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Abstract

Our target is to give an extremely rapid and good quality method for the estimation of experimental enthalpies of formation from partial atomic charges. The accuracy of our REBECEP method can reach the chemical accuracy. (1-2 kcal/mol)

Background

Correlation energy for the electronic ground-state is defined as the difference between the exact non-relativistic complete CI electronic ground state basis set limit total energy (ET(CI)) and the single determinant ground-state HF-SCF basis set limit total energy. (ET(HF-SCF))

Ecorr = ET(CI) – ET(HF-SCF) 



(1)

Because ET(CI) is not known (the calculations are very expensive) for most of the molecules, one must use practical approximations to the correlation energy. A method and basis dependent energy correction was defined for our purposes:

Ecorr (Method, Basis Set) = ET(Method) – ET(HF-SCF/Basis Set)  (2)

 where = ET(Method) is a total energy obtained from a good quality method (e.g. Gaussian-3, CCSD(T) or experiment) and ET(HF-SCF/Basis Set) is a HF-SCF total energy calculated with a given basis set [6-311+G(2d,p) and 6-31(d) basis set were tested by previously]. If method = complete CI and Basis Set = infinite, one obtains the exact correlation energy at the given molecular geometry.

REBECEP method

The advantage of REBECEP method is that the very expensive ET(Method) calculation in eq 2 can be replaced by an extremly rapid estimation of correlation energy from atomic charges. For the estimation of experimental enthalpies of formation we use HF-SCF total energies and ab initio charge distribution in the molecules. REBECEP method can be constructed from the idea that electron correlation of an N electron system is roughly proportional to the number of electrons and correlation energy can be estimated directly from partial charges. This dependence of the correlation energy on the number of electrons is conserved in the molecules.

Ecorr(REBECEP) =((A=1,M)Ecorr(NA, ZA)


(3)

where Ecorr(NA, ZA) is the atomic correlation energy. 

For Ecorr(NA, ZA) terms we suggest a linear interpolation formula:

Ecorr(NA, ZA, Method, Basis Set, Charge def.) =

(NA- N1) Epar(N2, ZA, Method, Basis Set, Charge def.) +

(N2-NA) Epar(N1, ZA, Method, Basis Set, Charge def.)  (4)

[image: image2.wmf]where N1 and N2 are integer number of electrons, with N1( NA ( N2 = N1+1 is the electron content around the atom A. Epar(N2, ZA, Method, Basis Set, Charge def.) and Epar(N1, ZA, Method, Basis Set, Charge def.) in eq 4 are the so called REBECEP atomic parameters that transform the partial charge into energy correction.

Atomic correlation parameters can be obtained from a fitting procedure. To calculate the fitted parameters we have selected G3 total energy. To define the correlation energy we use eq. 3 To obtain the fitted parameters we have to find the minimum of ((i=1,L)(Ecorr(G3)i – Ecorr(REBECEP)i)2 in a set of L molecules.

Results

Experimental enthalpies of formation have been approximated using single point HF-SCF total energies plus the Rapid Estimation of Basis set Error and Correlation Energy from Partial Charges (REBECEP) energy corrections. Energy corrections are calculated from HF-SCF partial atomic charges and optimized atomic energy parameters. The performance of this method was tested on 116 closed-shell neutral molecules containing C, N, O and F atoms. We used the earlier RECEP-3 [HF/6-311+G(2d,p)] and REBECEP [HF/6-31G(d)] atomic parameter sets obtained from G2/97 thermochemistry database together with natural population analysis and Mulliken partial charges.

· Best results were obtained using the natural population analysis although Mulliken charges also provide useful results

· Best results were obtained using fitted atomic energy parameters

· Quality HF-SCF/6-31G(d) REBECEP results are comparable to the quality of HF-SCF/6-311+G(2d,p) RECEP-3 results

· REBECEP results are considerably better than the B3LYP/6-311+G(3df,2p) results

· The smallest average deviation from the experimental enthalpies of formation was obtained with NPA charges, and 6-31G(d) basis set

· Statistical analysis of the reliability of the G3, B3LYP and REBECEP methods provides that the root-mean-square deviation from the experimental enthalpies of formation for 51 molecules of the G3 database is 1.15, 3.96 and 2.92 kcal/mol for G3, B3LYP/6-311+G(3df,2d), and REBECEP (NPA) enthalpies of formation, respectively

