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The direct(recomputation of two-electron integraisnplementation of the gauge-including atomic
orbital (GIAO) and the CSGTcontinuous set of gauge transformatipnsethods for calculating
nuclear magnetic shielding tensors at both the Hartree-Fock and density functional levels of theory
are presented. Isotropi®C, °N, and 'O magnetic shielding constants for several molecules,
including taxol(C47Hs;NOy, using 1032 basis functiopare reported. Shielding tensor components
determined using the GIAO and CSGT methods are found to converge to the same value at
sufficiently large basis sets; however, GIAO shielding tensor components for atoms other than
carbon are found to converge faster with respect to basis set size than those determined using the
CSGT method for both Hartree-Fock and DFT. For molecules where electron correlation effects are
significant, shielding constants determined udigiadient-correctedpure DFT or hybrid methods
(including a mixture of Hartree-Fock exchange and DFT exchange-correladi@n closer to
experiment than those determined at the Hartree-Fock level of theory. For the series of molecules
studied here, the RMS error fdfC chemical shifts relative to TMS determined using the B3LYP
hybrid functional with the 6-311G(2d,p) basis is nearly three times smaller than the RMS error

for shifts determined using Hartree-Fock at this same basis. Hartree®®6ckhemical shifts
calculated using the 6-3¥Ghasis set give nearly the same RMS error as compared to experiment
as chemical shifts obtained using Hartree-Fock with the bigger 8-&(2d,p) basis set for the

range of molecules studied here. The RMS error for chemical shifts relative to TMS calculated at the
Hartree-Fock 6-316 level of theory for taxol(C,7H5;NO;,) is 6.4 ppm, indicating that for large
systems, this level of theory is sufficient to determine accutiechemical shifts. ©1996
American Institute of Physic§S0021-9606)01914-X]

I. INTRODUCTION include these electron correlation contributions, Gauss has
recently developed the GIAO-MP2and GIAO-CCS

A number of methods have been developed for the calpeihods which provide shielding constants that are consis-
culation of molecular second-order magnetic response proqénﬂy in close agreement with experiment.

erties. It is generally accepted that accurate prediction of

these properties within the finite basis approximation, 3 promising alternative to conventioratb initio methods in

quires gauge |nvar|an_t prpcedu e‘s.Th|s- paper will focus quantum chemistry. DFT has been shown to be successful in
on predicting NMR shielding tensors using two of these pro- . . . o
redicting various molecular properties, often giving results
cedures, namely GIAO and CSGT at both the Hartree-Foc ;
. . p . : »Of a quality comparable or even better than MP2 for a cost
and DFT levels of theory, which achieve “gauge-invariance

in different ways. The GIAO method, which uses basis func_that is on the same order as Hartree-Fock, substantially less

tions that have an explicit field dependerceyas first than that of tra;illtlona_ll corr_elatlo_n ':jech_r;lﬂues. It”therefore
adopted for quantum chemical NMR shift calculations bySE€MS reasonable to investigate in detail how well DFT pre-
Ditchfield* More recent implementations at the Hartree-

Density functional theory has emerged in recent years as

dicts magnetic response properties, in particular shielding

Fock level include those by Pufagnd Gaus$.The CSGT  tensors. . . _
method, developed by Keith and Badeachieves gauge- Vignale and co-worker§,in their study of magnetic
invariance by performing a continuous set of gauge transforl€lds and DFT, proposed a term for the current dependency
mations, one for each point in real space, obtaining an acc®f the exchange-correlation functional. Malkin and
rate description of the current density from which theco-worker§ have previously implemented methods for cal-
shielding tensors can be determined. culating DFT magnetic properties within the individual
Gauge-invariant Hartree-Foc&t sufficiently large basis gauge for localized orbitalSIGLO)° framework using
set3 methods give'3C shielding results which are close to current-dependent functionals. Friedrigt all® were the
experiment for most hydrocarbon molecules and other molfirst to combine the GIAO method with DFT, however their
ecules where electron correlation effects are relatively smallstudy was limited by their use of th&, exchange-
For molecules with multiple bonds, electron correlation con-correlation functional and of minimal basis sets. Schrecken-
tributions become more significant and these effects need tkach and Zieglét have recently implemented the GIAO
be included in order to obtain accurate shielding tensorsnethod at the DFT level of theory and examined one func-
especially for other nuclei such &N and*’0O.! In order to  tional (LDA/NL ) using relatively small basis sets for a small
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number of molecules. In addition, their implementation em-
ploys Slater type orbitals as basis functions, as opposed to G2e(P),uv:)\E Pyo(uh|[vo), 4
the more common Gaussian type orbitals used in our imple- 7
mentation here. The results they obtained are encouraginghere (u\||vo) is the antisymmetrized two-electron inte-
and indicate a need to examine other functionals, includingral over spin orbitals,,, x,, xi, X, Which includes a co-
hybrid functionals, for a larger range of systems. efficient for Hartree-Fock exchang€,,rx, as follows(this
In this paper we discuss the implementation of the GIAOdefinition is assumed throughgut
and CSGT methods for calculating NMR shielding tensors at 1
both the Hartree-Fock and DFT levels of theory, using func- (M?\HVU):J' XWX (2) =[x, (Dx,(2)
tionals which do not include a specific magnetic field depen- M
dent term, but which have yielded good accuracy for other _ .
chemical propertie$?® The convergence of NMR isotropic Crrx Xo(Dx,(2)]d7,d7. ®
shielding constants with respect to basis set using the CSGThe exchange-correlation energy is
and GIAO methods is examined. Several functionals, includ-
ing hybrid functionals, are investigated in their ability to pre- Eyc= f f(ParPp Yaa:r Yap VBB)dF' (6)
dict NMR *C, N, and 'O chemical shifts using GIAO’s
and a relatively large basis set which is known to be suffiwhere o and B refer to the spin components aridis a
cient to predict accurate MP2 chemical shifts. In addition,general first-order exchange-correlation functional and does
absolute shielding constants for COp,Naind NNO, where not include an explicit magnetic field dependent term. The

electron correlation contributions are large, are presented fadpin densities and density gradient invariants are given as
these functionals using a very large basis set. We compa#g|lows:

methods for calculating accurate NMR chemical shifts for
large molecules, especially fdC, while examining the
trade-off between accuracy and cost. Our test set is com-
posed of a range of molecules which have different environ-

