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For the first time, a complete implementation of coupled perturbed density functional theory
(CPDFT) for the calculation of NMR spin—spin coupling consta(@SCC$ with pure and hybrid

DFT is presented. By applying this method to several hydrides, hydrocarbons, and molecules with
multiple bonds, the performance of DFT for the calculation of SSCCs is analyzed in dependence of
the XC functional used. The importance of electron correlation effects is demonstrated and it is
shown that the hybrid functional B3LYP leads to the best accuracy of calculated SSCCs. Also,
CPDFT is compared with sum-over-stat&O9 DFT where it turns out that the former method is
superior to the latter because it explicitly considers the dependence of the Kohn—Sham operator on
the perturbed orbitals in DFT when calculating SSCCs. The four different coupling mechanisms
contributing to the SSCC are discussed in connection with the electronic structure of the molecule.
© 2000 American Institute of Physids$S0021-9606)0)30431-1

I. INTRODUCTION contribute to the magnitude of the SSCCs, namely the dia-
magnetic spin-orbitDSO) and the paramagnetic spin-orbit
(PSO interactions, which represent the interactions of the

ture and conformation since the nuclear shielding constant®2gnetic field of the nuclei mediated by the orbital motion
and the scalar spin—spin coupling constaSiSCC3 provide of the electrons where the dlam.agn.etlc part reflects the de-
sensitive probes for the electronic structure of a molecule, aB&ndence of the molecular Hamiltonian on the nuclear mag-
has been demonstrated in many review articles and researfgtic momentsHellmann—Feynman terhand the paramag-
books! Quantum chemists have predominantly focused ofetic part reflects the response of the molecular orbitals to
the calculation and interpretation of nuclear shielding conthe nuclear magnetic field. The Fermi-cont&€cC) interac-
stants and the chemical shifts derived from the former adion is also a response property reflecting the interaction be-
they are both easier to calculate and easier to analyze iffveen the spin magnetic moment of the electrons close to the
connection with structural featurés® However, the com- nucleus and the magnetic field inside the nucleus. Finally,
plete description of an NMR spectrum implies the determi-the spin-dipolgSD) interaction represents the interaction be-
nation and the understanding of the NMR SSCCs. The SSC@veen the nuclear magnetic moments as mediated by the spin
between two nuclei depends on the distribution of electrongingular momentums of the electrons. For an accurate quan-
in a bond or a chain of bonds and, therefore, it represents aim chemical description of SSCCs all four terms have to be
important source of information on the bonding situation ofconsidered?
the molecule under investigation. An efficient quantum  The calculation of SSCCs in form of a derivative of the
chemical method for reliably predicting NMR SSCCs will be total energy was originally done numerically using finite-
a prerequisite for a detailed understanding of the results gberturbation(FP) theory, which can be implemented into an
the NMR experiment and the routine determination of mo-existing quantum chemical method with little additional pro-
lecular geometry and molecular shape with the help of thggramming effort because it requires just the consideration of
NMR experiment. the magnetic field produced by a nuclear magnetic
The coupling of nuclear magnetic moments is providedmoment'? For example, FP theory was applied to calculate
by a direct (through-space mechanism and an indirect SSCCs at MP2® MCSCF CI,*®> and CC® The first at-
(through-electronsmechanism where for the NMR measure- tempts to calculate SSCCs with density-functional theory
ment in gas or solution phase only the latter mechanism i$DFT) used FP theory as wéll,and most current DFT cal-
relevant. The first consistent formulation of the electroniCCu|ations of SSCCs emp|0y FP theory for the calculation of
theory of indirect spin—spin coupling was given by the FC term'®-2*However, FP methods suffer from numeri-
Ramsey,” who expressed NMR SSCCs in terms of seconda] inaccuracy; besides, the interpretation of the results, e.g.,
order perturbation theorfwhich implies that the SSCC can the decomposition of the total SSCCs into orbital contribu-
be represented as the mixed derivative of the molecular enons, is problematic.
ergy with respect to the two spin angular momentums of the  gjince the calculation of SSCCs with the help of analyti-
coupling nuclej. There are four electronic mechanisms that.5| schemes avoids the disadvantages of FP methods, the
former were first developed for Hartree—Fo@#F)%? using
dE|ectronic mail: Dieter.Cremer@theoc.gu.se Coupled Perturbed HECPHP.?® Later the development of

Nuclear magnetic resonan¢lMR) spectroscopy is an
indispensable tool for the determination of molecular struc
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various correlation correcteab initio methodé*?°including M=% yuly 1)

the second-order polarization propagator approach _ _ o
(SOPPA,% and the equation-of-motiofEOM) coupled- IS considered in the Hamiltonian of the molecule, whigrg

cluster (CC) method” followed where these methods are 'S the magnetic moment of nucleds yy the gyromagnetic
based on sum-over-staté809 rather than second deriva- 'atio, andly the spin angular momentufin units of#) of
tive formulations of the SSCC. DFT represents an attractiv&UcleusN. QuantitiesMy and Iy are treated in a classical
method for the calculation of SSCCs since the availability of "@NNer in the present derivation; Con§equently, the ground
improved (though still approximate exchange-correlation Stat€ energy of the system parametrically depends on all
(XC) functionals has made DFT to a relative accurate buf'uclear magnetic momentgy, or the corresponding nuclear
economical routine method for calculating many differentSPIN angular momentums . The indirect SSCC between
molecular propertie%a.'zg So far, the calculation of SSCCs nucleiA andB is given as the mixed partlal derivative of the
with analytical schemes was implemented only partially. FofOt@l energy with respect to the spin angular moments of
example, Bouand Budéinsky calculated DFT SSCCs using these two nuclei,
SOS density-functional perturbation theo@FPT), which 19 9
evaluates the analytic derivatives in an approximative way, ~Jas=f, &I_OWE(IA-IBv---)|IA=IB=...=Oa 2
thus circumventing the iterative Coupled Perturbed DFT AT
(CPDFT) procedure by a simpler, noniterative procedifre. where- denotes the tensor product. For a rapidly rotating
In Refs. 18—21, SOS DFPT was used to evaluate the PS@olecule with arbitrarily oriented rotation axes as is the case
contribution and FP theory for calculating the FC term whilein the gas phase or in solution, only the scalaotropig
the SD term was neglected at all as this contribution is thesSCC given by the trac@T) of tensorJag
most expensive one to calculate, but probably negligible in o
most cases. Jag= 3T dag, )

In the present paper, we describe the complete DFT cals relevant, which is determined from the measured NMR
culation of all four spin—spin coupling terms within the CP- spectrum.
DFT formalism where the theory is developed for both pure  The SSCCs as defined in Eq®), (3) are in units of
and hybrid XC functionals. By applying the CPDFT method frequencies and thus directly related to the frequency shifts
to a number of representative examples, we will first inves-observed in NMR experiments. They depend on the gyro-
tigate the performance of DFT for the calculation of SSCCsmagnetic ratiosy, , yg Of nuclei A,B. For investigations that
Second, we will compare the performance of difference XCconcentrate on the electronic nature of the spin—spin cou-
functionals and investigate the dependence of the results quling, a quantity that is independent of thg , yg would be
the basis set employed. Then, a comparison of CPDFT anahore appropriate. Therefore, one defines the reduced SSCC
SOS DFPT results will show which of these methods is betK 5,5 according to
ter suited to calculate SSCCs. Finally, we will focus on the
four coupling mechanisms described by the DSO, PSO, FC, g 5=

J
——o——E(Ms,Mg,..) M. =M= —0
and SD terms and draw a connection between electronic IMp Mg ATTB

structure and the information provided by the SSCCs. Since or 1
the latter aspect has been considered in modern quantum =7—§AB- 4
chemical investigations of indirect SSCCs only in a limited YAYB

way, although it should be of major importance for the in-In the same way as for thé,g, the isotropic averagh,g
terpretation of NMR parameters, it will find special attention = $TrK ,g is of particular interest.
in this work.

