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The gauge-including atomic orbitedGIAO) method for the gauge-invariant calculation of nuclear
magnetic shielding constants has been implemented at the coupled-cluster singles and doubles
(CCSD level. A brief description of the theory and its computational requirements is provided.
Finally, the GIAO—CCSD method is applied to calculate nuclear shielding constantgOofvith

two different basis sets, the larger of which contains 153 contracted Gaussian functidr2950
American Institute of Physics.

For the past several years, the calculation of nucleations of shielding constants. The purpose of this paper is to
magnetic shielding constants has become an increasinghgport an implementation of the gauge-including atomic or-
popular area for quantum chemical applicatibf®sogress in  bital [GIAO] ansatZ for the calculation of NMR chemical
this field began with the development of approaches thashifts at the CC level. The theory of the GIAO—CC approach
address the gauge-origin problem inherent in all finite basisis well as its implementation in theEes 11 program systerft
set calculations of magnetic propertfeé4. These advances is outlined, and the power of the approach is illustrated by
have subsequently been exploited in the development aipplication to the BO molecule.
methods for treating magnetic properties at the correlated It is well known that origin independence of calculated
level of theory’™*® Like other molecular properti¢d,ele- magnetic properties is guaranteed by using gauge-including
ments of the shielding tensor are often strongly affected byatomic orbitals(also known as “London orbitals; which
electron correlation, as demonstrated in several benchmadepend explicitly on the applied magnetic fiddd
calculation® 1113 Indeed, despite recent developments to i
treat shielding constants at relatively high levédecond- X#(B)zex;< —5=(BXR,)-r
order many-body perturbation thediy!BPT (2)]'~° as well 2¢
as the second-order polarization propagatband multicon-  In Eq. (1), x(0) denotes the usual field-independent atomic
figurational self-consistent- fieldMCSCP1! approxima-  orbitals centered &, r the electron coordinates, asdhe
tions;, some significant discrepancies between theory angelocity of light. The second derivative of the energy with
experiment® persist. Particularly disturbing is a rather siz- respect tdB and the nuclear magnetic moment of nucléls
able disagreement between values obtained for certain syfm,] defines the elements of the nuclear magnetic shielding
tems with different theoretical treatmer(see, for example, tensor
the discussion in Ref. 33suggesting that electron correla- 5
tion effects are not treated adequately in these cases. N_E(d—)

2

To address the question raised above, methods have re- 1 dB; dmy; B=0
cently been developed for the calculation of shielding tensor
at higher levels of many-body perturbation theory, specifi-
cally third [MBPT (3)] and fourth-order treatments, with the
latter omitting effects of  triple excitations
[SDQ-MBPT4)].X2 For simple hydrides, correlation effects
appear to be well converged at the SDQ-MB®Tlevel.
However, molecules containing multiple bonds such as N
CO, and HCN are more problematic; oscillations observed a
consecutive orders of perturbation theory suggest that hig
level treatments are needed to obtain accurate results for dE(CCSD
these systems. Experience has demonstrated that coupled- dmNJ 2
cluster[CC] calculations—particularly those based on the
computationally efficient singles and doubld€CSD]  whereg, v,... represent atomic orbitals. In E®), D, is the
approximation®—provide accurate treatments of molecular usual relaxedeffectlve one-particle density of CC gradlent
properties, even in some cases where the MBPT perturbaticheory®~*°andh,, as the one electron Hamiltonian. Explicit
series is slowly convergeft. It is therefore tempting to spin—orbital formulas for the relaxed density can be found in
speculate that similar behavior will be observed in calculaRefs. 18—20, while detailed equations for the integral deriva-

Xu(0). ()

Provided that the second derivative is evaluated with per-
turbed molecular orbitals represented by GIAOs, @ysup-
plies a prescription for the gauge-invariant calculation of
NMR chemical shieldings for any quantum chemical ap-
proach. Following the strategy for the GIAO-MB®J
methods®3 o can be calculated at the CCSD level by dif-
ferentiating the energy first with respectrig, and then with
Iiespect toB. The first step of this procedure yields

()
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tives are given, for example, in Ref. 9. ElementdXf, are  TABLE I. Calculated isotropic shieldingén ppm for N,O* at the SCF,

determined by thé amplitudes that are solutions of the usual MBPT (2), MBPT (3), SDQ-MBPT(4), CCD, QCISD, and CCSD levels of

CCSD equations the amplitudeés‘zothat govern the first- theory using the GIAO ansatz and tlgg2d and pz3d1f basis sets de-
T : ibed in the text.