· REBECEP enthalpies of formation deviate only for two molecules by more than 6 kcal/mol from the experimental values
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TABLE 2: Fitted Efitpar(N, Z, method, charge definition) REBECEP atomic parameters (hartree) for calculating Ecorr(REBECEP, method, charge definition) by eqs 3-4 for closed-shell neutral molecules in the vicinity of stationary points from HF/6-31G(d) results.
	Atom
	Na
	Za
	G3, Mulliken
	G3, NPA
	Expt., Mulliken
	Expt., NPA

	H
	2
	1
	-0.0358
	-0.0330
	-0.0344
	-0.0315

	C
	4
	6
	-0.1013
	-0.1092
	-0.1003
	-0.1129

	C
	5
	6
	-0.1692
	-0.1697
	-0.1651
	-0.1666

	C
	6
	6
	-0.2190
	-0.2200
	-0.2190
	-0.2203

	C
	7
	6
	-0.2603
	-0.2588
	-0.2638
	-0.2613

	N
	6
	7
	-0.2651
	-0.2650
	-0.2625
	-0.2662

	N
	7
	7
	-0.2901
	-0.2866
	-0.2910
	-0.2866

	N
	8
	7
	-0.3160
	-0.3173
	-0.3191
	-0.3206

	N
	9
	7
	n.a.
	-0.3847
	n.a.
	-0.3823

	O
	8
	8
	-0.3354
	-0.3402
	-0.3362
	-0.3396

	O
	9
	8
	-0.3740
	-0.3742
	-0.3758
	-0.3763

	F
	9
	9
	-0.3658
	-0.3672
	-0.3677
	-0.3655

	F
	10
	9
	-0.4234
	-0.4203
	-0.4210
	-0.4226


a N is the number of electrons and Z is the nuclear charge. n.a. = not available, it was not necessary to calculate for the 65 molecules. The (N=9, Z=7) nitrogen is not stable in gas phase (double anion), but one must recognize that this table lists REBECEP atomic energy parameters for atoms in molecular environment (i.e. in bond).

TABLE 1: Fitted Efitpar(N, Z, method, charge definition) REBECEP atomic parameters (hartree) for calculating Ecorr(REBECEP, method, charge definition) by eqs 3-4 for closed-shell neutral molecules in the vicinity of stationary points from HF/6-311+G(2d,p) results.
	Atom
	Na
	Za
	CIb
	Low spin CIc
	Low spin B3LYPd
	Fitted parameterse

	
	
	
	
	
	
	G2, NPA, 41f
	G3, MK, 41
	G3, ChelpG, 41
	G3, Mulliken, 41
	G3, NPA, 41
	G3, NPA, 65

	H
	2
	1
	-0.0395
	-0.0395
	-0.0432
	-0.0376
	-0.0419
	-0.0417
	-0.0398
	-0.0374
	-0.0381

	C
	4
	6
	-0.1264
	-0.1264
	-0.1079
	-0.1105
	n.a.
	n.a.
	-0.1515
	-0.1466
	-0.1487

	
	5
	6
	-0.1388
	-0.1388
	-0.1400
	-0.1387
	-0.1802
	-0.1808
	-0.1821
	-0.1796
	-0.1783

	
	6
	6
	-0.1564
	-0.1754
	-0.1911
	-0.1659
	-0.2094
	-0.2098
	-0.2106
	-0.2103
	-0.2111

	
	7
	6
	-0.1827
	-0.2087
	-0.2258
	-0.1909
	-0.2322
	-0.2323
	-0.2357
	-0.2392
	-0.2361

	N
	6
	7
	-0.1666
	-0.1856
	-0.2005
	-0.2227
	-0.2700
	-0.2696
	-0.2659
	-0.2640
	-0.2641

	
	7
	7
	-0.1883
	-0.2143
	-0.2373
	-0.2259
	-0.2740
	-0.2741
	-0.2690
	-0.2721
	-0.2721

	
	8
	7
	-0.2617
	-0.2877
	-0.3035
	-0.2351
	-0.2805
	-0.2805
	-0.2801
	-0.2833
	-0.2850

	O
	8
	8
	-0.2579
	-0.2839
	-0.3079
	-0.2703
	-0.3161
	-0.3163
	-0.3184
	-0.3181
	-0.3171

	
	9
	8
	-0.3314
	-0.3314
	-0.3619
	-0.2790
	-0.3237
	-0.3240
	-0.3265
	-0.3295
	-0.3298

	F
	9
	9
	-0.3245
	-0.3245
	-0.3599
	-0.2892
	-0.3399
	-0.3397
	-0.3373
	-0.3396
	-0.3399

	
	10
	9
	-0.3995
	-0.3995
	-0.4430
	-0.3061
	-0.3446
	-0.3460
	-0.3588
	-0.3575
	-0.3572


a N is the number of electrons and Z is the nuclear charge. b CI correlation energies for ground state atoms in free space.  c Estimated low spin atomic CI correlation energies: -0.019 hartree correction for 6 electronic systems, -0.026 hartree correction for 7 and 8 electronic systems. d Atomic correlation energies for “low spin” states calculated as a difference of B3LYP/6-311+G(3df,2pd) and HF/6-311+G(3df,2pd) energies. n.a. = it was not necessary to calculate for the molecules used in ref. and here. e The multi linear fitting procedure is described elsewhere.