Our work will be presente@apart from the introduction
in four parts. In Sec. Il, the CPDFT formalism for the calcu-
lation of SSCCs will be developed, starting from the corre-
sponding many-body formalism. Section Il gives a descrip- The magnetic field generated by thd, enters the
tion of the implementation of CPDFT in a computer programHamiltonian in two waysi(i) The momentunp has to be
for routine calculations. In Sec. 1V, the performance of CP-replaced byp—eA(r), where the vector potentiagh(r) is
DFT is discussed for a number of representative calculationgjiven by
Also, the four contributions to SSCC values will be analyzed
in dependence of the electronic structure of the molecules A ()= Hon
investigated where the discussion is supported by two Ap- N 4m
pendices. Section V gives conclusions and an outlook to fu
ture work.

A. Many-body Schro " dinger theory

I‘—RN
><—
N Ir—Ry[*’

©)

whereRy, is the position of nucleusl and u the magnetic
permeability of the vacuunii) A term covering the inter-
action between the magnetic fieB{r)=V XA(r) and the
spin polarization density of the electrons has to be added to
the Hamiltonian. Pointgi) and (ii) lead to four additional
The basic theory for thab initio calculation of the in- terms in the Hamiltonian, corresponding to different cou-
direct SSCC¥ requires that the magnetic field generated bypling mechanisms. The interaction between the nuclear mag-
the nuclear magnetic moments netic moments and the orbital magnetic moments is de-

Il. THEORY OF NMR SPIN-SPIN COUPLING
CONSTANTS
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scribed by DSO and PSO terms while the interaction | Wr(B)) =i | gr(B):PSO, 1 |ge(B).FC) 1 |\pp(B).SD) (9a)
between nuclear and electronic spin magnetic moments leads
to the FC and SD term¥: X E (Vi[HEIYEY)
1, = FIDSO4 ({PSOy [{FC 4 (5D 63) Eo—Enm
whereX=PS0O, FC, SD ané,,, and ¥ are the eigenval-
Hy= >, MAHSS B+2 M A(iHRSO+ AEC+ ASD). ues and eigenvectors of the unperturbed Hamiltonian. The
A<B ) subscript 0 for the ground state is suppressed in the follow-
(6b) ing. With the decomposition Eq9a) of the perturbed wave
The DSO term is bilinear in thtM, and leads thus to the function, the last term at the r.h.s. of E) can be decom-
tensor operatoH 25° while the remaining terms are linear in Posed into nine components related to the different coupling
the M, and are expressed by vector operatdfs©, AFC, ~ mechanisms. As po!nted out by Ramégpgghessccqrggg—
and ASP. The factor ofi in front of H55C has been intro- N€Nts th?ig Cor;tsagnlng tr]essomg':oat'dﬂg -V + H
duced to make the operator and the resulting first-order wave ¥ °°, HF— PSS and H3°—¥PSC do not contribute to

function real. In second quantizatiéty, can be expressed in Kag, and those containing the combinatidi§°— ¥ and
terms of the one-particle operatdras®, hz*°, hi¢, andh3®  HSP—WFC contribute toK 4g but not toK 5. Therefore, the

i), (9b)

according to isotropic reduced coupling constant can be decomposed into
components related to the four coupling mechanisms and
ﬂM:f d3r xi;‘r(r)LZB MADRS 8 represented as
Kap=KE30+ KR+ KES+ KRR, (108
PSO C S T
+ E M (| h + hAD) w(r (60) KDSO f d3r Q(O)(r)-l—r DRSO, (10b)
DSO 1 47T€0hz 2 4 rA I‘B I’A rB
Dag = m e 3 1-—=e°—|, (6d PSO_ _ E (0)] (1PSQ Iy (B),PS
ra Tg= Ta T'g Kae™=— 3 (¥ IRy G (®).PSO) (100
Aregh® r
PSO. 0 A
= X 2 N
ha ( em ]Oz r3 Vv, (6€) K;CB=§<\I,(O)|H;C|1I,(B),F%, (100
4mreph®) 87
FC_ o [ 2% 2 2 -
" [ em ] 3 oS O KRS OAg e, (108
3 . - .
hiD:[MTEOﬁ ]az 3 (s r,;)rN_ _Sg ’ (69) where the DSO term has been expressed as a weighted inte-
em 'N 'N gral over the densitp(® of the unperturbed state.

where ry=r—Ry, €y is the dielectric constant of the
vacuum,« is Sommerfeld’s fine structure constantjslthe

: : o . B. Density-functional theor
unit tensor, ands is the electron spin in units of. The y y

prefactors enclosed in braces in E(&l)—(6g) become equal For the calculation oK ag within DFT ***°the represen-
to one in atomic units. Note thehﬁc and h,?D are 2X2 ma- tation of the SSCCs as energy derivatives in Bj.is an
trices with respect to the electron spin variables. appropriate starting point. The total energy of the molecule

The DSO term is of second order, and the PSO, FC, anth the absence of the magnetic fields generated by the nuclear
SD terms are of first order in the magnetic momektg. ~ Magnetic moments is given in Kohn—Shak®) DFT by Eq.
Second-order perturbation theory yields thus the following(11):
expression for the SSCCs:

E=T+Vy+VentVant Exc, (11a
(KAB)ij:<‘I’(O)|HR§%|‘I’ >+2<‘P(O)|'HPSO+H { ]OEC:C( | | .
lzbko lpko’ (llb)
+HRD W), (7)
wherei,j are indices for Cartesian componeriis(?) is the 1( €? 5 o (r)g(r )
ground-state wave function fél ,=Mg=---=0 and vector V= 2 | 4me, fd fd —r'] (119
Eq. (8) )
e Ao(r
P v :—{—]2 fd3r , (110
|\I’(B)>:W \I})MA:MB:"':O (8) en 4'77-60 A |r_RA|
1( e YAVAN
represents the perturbed wave function, which summarizes Vin , (118
the response of the wave function to the three Cartesian com- "2 Ameo) \opn |IRA—Ra/|

ponents of the magnetic moment of nucldis whereT is the KS kinetic energWy, Ve,, andV,, are the

From standard perturbation theory it follows electron—electroiiHartreg, electron—nucleus, and nucleus—
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nucleus part of the electrostatic interaction enefgy,,) are virt <¢(0),|ng<| %0)
the occupied KS spin orbitals, ar, is the atomic number P2 => —T—— g0, (15)
of nucleusA. Indexo = *1 labelsa and 3 spin orbitals Eyc ’ ao’ €k €a

is the XC energy, which depends as a functional on the ei

) ] " \'Nherng( is the first-order term of the perturbed KS operator.
genvalues of the 2 spin density matrix

Equation(14a for the DSO part can easily be rewritten to

occ yield Eq.(10b), i.e., Eq.(10b) is valid both within the many-
Ose(r)= ; P (1,8 ) o(T,S), (12)  body and the KS formalism. In analogy h3® andh3P, Fi©

andFR° are 2x<2 matrices with respect to the electron spin
wheres,s'=+1 are spin coordinates. If the spin polariza- While for the PSO term E¢(15) can be reduced to an equa-
tion is parallel to the spin quantization axis these eigenvalueion for the space orbitallp{® "% occurring in Eq.(14b).
are just the spin-resolved densitigs(r),e4(r). The pre- As the KS operatorF depends on the KS orbitals
factors enclosed in braces in Eq$1) become equal to one through the electron densitf, depends on thiys)™):
in atomic units and will be omitted in the following. For