Pa=2 PLX X
y324

ments for the nuclei of interest. These include systems with Yaa=VPa VPar  Yap=VPaVPg, (7)
single and multiple bonds, molecules where electron corre-

lation effects are significant such as the benzonium'fon,  Vp,=> P*V(x,x,),

phenonium iort* and GB3H:.2® In addition, bicyclobutane H

and[1.1.1]propellane are included as examples of strainedynq Gyc, the exchange-correlation piece Bfis!?
ring systems. Finally*3C chemical shifts for the taxol mol-

ecule(1037 basis functionsare reported as an example large

— ot ot
system. (Gxe)ur= J

Vp,+ —V
0170101 Pa 07701[3 pB

i +|2
&anMXV

V(xhx,) |dF ®

Il. THEORY AND IMPLEMENTATION

with a similar expression foiG&.. The coefficient for

The nuclear magnetic shielding tensor is expressed 3Sartree-Fock exchang€uey, in Eq. (5) is one for Hartree-
the mixed second derivative of the energy with respect to thtf:OCk zero for pure DFT an,d non-zero for hybrid methods
external magnetic fieldB, and the magnetic moment of Simill’:lrly f=0 for Hartree-Fock theory. '

nucleusN, my. Using the notation where first and higher derivatives are
N 392 denoted by superscripts specifying the variédlef differ-
Tiji ZM' (1) entiation, the expression for the shielding tensor for nucleus
! N becomes:
wherei andj are the components of the external magnetic 25
field and induced magnetic moment, respectively. The Kohn-  _N_ -
Sham (KS) formulationt® of DFT is closely analogous to I oBigmy,

Hartree-Fock(HF) theory in that a set of molecular orbitals h the derivai ¢ the Hamiltoni . b
is derived from an effective one-electron potential via a selfVNere the derivatives of the Hamiltonian are given by

= (h(Bi ™)P) 4 (h™,PB1), 9

consistent procedure. Considering SCF theory in general, the R R i [(F—Ry)XV]:
SCF energy and Fock matrix are h:ﬁ‘l:()(ulhm“jlxy); h™ = — p T—T?TJ
“& (Bi \mn.) _ h(Bj .My, .
F=—5=h+Gy(P)+Gyxc=h+G, &) h, = h )y );
P . . (11)
whereP is the density matrixh is the one-electron Hamil- h(Bi M) = i r-(r—Ry) & —ri(r—Ry);
tonian and7" is the nuclear repulsion energy and 2c? IF—Ry|®
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In addition to the derivatives of the one-electron Hamil- A. GIAO method
tonian, the calculation of the nuclear magnetic shielding ten-
sor also requires the derivative of the density matrix with
respect to the magnetic fiel@5i. This is obtained via solu-
tion of the coupled-perturbeCP) equations for the appro-
priate perturbation. In order to discuss the magnetic field R P .
perturbation solution for hybrid methods such as B3LYP, X#(B)ZGXF{—%(BX R T
which include a mixture of Hartree-Fock exchange and DFT

exchange-correlation, a brief description of the CP equationghere FEM is the position vector of basis functiog, and
will be presented here to illustrate the parallelism which €Xy,(0) denotes the usual field-independent basis functions.

ists between Hartree-Fock and DFT. _ _ The derivative of a field-dependent basis function with re-
SeparatingP into its occupied-occupied and virtual- gpect to the magnetic field directioris

occupied blocks, the CP equations for an external magnetic

field perturbatiorB; are B: [ 4
X#I:_Z_C(R/,Lxr)l)(,u(o) (17)

The GIAO method®~°for calculating magnetic proper-
ties uses the following explicit field-dependent basis func-
tions.

X.(0), (16)

Bi_ pBi Biy pBiy _—nBi B i
FPO\,_ PovF_ G( Pov+ on) ov— h0v+ Gov( P) ov FSEV o - N > . .
_ DefiningR,,=R,—R,, the derivative of the overlaf and
+G(S§('))ov, (12 Hamiltonianh matrices with respect to the external magnetic

field in the AO basis are
Bi _ [ Bi_

Poo_ - SEO’ va_ 0, 13 B. i . .
_ . S,v= 55 (Run XD {xulxu), (18)

where the subscripts oo and ov refer to the occupied-
occupied and occupied-virtual blocks of the matrix, respec- Bi _, Bip ~5 =B,
tively. S is the overlap matrix an@(X) (whereX is either b= D) + Ol W)+ (xlblx, )
(P2+PB) or sy is i
= 56 (RusX (Xl [h1x0) = (Ol PV x0)
G(X)uy=2 Xpolph||vo), (14 -
SRR +RXul V1X), (19

where (u\||vo) is as defined in Eq.(5). The term where the derivative of the Hamiltonian operator is
GBi(P)W which results from the derivative of the basis func-

tions with respect to the field is hBi= — 2i_c(F>< V). (20)
GBi(P),,= > P)\O.(M)\||V(T)Bi+G>B(iC. (15  The termGi‘C in Eq. (15), which results from the derivative
ro of the field-dependent basis functions with respect to the
field is

Note that there is no corresponding exchange-correlation

contribution to these equations because the standard func- of

tionals considered here depend only g(m) and its deriva- (GQC);BV‘)=J [T(XZXV)B‘+
tives and not on the magnetic field explicitly. @, gx is Pa

taken to be one in Eq5) [with f=0 in Egs.(8) and(21)], of N

then the CPHF equations result from E@.2), while if + mvﬂﬁ> VXpxp)™ |, (21
Cuex is zero, the CPKS equations are obtained. The efficient

solution of Eq.(12) for P}, in the AO basis, for real pertur- where

bations has been discussed previotk?.For an imaginary
perturbation, the coulomb contributions in both
G(Pf\i,+ Pai))ov and G(Sgg)o\, [Eg. (14)] vanish leaving only
the Hartree-Fock exchange contribution. Sipcand its de-
rivatives have only aexplicitdependence upon the figlda
the basis functionsthe DFT exchange-correlation contribu- i .
tion to these two terms is zero and for pure DFT, the CPKS VX()(ZXV)Bi= E(RWX F)i[(VxXZ)XﬁXZ(VxXV)]
equations reduce to their uncoupled analog. For hybrid meth-

ods, which include a mixture of Hartree-Fock exchange and i W

DFT exchange-correlation, only Hartree-Fock exchange is + EXM)(#[(BX Ruv)y ' 1B=0- (23
present in these two terms. As gauge-invariance is achieved

in different ways, the GIAO and CSGT methods differ at thisThree sets of Eq12) are then solved, one for each magnetic
point in the formation of the right-hand side of H32). field direction.

