more rigorous than MP2 will confirm the additivity in the future and show that it is a genuine
molecular property. The additivity formula for the valence electrons correlation energies could serve as a
diagnostic tool to identify cases where significant nonadditivity takes place. In such situations the electronic
structure apparently exhibits some subtleties, which are not present in other, more or less related molecules,
thus deserving a meticulous scrutiny. The additivity of the HartFeeck energies was examined too. Deviations

from the additivity in the selected set of gauge molecules (substituted alkanes) is much higher than for the
correlation energy. Highly strained molecules exhibit dramatic nonadditivities, which are identified as the
angular strain energies. It is found that HF energies extrapolated to the complete basis yield the angular
strain destabilizations much closer to the experimental estimates. Introduction of the offset value enables
almost quantitative prediction of the angular strain effect in the series cyclopropane, cyclobutane, cyclopentane,
and tetrahedrane.

Introduction implementation in a number of efficient computer codes,
relatively little attention has been devoted to the interpretation
of calculated correlation energies, perhaps because that was not
an easy task. A pioneering work on the conceptual side of the

| problem was performed by Sinanodlwho resolved the total
correlation energy into two distinctly different contributions:

It has been realized for a long time that a quantitative
description of a large body of the molecular properties requires
explicit account of the electron correlation effects. The latter
was unfortunately the largest bottleneck in the computational
guantum chemistry since its beginnings in 1960s. To some
extent this bottleneck still exists, because very accurate calcula- E(corr) = E(ND) + E(D) )
tions are not feasible in large molecules for the time being. It
is gratifying, however, that several promising methodologies \yhereE(ND) andE(D) denote the nondynamical and dynamical
have been developed so far, enabling reasonable estimates ofart, respectively. Another contribution in this direction was
the correlation energies in small and medium size molecules. given by the work of Cremer et &,9, who ana|yzed various
They encompass configuration interaction (Cl), multireference contributions to the estimates of the correlation energies in
configuration interaction (MRCI), MR perturbation theory \gller—Plesset() perturbational method and the density func-
methods, and the coupled-cluster (CC) procedti8sme other  tional theory (DFT) calculations. Lately, we have been able to

computational schemes include 6333 W1 (W2),* and CBS show that the correlation energy sfelectrons in planar (2D)
recipes. o _ _organic molecules exhibits a simple additivity f#fé? by

A generally accepted definition of the correlation energy is employing CASSCE14and CASPT2 formalism¥ It turned
that of Lowdin:® out that both the nondynamical and dynamical parts of the total

m-electron correlation energy are multilinear functions of the

numbers of atoms of each element entering a molecule. It is
interesting to mention in this connection that the higher level

correctionAE(HLC) in G2 scheme also relies to some extent

on additivity since

E(corr) = E(exact\g — E(HF)_ Q)

meaning that it is given as the difference between the exact

nonrelativistic energ¥(exactyr and the best possible Hartree

Fock (HF) energy. The latter is obtained by using the complete

basis set yielding=(HF)., where L denotes the basis set limit. AE(HLC) = ¢;n, + Ny (3)
Notwithstanding development and remarkable success of the

electron correlation methods in recent years, as well as theirwherec, andc, are empirically adjustable parameters and

- - - and ng are the number ofx and 8 electrons, respectively.
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additivity of the valence electrons correlation energy in some reference MP2 formalism in studying the additivity of the total
organic 3D molecules employing perturbational MP thébry  valence correlation energy in 3D molecules presented here. The
at the second order approximation. Particular attention will be MP2 correlation energi(corr)up. will be abbreviated hereto-
given to the extrapolation of the correlation energies to the fore asE(corr).
complete basis (CBS) set limit. If the additivity rule performs The choice of the basis set in studying electron correlation
reasonably well in 3D molecules too, it would provide a strong is of utmost importance, particularly in the context of truncation
indication that the elusive electron correlation exhibits additivity errors involved in incomplete sets. It is advantageous to use
as its general and genuine property at least in organic moleculesDunning’s correlation consistent polarized valence multiple
Nonadditivity would then imply some special effects, which (cc-pVimz) basis setd} because they are well balanced and, as
should be examined separately and very carefully. To put it in a consequence, improvements in the total energy become
another way, the additivity rule could serve as a diagnostic tool controlled and predictable am increases along the series of
for identification of some electronic structure subtleties and/or cc-pvVmZ basis set calculations. Here= D, T, Q, 5, and 6
peculiarities. Finally, the additivity of the Hartre€ock energy signifies double-, triple-, quadruple-, quintuple-, and sextuple-
is considered too. It will appear that their deviations from the &, respectively. Dunning’s basis sets enable use of various
additivity reflect some gross features such as, e.g., molecularextrapolation schemes, which offer approximate estimates of
angular strain. It should be pointed out that the additivity the complete basis set (CBS) limits. There are several formulas
hypothesis was used by Crerfaas early as 1982. He employed developed for that purpose. Exponential expressibmghich
it first within the context of improving the basis set errors in require at least three different values, perform well for the
the Hartree-Fock and MP2 models. Thus the influence of the extrapolation of the HF enerdg¥,but they are less successful
polarization functions was estimated in small molecules yielding with respect to the correlation energféThe simplest and yet
the energy increments for characteristic bonds, which were very useful extrapolation formula was advocated by Helgaker
subsequently transferred to larger molecules in order to obtainet al?224based on the inverse power lawim
approximate estimates of the HF limits and MP2 energies. In
the next paper Crem¥f'® showed that it was possible to E, = Ecgs + P/ (8)
partition MP2 correlation energy in small molecules into
contributions related to inner-core electrons, lone electron pairs,whereEcgs is the energy at the complete basis set limit to be
and coupled bond electrons. These contributions proved usefuldetermined anch assumes values 2, 3, 4, etc., as specified above
in estimating the unknown MP2 energies in large molecules for Dunning’s basis functions. The adjustable parameter is
and their enthalpies of formation. Cremer’s calculations were denoted byP. A fixed exponert?24 (e = 3) yields very good
hampered, however, by the fact that the very large basis setsestimates oEcgs but requires higimvalues (4, 5, or 6), which
were not practical at that time and that the extrapolating is impractical in larger molecules of chemical interest. To
procedures to the complete basis set energies were not knowncircumvent this obstacle, Truhlar et?@f¢developed a modified
procedure, which performs very well by utilizing only cc-pvVDZ
Methodology and cc-pVTZ functions. Truhlar's approach proved useful in