X_ X EX

closed-shell molecules, the spin-free parts of the unperturbed Fa=hatFa, (163
a and B KS orbitals are pairwise identical, i.e|iy,) oce SE

=| ¢ )o(s) where ¢, denotes space orbitals awdqs) rep- EXo f d3r A)LX(p 16b
resents two-dimensional spinors. A % Sy (1) 'M“T (r), (16b)

The magnetic field oM leads to four additional terms _ . ) )X
in the DFT energy corresponding to the four additional termd’ence, Eq(15) 'S(r)\‘))pr“C't equation for thiy,"”) [as Eq.
in the Hamiltonian of Eqs(6), which can be expressed with (9D is for the|W™-")] but has to be solved simultaneously

the one-particle operators introduced in E@)—6(g): with Egs.(16) in a self-consistent fashion by CPDFT. This
self-consistent procedure is avoided in SOS DRPWhere
E(My)=EPSO+EPSO+ EFCH ESP, (138 concepts from DFT and wave function theory are combined
oce to Eqg. (15) by a noniterative equation similar to EqS). In
EDSO_ M hDS Mg, 13b its simplest form, SOS DFPT is tantamount to the approxi-
AEB A% (Vi D35 T e M (130 mationFx~hX. However, there are no reasons to justify this

occ approximationa priori. More elaborate versions of SOS
. DFPT use corrections to the energy denominarse, in
PSO_ PS a
E _; MAkE(, {Yolih (W'k”)’ (139 Eq. (15) to approximately account for the coupling, i.e., the

e one-electron operatdfx (see, e.g., Ref. 31In general F}

FC_ FC may contain contributions from the Hartree potentigland
E EA: MA% (Yol W), (139 fom the XC potentiab . For a closed-shell molecule, a
magnetic field can lead to first-order changes in the KS or-
occ . . .
bitals but not in the total densitisee, e.g., Ref.)2 There-
SD_ SD ~
E _; MAKE(, (Yol Wi (139 fore, any contribution thﬁ resulting from the Hartree po-

tential vanishes, anﬁﬁ consists of changes inyc solely.
The first-order changes of the KS orbitals may influenge
fh different ways:

Evaluating the energy derivative of E@l) for the DFT en-
ergy and the related KS equations, the contributions to th
isotropic SSCCs result as

oce (i) As a result of the coupling with the electron spins, the
pso_ < (0) DSO 4(0) nuclear magnetic field leads to spin polarization of the
Kag =3 Ek (DTrRE 4. (149 electron system, which in turn changeg. . This ef-

oee fect is relevant for the FC and SD terms.
4 (i)  In the presence of a magnetic field, the XC energy
PSO_ _ (0)|LPSQ 4(B),PS
Kae = 3; (& Iha qd’k O) (14b functional depends not only on the electron density

but also on the electronic current densjiy).>? A
occ

2 magnetic field will changg(r) in first order and thus
Kf\‘é=§k2 <</ff<3>h/FxC| lﬁfff)FC)y (149 influencevyc. However, the currently available ap-
7 proximations for such a current-dependent XC energy
o occ functionaf® are problematic to apply; besides, test
K§B=§k2 (WA NP S=D), (149 calculations for NMR shieldings by Leet al® indi-

o cate that the current dependence of the XC functional
where the prefactors are a result(af the isotropic averag- has generally little influence on the results. Therefore,
ing (factor 1/3, (b) the expression for the mixed energy de- DFT calculations of magnetic properties are usually
rivative in perturbation theorgfactor 2 for PSC, FC, and SD done with the commorj;independent expressions for
term), and(c) the fact that DSO and PSO terms are expressed the XC energy. This means that the first-order
in terms of the spin-free orbitalé, while FC and SD term changes of(r) do not contribute td~:,’§.
are written in terms of the spin-dependent orbitajs (fac-  (iii) If the exchange energy is described by a hybrid func-
tor 2). The first-order spin orbitalgf(k'?)’x are given by tional, the first-order changes of the KS orbitals will
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result in a first-order change in the HF part of the |2 = o SV FO) ). (20)
exchange operator thus affecting the calculation of ’
PSO, FC, and SD term. 4. The SD term

In the following, the evaluation of the individual contri- The computationally most demanding contribution to
butions toK g within DFT is discussed in more detail. Kag is the SD term, which is the reason why this term was
neglected in many previous DFT calculations of SSEC$!
1. The DSO term If Eq. (15) is evaluated directly, the spin orbitallg("):SP)

The DSO term depends on the unperturbed KS orbitalVill Possess two independent complex components. One can,
only. It can be evaluated either by numerically determining’@Wever, simplify the calculation by decomposing the com-

SD ;
the integral in Eq(10b) or evaluating Eq(14a. The latter ~POnents ohy; according to
approach gives the possibility of analyzing orbital contribu-

tions to the DSO term. Use of E¢L49 requires the calcu- hSD_E D (213
lation of one-electron integrals of the type AT & TiTAj

(DAB,pq)iJ:<bp %%b > (17 Failai 1

A B ha; = @ 3r_’r_J_ ij |73 (21b)
where |b,),|b,) are basis functions and indicé$ denote ATA A
Cartesian coordinates. IntegraBB { ,,4)ij have to be evalu- o ) )
ated by some approximate numerical method. where o; denotes a Pauli spin matrix. Each teogh;; is
calculated separately, with the spin quantization axis being

2 The PSO term rotated into the directiom for each of the perturbation cal-

culations. This rotation makes the operahf;o; real and

The calculation of the PSO term can be reduced 10 thgjiagonal in spin space, and the perturbed orbitals can be
(A),S

i i (0)|LPSq 4 (0) . . .
cal(%l;@ggn c()g) the matrix glementsqbk |hAﬂ¢_a '> 22‘1 expressed by real spin-free first-order orbitais()
(¢QFR396YY). The matrix elements containingyy analogously as for the FC term. The final result for the SD

eventually lead to vectord, ,q with elements term becomes
(daoa)i={ by Ailp (18) occ
PRI KSD_EE [( i35l dicxx ) + (il hRSy by
] ) ) ) AB_3 7 kI A, xxI Pk, xx kIHAyyl Pk yy
The orbitals| 4{>'"S% are not spin polarized. Hence, as dis-
cussed undefiii) above, FR>Cis a nonzero operator only +( Al N2 2D + 2(( il N0 | Bl
when a hybrid exchange functional is used. For a pure DFT ' ' ' ’
functional, integral operatdf,>C vanishes, and the orbitals (D20l DD +{( il hRD 65" 1. (22

| VPSS can be determined from E€L5) noniteratively.

For a hybrid exchange functiondf;>° is equal to the Equations(12)—(22) form a set of working equations for the
first-order HF exchange operator scaled by the weight of HEPFT calculation of NMR SSCCs.
exchange in the hybrid functional. To calcul&g>Cin this The calculations 0K xg according to Eqs(10) with the
case, one constructs the first-order KS density matrix fron®rbitals from Eq.(9) or according to Eq(14) with the orbit-
orbitals|¢,) and| ¢ "%3 and calculates the HF exchange als from Eq.(15) implies perturbing the molecule by adding

operator from this first-order density matrix. a magnetic moment at nucleBg“perturbing nucleus’) and
monitoring the effect of this perturbation onto a magnetic
3 The FC term moment at nucleu® (“responding nucleus). As mixed

o ] ] ) . second derivatives with respectltb, andMg, theK g are
The contribution of the FC |nteract|0FrC1 to the spin—spin gy mmetric by definition, hence perturbing and responding

coupling tensor is isotropic, hent€s=Kig ., i.e., itsuf- pycleys may be interchanged in the calculation. Within the
fices to calculate one diagonal componenkgk. The ma-  many-hody Schidinger formalism, this interchange leaves