Zaf \%
P Pa

aa

o
(XX )= 52 (R X D)X (22)

and for thex component of the gradient,
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B. CSGT methods 1. d(F) function

Alternatively, the nuclear magnetic shielding tensor can  In the original implementation of the CSGT method by
be expressed in terms of the induced first-order electroniKeith and Badef,an exponential function was used to shift
current densitydd(r). the gauge origin. Here, the nuclear weight function used in

Becke’s algorithrf? for multi-center numerical integration is

i 1 h ford(r). Becke defines hi | ight functi
N_ _ = % 3 31 chosen ford(r). Becke defines his nuclear weight function
i dB;amy, Bcf dral e J (/] (24) as follows
The CSGT methods have been discussed in detail _:ri_ri (28)
previously?>'*~2While the GIAO method uses basis func- Ry

tions which depend on the field, the CSGT methods achieVgherer; andr; denote distances to nucleiand j, respec-
gauge-invariance by accurately calculating the induced f"Stﬂver, andR; is the inter-nuclear separation. The simplest

order electronic current density by performing a gauge transpossible function of satisfying the following constrains
formation for each point in space. This is achieved by intro-

ducing the functiord(r) which is the shift in gauge origin f(-=1)=-1, f(+1)=+1,

and is defined to be a function of the real space fieldot df df
the electronic position vector field§) (discussed below d—(—l): d—(+1):O, (29
The expression for the first-order induced current density for K K

a magnetic field applied along theaxis using a continuous is a two-term polynomial
set of gauge transformatichis

p(p)=3u—3u°. (30)
n/2
o ALy Lt a R ~ D, This simple polynomial, however, is not sharp enough so we
IV(F) =2, BLY By + 9 B —dy (N (9 By iterate as follows
* . . * . fi(u)=p(w),
+ P2 Py) + () (g P+ g pyn)] '
fa(u)=plp(w)], (31

—B(F—d(M)p(F), (25)
g falw)=pip[p() ]}

The step function is then:

= CoiXps s(p)=31—f3(u)] (32
K’ making sure that the shift in gauge origin is normalized.
If d(r) is a constant in Eq25), the single origin method
1,0!‘=2 CI,;iXp.a (26)  is obtained. Keith and Bader, as well as many others have
# shown the inadequacies of the single origin method, and it is
mentioned here only for the sake of completeness. The use of
(,//ip=2 cﬁixﬂ, a separate nuclear centered gauge origin for each atom in a
" molecule is termed the method of Individual Gauges for At-
wherec,; are the molecular orbital expansion coefficients®™s 1N MoleculeIGAIM).™ The IGAIM method gives re-
and the superscript and p refer to the derivatives with sults essentially identical to the CSGT method and therefore
respect to the angular momentum and linear momentum pefNlY the later will be presented here.
turbations, respectively

wherep is the electron densityp=—iV and the orbitals

Ill. CALCULATIONS

R i
for cii hPi=— 2c (MX V)i, The above mentioned GIAO and CSGT methods have
(27  been implemented intcAussian 94° and all calculations
o . B [ were performed using this program. GIAO-MP2 chemical
for c,ii h '__Zvi' shifts are from Ref. 1. For comparison of DFT chemical
shifts calculated here with MP2 shifts, the following2p
Since the basis functions do not depend upon the magnetignd pz3d2f basis sets were used. The2p basig?* which
field, the only remaining term on the right-hand side of EqQ.is a quadruple-zeta double polarization consists of a
(12 is hs\i,. Six sets of these equations are then solved, thre¢l1s7p2d/6s4p2d) contraction for CN,O,F and a
for the components of the angular momentum perturbatiorf6s2p/3s2p) contraction for H. Thepz3d2f basis sét*
using any single gauge origin and three for the linear mo<consists of a (18p3d2f/8s5p3d2f) contraction with po-
mentum perturbation resulting from any single shift in gaugdarization exponents taken from Ref. 25. Calculations per-
origin. The shielding tensors are then obtained via Beéke's formed with theqz2p basis used geometries optimized at the
multi-center numerical integration scheme, taking advantag®P2 level using a triple-zeta basis double polarization
of cutoffs. (tz2p)?® basis which is a (1$6p3d/5s3p2d) for C,N,O,F
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TABLE I. Convergence of Hartree-Fock GIAO and CSGT isotropic absolute shielding conéfarmtsppm) with respect to basis sét.

6-31G 6-311+G(2d,p) qz2p pz3d2f
Molecule/Aton? GIAO CSGT GIAO CSGT GIAO GSGT GIAO CSGT Expt.
TMS
C 195.1 190.8 188.5 188.6 188.0 186.9 187.5 188.0 188.1
Si 461.1 387.6 394.1 394.9 389.4 389.4 392.5 393.2
CH,
C 199.1 191.8 194.2 193.2 193.6 191.6 193.1 192.6 195.1
[1.1.1]propellane
(CsHe)
Che 131.0 126.8 120.1 120.9 117.9 118.1 116.7 116.7
Cy 204.7 189.1 197.6 198.4 197.2 196.2 196.2 195.9
phenonium ion
(CgHg)
Cl 148.7 145.5 136.8 137.6 134.7 134.7 133.7 133.6
C2 21.4 16.4 4.0 4.3 —-0.2 0.0 —2.7 —2.7
Cc3 73.3 66.5 59.0 59.5 55.8 55.6 54.3 54.2
C4 31.0 26.4 15.0 15.3 11.0 11.1 8.5 8.6
C5 153.6 149.7 144.3 144.3 142.2 142.0 141.4 141.3
CH;NH,
C 170.9 166.3 162.9 162.1 161.7 159.8 160.6 160.3 158.3
N 254.5 230.9 247.4 242.7 246.6 241.8 247.1 245.1
CH;F
C 135.2 128.9 126.2 126.4 124.2 122.8 123.1 122.9 116.8
F 485.3 443.7 482.7 478.2 483.7 471.5 483.2 480.2
CO
C -2.8 -10.1 —26.3 —25.0 —-30.9 -31.3 -31.1 —-31.2 1.0
(0] —60.6 —74.0 -92.0 -90.1 —-98.5 —-99.9 -99.0 —-99.2 —-42.3

