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Abstract

An efficient approach for construction of physically justified STO(II)-3Gmag family basis sets for calculation of
molecules magnetic properties has been proposed. The procedure of construction based upon the taken into account
the second order of perturbation theory in the magnetic field case. Analytical form of correction functions has been
obtained using the closed representation of the Green functions by the solution of nonhomogeneous Schrodinger
equation for the model problem of "one-electron atom in the external uniform magnetic field". Their performance has
been evaluated for the DFT level calculations carried out with a number of functionals. The test calculations of
magnetic susceptibility and 1H nuclear magnetic shielding tensors demonstrated a good agreement of the calculated
values with the experimental data.
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HOBE CIMEMCTBO BA3UCIB STO(II)-3Gmag I/l PO3PAXYHKIB MATHITHUX
BJIACTUBOCTEH MOJIEKYJI
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AHoTaliga

3anponoHOBaHO e(QeKTUBHUU cnocié mo6ysoBu ¢i3sMyHO aganToBaHUX 6asucHUX Ha60piB STO(I)-3Gmag A
PO3paxyHKiB MarHiTHUX BJIAaCTUBOCTeil MoJieKy.I. Croci6 oGy J0BM I'PYHTYEThCS Ha BpaxyBaHHI ABHUX BUPas3iB AJis
KOopeKLiiHuxX yHKIii Apyroro nopsAajKy Teopii 36yAKeHb 10 MAarHiTHOMY MOJII0 A0 6Ga3MCHUX aTOMHMX OpGiTaseil.
AHa/IiTUYHMHA BUIJVISA KOPEKLiHHNX QYHKIiNi OTPUMAHO LUISXOM 3aCTOCYyBaHHSA 3aMKHYTOi ¢popmu PpyHkuii I'pina y
X04i po3B’A3aHHA HeoJHOpigHoro piBHAHHA lllpeainrepa a1 MoAesbHOI 3aJadi "0AHOEJEKTPOHHMI aToM y
30BHIIHBOMY OAHOpiAHOMY MarHiTHoMy mnoJji'. EpekTHBHicTh IUX 6a3uUCiB NPOJEMOHCTPOBAHO HAa NPUKIAAL
po3paxyHKiB MarHiTHOi COPUHHAT/IMBOCTI U TEH30piB MAarHiTHOro eKpaHyBaHHA ajaep H aaa pagy MoJiekyJL.
Po3paxyHku 3jiiicHeHo B Mexkax DFT i3 3acTocyBaHHAM pi3HuX GyHKIiOHAIB.

Kawuosi cnosa: 6asucHUi Habip; aTOMHI op6iTaji; TeH30pU SJepHOr0 MAarHiTHOrO €eKpaHyBaHHS; MarHiTHa
CIPUNHATIUBICTD; Teopis pyHKLUioOHAIA T'YCTUHMU.
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HOBOE CEMEMCTBO BA3UCOB STO(I1)-3Gmag 1/151 PACYETOB MATHUTHBIX
CBOVICTB MOJIEKY.JI
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AHHoTalus

IIpeanoxkeH 3¢pPeKTUBHBII cI0CO6 MOCTPOeHHsI PU3NUYECKU aJaNTHPOBAHHBIX 6a3UcHbIX Ha6opoB STO(II)-3Gmag
JJIA pacyeTa MarHUTHBIX CBOMCTB MoJieKyJ. Cnoco6 NMOCTpPOeHUS] OCHOBAaH Ha y4YeTe SBHBIX BbIPaXKeHUH A
NONPaBOYHbIX GYHKIMII BTOPOro mopsAKa TeOPUM BO3MYLIEHUIl MO0 MarHUTHOMY IHOJII0 K Ga3HUCHBIM aTOMHBIM
op6uUTa/NsAM. AHA/JIMTUYECKUH BHJ, NONPABOYHbIX (QYHKLUHA MNOJyYeH NYTEM HCNOJIb30BaHUA 3aMKHYTOIro
npeacTtaBieHuA QyHKUUU I'pyHA NpH pellleHMU HeOJHOpPOoAHOro ypaBHeHus IllpeguHrepa JJis1 MoAe/bHOU 3aja4yu
"OAHO3JIEKTPOHHBIII aTOM BO BHEMHEM OJHOPOJHOM MarHuTHoM mnoJse". J¢deKTUBHOCTh ITHUX O6a3UCOB
NpoJeMOHCTPUPOBAHA B pacyeTax MarHUTHOH BOCIPMUMYHMBOCTH M TEH30POB MarHUTHOI'0 9KpaHupoBaHus sagep 1H
AJiS psjAa MoJieKyJ1. PacdyeThl npoBeAeHbl B paMKax DFT c npyMeHeHHeM pa3/IMYHbIX QYHKIIUOHAJIOB.