In our previous work®ll on the correlation energy of obtainingE(ND)~, E(D)", andE(D)@*" correlation energies in
n-electron in 2D systems we used the following expressions Planar polyene&: For that reason it was employed in this work

for the correlation energies: too. ) ) ) )
There is a point of considerable interest related to the
E(NDY” = E(HF) — E(CASSCF 4 additivity of the correlation energy at the complete basis set. If
(ND) (HF) ( ) “) the additivity holds separately for two different Dunning’s basis
E(D)” = E(CASSCF) — E(CASPTZ) (5) sets characterized byy andm, then it is easy to show that
Ecgs is given in an additive way too. Two consecutive
where, in general, calculations employing sets; andm, yield
E(CASPT2)= E(HF) — E(ND) — E(D) (6) (my)° (my)°
ECBS - € eEm1 N € EEmZ (9)
and the correlation energies were defined as positive numbers (M) —(my) (M) —(my)

for the sake of convenience, despite the fact that they are ) _ ) _
intrinsically negative quantities according to eq 1. Using the Provided the extrapolation formula (8) is adopted. Energies
CASSCF wave function as the zeroth approximation in the calculated by basis sets, andm, are denoted b, andEn,
perturbational calculations, two types of the CASPT2 energies respectively. Now, since it is assumed that the additivity holds
are possiblé2 The first, referred to as CASPT2involves only for both basis sets, the total correlation energies can be concisely
the dynamical correlation of the-electrons alone. The second, Written as

denoted as CASPT2"7, includes all valence electrons, thus atoms atoms

allowing for a more active participation of theelectrons in _ my _ my

the dynamical correlation. It turned out that for a set of the gauge Em1 - Z Gy and Emz o Z ¢ (10)
molecules GH4, H,CO, HbCNH, N;Hz, HNO, and CHF*, the

sum of E(ND)” + E(D)** gave total correlation energies very  where summations are extended over all atoms in a molecule,
close to the standard single reference MP2 approximation. Theni denotes the number of atoms of the eleniemthile ¢™ are
I

total correlation energy of the latter was given by a standard g staple coefficients deduced from the ab initio calculations

formula: of the correlation energies. Substitution of (10) in (9) yields
E(M PZ) = E(H F) + E(COI’I’)MPZ (7) atoms
Eces= Z ¢ 11)
|

This finding gave an impetus for the application of the single
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where TABLE 1: Valence Electrons Correlation Energy of
Alkanes, Obtained by the MP2(fc)/cc-p\inz//HF/cc-pVDZ

CBS _ my mp
G = Wi G — Wi G (12)

(m = 2, 3) Model and by the Additivity Rule Based on the
Atomic Scheme by Formulas 13 and 14, in kcal/mél

Here, the weighting factors ave,, = (m)</[(m)¢ — (my)¢] and

basis set cc-pVDZ  basis set cc-pVTZ

add add
Ecorr Ecorr Aadd  Ecorr Ecorr Aadd

Wi, = (Mp)</[(my)¢ — (Mp)€]. In other words, if conditions (10) molecule
are fulfilled, then the correlation energy is additive at the methane*
complete basis set limit too. efrgagﬁ;*