#B3LYP/6-31G" optimized geometries. Basis sets are described in the text.
bFor[1.1.1]propellane, G, refers to a methylene carbon whilg fers to a bridgehead carbon. For phenonium ion, the atom labels are defined in Ref. 14.
*Experimentaf'3C shifts are from Ref. 34 whilé’O shifts are from Ref. 35.

and a (%3p/3s2p) for H. Geometries obtained at this level B3LYP hybrid functionaP® which is a slight variation of
of theory agree well with experimeh#ll other calculations, Becke’s three-parameter functional above, has the form
with the exception of taxol, were performed at geometries, , _siater, ;1 avx =HF, mx A =Becke, ~x =LYP

optimized at the B3LYP/6-31Glevel of theory. Geometries ATEXTTH (A ATECTBYART CrEe

obtained at this level of theory are at least as good, and in 4 (1—C)* E\éWN (34)
several cases better, than those obtained at the tR?/ ) .
level 27 where the constanta, B, C are again those determined by

33
The exchange-correlation functionals considered in thiBeCke:

work are defined as follows: The LSDAocal Spin Density

Approximation uses Slater exchan&®and the VWN cor-

relation functionaf® BLYP uses the Becke exchange IV. RESULTS
functionaf® and the LYP correlation functiondt. BPW91
uses the Becke exchange functiclaand Perdew and
Wang's 1991 gradient-corrected correlation functioldihe
B3PW91 functional is Becke's three parameter hybri

The convergence of the GIAO and CSGT methods with
respect to basis set is demonstrated in Table | for absolute
dshielding constants calculated at the Hartree-Fock level of

functionaf® theory. The shielding constants are found to converge to the
same value at sufficiently large basis sets, however, GIAO
A*EJReL (1— A ERF4 B* AESecke gRWOlloca) shielding constants are found to converge faster and more
smoothly with respect to basis set size than those determined
+C* AEEWQ](non-Ioca) (33)  using the CSGT method, especially for nuclei other than car-

bon. This same behavior is exhibited for shielding constants
with the non-local correlation provided by the Perdew 9lcalculated at the DFT level of theory. Given the similarity of
expressiort? The constantsA, B, C, where A=0.20, shielding constants determined using either of these meth-
B=0.72 andC=0.81, are those determined by Beck@he ods, only GIAO results will be presented from this point on.
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TABLE Il. Comparison of GIAO chemical shifts& in ppm) calculated at the Hartree-Fock, DFT and MP2

levels of theory.

Molecul  Nucleus HF LSDA BPW91 BLYP B3PW91 B3LYP MP2 Exptd
CyHg C 11.7 17.0 16.1 17.8 14.8 16.0 135 14.2
C,H, C 135.8 151.4 139.6 1404 1404 140.9 130.3 130.6
C,H, Cc 81.8 93.7 82.4 818 83.9 83.3 78.2 77.9
CH,CCH, C 81.7 90.5 845 845 85.2 85.1 80.6 79.9
C 240.0 246.7 2350 239.2 238.0 241.3 2275 224.0
CsHs C 140.7 152.0 141.8 1438 143.0 144.4 137.5 137.9
HCN C 127.6 130.7 119.6 118.8 123.2 122.4 114.2 113.0
N 318.6 326.3 306.2 3084 311.8 313.4 275.2 284.9
CH3NH, C 31.9 42.6 40.1 422 38.0 395 36.6 36.8
N 12.0 21.4 21.8 26.1 18.8 219 15.0
CH;CN C 4.8 114 10.3 104 9.2 9.2 7.9 7.4
C 135.1 139.0 1291 129.7 1319 132.2 125.4 121.3
N 309.2 310.8 295.0 295.7 3004 3010 263.0 272.6
N5 N 391.3 3709 355.3 356.3 364.9 365.7 321.1 326.1
NNO N 210.8 1835 1740 1756 1833 184.7 141.1 165.0
N 310.8 2744 2634 269.0 2746 278.9 242.4 253.2
o} 177.7 172.3 169.8 169.7 173.3 173.0 138.6 143.4
CH;0OH C 52.0 67.6 63.2 655 60.7 62.2 59.3 58.5
o} -12.1 2.2 6.1 10.9 0.8 4.1 -5.8
CO, C 147.9 1465 138.2 139.6 141.7 142.7 138.0 136.6
o 112.1 129.0 120.0 118.3 120.3 118.8 103.8 100.6
CH,O Cc 204.9 2347 2144 2151 2146 215.0 194.8
(0] 788.1 8415 778.0 7845 790.8 795.5 686.7
CH;COCH, C 32.2 44.9 39.7 406 38.5 39.2 37.0 37.1
C 218.9 2345 2217 2249 2230 225.3 207.3 208.2
o} 667.4 707.8 6765 676.3 6845 683.8 624.6
CcO C 224.9 2176 2049 2048 2114 211.3 190.4 194.1
o 421.9 426.0 408.7 407.7 4146 4135 392.2 386.3
CH,F C 71.2 90.5 84.1 86.3 81.5 83.0 79.7 78.3
CF, C 116.5 1545 146.3 149.2 141.0 143.1 137.1 130.6
Absolute shielding constants for reference molecules
CH, Cc 195.7 193.7 190.1 1875 191.8 189.6 201.5 195.1
NH; N 262.6 266.1 260.2 259.2 261.3 260.3 276.2 264.5
H,O o 326.9 332.3 3253 3248 3264 3257 344.8 344.0

2All calculations performed using thegz2p basis set with MP2£2p optimized geometrieésee the tejt

stants are the primary focus of this paper as the former are
measured with high accuracy in chemical applications of .
NMR spectroscopy. In addition, calculated chemical shiftsJ

are

ences are better represented.

bAtom order is from left to right.
‘GIAO-MP2 results from Ref. 1.
YExperimental*3C values taken from Ref. 34N values from Ref. 36 an/O values from Ref. 35.