. C . . .
trix element of the operatdr,, is given by Eq.(19): the equations foK g unchanged, as one sees by inserting
<1//I<<?r)|hicz| l//;?,)r>:a20'5(ra’¢k(RA) ba(RR). (19) Egs. (9) into Egs.(10). In contrast, for DFT the difference

between the operatots; and FX leads to a change in the
Equation(19) is easy to evaluate, however, an accurate deform of the equations. In connection with numerical limita-
termination of the FC term requires basis sets that accurateljons, especially the use of finite basis sets, the resuk fgy
reproduce the KS orbitals close to the nucleus since the K$ay change due to an interchange of perturbed and respond-
orbitals are probed at the nuclear position. The one-particlehg nuclei, as was shown by Dickson and Ziedféwe note
operatorIEZCZ is determined by the first-order spin polariza- in this connection that this numerical error can be reduced
tion as discussed undé) above and, provided a hybrid XC when Eq.(10) or Eq. (14), respectively, is replaced by an
functional is used, by the exact exchange portion as disexpression symmetric in perturbed and responding nuéfeus,
cussed undefiii). As can be seen from E@L9), the pertur-  which, however, leads to an undesirable increase in compu-
bation does not mixx and 8 orbitals, and it is tational cost.
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TABLE I. Reduced nuclear spin—spin coupling constants gbtand CH The maximum deviation between the DSO terms calcu-
calculated at the CPHF level of thedly. lated utilizing Eq.(23) and with the integration scheme from
KDSO ot | DSO AKDSO Ref. 41 is 0.136 Sl unité0.41 H2 for the 'K (C, H) coupling

Molecule  Coupling  Lit. Lit®  Thiswork Thiswork  constantin Ck, which is equal to 52.139 SI unit.For the
2K (H, H)SSCCs, the maximum deviation is 0.069 SI units

H,0 1 0.067  52.116 —0.004 0.063 . .
’ ZEE(H)’ :; 0596 1863 —0665 0069 (0.83 H2 for H,0, for which?K(H, H)= —1.863SI units"?
CH, K(C,H) 0.082  52.139 0.218 0.136 Hence, deviations are negligible, which supports the validity
2K(H,H) —0.294 -2.278 —0.276 0.018 of using Eq.(23) based on assumptior® and (ii).

3All values in Sl units (1kgm2?s2A~?) obtained with the The_cpu tImGT for calculating all SSCC.S of a m.OIGCUIe
6-311G(,p) basis setRef. 40 for H,O and the BS8 basis set of Ref. 39 scales I.|nearly with the number of pertqrblng nUCIe,I' If the
for CH,. calculation of the SSCCs of a molecule is arranged in such a
bTaken from Refs. 27éH,0) and 39(CH,). way that just those values of interest are determined with as
few different perturbing nuclei as possible, the numerical
expenses can be decreased considerably, in particular for
IIl. IMPLEMENTATION AND COMPUTATIONAL molecules with high symmetry. For instance, all SSCCs of
DETAILS benzene are calculated with one perturbed C nucleus and one
, . , . perturbed H nucleus thus effectively exploiting the symmetry
_The formalism described in Sec. 1B was implemented,s ihe molecule. Ten different types of one-electron integrals
into the program packageoLOGNESS” in the way that SS- -6 16 pe calculated, which requires only a small amount of
CCs.can be calculated at both the HF, the pure DFT, and,thﬁwe total computing time. The latter is dominated by the time
hybrid DFT levels of theory. A procedure §7|m|lar to the di- ;564 for the solution of the CP equations. Hence, the com-
rect inversion of the iterative subspa@!IS)°’ was applied puting time of NMR SSCCs scales in a similar way as the

to accelerate th_e convergence of the CPDFT or CPHF P'%me for calculating the vibrational frequencies for the same
cedures. The integralsdf ,,); were calculated by the molecule
McMurchie—Davidson algorithrif _ HF and DFT coupling constants were calculated for 12
For the calculation of integralsug pq)ij . We applied 5160 les; for which accurate experimental SSCC values are
the resolution of the !dent|ty to relate tHie integrals to in- known or for whichab initio SSCC values were published.
tegrals (a pr); according to Eq(23): Molecules are grouped for the discussion of results in three
classes. Class A contains the hydrides FHOHNH;, and

(DAB,pq)iJ”E (dapr)i(S™ Y (dprrg)j s (238 CH,. In class B, all hydrocarbons investigated in this work
" are collected (Cl,C,Hg,CoH4,CoH,,CeHg,CHsF), while in
S ={b,|b,/). (23b) class C molecules with double and triple bor@O, CQ,

Equation (233 is exact for a completéand thus infinitg andFNz) ?;e (j[')sl’:c_ll_J sse;d Tetparately. dthe B
basis set while it will not necessarily provide accurate results orthe calcuiations, we use € BedB) ex-

for a given finite basis set. However, it appears justified tochange functionéf in connection with the Lee—Yang—Parr

43 44 .
use Eq.(239 for the calculation of the DSO term sincg) ,E_LYPI) ?Ed Peﬂr dew—Wz:ng 9@:\/\/9]3] correlation fg;i
calculations of magnetic properties generally require exJonais. the nfluence of exact exchange versus ex-

: - : L hange was studied by employing the Becké&3) hybrid
tended basis setsii) the DSO term is not the dominating ¢ . ;
contribution to the indirect SSCC values. If the results Cal_exchange functiond with both the PW91 and LYP correla-

culated with Egs(23) are not sufficiently accurate, one may t|o|ntfunct|?fna:s. In clzor}nﬁctlon with the |p\éesth[athtrr1] o;: cbor(—j
insert the identity by using an auxiliary basis that is Iarger][ea:.on ei ects, tca iudaflons tvk\:ere ca:n'_e”: ou hWI %h” 5
than the basis formed by the functiobs. unctionals constructed from the exac exchange, he

For two molecules, namely GHand HO, for which exchange functional, and the LYP correlation functional cor-

reference values for the DSO term are available in théesponding thus leading to the XC energy of E2r)

literature?”®3° HF coupling constants were calculated to n

m
check whether the use of Ed23) is justified. Pople’s Exc(m,n)Zm(EEJr Ec'F)+ 100
6-311G(,p) basis séf was used for HO and the

(17s,8p,3d/13s,2p)[ 9s,5p,3d/6s,2p] basis referred to in whereEL", ES, andER"" represent HF exchange energy,
Ref. 39 as BS8 for Clto comply with the details given in Becke exchange energy, and the LYP correlation energy, re-
the literature. In Refs. 27a and 39, the DSO term had beespectively, while prefactors1andn can vary from 0 to 100.
evaluated with the help of an approximate numerical integraHence,Ex(100,0) is identical with the BLYP XC energy
tion scheme described in Ref. 41. Results of the comparisoand Ex-(0,100) leads to the HF energy. In this work, the
are given in Table | where in this and all following tables the BLYP(m,n) hybrid functionals BLYP (90,10, BLYP
values of reduced coupling constaridgg are given in SI (50,50, and BLYP (10,90 were used.

units [10*m~?kgs 2A"2]. In some cases, SSCC values  All calculations were done for experimental
are also given in Hz and refer tbcoupling constants for the geometrie®® with basis sets originally developed by
isotopestH, °C, ®N, 170, and'F, respectively, where the Huzinag4’ and later modified by Kutzelnigg and
conversion factors given in Ref. 12 were used for the calcueo-workers? Preliminary calculations were performed with
lation of J values. the (9s,5p,1d/5s,1p)[ 6s,4p,1d/3s,1p] basis(basis Il in Ref.

EX (24)
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TABLE Il. Reduced nuclear spin—spin coupling constants for some hydrides calculated with different DFT methods®and HF.