order perturbation independent response ofttheplitudes, scribed in fhe Tex

and the solution of th&-vector equation?s1 that accounts for qz2d pAd1f
orbital relaxation effects. The second step of the procedure
. Method Ny N, ) N, N, o}
yields
SCF 628 -33.6 1724 625 —342 1744
#h,, D, oh,, MBPT (2) 1336 332 2188 1307 308 217.0
aN(CCSD=2 D,, = L BM Y (4  MBPT() 956 —04 1939 931 -29 1919
o dBi dmy; 5 9Bi dmy; SDQ-MBPT(4) 1080 152 2068 1051 122 204.8
ccD 103.9 85 2026 1009 55 2005
which is suitable for computation of shielding constants butRC!SP 1043 102 2023 1018 78 2007
csD 103.0 77 2003 1005 53 19838

rgquires some gdditione}l information. The most computa-EXpt_ iy 99.5 113 200 99.5 113 200
tionally demanding requirement is a knowledge of the per-
turbed density)D'w/aB, Formulas for the corresponding ma- ZNl an(_iN2 are the tgrminal and central nitrogen atoms, respectively.
trix elements can be obtained by differentiating the El>7<per|mental vibrationally averaged values from Ref(¥8l) and Ref. 29
expressions for the density given, for example, in Ref. 20. In( ©)
the approach followed here, evaluationd® ,,/dB requires
the following additional stepd:1) solution of the perturbed
CCSD equationgyielding derivatives of the amplitudes, rately predict the correlation contribution. Multiconfigura-
at/oB); (2) solution of the perturbed equations(yielding  tional IGLO calculations have also been reported by van
derivatives of thex amplitudes,d\/dB); (3) solution of the  Willen and Kutzelnig@;o for N,O. However, the results of
coupled-perturbed Hartree—FotBPHP equation$’ (yield-  Ref. 11 suggest that the accuracy of their results is compro-
ing the CPHF coefficients gq); and(4) solution of the first- mised by use of a limited active space.
orderZ-vector equations. To address this problem, shieldings of,ON obtained

An important difference exists between the present exwith the GIAO method at finite order MBPT, CCD, QCISD,
pression for CCSD second derivatiégy. (4)] and a formal- CCSD levels are presented here. All calculations have been
ism previously presented in the literatdfeln the latter, performed at the experimental equilibrium geometry
equations were cast in a form that required solution of thdr, (NN)=1.1282 A andr, (NO)=1.1843 X&®] using qz2d
perturbed CCSD equations fail perturbation parameters, andpz3d1f basis sets. Both basis sets consist osarrset
while the present formulation requires solution of both the[11s7p contracted to 64p for qz2d and 138p contracted
perturbed CCSDand A equations, though only for the mag- to 8s5p for pz3d1f] optimized at the SCF level for atofis
netic field components. This asymmetric strategy is advantaand augmented by polarization functiongvo sets of
geous for the present class of applications since there akkfunctions forqz2d and three sets ofl- and one set of
only three magnetic field components ard Buclear mag- f-functions forpz3di1f] from Ref. 27. Due to program re-
netic moments, wher8l is the number of nuclei. Thus, the strictions, the full set of Cartesian functions has been in-
approach advocated here requires only the solution of sikluded in the calculations.
linear equations governing the first-order response of the cor- Table | summarizes the calculated shielding constants for
related wave function, while an approach following the strat-N,O together with experimental data from Refs. 28 and 29.
egy outlined in Ref. 23 would require solution B@N+3)  Appreciable correlation corrections in excess of 20 ppm are
equations for the)t/oB and dt/gmy amplitudes. found for all three nuclei, with the calculated results display-

The GIAO-CCSD method has been implemented in theng a pronounced dependence on the treatment of electron
ACES Il program systemi’ Omission of selected contribu- correlation. Though the GIAO—CCSD results are in accept-
tions easily allows the calculation of GIAO coupled-clusterable agreement with experimental values, it must be empha-
doubles(GIAO-CCD) and GIAO quadratic configuration in- sized that the latter necessarily correspond to vibrationally
teraction(GIAO—QCISD chemical shifts, and these features averaged quantities which in general are somewhat smaller
have been included as a trivial addition to our implementathan chemical shifts evaluated at the equilibrium geomBtry.
tion. A full presentation of the underlying theory and detailsWhile the three infinite-order method€CD, QCISD, and
of the computational requirements will be reported in a sub-CCSD] yield rather similar values, the MBPT results confirm
sequent publication. a slow convergence of the perturbation series already antici-

To illustrate the GIAO-based approaches discussegated by the large MBPT2) correction too. The oscillatory
above, the nuclear magnetic shielding constants.Gf Nave  behavior causes the MBR2) and SDQ-MBPT4) chemical
been investigated. Previous studies of this molecule havshifts to be too large in magnitude, while the third-order
demonstrated that electron correlation effects contribute sigreatment apparently underestimates the correlation contribu-
nificantly to predicted structural paramefersand tions. Nevertheless, the error found at the SDQ—-MBPT
properties?* Similarly slow convergence of the MBPT ex- level is significantly less than that at lower levels of MBPT,
pansion for magnetic shielding constants is suggested bgugmenting existing evidentethat the SDQ-MBPM®)
large second order correlation correctinand it appears treatment is more accurate than MBRJTfor magnetic prop-
that a significantly higher level treatment is needed to accuerties. The greatest difficulty appears to be associated with
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