All calculations are carried out by using the MP2(fc)/cc- Eutgne*

pVmZ//HF/cc-pVDZ model, wheren= D and T, by employing isobutane

the GAUSSIAN 94 prograr’ pentane*
neopentane
Results and Discussion cyclopropane

cyclobutane

A set of alkanes starting from methane up to pentane and cyclopentane
neopentane is examined together with their fluoro, hydroxy, and L"ttraweg’?”e
amino derivatives. This family of molecules is extended by [iff_ifprg;er}gne
mono- and polycyclic molecules such as cyclopropane, cyclo- fluoromethane*
butane, cyclopentane, bicyclo(1.1.0)butane, [1.1.1]propellane, difluoromethane*
and tetrahedrane. Molecules used in obtaining a posteriori trifluoromethane*
additivity formulas are denoted by an asterisk (Table 1). The ﬁg?g:f’gg;’gha”e
MP2 correlation energies obtained by cc-pVDZ and cc-pVTZ ifluoroethane*
basis sets are presented in Table 1. They lead to the atomictrifluoroethane*

additivity formulas: tetrafluoroethane*
fluoropropane*
fluorocyclopropane

Ej(corn® = 79.24 + 99.21n, + 111.76, + difluorocyclopropane

114.74. + 5.17, (13) trifluorocyclopropane
R TUH tetrafluorocycloopropane

pentafluorocyclopropane

and hexafluorocyclopropane
methanol*
Ex(comm)’? = 94.861, + 123.73), + 1447, + dinydroxymethane

trihydroxymethane*
155.84. + 7.11n, (14) tetrahydroxymethane
ethanol*

. dihydroxyethane*
whereny (X = C, N, O, F, H) denotes the number of atoms in tr'ihil,dmgethane

a molecule and the subscript A signifies atomic additivity propanol*
scheme. It is noteworthy that coefficierdS' andc™ increase ~ aminomethane* |
along the first row of the system of elements, i.e., with number ﬁ?iﬁ?ﬂgmmﬂi*
_of \_/(_ﬂlence electrons plac_ed on the respe(;tive nuclei, as tetraaminomethane
intuitively expected. Coefficients for the TZ basis set are larger aminoethane*
by 19.6% (C), 24.7% (N), 29.5% (O), 35.8% (F), and 37.5% diaminoethane
(H). Apparently, the role of more flexible basis set(s) in &minopropane
describing the electron correlation increases with the atomic | oronydroxymethane

g _ _ ¢ 1-hydroxy-2-fluoroethane
number, hydrogen being a notable exception. The quality of 1-hydroxy-1-fluoroethane

both regression analyses is very good, as reflected in the low 1-amino-2-fluoropropane

101.2 999 13 1244 1233 1.1
189.6 189.5 0.1 232.2 23240.2
279.3 2791 0.2 3414 34150.1
369.1 368.7 0.4 450.7 4506 0.1
3705 368.7 1.8 452.1 450.6 1.5
458.9 458.2 0.7 560.1 559.7 04
463.3 458.2 5.1 564.6 559.7 4.9
265.5 268.73.2 324.8 327.3-25
356.6 358.3-1.7 434.2 436.3—2.1
4476 447.9-0.3 5446 545.4-0.8
330.7 337.66.9 403.2 407.9-4.7
344.6 348.6-3.4 419.3 422.1-2.8
431.1 427.2 39 5214 517.0 4.4
209.2 209.5-0.3 272.1 2721 0.0
319.6 319.1 0.5 4214 4208 0.6
431.2 4286 2.6 571.0 569.5 1.5
5427 538.2 45 719.6 7183 1.3
298.0 299.1-1.1 380.5 381.1-0.6
406.1 408.6-2.5 528.3 529.9-1.6
517.1 518.2-1.1 678.0 678.6—0.6
628.2 627.8 04 827.4 8274 0.0
388.0 388.7-0.7 490.1 490.2—0.1
374.7 378.3-3.6 4729 476.0-3.1
484.1 487.9-3.8 6215 624.8—-3.3
593.8 597.5-3.7 770.0 773.5-3.5
705.3 70761.7 919.7 922.2—25
817.1 816.6 0.5 1069.5 1074D5
929.2 926.2 3.0 1219.5 12190.2
2115 211.7-0.2 267.9 268.1-0.1
323.7 3234 0.3 413.1 4128 0.3
436.2 4352 1.0 5582 557.6 0.6
548.7 547.0 1.7 7029 7023 0.6
300.7 301.3-0.6 376.7 377.2—0.5
411.3 413.0-1.7 520.6 521.9-1.3
524.4 524.8-04 666.7 666.7 0.0
3915 390.8 0.7 487.0 486.2 0.8
203.9 204.3-0.4 253.6 254.1-05
307.8 308.70.9 384.1 384.9-0.8
413.4 413.+04 516.3 5158 05
519.6 517.4 2.2 648.8 646.6 2.2
293.5 293.9-04 362.7 363.2—-0.5
397.2 398.31.1 493.1 494.0-0.9
384.7 3835 1.2 4734 4723 1.1
321.3 321.3 0.0 417.1 416.8 0.3
408.6 410.82.2 5244 5259-15
410.6 410.80.2 526.0 5259 0.1
492.0 493.61.0 620.6 621.0-0.4

average absolute errors and the h|gh Coefﬁcmﬂt\NhiCh are 1-amino-2,3-difluoropropane 600.4 602:62.2 768.8 769.7—0.9
AapdDZ) = 0.8 kcal/mol,R(DZ) = 0.99996, and\ap{TZ) = aMolecules used in the parametrization are denoted by an asterisk.