Molecule Coupling Method DSO PSO FC SD Total
H, IK(H, H) BLYP -0.26 0.39 23.63 0.25 24.01
23.3 BPW91 —0.25 0.39 21.02 0.25 21.41
B3LYP —0.26 0.39 22.63 0.25 23.01
B3PW91 -0.25 0.39 20.69 0.25 21.08
BLYP (90,10 —0.26 0.39 23.71 0.25 24.09
BLYP (50,50 —0.26 0.39 24.16 0.26 24.55
BLYP (10,90 —0.26 0.39 24.94 0.28 25.35
HF -0.26 0.39 25.04 0.28 25.45
FH IK(H, F) BLYP 0.00 18.0 14.96 0.29 33.25
46.8+2 BPW91 0.00 17.8 11.83 0.25 29.88
B3LYP 0.00 17.81 19.39 0.11 37.31
B3PW91 0.00 17.64 16.80 0.07 34.51
BLYP (90,10 0.00 17.94 17.13 0.19 35.26
BLYP (50,50 0.00 17.69 26.41 —-0.24 43.86
BLYP (10,90 0.00 17.43 36.96 -0.72 53.67
HF 0.00 17.33 39.74 —-0.83 56.24
H,0 1K(0, H) BLYP 0.09 7.69 33.19 0.50 41.47
48 BPW91 0.10 7.61 29.14 0.48 37.33
B3LYP 0.09 7.68 35.83 0.43 44.03
B3PW91 0.09 7.61 32.57 0.41 40.68
BLYP (90,10 0.09 7.69 34.79 0.47 43.04
BLYP (50,50 0.09 7.67 41.72 0.29 49.77
BLYP (10,90 0.09 7.61 49.89 0.10 57.69
HF 0.09 7.59 52.01 0.05 59.74
H,O 2K (H, H) BLYP —0.58 0.72 —0.64 0.08 —0.42
-0.6 BPW91 —0.58 0.72 —0.60 0.08 —0.38
B3LYP —-0.58 0.72 -0.76 0.08 -0.54
B3PW91 —0.58 0.71 —0.73 0.08 —0.52
BLYP (90,10 —0.58 0.72 -0.74 0.08 -0.52
BLYP (50,50 —0.58 0.71 -1.19 0.09 -0.97
BLYP (10,90 —0.59 0.69 —-1.77 0.11 —1.56
HF -0.59 0.69 -1.89 0.11 —1.68
NH; IK(N, H) BLYP 0.11 2.62 44.66 0.21 47.60
50 BPW91 0.11 2.59 40.02 0.19 42.91
B3LYP 0.11 2.59 45.44 0.17 48.31
B3PW91 0.11 2.58 41.78 0.16 44.63
BLYP (90,10 0.11 2.60 45.67 0.19 48.57
BLYP (50,50 0.10 2.55 50.09 0.02 52.76
BLYP (10,90 0.10 2.48 55.57 —0.02 58.13
HF 0.09 2.46 56.87 —0.05 59.37
NH3 2K (H, H) BLYP —-0.41 0.49 -0.73 0.05 -0.60
—0.87 BPW91 -0.41 0.49 -0.71 0.05 -0.58
B3LYP —-0.41 0.49 —-0.84 0.05 -0.71
B3PW91 —0.41 0.49 -0.82 0.05 —0.69
BLYP (90,10 —-0.41 0.49 —0.83 0.05 —-0.70
BLYP (50,50 —-0.41 0.49 —-1.27 0.06 —-1.13
BLYP (10,90 —-0.42 0.48 —1.82 0.07 —1.69
HF -0.42 0.48 —1.93 0.07 -1.80

@All values in Sl units. BLYP(m,n denotes the BLYP-HF hybrid XC functionals described in E4). Experimental SSCC values are taken from Ref. 12
(exception FH: Ref. 50and are given below the notation of the corresponding reduced SSCC in the second column. Calculations with the basis
(11s,7p,2d/6s,2p)[ 7s,6p,/4s,2p] (basis 1l in Ref. 2 at experimental geometriegRef. 46: Hy r(H-H)=0.741A; FH:ir(F-H=0.9169A;

H,O: r(O—H)=0.9572 A, a(HOH)=104.52°; NH; r (N—H)=1.0124 A, «(HNH)=106.67°.

2), while the actual calculations discussed in this work arechemical shifts were carried out with these basis sets, it ap-
done with the (14,7p,2d/6s,2p)[ 7s,6p,2d/4s,2p] (basis Il peared reasonable to udgasis Il andl basis Il in calcula-

in Ref. 2. Actually, these basis sets were developed for thdions of SSCCs.

calculation of NMR shielding constants and magnetic sus-

ceptibilities rath_er_ than NMR SSCCs, which require a MOre\, RESULTS AND DISCUSSION
accurate description of regions close to the nucléas a

discussion of the basis set dependence of calculated coupling Calculated reduced SSQC(A,B) are summarized in
constants, see, e.g., Ref.)4Blowever, since basis sets Il and Tables I, Ill, and IV where just values obtained with the
[l contain 6s and 7 descriptions, respectively, of the region [ 7s,6p,2d/4s,2p] are reported. The mean absolute deviation
close to the nucleus and since parallel calculations for NMRu of calculated SSCC values from the corresponding experi-
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TABLE Ill. NMR spin—spin coupling constants for some hydrocarbons calculated with different DFT methods &nd HF.