Chemical shifts, as opposed to absolute shielding conA. Comparison of DFT and MP2 chemical shifts

GIAO isotropic 13C, N, and 'O chemical shifts are
iven in Table Il for several molecules obtained at the
in better agreement with experiment as relative differiartree-Fock, DFT and MP2 levels of theory, using the
gz2p basis and MP222p optimized geometries. Chemical
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TABLE IlI. Statistical data for*3C and'>N chemical shifts calculated at the Hartree-Fock, DFT and MP2 levels

of theory?

HF LSDA BPW91 BLYP B3PW91 B3LYP MP2
5.
RMS error 11.5 16.1 7.7 9.2 8.7 9.5 2.3
mean error 4.0 14.4 6.5 7.8 7.0 7.9 0.8
mean absolute error 9.0 14.4 6.5 7.8 7.0 7.9 1.6
maximum error 30.8 26.3 15.7 18.6 17.3 17.3 6.5
standard deviation 4.1 154 11.0 4.4 5.0 5.3 9.2
absolute standard deviation 9.3 15.4 11.0 4.4 5.0 5.3 9.2
15N:
RMS error 49.3 34.6 20.0 21.7 27.5 29.1 13.4
mean error 47.8 32.8 18.4 20.6 26.6 28.4 —-11.8
mean absolute error 47.8 32.8 18.4 20.6 26.6 28.4 11.8
maximum error 65.2 44.8 29.2 30.2 38.8 39.6 —23.9
standard deviation 53.4 215 20.2 9.0 10.1 8.1 455
absolute standard deviation 53.4 21.5 20.2 9.0 10.1 8.1 19.9

aStatistical data obtained from the molecules in Table Il. All calculations performed using the GIAO method,
qz2p basis set, and MP22p optimized geometriest®C shifts relative to Chl and **N shifts relative to

NH;. Errors are with respect to experiment and reported in ppm.

PMP2 chemical shift results taken from Ref. 1.

shifts obtained using the LSDA, BPW91, BLYP, B3PW91 periment using a basis set which is sufficient to predict ac-
and B3LYP functionals are reported. In this taBf& values curate MP2 chemical shifts. With the exception of LSDA,
are relative to Cl, 1N values are relative to NjHand*’O  the DFT functionals statistically provide an improvement
values are relative to #0. Note that CH, as opposed to over Hartree-Fock as judged by the RMS error. The RMS
TMS, the normal standard, is used as the referencé>®@r error for °C shifts is nearly the same for each of the
shifts in order to compare directly with the MP2 results of gradient-corrected functionals and is on average 3 ppm
Gauss: In all cases, although more computationally demandsmaller than that for Hartree-Fock. The RMS error fei

ing, MP2 predicts chemical shifts which are closer to experi-shifts calculated using the gradient-corrected functionals
ment than those obtained using either Hartree-Fock or any ainges over 9 ppm but is on average, 25 ppm smaller than
the DFT functionals. the Hartree-Fock RMS error.

Statistical measures including the RMS error, mean er-  3C chemical shifts obtained using the gradient-corrected
ror, mean absolute error, maximum error and standard devidFT functionals are in closer agreement with experiment
tion with respect to experiment are reported in Table Il forthan those obtained at the Hartree-Fock level for HCN,
the calculated®*C and 2N chemical shifts. Statistical data CH3CN, CO,, methylene carbon of acetone, and CO. For
are not reported fot’O due to the limited number of experi- the other molecules in Table Il, the gradient-corrected func-
mental values. The DFT functionals consistently predicttionals yield chemical shifts which are roughly equal, within
chemical shifts that are too deshielded as compared to ex few ppm, to those predicted by Hartree-Fock theory. For

TABLE IV. GIAO absolute shielding constants calculated using #z8d2f basis and experimental

geometries.

Molecule HF LSDA BPW91 BLYP B3PW91 B3LYP MP2 Expt®
CcO

C —-25.5 -23.8 -16.1 -—-17.7 —-19.9 -21.3 10.6 3.0
(6] —87.7 -91.3 —-821 -80.7 —85.7 —84.6 —46.5 —36.7
N,

N —-112.4 —-954 —-87.4 —-87.9 —-943 —-94.9 —-41.6 —59.6
NNO¢

N 62.3 85.3 88.4 86.4 81.9 80.0 130.0 127
N —34.6 —-5.2 —-1.2 —6.8 -9.1 —13.6 30.3 22
O 174.1 176.7 171.8 172.5 171.2 171.6 216.2 200

3For CO,r(C0)=1.1283A, for N, r(NN)=1.0977A, for NNO, (NN)=1.1282A andr (NO)=1.1843A.
PGIAO-MP2 results from Ref. 1.