0.6 kcal/mol,R¥(TZ) = 0.99999 for the gauge molecules. The

corresponding average absolute errors for a set of all moleculesconclude that discrepancies found for strained molecules are at
presented in Table 1 read\apdDZ) = Aapd{TZ) = 1.2 kcal/ least partly consequences of imperfections involved in the DZ
mol. Perusal of data displayed in Table 1 reveals that the largestand TZ basis sets and that they cannot be completely ascribed
deviations from the additivity are found in neopentane, and to the intrinsic limitations of the additivity rule. Deviation found
molecules possessing small carbocycles such as cyclopropanen neopentane is not easy to rationalize, but it is possible that
tetrahedrane, etc. Since the latter compounds possess bent bondke quarternary C atom requires a separate parametrization. We
and exhibit very high angular strain, it is plausible to assume note in passing that this molecule has the highest nonbonded
that a large portion of discrepancy could be an inherent repulsionper C atom. It is interesting to notice that multiply
inadequacy of the DZ and TZ basis sets to describe highly subtituted fluoromethanes and fluoroethanes do not exhibit any
distorted density distributions. This conjecture is corroborated abnormal deviations of the correlation energy from the addi-
by a decrease in the deviatiol,ggq Which in turn becomes tivity, despite the strong negative hyperconjugation in these
slightly but significantly smaller for the more flexible TZ basis systems (see later). Similarly, polysubstituted hydroxy- and
set. It is conceivable that more intricate basis sets will decreaseaminomethanes and -ethanes exhibit a regular behavior. The
these nonadditivity values even more than the TZ set. In fact, same holds for derivatives involving several different substit-
the extrapolation to the complete basis set limit gives more uents (Table 1). It follows that the valence electrons correlation
satisfactory additivity values indeed (vide infra), improving energy in 3D organic molecules complies with a simple atomic
performance to a quite acceptable level. It is therefore safe toadditivity rule given by egs 13 and 14.
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TABLE 2: Parameters Entering the Truhlar Extrapolation and 32 ppm for propane and butane, respectively, not to mention
Scheme heavier molecules. Hence, from the conceptual point of view
molecule yHF)  y(Eor) o(HF)  B(Econ) these values are quite acceptable. In fact, some nonadditivities
methaneT, 414 294 377 253 of the E(HF) energies are very interesting and important, because
ethaneDag 4.26 285 3.65 2.46 they indicate the presence of new features. For example, they
propaneC,, 4.32 2.84 3.58 2.43 are highly pronounced in molecules involving small three- and
cyclopropaneDan 4.46 2.75 3.58 2.38 four-membered rings. The actUa(HF) values are substantially
methanol Cs 4.03 2.61 3.35 2.27 hiah e indicati
; gher than those offered by the additivity, thus indicating

aminomethaneCs 3.97 2.73 3.34 2.37 . L .
fluoromethaneCs, 3.05 250 3.35 220 cons!derable angular strain in these compounds. Le_t us consider
difluoromethaneC,, 4.01 2.43 3.37 2.14 a series cyclopropane, cyclobutane, cyclopentane, bicyclo(1.1.0)-
trifluoromethaneCs, 4.03 2.39 3.38 211 butane, tetrahedrane, and [1.1.1]propellane. The corresponding
average values 4.13 2.67 3.49 2.32 deviations from the additivity obtained (HF)oz (E(HF)ces)

are 31.0 (29.9), 30.3 (28.8), 11.4 (10.2), 75.7 (71.2), 151.4
(143.5), and 115.7 (110.1) kcal/mol, respectively. These results
compare quite well with values derived by the concept of
gtopological atom and HF/6-31G** model and by the experi-
mental strain energiéd. It should be mentioned that both
DZ topological energy analysis and the experimentally estimated
Eg(cOrm™ =39.6dc_¢ + 129.361c_y + 136.70 o + angular strain destabilizations are obtained by using the strain-
134.591c ¢ +24.98 1 (15) free molecular fragment scheme. Results of Wiberg.ét aite
given in the same order as above and they read 28.7 (27.5),
Eg(corr)'* = 47.4%_ + 161.64_, + 175.58._o + 26.8 (26.5), 7.1 (6.2), 68.6 (63.9), 140.8 (140.0), and 104.2
179.5h._ + 30.8%._,, (16) (98.0) kcal/mol, where experimental data are given within
parentheses. Similar results can be obtained by employing the
where subscript B signifies the bond additivity scheme. Per- homodesmotic chemical reactioffs®® Although all these ap-
formance of (15) and (16) is virtually equal to that of their Proaches have perhaps common roots, they are different in their
counterparts (13) and (14), with the average absolute errorsrealization. It is remarkable that the additivity concept introduced
being 0.8 and 0.6 kcal/mol, respectively, and the correlation here is the most elementary one and yet it gives quite reasonable
coefficients 0.99996 and 0.99999, respectively. Consequently,results. One should also point out that the CBS strain energies
we shall not discuss them any more. Instead, we shall focusare closer to the experimental values than DZ resullts, illustrating
now on the problem of the basis set incompleteness and try toin the best way improvements provided by Truhlar's extrapola-
remedy its inherent truncation error by applying Truhlar's tion scheme. It is noteworthy that the CBS additive formula
extrapolation procedure. It is not necessary to describe it in detail overshoots the strain energies by approximately 2.5 kcal/mol
here because it is well documented elsewheéfe26Truhlar’s in monocyclic compounds and in tetrahedrane. Subtracting this
extrapolation parameters for a selection of the gauge moleculesamount from CBS deviations, one obtains almost perfect
consisting of methane, ethane, propane, cyclopropane, methanolagreement with experiment. Larger deviations from experiment
aminomethane, fluoromethane, difluoromethane, and trifluo- are found in bicyclo(1.1.0)butane and [1.1.1]propellane. The
romethane are given in Table 2. Tlh€HF) and3(Ecor) are former molecule has twisted chemical CC bonds, which were
Truhlar's parameters for the exponenin formula (8). The identified exactly in this system for the first tiniéwhereas
averagen(HF) andS(Ecor) parameters, 3.49 and 2.32, respec- the latter has a highly unusual central CC bond formed by the
tively, will be utilized in estimating CBS values for molecules overlapping of rear lobes of hybrid AOs belonging to the apical
studied here. The complete basis set values CBS(DT) for the carbons.
HF and correlation energies obtained by employing DZ and TZ  |nteresting nonadditivies are found also in the series G
Dunning’s basis functions are displayed in Table 3. The (n = 1-4), where the so-called negative — o, hypercon-