Table 2: Experimental (Expt.) Enthalpies of Formation, Deviations of G3 and B3LYP Methods from Experimental Enthalpies of Formation, Deviations Between Various RECEP-3 and REBECEP Results from Experimental Results for the 51 Enthalpies of Formation Selected from the G3/99 Test Set (kcal/mol). 

	
	Species
	Expt.
	Deviation

(Expt.-Theory)
	
	Deviation 

(Expt.  RECEP)

	
	
	
	
	
	NPA, Expt.a

	
	
	Hf0 

(298 K)
	Error

(()
	G3
	B3LYP
	
	6-311+G(2d,p)
	6-31G(d)

	1
	C4H6 (methyl allene)
	38.8
	0.1
	0.2
	0.0
	
	1.7
	0.1

	2
	C5H8 (isoprene)
	18.0
	0.3
	-0.2
	-4.9
	
	-0.1
	-2.9

	3
	C5H10 (cyclopentane)
	-18.3
	0.2
	-0.5
	-10.0
	
	-3.7
	-0.5

	4
	C5H12 (n-pentane)
	-35.1
	0.2
	0.3
	-7.1
	
	-1.5
	-1.1

	5
	C5H12 (neopentane)
	-40.2
	0.2
	0.5
	-10.5
	
	-5.8
	-4.4

	6
	C6H8 (1,3 cyclohexadiene)
	25.4
	0.2
	-0.9
	-9.3
	
	-2.5
	-2.0

	7
	C6H8 (1,4 cyclohexadiene)
	25.0
	0.1
	-1.4
	-9.7
	
	-0.6
	-0.7

	8
	C6H12 (cyclohexane)
	-29.5
	0.2
	-0.2
	-13.4
	
	-5.6
	-1.9

	9
	C6H14 (n-hexane)
	-39.9
	0.2
	0.6
	-9.3
	
	-3.3
	-1.6

	10
	C6H14 (3-methyl pentane)
	-41.1
	0.2
	0.2
	-11.7
	
	-6.4
	-4.5

	11
	C6H5CH3 (toluene)
	12.0
	0.1
	-0.9
	-7.6
	
	
	0.4

	12
	C7H16 (n-heptane)
	-44.9
	0.3
	0.8
	-11.7
	
	-4.4
	-2.3

	13
	C8H8 (cyclooctatetraene)
	70.7
	0.4
	-1.4
	-11.7
	
	-3.9
	-5.2

	14
	C8H18 (n-octane)
	-49.9
	0.3
	0.9
	-14.0
	
	-5.7
	-3.0

	15
	C10H8 (naphthalene)
	35.9
	0.4
	0.5
	-11.7
	
	b
	0.2

	16
	C10H8 (azulene)
	69.1
	0.8
	-1.6
	-11.7
	
	b
	-10.7

	17
	CH3COOCH3 (acetic acid methyl ester)
	-98.4
	0.4
	0.7
	-2.9
	
	-1.5
	1.1

	18
	(CH3)3COH (t-butanol)
	-74.7
	0.2
	0.8
	-9.0
	
	-4.6
	-3.4

	19
	C6H5NH2 (aniline)
	20.8
	0.2
	-1.3
	-2.7
	
	
	-1.5

	20
	C6H5OH (phenol)
	-23.0
	0.2
	-1.6
	-7.1
	
	b
	-1.1

	21
	C4H6O (divinyl ether)
	-3.3
	0.2
	-0.2
	-1.2
	
	-1.0
	-3.6

	22
	C4H8O (tetrahydrofuran)
	-44.0
	0.2
	-0.2
	-7.6
	
	-2.1
	1.9

	23
	C5H8O (cyclopentanone)
	-45.9
	0.4
	0.7
	-8.2
	
	-1.9
	2.0

	24
	C6H4O2 (benzoquinone)
	-29.4
	0.8
	-1.1
	-8.6
	
	b
	-0.9

	25
	CH4ON2 (urea)
	-56.3
	0.3
	-1.3
	
	
	-1.8
	1.0

	26
	C4H4N2 (pyrimidine)
	46.8
	0.3
	1.7
	5.3
	
	2.7
	4.7

	27
	N(C-CH2-CH2-C(N (butanedinitrile)
	50.1