Kawuesvie cnoea: 6a3vcHBbIN Ha60p; ATOMHbIE 0p6I/ITaJ'II/I; TeH30pPbl AA€PHOr0 MarHUTHOI'O 3KpaHUPOBAHHA; MArHUTHad

BOCIPUUMYUBOCTb; Teopust QYHKIMOHAJIA JIOTHOCTH. .

Introduction

The quantum-chemical calculations of the
magnetic properties of molecules have become
increasingly important owing to their contribute
to the understanding the nature of chemical
bonding and solution of some issues related with
the structure and properties of molecular systems
[1-2]. Various methods of calculations, such as
theory of gauge-invariant atomic orbitals (GIAO)
[3-4] and method of continuous gauge
transformation (CSGT) [5], implemented in the
framework of Hartree-Fock approximation (CHF)
[6-8], density functional theory (DFT) [9] and
others provide facilities for calculations of
chemical compounds magnetic properties. For the
exact calculations of magnetic properties it is
necessary to use extended basis sets of atomic
orbitals which can qualitatively describe the
changes in the electron density of the molecule
under external magnetic field for the obtaining of
sufficiently accurate calculated values of the
magnetic properties, such as nuclear magnetic
shielding tensor (chemical shifts) and magnetic
susceptibility.

For construction of the basis set corresponding
to the requirements stated above, in most cases a
simple "expansion” of the initial basis set of atomic
orbitals (AO) by adding a new polarization and
diffuse AOs have been used. However, the number
of additional functions and their functional form at
this case are not physically justified and based
mostly on the erudition and some empirical rules.
Among the existing basis sets for the calculations
of the magnetic properties the sets of Dunning
(aug-cc-pVXZ) [10-11] and Jensen (pc-n) [12-13]
have become widely used.

Recently STO##-3Ge and STO##-3Gmag basis sets
have been proposed for the -calculation of
electrical or magnetic properties of molecules
[14], which have been constructed using the
augmentation of STO-3G basis set by the first
order correction functions of perturbation theory
in electrical and magnetic fields case, respectively.
As have been shown in [14-18], these basis sets
demonstrate high efficiency which inspires us for
their further improvement.

STO##(11)-3Ger and STO##(11S)-3Ge basis sets,
constructed based on the explicit expressions of
the second order correction functions of the
perturbation theory in the electric field, shown to
be accurate and cost-effective for the calculations
of the molecules polarizability and hyper-
polarizability [19]. This paper is devoted to the
further development of the approach proposed in
[19] to construction of basis sets for calculation of
magnetic properties based on the application of
correction functions of the second-order
perturbation theory in the magnetic field case.
Analytical form of such correction functions has
been obtained using the closed representation of
the Green functions by the solution of
nonhomogeneous Schrodinger equation for the
model problem of "one-electron atom in the
external uniform magnetic field" [20-21].

Theory

In [19] the method of augmentation of the
original STO-3G basis set to STO##-3Gmag basis set
have been proposed by using the additional AOs
contained in the analytical expressions of the first
order correction function, which correspond to
the angular momentum operator L as the
perturbation operator. By consequential extension,
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we have taken into account the next (second)
order of perturbation theory, where in the case of
the magnetic field the corresponding operator is:
W (r) = r?sin? 8. (1D
The second order correction functions has
been obtained base on the solution of the
nonhomogeneous Schrédinger equation:

[—3a+V(@) - E|x() = AW x() ()

Using a closed representation of the Green's
function, it is possible to obtain an explicit

analytical expression of correction functions,
which are defined by the formula:

xB) =[G () W) xO@)dr (3)
where Gg(r,7") - the Green's function, V(r) - the
operator of the potential energy that defines the type
of orbitals, W(r") - the perturbation operator (1).

The analytical expressions for the second-order
corrections to the hydrogen AOs have been obtained
earlier by the authors [22], and transformed by us:
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were - the true spherical harmonics.
By using the rule of the selection new orbital
exponents [15]:
_ Doid8o1d
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were &oiq — the orbital exponent of the
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Using all of additional functions from the right
side of expression (5) as additional diffuse and
polarization AOs (as in [19]), for the expansion of the
original Slater-type basis set of atomic orbitals

15(81), 2s(&,), 2p(82), 3s(83), 3p(&3)  (6)

10

2)5v (6 2) 47 (82 5) 57 (&
22 o 00 305,002

)5 (Es-g) 60 (8 -3),4f (83),5 (8 2) 6/ s .