It is of some interest to examine whether an analogous
additivity scheme based on bonds is operative as well. Results
not given here show that this is the case too. The correspondin
formulas for the same set of gauge molecules read:

respective additivity formulas are of the form jugation takes plac® In a simple Pauling’s no-bond double-
add bond resonance picture, the number of the resonance spin
E(HF)cgs = — 37.89481h; — 54.4781hy — 74.90038,, — couplings increases in an extended ratio 1:3:6 inGHCHF;,

99.4858h. — 0.5788N,, (17) and CH, respectively. Deviations for the CBS Hartreleock
energies for Chl-nF, (n = 1—4) series aret+3.9,+0.7, —9.3,

and and—17.6 kcal/mol, respectively. Taking a difference between
AaddHF)cas values for CHF, and CHF, one obtains-3.2 kcal/
E(corr adBdS= 104.85 + 139.38 + 165.88 1, + mol as an amount that can be ascribed to the negative

182.18 + 8.3, (18) hyperconjugation. Multiplying it by 3 and 6, one get8.6 and

—19.2 kcal/mol, which is close to results above. It follows that
The CBS HartreeFock results will be compared to those the negative hyperconjugation roughly follows the number of
obtained by the cc-pVDZ total electronic energy values (not fésonance structures, as expected. Similar influence of the
shown here). BotHE(HF)cgs and E(HF)pz energies exhibit negative hyperconjugation is observed in polyaminomethanes
relatively high average absolute errors for the gauge set of and polyhydroxymethanes, but the final picture is not so simple,
molecules (about 3 kcal/mol), which is probably a consequence Presumably because of the intramolecular hydrogen bond(s).
of the fact that the HF energies are very large numbers in It also appears that the strain energy in fluorinated cyclo-
contrast to the electron correlation energies. More specifically, propanes increases with the number of F atoms, which is in
AandHF)pz is 3.2 kcal/mol, implying that it is higher by 0.2  accordance with results obtained by homodesmotic reactfons.
kcal/mol thanA,{HF)ces Percentagewise, this is only 64 parts The most impressive result is perhaps finding that the nonad-
per million (ppm) for ethane, whereas these deviations are 43ditivities are quite low for the correlation energies and that the
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TABLE 3: Extrapolated HF (au), the Differences betweenE(HF)cas and E(HF)24g (kcal/mol), and Correlation Energies
(kcal/mol) to the Complete Basis Set Values by Truhlar's Scheme, Using Averageand # Parameters for Substituted Alkaneg