NMR spin—spin coupling constants
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Molecule Coupling Method K bSO K Pso KFC K SP K total Jrowl
CH, K(C, H) BLYP 0.10 0.57 40.39 0.02 41.08 124.0
41.5 BPW91 0.10 0.56 36.32 0.02 37.00 111.7
(125.3 H2 B3LYP 0.09 0.55 40.25 0.00 40.89 123.5
B3PW91 0.10 0.55 37.09 0.00 37.74 114.0
BLYP (90,10 0.10 0.56 41.01 0.00 41.67 125.8
BLYP (50,50 0.09 0.52 43.81 —-0.05 44.37 134.0
BLYP (10,90 0.09 0.48 47.43 -0.11 47.89 144.6
HF 0.09 0.48 48.19 -0.13 48.63 146.9
CH, 2K (H, H) BLYP ~0.27 0.31 ~0.89 0.03 ~0.82 ~9.8
—-1.05 BPW91 —-0.27 0.31 -0.91 0.03 —-0.84 —-10.1
(=12.6 H2 B3LYP -0.28 0.31 —-0.97 0.03 -0.91 -10.9
B3PW91 —-0.28 0.31 —0.99 0.03 -0.93 -11.2
BLYP (90,10 -0.28 0.31 —0.99 0.03 -0.93 —-11.2
BLYP (50,50 -0.28 0.31 —-1.42 0.03 —-1.36 -16.3
BLYP (10,90 -0.28 0.30 —-1.94 0.04 —-1.88 —22.6
HF -0.28 0.30 —-2.02 0.04 —-1.96 —-23.5
CHe K(c,© BLYP 0.16 0.34 25.46 1.67 27.63 21.0
45.6 BPW91 0.16 0.31 20.27 1.63 22.37 17.0
(34.6 H2 B3LYP 0.16 0.35 29.03 1.67 31.21 23.7
B3PW91 0.16 0.33 24.73 1.63 26.85 20.4
BLYP (90,10 0.16 0.33 28.31 1.68 30.48 23.2
BLYP (50,50 0.16 0.29 41.43 1.71 43.59 33.1
BLYP (10,90 0.16 0.25 58.48 1.74 60.63 46.1
HF 0.16 0.25 62.29 1.74 64.44 49.0
C,He K(C, H) BLYP 0.17 0.43 41.66 0.01 42.27 127.7
41.3 BPW91 0.18 0.42 37.75 0.01 38.36 115.8
(124.9 H2 B3LYP 0.17 0.42 41.63 -0.01 42.21 127.5
B3PW91 0.17 0.41 38.59 -0.01 39.16 118.3
BLYP (90,10 0.17 0.42 42.34 0.00 42.93 129.7
BLYP (50,50 0.17 0.39 45.39 —-0.07 45.88 138.6
BLYP (10,90 0.17 0.36 49.31 -0.13 49.71 150.1
HF 0.17 0.36 50.13 -0.15 50.51 152.5
C,He 2K(C, H) BLYP ~0.09 0.11 ~1.14 0.02 ~11 -33
-15 BPW91 -0.09 0.11 -1.22 0.02 -1.18 -3.6
(—=4.5H2 B3LYP -0.09 0.11 -1.39 0.02 -1.35 —-4.1
B3PW91 -0.09 0.12 —-1.47 0.02 —-1.42 —-4.3
BLYP (90,10 —-0.09 0.11 -1.37 0.02 —-1.33 —-4.0
BLYP (50,50 -0.09 0.11 —2.42 0.02 —-2.38 —-7.2
BLYP (10,90 —-0.09 0.11 —-3.86 0.02 -3.82 —-11.5
HF -0.09 0.11 -4.11 0.02 —-4.07 —-12.3
C,Hg 2K (H, H) BLYP -0.25 0.28 —-0.65 0.03 —-0.59 -7.1
BPW91 -0.25 0.28 —0.69 0.03 -0.63 —-7.6
B3LYP —-0.25 0.28 —-0.74 0.03 —0.68 -8.2
B3PW91 -0.25 0.28 -0.77 0.03 -0.71 -8.5
BLYP (90,10 -0.25 0.28 —-0.75 0.03 —-0.69 -8.3
BLYP (50,50 -0.25 0.28 -1.14 0.03 —-1.08 -13.0
BLYP (10,90 -0.25 0.28 —-1.64 0.03 —-1.58 -19.0
HF -0.26 0.28 -1.71 0.03 —1.66 —-19.9
C,Hg 3K(H, H) trans BLYP -0.26 0.26 1.18 0.00 1.18 14.2
0.67 BPW91 —-0.26 0.26 1.07 0.00 1.07 12.8
(8.0 H2 B3LYP -0.26 0.26 1.15 0.00 1.15 13.8
B3PW91 -0.26 0.26 1.07 0.00 1.07 12.8
BLYP (90,10 —-0.26 0.26 1.19 0.00 1.19 14.3
BLYP (50,50 -0.26 0.26 1.24 0.00 1.24 14.9
BLYP (10,90 -0.26 0.26 1.32 0.00 1.32 15.8
HF —-0.26 0.26 1.34 0.00 1.34 16.1
CoHg 3K (H, H) gauche BLYP —-0.06 0.05 0.33 0.01 0.33 4.0
0.67 BPW91 —-0.06 0.05 0.30 0.01 0.30 3.6
(8.0 H2 B3LYP —-0.06 0.05 0.33 0.01 0.33 4.0
B3PW91 —-0.06 0.05 0.31 0.01 0.31 3.7
BLYP (90,10 —0.06 0.05 0.34 0.01 0.34 4.1
BLYP (50,50 —0.06 0.05 0.38 0.01 0.38 4.6
BLYP (10,90 —-0.06 0.05 0.45 0.01 0.45 5.4
HF —0.06 0.05 0.46 0.01 0.46 55
CH, K(C, Q) BLYP 0.10 ~14.11 81.39 4.01 71.39 54.3
89.1 BPW91 0.11 —13.89 72.72 4.30 66.24 48.1
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Molecule Coupling Method KDsO KPso KFe KSP Ktota! Jrow
(67.6 H2 B3LYP 0.10 —14.30 86.23 4.88 76.91 58.4
B3PW91 0.10 —-14.15 79.12 5.28 70.35 53.5
BLYP (90,10 0.10 —-14.16 85.45 4.62 76.01 57.8
BLYP (50,50 0.09 —14.28 110.83 9.46 106.1 80.6
BLYP (10,90 n.ct
HF n.ct
CoHy K(C, H) BLYP 0.13 0.16 53.61 0.07 53.97 163.0
51.8 BPW91 0.14 0.14 48.87 0.06 49.21 148.6
(156.4 H2 B3LYP 0.13 0.13 53.71 0.04 54.01 163.1
B3PW91 0.14 0.11 50.05 0.03 50.33 152.0
BLYP (90,10 0.13 0.14 54.54 0.05 54.86 165.7
BLYP (50,50 0.13 0.08 59.65 —-0.04 59.82 180.7
BLYP (10,90 n.ce
HF n.ct
C,H, 2K(C, H) BLYP -0.21 —0.46 0.03 0.01 —-0.63 -1.9
-0.8 BPW91 -0.21 —0.46 -0.15 0.02 -0.80 —-2.4
(2.4 H2 B3LYP -0.21 —-0.47 —-0.48 0.02 -1.14 -3.4
B3PW91 -0.21 —-0.47 —0.66 0.02 —-1.32 -4.0
BLYP (90,10 -0.21 —0.46 -0.39 0.01 —-1.05 -3.2
BLYP (50,50 -0.21 —-0.47 -3.38 0.04 —-4.02 —-12.1
BLYP (10,90 n.ce
HF n.ct
C,H, 2K(H, H) BLYP -0.37 0.38 1.11 0.00 1.12 13.4
0.21 BPW91 -0.37 0.38 0.91 0.00 0.92 11.0
(2.5 H2 B3LYP -0.37 0.38 0.97 0.00 0.98 11.8
B3PW91 -0.37 0.38 0.80 0.00 0.81 9.7
BLYP (90,10 -0.37 0.38 1.03 0.00 1.04 125
BLYP (50,50 -0.37 0.38 0.50 0.00 0.51 6.1
BLYP (10,90 n.ct
HF n.ct
C,H, 3K(H, H) cis BLYP —0.06 0.02 0.89 0.00 0.85 10.2
0.97 BPW91 —0.06 0.02 0.83 0.00 0.79 9.5
(11.7 H2 B3LYP —0.06 0.02 0.89 0.01 0.86 10.3
B3PW91 —0.06 0.02 0.87 0.01 0.84 10.1
BLYP (90,10 —0.06 0.02 0.92 0.00 0.88 10.6
BLYP (50,50 —0.06 0.02 1.25 0.01 1.22 14.6
BLYP (10,90 n.ct
HF n.ct
C,H, 3K(H, H) trans BLYP ~0.29 0.26 1.28 0.02 1.27 15.2
1.59 BPW91 -0.29 0.26 1.22 0.02 1.21 14.5
(19.1 H2 B3LYP —-0.29 0.26 1.27 0.03 1.27 15.2
B3PW91 -0.29 0.26 1.24 0.02 1.23 14.8
BLYP (90,10 -0.29 0.26 1.31 0.02 1.30 15.6
BLYP (50,50 —-0.29 0.26 1.64 0.06 1.67 20.1
BLYP (10,90 n.ct
HF n.ct
CH, K(C, O BLYP 0.10 9.32 236.09 14.12 259.63 197.3
226.0 BPW91 0.11 9.07 221.38 14.39 244.94 186.1
(171.5 H2 B3LYP 0.09 11.03 238.99 15.27 265.38 201.7
B3PW91 0.10 10.75 226.96 15.62 253.43 192.6
BLYP (90,10 0.09 10.09 239.26 15.02 264.46 201.0
BLYP (50,50 0.09 13.84 264.76 20.07 298.76 227.1
BLYP (10,90 n.ct
HF 0.09 20.49 492.28 40.21 553.07 420.3
CH, IK(C, H) BLYP 0.07 -0.20 84.71 0.21 84.79 256.1
82.4 BPW91 0.08 -0.21 77.84 0.20 77.91 235.3
(248.7 H2 B3LYP 0.07 -0.39 84.39 0.17 84.24 254.4
B3PW91 0.07 —-0.39 79.11 0.17 78.96 238.5
BLYP (90,10 0.07 -0.29 85.87 0.19 85.84 259.2
BLYP (50,50 0.07 —0.67 92.53 0.19 92.12 278.2
BLYP (10,90 n.c®
HF 0.06 —-1.27 130.17 1.29 130.25 393.4
CH, 2K(C, H) BLYP -0.45 1.91 15.66 0.29 17.41 52.6
16.3 BPW91 —0.45 1.89 14.88 0.31 16.63 50.2
(49.3 H2 B3LYP —0.45 2.05 15.15 0.31 17.06 51.5
B3PW91 —0.45 2.04 14.51 0.31 16.41 49.6
BLYP (90,10 —0.45 1.97 15.47 0.3 17.29 52.2
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TABLE Ill. (Continued.