4+ )—ﬁYwe? (4r3+§r4+%r
unperturbed AO,
Nyiq — the quantum number of the unperturbed AO,
Nnew — the quantum number of the new AO,
from the expressions (3) one can generate the
new Slater AOs with keeping only the expansion of
new AOs with the higher quantum numbers Nnew:
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(5)
with the following expansion by primitive Gaussian
orbitals [23-25], leads to the construction of the new
STO(IIF)-3Gmag basis set or its light versions -

STO(IIM)-3Gmag and STO(IIV)-3Gmag basis sets, for
which only functions with the same symmetry as the
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unperturbed occupied and valence AOs, or only the
valence AOs as the additional AOs from (5) have
been used. Symbols F, M, V means full, middle, and
valence, respectively.

Results

Efficiency of constructed basis sets have been
tested by calculations of the magnetic susceptibility
for the number of molecules (some hydrocarbons,
hydrides, CO, CO, CH20, Ny, F2), carried out at HF
method and DFT functionals B3LYP, BP86,

packages [26]. The results of these calculations are
presented in the Table 1. Developed here basis
sets have shown a good agreement with the
experimental data. Furthermore, for such
molecules as C;Hz, CHs4, HCN, NHs3, SiHs, and F»
these basis sets have shown more acceptable
results if compare to STO##-3Gmag, Jensen (pc -2,
pcJ-2) and Dunning (aug-cc-pVTZ) basis sets. It is
worth to note, that STO(IIM)-3Gmag and STO(IIV)-
3Gmag basis sets give sufficiently accurate and in
some cases even better results for the calculation

of the magnetic susceptibility if compare to the
STO(IIF)-3Gmag basis set.

PBE1PBE using the GAUSSIAN 09W program

Table 1

Diamagnetic susceptibility of molecules ) (cgs-ppm/mol) (sign is reversed) and the parameters of the linear
regression equation X expt=A* X caic + B

STO(IIF)- _ STO(IIM)-  STO(IIV)- _ STO##- aug-cc-  Experiment
Method 3Gmag 3Gmag 3Gmag 3Gmag pe-2 pcj-2 pVTZ [27]
1 2 3 4 5 6 7 8 9
C2He
HF 31.48 30.25 29.99 29.29 29.60 29.58 29.56 27.4
BP86 30.90 29.82 29.79 28.54 29.38 29.38 29.34
B3LYP 30.41 29.72 29.64 28.63 29.27 29.26 29.23
PBE1PBE 31.14 29.91 29.83 28.92 29.47 29.45 29.42
Cz2Ha4
HF 19.46 21.54 21.35 21.02 21.30 21.30 21.30 19.7
BP86 17.83 20.22 20.16 19.65 20.03 20.03 20.00
B3LYP 18.82 20.50 20.43 19.85 20.30 20.30 20.28
PBE1PBE 18.40 20.48 20.42 19.84 20.21 20.21 20.20
Cz2H2
HF 21.28 23.70 23.67 22.97 22.99 22.99 22.99 20.8
BP86 20.73 23.10 22.92 22.22 22.16 22.04 22.22
B3LYP 21.39 23.41 23.24 22.38 22.35 22.35 22.40
PBE1PBE 20.91 23.15 23.01 22.23 22.17 22.17 22.22
CHa4
HF 18.19 18.32 18.33 19.1 18.96 18.87 18.88 17.4
BP86 18.59 18.99 18.97 19.52 19.29 19.27 19.27
B3LYP 18.32 18.84 18.83 19.34 19.15 19.14 19.13
PBE1PBE 18.46 18.90 18.89 19.43 19.24 19.22 19.22
HCN
HF 17.70 17.42 1751 16.53 17.05 17.04 17.03 16.8
BP86 16.64 16.47 16.48 15.33 15.97 15.98 16.00
B3LYP 17.01 16.81 16.82 15.68 16.32 16.32 16.33
PBE1PBE 16.80 16.62 16.65 15.56 16.12 16.12 16.13
co
HF 12.95 12.88 13.01 11.04 12.78 12.77 12.78 118
BP86 12.52 12.53 12.56 10.22 12.23 12.23 12.32
B3LYP 12.76 12.74 12.79 10.53 12.49 12.49 12.56
PBE1PBE 12.56 12.55 12.61 10.40 12.30 12.30 12.37
CO2
HF 23.73 23.03 23.17 22.68 22.49 22.46 22.45 21
BP86 22.94 22.46 22.46 21.95 21.90 21.89 21.86
B3LYP 23.08 22.55 22.59 22.09 22.05 22.03 22.00
PBE1PBE 23.10 22.53 22.58 22.08 21.99 21.97 21.95
CH20
HF 8.02 8.4 8.49 8.19 8.53 8.54 8.54 6.86
BP86 6.10 6.56 6.54 6.27 6.58 6.59 6.59
B3LYP 6.51 6.97 6.96 6.66 7.00 7.00 7.01
PBE1PBE 6.52 6.9 6.90 6.59 6.91 6.91 6.89
H20
HF 14.68 14.45 14.62 14.23 13.75 13.76 13.85 13.12
BP86 15.11 14.76 14.95 14.88 14.11 14.15 14.38
B3LYP 15.03 14.69 14.87 14.76 14.05 14.04 14.29
PBE1PBE 14.92 14.56 14.74 14.63 13.97 13.97 14.18