molecule E(HF)cas AFE E(corrkces E(corrfdd, A
methane* —40.21794 —-5.0 139.3 138.3 1.0
ethane* —79.26764 —-3.2 259.5 259.9 -0.4
propane* —118.31488 -25 381.2 381.5 -0.3
butane* —157.36999 -1.7 503.0 503.1 -0.1
isobutane —157.37048 —2.0 504.5 503.1 1.4
pentane* —196.42099 -0.8 624.9 624.6 0.3
neopentane —196.42133 -1.0 629.5 624.6 4.9
cyclopropane —117.10965 29.9 362.7 364.7 —-2.0
cyclobutane —156.16387 28.8 483.9 486.4 —-25
cyclopentane —195.24593 10.2 606.8 608.0 -1.2
tetrahedrane —153.66574 143.5 449.6 452.9 -3.3
bicyclobutane —154.93863 71.2 467.2 469.6 2.4
[1.1.1]propellane —192.77149 110.1 579.2 574.5 4.7
fluoromethane* —139.11075 3.9 312.4 312.1 0.3
difluoromethane* —238.02289 0.7 486.7 485.9 0.8
trifluoromethane* —336.94586 -9.3 660.5 659.7 -0.8
tetrafluoromethane —435.86611 —-17.6 832.8 833.6 —-0.4
fluoroethane* —178.16907 0.2 433.3 433.7 -0.4
difluoroethane* —277.06548 6.9 606.5 607.5 -1.0
trifluoroethane* —375.97908 2.8 780.9 781.3 —-0.4
tetrafluoroethane* —474.88933 0.8 955.0 955.1 -0.1
fluoropropane* —217.22658 —2.9 555.5 555.3 0.2
fluorocyclopropane —216.01011 34.0 535.7 538.6 —-2.9
difluorocyclopropane —314.90562 41.2 709.5 712.4 —2.9
trifluorocyclopropane —413.79390 53.0 882.9 886.2 -3.3
tetrafluorocyclopropane —512.69576 56.2 1057.0 1060.0 —-3.0
pentafluorocyclopropane —611.59292 62.4 1231.2 1233.8 —2.6
hexafluorocyclopropane —710.48969 68.8 1405.4 1407.6 —2.2
methanol* —115.10289 4.7 304.0 304.2 0.2
dihydroxymethane* —190.01070 0.0 470.3 470.1 0.2
trihnydroxymethane* —264.89489 -7.6 636.4 635.9 0.5
tetrahydroxymethane —339.84117 —-18.7 801.6 801.8 -0.2
ethanol* —154.15958 2.0 425.4 425.8 —-0.4
dihydroxyethane* —229.05024 8.1 590.6 591.7 -1.1
trinydroxyethane —303.95897 2.8 757.7 757.5 0.2
propanol* —193.21516 0.0 548.2 547.4 0.8
aminomethane* —95.26360 2.1 285.4 286.1 -0.7
diaminomethane* —150.32065 2.0 433.0 433.8 -0.8
triaminomethane* —205.38471 —-25 582.2 581.6 0.6
tetraaminomethane —260.44365 —-3.7 731.5 729.3 2.2
aminoethane* —134.31785 1.0 407.1 407.6 —-0.5
diaminoethane —189.36769 5.5 554.5 555.4 -0.9
aminopropane* —173.37132 0.3 530.2 529.2 1.0
fluorohydroxymethane —214.01793 -0.3 478.4 478.0 0.4
1-hydroxy-2-fluoroethane —253.05852 7.1 598.4 599.6 -1.2
1-hydroxy-1-fluoroethane —253.07924 —6.0 599.9 599.6 0.3
1-amino-2-fluoropropane —272.27596 1.8 702.9 703.1 -0.2
1-amino-2,3-difluoropropane —371.17373 7.6 876.7 876.9 -0.2

aThe corresponding estimates offered by the additivity rule based on atomic scheme are given for comparison. Molecules used in the parametrization
are denoted by an asterisk.

absolute average error fd(corrfe drops to 0.5 kcal/mol,  Since these numbers are more uniform than those obtained in
whereasR? = 0.99999. Although the total MP2 electronic going from the DT to TZ basis set (vide supra), one is tempted
energy does include the HartreEock energy, the latter to conclude that the complete basis set limit offers a more
disappears in correlation energy by the very definition. Another balanced description of the correlation energy effect.

reason for low additivity “errors” is given by the fact that In summary, it is fair to say that the working hypothesis about
correlation energy is a relatively small perturbation correction the additivity of the valence electrons correlation energy in
of E(HF). Improved extrapolated energi&corr)cgs exhibit organic 3D molecules is vindicated. Having stated this, it should

smaller nonadditivity effects in cyclopropane, cyclobutane, and pe pointed out that there is room for improvement of the
tetrahedrane to 2.0, 2.5, and 3.3 kcal/mol (|n absolute ValueS),additivity formulas. First, one could emp|0y a more flexible
respectively, thus supporting earlier conjecture that DZ and TZ parametrization, which would be able to distinguish fine
basis sets do not provide quite adequate description of highly gjfferences in the chemical enviroment of various atoms. For
strained bonds. Similar deviations are found in fluorinated jnstance, different weighting parametecsqoefficients) could
cyclopropanes, exhibiting improvement by CBS extrapolation pe introduced for primary, secondary, tertiary, and quaternary
too. C atoms or alternatively for the corresponding Xbonds. The

The increase of"° coefficients relative to the correspond-  second way in improving performance of the additivity formulas
ing ciTZ ones is of some interest. They are in % as follows: would be to use more flexible basis sets such as, e.g., Dunning’s
10.5% (C), 12.6% (N), 14.6% (O), 16.9% (F), and 17.7% (H). aug-cc-p\nZ elementary functions. Finally, one could apply
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more refined extrapolation formuld$.A combination of all to compare results for HF and.Frue correlation energies are
these factors would be perhaps the best approach in makingcorrespondingly 6.2 and 13.3 kcal/mol higher than the additivity
the additivity formula more quantitative. This is not attempted values in accordance with twice as many lone pairs in F

in this work, since the focus was on the conceptual side of the Discrepancies found for other molecules show that a successful
problem. It should be also mentioned that we did not consider general additivity scheme should take into account a number
the correlation energies of inner-core electrons, but it is hard to and the nature of unshared electron pairs as well as character-
believe that they do not conform to the additivity rule in view istics of localo-bond pairs and multiplicity of localized-bond-

of their high localization. We feel that the additivity formulas (s). Such an additivity scheme would certainly gain in accuracy

given here together with those developed for 2D systéri in reproducing MP2 correlation energies being more universal
provide a step toward understanding of various additivity atthe same time, as suggested by Crelhéris also obvious
schemes in estimating enthalpies of molecular formation. that correlation depends on the hybridization state of atoms.
We believe that such an approach would be quite successful. A
Concluding Remarks more difficult question is whether higher correlation effects