°Experimental*3C values taken from Ref. 34N values from Ref. 36 an’O values from Ref. 35.
datom ordering is from left to right.
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TABLE V. Isotropic chemical shifts §, in ppm).2

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

Molecule Nucleu$ HF B3LYP HF B3LYP Exptt

C,Hg C 4.6 3.3 5.6 4.0 7.2

C,H, C 116.6 110.0 125.1 124.0 123.6

C,H, C 62.3 54.9 715 67.1 70.9

CH,CCH, C 69.1 64.2 72.8 70.1 72.9
C 226.1 196.4 227.0 222.0 217.4

cyclopropane

CsHg C -6.7 -55 -8.1 -6.7 -4.0

bicyclobutane

C,Hs Cie 22.0 237 23.6 26.6 32.0
Gy -11.0 -6.8 -11.2 -7.1 -5.7

[1.1.1]propellane

CsHs Cie 64.1 63.2 68.4 70.6 79.3
Co -9.6 -5.8 -9.1 -34 4.3

CsHs C 1225 115.1 131.1 128.6 130.9

phenonium ion

CgHg C1 46.4 55.5 51.7 63.8 68.8
C2 173.7 158.9 184.5 175.4 171.8
C3 121.8 121.9 129.5 134.9 133.4
c4 164.1 145.8 1735 160.5 155.4
C5 415 48.2 44.2 53.7 60.7

benzonium ion

CeH3 C1 35.4 40.5 38.7 47.1 52.2
Cc2 184.4 172.1 195.1 189.2 186.6
C3 121.1 123.2 128.8 136.6 136.9
Cc4 186.8 163.4 196.6 178.7 178.1

HCN C 103.5 88.7 115.8 104.7 106.0
N 278.0 262.8 307.5 302.3 284.9

CH;NH, C 24.2 246 25.6 27.2 29.8
N 6.3 16.3 12.9 22.8

CH,CN C -15 -4.1 -23 -41 0.4
C 110.0 96.8 122.8 114.3 114.3
N 274.0 256.3 299.0 290.8 272.6

N, N 3455 310.8 3734 347.7 326.1

NNO N 184.7 153.7 202.9 178.3 165.0
N 268.5 230.1 295.4 267.4 253.2
(0] 151.0 139.9 160.6 155.1 143.4

CH;0H C 42.8 44.4 44.6 48.8 51.5
o —16.5 0.8 -11.9 3.8

CH,O C 179.9 175.5 191.7 195.4
o 716.6 697.0 753.2 758.4

CH;COCH; C 23.2 223 25.2 26.0 30.1
C 194.9 186.7 207.0 207.2 201.2
o 633.9 627.8 654.9 666.9

CO, C 123.9 109.0 138.9 127.3 129.3
e} 94.8 93.5 107.4 112.0 100.6

CO c 197.9 173.5 214.8 194.1 187.1
(0] 383.7 365.1 413.8 402.7 386.3
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TABLE V. (Continued)

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

Molecule Nucleu$ HF B3LYP HF B3LYP ExptS
CH;F Cc 59.9 61.8 62.3 68.0 71.3
CFk, C 103.0 117.9 107.6 128.5 123.6
C,B3Hs ¢ C 82.3 90.5 88.0 99.9 103.3

B 12.5 0.9 13.4 —-0.1 3.5

Absolute shielding constants for reference molecules

T™MS C 195.1 183.7 188.5 177.2 188.1
NH; N 260.8 255.0 260.3 258.4 264.5
H,O o 323.1 316.6 321.8 320.0 344.0
B,Hg B 106.7 93.5 101.4 83.6

3Calculations performed using the GIAO method and B3LYP/63btimized geometried3C shifts relative to TMSIN relative to NH;, 27O relative to

H,O and!!B relative to BR- OEL,.

bAtom ordering is from left to right. G, and G, refer to the methylene and bridgehead carbon, respectively. For phenonium ion and benzonium ion, the atom
labels are defined in Ref. 14.

°Experimental®N values taken from Ref. 36 artdO values from Ref. 35:3C values are taken from Ref. 34, except for bicyclobutane[aridT]propellane

which are taken from Ref. 37, phenonium ion from Ref. 38, benzonium ion from Ref. 39 @yHCfrom Ref. 40.1'B value taken from Ref. 15.

UShifts for B calculated relative to B which hasdg,y, 16.6 ppm vs BE- OEt,.

15N shifts, the gradient-corrected DFT functionals provide anco-worker$*>%®have studied these last three molecules and
improvement over Hartree-Fock for each of the four mol-have concluded that MP2 is required in order to pretfiet
ecules studiedHCN, CH;CN, N, and NNO. The gradient- and!!B chemical shifts that are in good agreement with ex-
corrected functionals provide only a 5-8 ppm improvementperiment. We have included these systems as a rigorous test.
over Hartree-Fock fot’O shifts in NNO, and CO, while for In Table V13C shifts are relative to TMSN shifts are
CO, these functionals predict shifts which are 7-8 ppm fur-relative to NH and*’O shifts are relative to D. The'B
ther from experiment than those predicted by Hartree-Fockhemical shift in GB;Hs is calculated relative to B with
theory. These are relatively small variations considering thai 6.6 ppm added so as to be compared to*tBeexperimen-
the calculated shifts differ from experiment by roughly 20-35ta| standard BE- OEt,.** Statistical data for the calculated
ppm. 13C and*™N chemical shifts are reported in Table VI.
Absolute shielding constants for CO, ldnd NNO, ob- The Hartree-Fock and B3LYP 6-3%Qevels of theory
tained using the larg@z3d2f basis set and experimental predict 13C chemical shifts with comparable accuracy. The
geometries, are presented in Table IV. Galrs previously RMS error for Hartree-Fock is 11.1 ppm for this range of
demonstrated that electron correlation effects are significartglecules while for B3LYP it is 12.5 ppm. B3LYP predicts

in these systems. It can be seen that the gradient-correctes ghifts which are, in general, too deshielded, while
DFT functionals provide only a small improvement over yartree-Fock makes errors in both directions.