	0.2
	-0.2
	-2.1
	
	1.9
	6.5

	28
	C4H4N2 (pyrazine)
	46.9
	0.3
	-2.7
	1.4
	
	0.6
	3.5

	29
	CH3-C(=O)-C(CH (acetyl acetylene)
	15.6
	0.2
	-2.5
	-5.9
	
	-2.8
	-3.6

	30
	CH3-CH=CH-CHO (crotonaldehyde)
	-24.0
	0.3
	0.8
	-1.0
	
	2.3
	1.3

	31
	CH3-C(=O)-O-C(=O)-CH3

(acetic anhydride)
	-136.8
	0.4
	2.1
	-4.0
	
	-4.1
	0.3

	32
	(CH3)2CH-C(N (isobutane nitrile)
	5.6
	0.3
	-1.1
	-5.4
	
	-0.4
	1.2

	33
	CH3-CO-CH2-CH3 

(methyl ethyl ketone)
	-57.1
	0.2
	0.3
	-4.5
	
	-0.5
	1.1

	34
	(CH3)2CH-CHO (isobutanal)
	-51.6
	0.2
	-0.6
	-6.4
	
	-2.7
	-2.1

	35
	C4H8O2 (1,4-Dioxane)
	-75.5
	0.2
	0.9
	-7.8
	
	-1.3
	3.7

	36
	C4H8NH (tetrahydropyrrole)
	-0.8
	0.2
	-0.7
	-5.3
	
	-3.2
	-0.8

	37
	CH3-CH2-CH(CH3)-NO2 

(nitro-s-butane)
	-39.1
	0.4
	1.1
	-5.2
	
	-4.8
	-1.2

	38
	CH3-CH2-O-CH2-CH3 (diethyl ether)
	-60.3
	0.2
	0.8
	-4.4
	
	-0.8
	1.3

	39
	CH3-CH(OCH3)2 

(acetaldehyde dimethyl acetal)
	-93.1
	0.2
	1.7
	-6.5
	
	-4.4
	-1.4

	40
	(CH3)3C-NH2 (t-butylamine)
	-28.9
	0.2
	-0.1
	-6.5
	
	-6.4
	-5.4

	41
	cyc-CH=CH-N(CH3)-CH=CH-

 (N-methyl pyrrole)
	24.6
	0.1
	-0.8
	-2.8
	
	-7.7
	-4.4

	42
	C5H10O (tetrahydropyran)
	-15.2
	0.2
	0.3
	-10.8
	
	-4.0
	0.9

	43
	CH3-CH2-CO-CH2-CH3

(diethyl ketone)
	-61.6
	0.2
	1.1
	-6.4
	
	-1.3
	1.3

	44
	CH3-C(=O)-O-CH(CH3)2 

(isopropyl acetate)
	-115.1
	0.2
	1.3
	-8.3
	
	-5.2
	-0.5

	45
	cyc-C5H10NH (piperidine)
	-11.3
	0.1
	-0.9
	-9.2
	
	-5.7
	-2.0

	46
	(CH3)3C-O-CH3 (t-butyl methyl ether)
	-67.8
	0.3
	1.4
	-10.2
	
	-6.9
	-5.0

	47
	C6H4F2 (1,3-difluorobenzene)
	-73.9
	0.2
	0.4
	-4.7
	
	b
	-1.0

	48
	C6H4F2 (1,4-difluorobenzene)
	-73.3
	0.2
	0.4
	-4.8
	
	b
	-0.4

	49
	C6H5F (fluorobenzene)
	-27.7
	0.3
	-0.4
	-5.1
	
	b
	0.7

	50
	(CH3)2CH-O-CH(CH3)2 (di-isopropyl ether)
	-76.3
	0.4
	1.6
	-11.6
	
	-6.7
	-3.2

	51
	C2F6
	-321.3
	0.8
	2.8
	-7.4
	
	0.5
	2.3


a NPA or Mulliken charges are used in the REBECEP calculation, as indicated. G3 and Expt. denotes the method used to obtain the total energy. The REBECEP parameters were fitted to reproduce the G3 or the experimental total energy.  b NBO cannot handle linearly dependent basis sets.
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