) . . . follow an additivity scheme too. There is not an answer at

Although the calculations of the elusive correlation energies present, but we would like to point out that MP4 correlation
in molecules is a formidably intricate problem, the resulting energy appears to be additive to a high extent in some molecules
energies exhibit surprisingly simple additivity properties. There examined in this papéP.
is, however, a lurking caveat emptor, as is usually the case. It The additivity might be also useful in designing new
is given by the modest theoretical models employed in studying eychange-correlation functional in DFT methods, which would
the adc_i|t|V|ty rules. Both CASPT2 and MPZ models yield an pe applicable to very large systems. As to the use of the
appreciable amount of the total correlation energy, but not its aqgitivity in the molecular orbital schemes for the electron
entire va]ue. We note in passing that MP2 correlation energies correlation computations, it should be emphasized that the
can retrieve as much as 86%5% of the MP6 energies  ,qgitivity provides a rationale for the success of the local MO
depending on molecular systems in question, as shown by Hegpnroached 42 (and vice versa). It is important to stress that
and Creme?,but this is still not the MP limit. Further, there is e additivity at the MP2 level is expected to work very well in
some scepticism regarding convergency of the MP perturbation pojecules described by a single resonance structure in the
seried® and about its performandé3® Nevertheless, we feel ground state. For example, a deviation frEa{corrPZ for ozone
confident that the additivity is a robust property, which will be - o, from the additivity is 42 kcal/mol. This is a consequence of
confirmed by the more rigorous and accurate electronic structureine gvercrowded lone pairs in this molecule, but also a result
methods in the future, to mention only CCSD(T) approach. If ot the fact that it can be described by two equivalent resonance
this would prove true, then it would have some important gt ctures @&0+—0- and OF—0O—=0. We noticed that a
conceptual and practical consequences. From the cognitive sidegjmilar deviation from the additivity occurs in planar systems,
it would be useful to know that a bulk of the molecular if they incorporate a large resonance effédiyt in the opposite
properties resulting from the very complicated many-body gjrection. This is just one more illustration that the additivity
motions could be reduced to a number of subunits, be it ;e can serve as a useful test tube for special effects.
constituent atoms or the c_hem|cal bonds, i.e., thelr_qo_rrespondmg True understanding of the additivity is very difficult to offer,
electrons. It is of no less importance that the additivity “rule of ,5\vever. Very high electron densities near nuclei and their
thumb” could be used as a diagnostic tool. Namely, if severe yg|4tively small polarizations caused by chemical bondfrag
deviations from the additivity are detected, then they strongly \e|| a5 ‘the shapes of Fermi's holes, which in turn strongly
indicate the presence of some subtleties, which distinguish the ocample local hybrid orbitaféare very useful clues, but more

studied system from the rest of the molecules. These fine o is necessary in this direction. Finally, the additivity of
nuances deserve then meticulous scrutiny. the HF energies is not so strictly obeyed, albeit deviations are
The important question arises regarding the range of validity percentagewise extremely small. It describes gross molecular
of the additivity rule presented here. Obviously, it cannot be properties in terms of atoms and identifies some special features
applied to diatomic molecules and other 1D molecules. The gych as dramatic angular strain in small ring compounds or
reason is that diatomic molecules are very special and as R. G.rather modest but significant stabilization via the negative
Parr pointed out once, they have two ends that in turn are very hyperconjugation mechanism in alkanes multiply substituted by

close to each othéf. Clearly, molecules such as;NO,, Fz, electronegative atoms or groups, as reflected in deviations from
HCN, HNC, etc. deserve a separate study. In fact, thesethe additivity rule.

molecules were included by He and Crefniera category of

systems exhibiting a certain crowding of the electron pairs. In  Acknowledgment. We thank John von Neumann Instittit fu
such cases three- and four-electron correlation effects as wellcomputing des Forschungzentrumiichufor allocation of the

as their couplings with two-electron effects become important. computer time within the project “The Correlation Energy of

The MP2 method does not involve the higher order correlation ;_Ejectrons in Planar Molecules”.

effects but simulates them by exaggerating the role of double

excitations® Another way to say it would be that the role of References and Notes

the two-electron effect is diminished in the higher order MPn .

approximations, because these elecrons take part in many-¢ _(1) Yarkony, D. R.Modern Electronic Structure ThearyWorld
o . . cientific: Singapore, 1995; Parts 1 and 2.

electron excitations. To illustrate the inadequacy of formula (13), 5y curtiss L. A.; Raghavachari, K. Trucks G. W.; Pople, JJAChem.

we have calculateBa(corr)°Z as a differenc&(HF/cc-pVDZ) Phys.1992 94, 7221.