11
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Table 1 (continuing)

1 2 3 4 5 6 7 8 9
NH3
HF 16.99 17.16 17.2 17.66 17.16 17.16 17.23 16.3
BP86 17.51 17.73 17.8 18.15 17.49 17.49 17.68
B3LYP 17.45 17.59 17.65 18.03 17.41 17.4 17.58
PBE1PBE 17.35 17.51 17.57 17.94 17.37 17.36 17.52
HF
HF 10.47 10.54 10.58 10.51 10.33 10.41 10.38 10.4
BP86 10.99 11.06 11.08 11.20 10.67 10.67 10.84
B3LYP 1091 10.97 11.00 11.00 10.62 10.62 10.77
PBE1PBE 10.82 10.88 1091 10.90 10.55 10.55 10.68
SiHa
HF 21.47 23.87 22.86 21.35 21.73 21.92 21.99 20.4
BP86 22.85 25.10 23.89 22.30 23.22 23.35 23.52
B3LYP 22.07 24.77 23.45 21.82 22.63 22.78 22.95
PBE1PBE 22.69 25.03 23.88 22.20 22.99 23.16 23.32
H2S
HF 27.40 28.25 28.08 26.61 27.25 27.24 27.42 25.5
BP86 27.88 28.33 28.17 26.58 27.49 27.45 27.77
B3LYP 27.80 28.26 28.10 26.50 27.37 27.34 27.64
PBE1PBE 27.75 28.32 28.16 26.60 27.43 27.40 27.70
N2
HF 12.99 12.63 12.65 11.04 12.74 12.73 12.81 12
BP86 12.07 11.99 11.98 9.83 11.76 11.75 12.00
B3LYP 12.32 12.24 12.23 10.18 12.11 12.10 12.33
PBE1PBE 12.19 12.06 12.07 10.10 11.93 11.92 12.12
F2
HF 12.62 12.47 12.58 12.38 12.59 12.59 12.54 9.63
BP86 10.12 9.89 9.87 10.16 9.92 9.94 9.94
B3LYP 10.81 10.63 10.63 10.71 10.64 10.65 10.64
PBE1PBE 11.24 11.08 11.09 11.10 11.12 11.13 11.10
HF R 9 0.9912 0.9925 0.9871 0.9925 0.9927 0.9929
A 0.91 0.90 0.92 0.92 0.95 0.95 0.95
B 0.18 0.15 -0.18 0.30 -0.42 -0.43 -0.43
BP86 R 0.9845 0.9893 0.9929 0.9821 0.9936 0.9932 0.9925
A 0.86 0.85 0.87 0.88 0.89 0.89 0.89
B 1.48 1.37 1.13 1.56 1.10 1.09 1.03
B3LYP R 0.9914 0.9914 0.995 0.9858 0.9958 0.9956 0.9951
A 0.90 0.87 0.89 0.90 0.91 0.91 0.91
B 0.79 0.91 0.63 1.12 0.54 0.55 0.48
PBE1PBE R 0.9864 0.9897 0.9933 0.9844 0.9936 0.9932 0.9929
A 0.88 0.86 0.88 0.89 0.90 0.90 0.90
B 1.11 1.05 0.77 1.28 0.70 0.71 0.66

The results of calculations of proton nuclear calculations carried out in the full STO(IIF)-3Gmag
magnetic shielding tensors for a number of basis set shows the best agreement with
molecules in vacuo are collected in Table 2, and experimental data, especially in combination with
compared with the experimental values. The data BP86 functional, and, in a few cases, with
indicates that for all molecules except HF, the

PBE1PBE functional.