Hartree-Fock even at this very large basis set. 13C chemical shifts obtained using the B3LYP functional
. _ at the larger 6-311G (2d,p) basis have an RMS error of
B. Hartree-Fock and B3LYP chemical shifts 4.2 ppm, compared to 11.1 ppm for Hartree-Fock at the same

In order to predict accurate NMR chemical shifts for basis. For phenonium ion and benzonium ion, B3LYP/6-

large molecules, especially fdfC, it is necessary to access 311+G (2d,p) predicted c chemical shifts are much
the accuracy of the available methods using lower levels ofloser to experiment than those obtained using Hartree-Fock
theory. Thus, a method is desired which will produce accutheory at this same basis. The RMS errors for the calculated

rate chemical shifts at a reasonable cost. 13C chemical shifts in phenonium ion are 4.8 ppm and 14.6

The results in Tables Il and |1l indicate that the gradient-ppm for B3LYP and Hartree-Fock, respectively. For benzo-
corrected functionals predict chemical shifts with similar ac-nium ion, the RMS errors are 12.9 ppm for Hartree-Fock and
curacy. Since the B3LYP hybrid functional has yielded ex-only 2.9 ppm for B3LYP. The B3LYP/6-3HG(2d,p) level
cellent results for other chemical properti®$>?’ this of theory also provides a significant improvement over
functional is chosen for closer investigation. Hartree-Fock in predicting th&C and*'B chemical shifts in

Hartree-Fock and B3LYPS3C, !N and 'O chemical C,B3 Hs. Thel3C shift differs from experiment by 15.3 ppm
shifts, determined using 6-31¥Gand 6-31%-G(2d,2p) basis at the Hartree-Fock level of theory, while it differs by only
sets, are presented in Table V. In addition to the molecules i8.4 ppm using B3LYP. Similarly, th&'B shift differs from
Table II, Table V includes bicyclobutangl.1.1propellane, experiment by 9.9 ppm and 3.4 ppm for Hartree-Fock and
phenonium ion, benzonium ion and,B3;Hs. Schleyer and B3LYP, respectively.
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TABLE VI. Statistical data fot*C and*>N chemical shifts calculated at the Hartree-Fock and B3LYP levels of

theory?
6-31-G 6-311+G(2d,p)

HF B3LYP HF B3LYP
3.
RMS error 11.1 125 11.1 4.2
mean error —-6.9 —-11.4 -1.0 -1.3
mean absolute error 9.3 11.4 9.2 3.6
maximum error —22.4 -21.0 27.7 -8.4
standard deviation 7.0 9.9 11.7 11.3
absolute standard deviation 9.4 20.6 22.6 12.2
I5N:
RMS error 145 18.2 36.5 17.2
mean error 9.8 —-17.6 35.3 16.9
mean absolute error 125 17.6 35.3 16.9
maximum error 19.7 —-23.1 47.3 21.6
standard deviation 11.0 329 59.4 23.1
absolute standard deviation 14.0 14.8 59.4 23.1

Statistical data obtained from the molecules in Table V. All calculations performed using the GIAO method and
B3LYP/6-31G optimized geometriesC shifts relative to TMS and®N shifts relative to NH. Errors are

with respect to experiment and reported in ppm.

15N chemical shifts calculated using the Hartree-Fockdetermined using the B3LYP functional at the 6-31&asis
6-31G" level of theory are closer to experiment than thoseare predicted to be too deshielded as compared to experi-
determined using B3LYP at this same basis. This is due to gent, while B3LYP at the larger 6-331G(2d,p) basis pre-

cancellation of errors as Hartree-Fock shifts obtained usinglicts shielding constants which are too shielded.
The shielding anisotropy o, which is defined as

the larger 6-313+G(2d,p) basis show a poorer agreement

with experiment. B3LYP does not provide an improvement

over Hartree-Fock at the smaller basis set, but does yield an
improvement using the larger basis set.
Experimental*’O chemical shifts are only available for

three of the molecules studied here, namely NNO, @éd

CO. The predicted shifts are found to deviate significantl
from experiment at both the Hartree-Fock and B3LYP IeveI§

of theory.

Statistical data fot3C and*®>N chemical shifts calculated
at the Hartree-Fock 3-2TGand STO-3G basis sets, for the

y

Ao=03— {0yt 0],

(35

where o1 <o,<o3 are the eigenvalues of the symmetrized
shielding tensor, is an indication of the quality of the shield-

ng tensor. Absolute shielding anisotropies are given in Table
X and exhibit the same behavior as do the absolute shield-
Ing constants.

molecules in Table V, are reported in Table VII. Hartree- TABLE VII. Statistical data for*C and*N chemical shifts calculated at the
Fock *3C chemical shifts predicted using the STO-3G basigHartree-Fock level of theory using small basis Sets.

have an RMS error of 18.4 ppm as compared to the value of

11.1 ppm which is obtained for the larger 6-31@nd
6-311+G(2d,p) basis sets. In addition, the STO-3G basis*C:
yields a maximum error which is more than twice as large as&tMs error

that obtained using the larger basis sets. The Hartree-Fo
3-21G" level of theory predict$3C shifts with an RMS error
similar to the larger basis sets, but with a slightly largerstandard deviation

standard deviation.

C. Absolute shielding constants and shielding

anisotropies

Statistical data for absolute shielding constants calcu
lated using the 6-31Gand 6-318-G(2d,p) basis sets, at

r&ean error

%ean absolute error
maximum error

absolute standard deviation

lSN.
RMS error
mean error

mean absolute error
maximum error
standard deviation

both the Hartree-Fock and B3LYP levels of theory, are re-absolute standard deviation

ported in Table VIII. The results for phenonium ion, benzo-
nium ion, GB3Hs, bicyclobutane andll.1.1]propellane are

STO-3G 3-216
18.4 12.6
—10.5 -9.3
15.1 10.5
—55.6 —22.3
8.7 9.0
26.2 12.7
36.1 33.1
—22.5 26.1
34.7 26.1
—47.7 54.2
58.9 10.8
24.6 10.8

Statistical data obtained from the molecules listed in Table V. All calcula-
. . ) . tions performed using the GIAO method and B3LYP/6-31Gptimized
not included since only relative shifts have been measure@eometries*C shifts relative to TMS and®N shifts relative to NH.

for these molecules®C and!®N absolute shielding constants Errors are with respect to experiment and reported in ppm.
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TABLE VIII. Statistical data for'*C and!*N absolute shielding constants calculated at the Hartree-Fock and
B3LYP levels of theory.