HF —-0.45 2.77 —20.21 -0.89 —18.78 —56.7
Molecule Coupling Method K Dso KPso KFe K SP Ko Jrowl
BLYP (50,50 —0.45 2.27 12.64 0.26 14.72 44.4
BLYP (10,90 n.ct
HF —0.45 2.77 —-20.21 -0.89 —18.78 —-56.7
CH, 2K (H, H) BLYP ~0.30 0.39 0.65 0.04 0.78 9.4
0.8 BPW91 —0.30 0.39 0.68 0.05 0.82 9.8
(9.6 H2 B3LYP -0.30 0.41 0.69 0.05 0.85 10.2
B3PW91 —0.30 0.41 0.73 0.05 0.89 10.7
BLYP (90,10 -0.30 0.40 0.71 0.05 0.86 10.3
BLYP (50,50 —-0.30 0.42 1.27 0.08 1.47 17.6
BLYP (10,90 n.ce
HF -0.30 0.46 6.34 0.26 6.76 81.2
CHsF K, P BLYP 0.14 11.4 —108.05 7.73 —88.78 —252.1
-57.0 BPW91 0.14 115 —107.59 7.63 —88.32 —250.8
(161.9 H2 B3LYP 0.14 11.84 —99.77 7.81 —79.98 —227.1
B3PW91 0.14 11.88 —99.88 7.74 —80.12 —227.5
BLYP (90,10 0.14 11.45 —104.38 7.76 —85.03 —241.5
BLYP (50,50 0.13 11.49 —87.96 7.87 —68.56 —-194.7
BLYP (10,90 0.13 11.19 —-68.71 7.94 —49.45 —140.4
HF 0.13 11.21 —63.69 7.97 —44.56 —126.6
CHsF K(C, H BLYP 0.22 —0.04 47.58 0.01 47.77 144.3
49.4 BPW91 0.23 —0.04 43.15 0.01 43.35 130.9
(149.1 H2 B3LYP 0.23 —-0.03 47.79 —-0.01 47.98 144.9
B3PW91 0.22 —-0.04 44,32 -0.01 44.49 134.4
BLYP (90,10 0.22 —0.03 48.49 —-0.01 48.67 147.0
BLYP (50,50 0.22 —-0.03 52.53 -0.07 52.65 159.0
BLYP (10,90 0.21 —0.03 57.48 -0.15 57.51 173.7
HF 0.21 —0.03 58.51 -0.16 58.53 176.8
CHsF ’K(H, P BLYP —-0.16 1.19 3.60 -0.25 4.38 49.5
4,11 BPW91 —-0.16 1.22 3.28 -0.26 4.08 46.1
(46.4 H2 B3LYP —-0.16 1.16 3.76 —-0.26 4.50 50.8
B3PW91 -0.16 1.18 3.49 -0.27 4.24 47.9
BLYP (90,10 —-0.16 1.17 3.77 —-0.26 4.52 51.1
BLYP (50,50 -0.16 1.09 4.33 -0.30 4.96 56.0
BLYP (10,90 —-0.16 1.03 4.64 -0.35 5.16 58.3
HF —-0.16 1.01 4.69 -0.36 5.18 58.5
CH3F 2K(H, H) BLYP -0.23 0.24 —-0.59 0.04 —-0.54 —6.5
-0.8 BPW91 -0.23 0.24 —0.62 0.04 -0.57 -6.9
(—9.6 H2 B3LYP —-0.23 0.24 —0.69 0.04 —0.64 7.7
B3PW91 -0.23 0.24 —-0.72 0.04 -0.67 -8.0
BLYP (90,10 -0.23 0.24 —0.69 0.04 —-0.64 7.7
BLYP (50,50 -0.23 0.24 —-1.11 0.04 —-1.06 —-12.7
BLYP (10,90 -0.23 0.24 —-1.61 0.05 —-1.55 —18.6
HF —-0.24 0.25 —1.68 0.05 —1.62 —-19.5

& values in Sl units) values in Hz. BLYP(m,n) denotes the BLYP—HF hybrid XC functionals described in &4). Experimental SSCC values are taken
from Ref. 12(exception CH: 'K (C, H), Ref. 51;K(H, H), Ref. 52 and are given below the notation of the corresponding reduced SSCC in the second
column. Calculations with the basis (42p,2d/6s,2p)[7s,6p,2d/4s,2p] (basis Ill in Ref. 2 at experimental geometrieRef. 46: CH,: r(C—H)
=1.086 A; GHg r(C-0=1.526A, r(C-H)=1.088A, «(HCH)=107.4°; GH, r(C-0=1.339A, r(C-H)=1.088A, a(HCH)=117.4°;

C,H,: r(C-0=1.203A,r(C-H)=1.061 A; CHF: r(C-P=1.383A,r(C-H)=1.094 A, «(FCH)=108.6°.

PAverage value fotrans and gauche®K (H, H) SSCC for the staggered conformation.

°Not converged.

mental value® > is x=508Sl units for the which means that the B3LYP functional provides the best
[7s,6p,2d/4s,2p] basis set and 8.3 Sl units for the smaller overall performance with regard to SSCCs.

[_65,4p,1d/35,_1p] basis at the B3LYP level of theory_. Rela-_ A. AH, molecules (class A)

tively large differences between SSCC values obtained with

the two basis sets are in most cases dominated by a large For class A(Table I)), the BLYP (50, 50 functional
difference in the FC contribution. For all molecules consid-leads to the smallest deviations of calculated SSCCs from
ered in this work, the value of. for calculatedK values experimental valuegmean absolute erron=1.5 Sl unitg
(relative to the experimentally baséd is 5.8 at BLYP(90, although B3LYP also provides reasonable values
10), 6.3 at B3PW91, 6.8 at BLYP, 7.4 at BLY[B0, 50, 8.5 [u(B3LYP)=2.1 Sl unitg. In the following, we will refer to

at BPW91, 17.1 at BLYR10, 90, and 36.9 Sl units at HF, the latter if not otherwise noted. BothK(A—H) and
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TABLE IV. NMR spin—spin coupling constants for benzene calculated with the B3LYP funcfional.