Table 2
1H nuclear magnetic shielding tensors ¢ (ppm) and the parameters of the linear regression equation 6 expt=A* 6 caic + B
STO(IIF)-  STO(IIM)- STO(IIV)-  STO##- aug-cc- .

Method 3Gimag 3Gimag 3Gimag 3Gimag pe-2 pc)-2 pVTZ Experiment
1 2 3 4 5 6 7 8 9

C2He
HF 30.99 31.57 31.58 31.52 31.31 31.25 31.31 29.86 [28]
BP86 30.12 30.71 30.71 30.62 30.40 30.26 30.43
B3LYP 30.50 31.13 31.14 31.01 30.79 30.76 30.82
PBE1PBE 30.33 30.92 30.93 30.87 30.68 30.64 30.69

C2H4
HF 26.12 26.75 26.73 26.51 26.57 26.48 26.54 25.43[29]
BP86 25.18 25.90 25.88 25.63 25.58 25.53 25.58
B3LYP 25.58 26.34 26.33 25.99 25.99 25.94 25.99
PBE1PBE 25.33 26.01 25.99 25.78 25.75 25.69 25.73

12
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Table 2 (continuing)

1 2 3 4 5 6 7 8 9
C2H2
HF 29.74 30.99 31.09 30.17 30.76 30.65 30.72 29.28 [30]
BP86 29.25 30.40 30.49 29.72 30.18 30.14 30.18
B3LYP 29.60 3091 31.00 30.00 30.53 30.49 30.54
PBE1PBE 29.39 30.49 30.58 29.82 30.34 30.27 30.31
CH4
HF 31.19 3191 31.93 31.68 31.48 31.71 31.77 30.61 [31.32]
BP86 30.64 31.47 31.48 31.03 31.21 31.18 31.23
B3LYP 30.93 31.82 31.83 31.32 31.49 31.46 31.51
PBE1PBE 30.78 31.56 31.58 31.21 31.39 31.34 31.39
H20
HF 30.33 31.25 31.22 30.54 31.31 31.14 31.33 30.20 [33]
BP86 30.16 30.86 30.82 30.12 30.97 30.87 30.99
B3LYP 30.20 30.97 30.94 30.22 31.05 30.93 31.09
PBE1PBE 30.22 30.98 30.95 30.30 31.09 30.97 31.12
NH3
HF 31.46 32.44 32.46 31.78 32.10 31.97 32.09 30.68 [31.32]
BP86 30.92 31.88 3191 31.04 31.55 31.47 31.53
B3LYP 31.11 32.14 32.16 31.24 31.76 31.68 31.75
PBE1PBE 31.09 32.05 32.07 31.31 31.74 31.65 31.73
HF
HF 28.84 28.94 28.65 28.39 29.19 27.25 29.20 29.20 [33]
BP86 29.05 29.14 28.84 29.60 29.45 29.32 29.44
B3LYP 28.93 29.04 28.73 29.33 29.30 29.16 29.33
PBE1PBE 28.99 29.10 28.80 29.24 29.35 29.22 29.38
HF R 0.9661 0.9365 0.9172 0.9156 0.9617 0.8445 0.966
A 0.94 0.85 0.81 0.84 0.91 0.68 0.9
B 1.28 3.47 4.7 3.99 1.63 8.74 2.03
BP86 R 0.9977 0.9813 0.9686 0.9911 0.9947 0.9934 0.9948
A 0.93 0.88 0.85 0.96 0.89 0.89 0.89
B 2.11 2.93 3.79 0.9 2.79 2.8 2.81
B3LYP R 0.9884 0.9572 0.9394 0.9788 0.9848 0.9817 0.9854
A 0.94 0.86 0.82 0.95 0.9 0.89 0.9
B 1.55 3.24 4.38 0.81 2.3 2.43 2.3
PBE1PBE R 0.9942 0.9754 0.9619 0.9855 0.9906 0.9893 0.9916
A 0.92 0.86 0.83 0.93 0.88 0.88 0.88
B 2.22 3.32 4.22 1.62 2.99 3.06 3.01
. NMR chemical shifts / R. Ditchfield // Mol. Phys. - 1974.
Conclusion - Vol. 27.- P. 789.
[4] Ditchfield R. Molecular orbital theory of magnetic
The new approach to the development of shielding and magnetic susceptibility / R. Ditchfield //
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