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

HF B3LYP HF B3LYP
3.
RMS error 14.3 9.3 9.6 11.0
mean error 13.0 7.5 —-1.2 —-10.3
mean absolute error 135 7.5 7.0 10.3
maximum error 27.6 16.6 —-27.3 -17.9
standard deviation 134 8.4 10.6 13.6
absolute standard deviation 13.9 8.4 5.7 15.4
lSN:
RMS error 17.2 9.2 40.6 23.2
mean error —-13.5 8.1 —39.5 —-23.0
mean absolute error 14.8 8.1 39.5 23.0
maximum error —-23.4 13.6 —-51.5 —-27.7
standard deviation 15.1 26.9 53.4 21.2
absolute standard deviation 16.5 26.9 35.5 70.6

Statistical data obtained using the molecules listed in Table II. All calculations performed using the GIAO
method and B3LYP/6-31Goptimized geometries.

185.7
(167.0) 21.3 HiC

120 NH @08)
: 130.8 =
(129.0) 1380) :
z 136,
128.0 128.7 s (14.8)™
(128.3) 2
119.6 £ o)
= 173.7
= 542
125.8 = (55.0) (172.7)
122.7
1233
(131.9) 1252 CHa
0 127.0) 22.0
(1287 @26)

1212
(128.7)

132.0
(133.7)

FIG. 1. Schematic diagram of taxeC,Hs;NO,,) containing calculated and experimental parenthesis**C chemical shifts relative to TMS. Calculated
chemical shifts were obtained using the GIAO method at the Hartree-Fock 6-@V€l of theory and STO-3G optimized geometries. The calcul&i@d
absolute shielding of TMS at this level of theory is 198.3 ppm. Experimental values are from Ref. 42.

J. Chem. Phys., Vol. 104, No. 14, 8 April 1996



5508 Cheeseman et al.: Nuclear magnetic resonance shielding tensors

TABLE IX. Hartree-Fock and B3LYP shielding anisotropigso, in ppm).2

6-31G" 6-311+G(2d,p)
Molecule Atom HF B3LYP HF B3LYP Expt®
co, C 316.7 314.9 349.2 352.9 335
o) 278.9 286.0 300.4 309.9
co c 410.4 392.9 4455 434.1 406:1.4
o) 705.9 687.0 753.7 739.7 676:26
NH, N 17.4 19.3 18.2 22.2 20.0
N, N 634.2 591.9 677.3 643.2 601.3

&Calculations performed using the GIAO method and B3LYP/63b@timized geometries.
bvalue derived from spin rotation constant and calculated diamagnetic part. Values cited from Refs. 6 and 11.

D. Application to large molecules: taxol maximum error, the calculatet’C shifts appear to be of
The results in Table V and Table VI indicate thdc sufficient accuracy to aid in experimental peak assignments.

chemical shifts calculated at the Hartree-Fock 6-8GL
(2d,p) level of theory are not much better, on average, than; coNCLUSIONS
those predicted at the smaller 6-31®asis, especially for
molecules where electron correlation effects are less signifi- ~ This implementation of the GIAO and CSGT methods at
cant. In addition, B3LYP at the smaller basis preditie  both the Hartree-Fock and DFT levels of theory incorporates
shifts with essentially the same accuracy as does Hartre@nalytical derivative techniques, hybrid density functionals
Fock. These results suggest that the Hartree-Fock 6:31Gand direct methods; therefore, allowing the prediction of
level of theory is sufficient to obtain accura®c chemical NMR shielding tensors and chemical shifts for large mol-
shifts for very large molecules where the larger B3LYP/6-€cules.
311+G (2d,p) calculation is prohibitively expensive. The With the exception of LSDA, the pure and hybrid func-
feasibility of this approach is demonstrated for the taxol mol-tionals at large basis sets yield chemical shifts which have a
ecule(Cy7HsNOy ). lower RMS error with respect to experiment than does
A schematic diagram of the taxol molecule is shown inHartree-Fock. For molecules where correlation effects are
Fig. 1 along with the calculated and experimenit@l chemi- ~ significant, such as CO, Nand NNO, gradient-corrected
cal shifts relative to TMS. The calculated values for taxolDFT absolute shielding constants are closer to experiment
and TMS were obtained using the GIAO method at thethan those obtained using Hartree-Fock theory.
Hartree-Fock 6-31& level of theory and STO-3G optimized The B3LYP 6-31%-G(2d,p) level of theory predicts
geometries. The statistical data for the calculdté® shifts ~ chemical shifts, which are quantitatively good, especially for
are presented in Table %The RMS error, with respect to 13C. This level of theory includes the effects of electron-
experiment, is 6.4 ppm while the maximum error is 18.7 pprrcorrelation but is not quite as accurate as MR **N and
(the next |argest error is11.6 ppn) The error of 18.7 ppm o shifts, in particula)’. Since B3LYP is more cost-effective
can most likely be attributed to the relatively poor descrip-than MP2, it represents a reasonable trade-off between accu-
tion of the geometry. To our knowledge, the X-Ray crystalracy and cost.
structure of taxol has not yet been determined. Despite this °C chemical shifts determined at the Hartree-Fock
6-31G" level of theory are of sufficient accuracy to be ap-
plicable to predicting chemical shifts for very large systems
TABLE X. Statistical data for calculated®C chemical shifts in taxol when the B3LYP/6-311 G(2d,p) level of theory is prohibi-

(C4HsNOy ) 2 tively expensive. This is demonstrated by the low RMS error
of 6.4 ppm for the taxol example.

HF/6-31G" The exchange-correlation functionals used here do not
130, include a specific magnetic field dependent term. Since the
RMS error 6.4 larger basis setqj@2p andpz3d2f) predict chemical shifts
mean error —-35 that are systematically too deshielded, perhaps the inclusion
mean absolute error 50 of a magnetic field dependent term will further improve the
maximum error 18.7
standard deviation 55 results.
absolute standard deviation 10.2

3Calculation performed using the GIAO method at the Hartree-Fock level of 1J. Gauss, J. Chem. Phy89, 3629(1993.

theory using the 6-31Gbasis se{1032 basis functionsand the STO-3G 2T. A. Keith and R. F. W. Bader, Chem. Phys. L&f.0, 223 (1993.
optimized geometry. Data are for 41 carbon nuclei. Errors are with respectF. London, J. Phys. RadiufiParig 8, 397 (1937.

to experimen{Ref. 42 and are reported in ppm. 4R. Ditchfield, Mol. Phys27, 789 (1974.
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