— E(MP2(fc)/cc-pVDZ//HF/cc-pVDZ) for some electron rich (3) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.;

molecules such as HFyMN,, HCN, and HO. The correspond- ~ POPl€, J. AJ. Chem. Phys1998 109, 7764.

ing results are compared with the additivity values (given within g’; mm;bfﬁ e'\:;"i]'.’ gf gi':cer'{a,f‘]]'r?gi?t'ef:zi??/a };g:rssii'n’ G.

parentheses): 126.1 (119.9), 242.8 (229.5), 188.4 (198.4), 175.3a. J. Chem. Phys200Q 111, 6532.

(183.6), and 126.0 (122.1) kcal/mol, respectively. It is instructive (6) Lowdin, P. O.Adv. Chem. Phys1959 2, 207.



1618 J. Phys. Chem. A, Vol. 106, No. 8, 2002

(7) Sinanoty, O. Adv. Chem. Phys1964 3, 358.

(8) He, Y.; Cremer, DMol. Phys.200Q 98, 1415.

(9) He, Y.; Grdenstein, J.; Kraka, E.; Cremer, Mol. Phys.200Q
98, 1639.

(10) Maksic Z. B.; BaricD.; Petanjek, 1J. Phys. Chem. £200Q 104,
10873.

(11) Maksic Z. B.; Smith, D. M.; Bari¢ D. Chem. Phys2001, 269,

11.
(12) Smith, D. M.; Bari¢D.; Maksig Z. B. J. Chem. Phys2001, 115
3474.

(13) Ruedenberg, K.; Cheung, L. M.; Elbert, SIft. J. Quantum Chem.
1979 16, 1069.

(14) Roos, B. Olnt. J. Quantum Chem. Symp98Q 14, 175.

(15) Andersson, K.; Malmquist, P.zARo00s, B. OJ. Chem. Phy4992
96, 1218.

(16) Mgller, C.; Plesset, M. S2hys. Re. 1934 46, 618.

(17) Cremer, DJ. Comput. Chenml982 3, 154.

(18) Cremer, DJ. Comput. Chenil982 3, 165.

(19) Moncrieff, D.; Wilson, SJ. Phys. B: At. Mol. Opt. Phy4.999
32, 5379 and references therein.

(20) Dunning, T. H., JrJ. Chem. Phys1993 98, 7059.

(21) Feller, D.J. Chem. Physl1993 98, 7059.

(22) Helgaker, T.; Klopper, W.; Koch, H.; Noga, N. Chem. Phys.
1997, 106, 9639.

(23) Martin, J. M. L.Chem. Phys. Lettl996 259 669.

(24) Halkier, A.; Helgaker, T.; Klopper, W.; Jgrgensen, P.isasa\.

G. Chem. Phys. Lett1999 310, 385.

(25) Truhlar, D. G.Chem. Phys. Lettl998 294, 45.

(26) Fast, P. L.; Sachez, M. L.; Truhlar, D. GJ. Chem. Phys1999
111, 2921.

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

Baric and Maksic

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision D.1; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(28) Wiberg, K. B.; Bader, R. F. W.; Lau, C. D. H. Am. Chem. Soc.
1987 109 1001.

(29) George, D.; Trachtman, M.; Bock, C. W.; Brett, A. Metrahedron
1976 32, 317.

(30) George, D.; Trachtman, M.; Bock, C. W.; Brett, A. Nl. Chem.
Soc., Perkin Trans.,21976 1222.

(31) Maksic Z. B.; Klasinc, L.; RandicM. Theor. Chim. Actd 966 4,
273.

(32) Reed, A. C.; Schleyer, P. von B. Am. Chem. Sod 987, 109,
7362.

(33) Maksic Z. B.; Eckert-Maksic M. Unpublished results.

(34) Vvarandas, A. J. Cl. Chem. Phys200Q 113 8880.

(35) Cohen, N.; Benson, S. \WChem. Re. 1993 93, 2419.

(36) Leininger, M. L.; Allen, W. D.; Schaefer, H. F., IJ. Chem. Phys.
2000 112 9213 and references therein.

(37) King, R. A.; Cramford, T. D.; Stanton, J. F.; Schaefer, H. F., Ill.
J. Am. Chem. So0d.999 121, 10788.

(38) Dunning, T. H., JrJ. Phys. Chem. R200Q 104, 9062.

(39) A recollection from a lecture of professor R. G. Parr some time
ago.

(40) Barig D.; Maksic Z. B.; Yafiez, M. Work in progress.

(41) Fulde, P. InTheoretical Models of Chemical Bondingaksic Z.

B., Ed.; The Concept of Chemical Bonding; Springer: Berlin-Heidelberg,
1990; Vol. 2, p 377.

(42) Schtz, M.; Hetzer, G.; Werner, H.-J. Chem. Phys1999 111
5691 and references therein.

(43) Kraka, E.; Cremer, D. litheoretical Models of Chemical Bonding
Maksic Z. B., Ed.; The Concept of Chemical Bonding; Springer: Berlin-
Heidelberg, 1990; Vol. 2, p 453.

(44) Luken, W. L. InTheoretical Models of Chemical Bondirgaksic
Z.B., Ed.; The Concept of Chemical Bonding; Springer: Berlin-Heidelberg,
1990; Vol. 2, p 287.