Coupling Method KDSO KPSO KFC KSD Ktotal Jtotal
IK(C, C) 0.30 -9.49 84.58 1.78 77.17 58.6 56.0
2K(C, C) -0.03 0.09 —1.47 -1.17 —2.58 -2.0 2.9
3K(C, C) -0.01 0.69 11.09 2.52 14.29 10.9 10.0
IK(C, H) 0.25 0.09 52.09 0.04 52.47 158.5 158.4
2K(C, H) -0.12 -0.28 1.02 0.01 0.63 1.9 1.1
3K(C, H) -0.16 0.13 2.58 —-0.02 2.53 7.6 7.6
4K(C, H) -0.15 0.14 —-0.41 0.01 —-0.41 -1.2 -1.3

3K (H, H) -0.03 0.02 0.62 0.00 0.61 7.3 7.7
4K(H, H) -0.15 0.15 0.11 0.00 0.11 1.3 t4
SK(H, H) -0.15 0.15 0.05 0.01 0.06 0.7 6.6

& values in Sl units] values in Hz. Experimental SSCC values are taken if not otherwise noted from Ref. 49.
Calculations with the basis (%Tp,2d/6s,2p)[7s,6p,2d/4s,2p] (basis Ill in Ref. 2 at the experimental ge-
ometry (Ref. 46: r(C—C)=1.399 A, r(C-H)=1.101 A.

bSign unknown.

‘Reference 53.

2K (H-A—H)SSCCs increase in absolute value with decreasthe PSO term. Matrix elements including the angular mo-
ing atomic number of the heavy atom @&H: 37.3; HO: mentum operator as in the case of the PSO term will be
44.0; NH;: 48.3 Sl units, Table )l These trends are domi- relatively large if they involve a high-lying lone pair orbital
nated, with a few exceptions found féK (H—A—H), by the  Wwith p, or p, character and a low-lying* (AH) orbital with
FC term(FH: 19.4; HO: 35.8; NH;: 45.4 Sl units, Table)l ~ considerablegp, character at both coupling nuclei, which is
The FC interaction is mediated by spin polarization ofthe situation for HO and FH. Sinces orbitals do not con-
the stype valence electrons. According to E9) spin po-  tribute to the PSO ternithe PSO matrix elements become
larization will be large if there are both occupied and low-zero, the PSO interaction does not probe the electron den-
lying virtual orbitals present that have distirctharacter at  sity distribution in the immediate vicinity of the nucleus,
both of the coupling nuclei. There is always a relatively largewhich is the reason why the choice of the metfi®@ func-
rather spherically electron maximum of the density at thetional, basis setinfluences the PSO term less strongly than
nucleus of heavy atom A due to theelectrons, however, the FC term.
depending on the electronegativity of A and the polarity of ~ The DSO term is smaller than 1 Sl unit for all molecules
the bond A—H the density maximum at nucleus H and the F@onsideredTable Il) and nearly independent of the XC func-
contribution will vary thus explaining the trends in calcu- tional. The(absolutely seerlargest DSO terms are found for
lated FC and'K(A—H) values in the series FH#,NH;,  the?K(H—A—H) coupling constants in }© (—0.58 Sl unit$
(Table ll). Different XC functionals will differ in the descrip- and NH; (—0.41 Sl unit$ where they lead to a canceling of
tion of the nuclear region and tteelectron density, which the PSO contribution of opposite sign. The DSO contribution
explains the sensitivity of the FC contributions to the XC for H, is —0.26 Sl unitsPSO: 0.39, Table Jland, by this, it
functional (Table ). is smaller than for théK(H—A—H) coupling constants but
The PSO term is important for th& values of the larger than for théK(A—H) coupling constants in FH, @,
hydrides where it decreaséspposite to the FC contributipn and NH; (Table 1I). In distinction to the other SSCC terms,
in the order: FH: 17.8, O: 7.7, NH;: 2.6, CH;: 0.6 SI  the DSO term is determined by the electron density of the
units. For H and the?K (H-A—H)SSCCs, the PSO contri- unperturbed state of the molecule. This implies that the mag-
butions are all< 1 Sl unit, but reveal a similar trend as nitude of the DSO contribution is less dependent on the
observed for the PSO contribution . The PSO interac- chemical environment of the coupling nuclei than the other
tions result from paramagnetic electron currents in the vaterms. The choice of the XC functional, or more generally
lence orbitals, which become significant when occupied andhe choice of the calculational method, will be of little influ-
low-lying virtual orbitals are present that have distinct non-ence for the value of the DSO contribution as long as the
s-character(p-, d-orbitaly at the two coupled nuclei. In the electron density is described reasonably.
series CHto FH, the increase of the electronegativity of the  Although the calculated DSO contributions are all rather
heavy atom A leads to a polarization of the A—H bond den-small, it pays out to get a better understanding of the DSO
sity so that the electron density at the H atom becomes morerm so that unusual DSO values for larger molecules can be
anisotropic, which is described by the inclusion of morebetter understood. The major contributions to the DSO part
p-type polarization functions at the H atom into the A—H of the tensorK result from the core densities at the two
bonding orbital. Accordingly, the electron density at the Hcoupled nuclei. These contributions are mainly anisotropic
atom determines the increase of the PSO term with increagsee Appendix A and, therefore, add only little to the iso-
ing electronegativity of A. tropic averageK, which explains the relatively small abso-
The electronegativity of A leads to a lowering of the lute magnitude of the DSO contributions ko For instance,
energy of thes™ (AH) orbital, which in connection with the the principal values of the DSO contributionkofor FH are
increasedp-character at H also influences the magnitude ofl.57 and—3.14 SI units, respectively, while the isotropic
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average is 1.X 10 2SI units. If there are third atoms in the description. Accordingly, the spin polarizability of the mol-
molecule that are close to both coupling nuclei, then the cor€cule is larger as is the gain in XC energy. Hence, the exter-
electron densities of these atoms will be responsible for th&al stability of the RDFT description can be directly related
main contribution toK. This explains why the DSO contri- to the magnitude of the two response terms FC and SD.
butions to the?K coupling constants are generally higher ~ The external stability of the RDFT descriptiGh®’ de-
than those to théK coupling constants. The larger DSO creases with increasing bond multiplicity, the lowest eigen-
contribution in H in comparison with théK coupling con-  values for singlet-tripletS-T) transitions of the Hessian ma-
stants in FH, HO, and NH is due to the shorter bond length trix being 0.31, 0.31, 0.31 for g 0.10, 0.26, 0.26 for
in H, (see Appendix A C,H,4, and 0.13, 0.17, 0.17 for#,. The decrease of exter-
The SD term makes no significant contributionkdor ~ nal stability in a closed-shell molecule is in turn an indica-
the molecules in class A, its absolute value being below 1 Stion for the onset of nondynamistatig electron correlation.
unit in all cases. The values are sensitive to the calculationslence, the increase in the FC and SD contributions with
method employed. increasing bond multiplicity within class B is related to the
nondynamic electron correlation effects occurring in multi-
ply bonded systems. Generally, DFT is poor at describing
(class B) static electron correlation effects. The error caused by this

For the molecules of this class, the B3LYP values pro-Shortcoming is larger for the unperturbed nonspin polarized
vide the best agreement with experiment as reflecteg.by State than for the perturbed spin polarized one, thus leading
=4.5 Sl units(Table I1l). Calculated SSCC values show the 0 an unbalanced description of perturbed and unperturbed
same trends as the corresponding experimental values artfates and inaccurate values for the FC and SD terms. The
since the latter were discussed in the literature in detail, wéame problem occurs at the HF level of theory where it is
refrain from analyzing these trends and consider insteadlOre serious as HF does not coveynamic or statig cor-
some typical relationships between the electronic structure delation effects at all. This is responsible, e.g., for the large

B. Hydrocarbon molecules

a molecule and its SSCCs.

exaggeration of the FC and SD terms and, consequently, the

The calculated'K (C—H)SSCCs increase in the order total coupling constants of #8, at HF and is probably also

CH, (40.9 Sl units; 1J=123.5H2, C,H(42.2;127.5,
CH,F(48.0;144.9, C,H,(54.0;163.1, C,H,(84.2;204.9.

Again, this trend is dominated by the value of the FC part,

the reason why the CPHF iterations did not converge for
C,H, (see Table lI).
For the SD mechanism to be effective, either a pair of an

which in turn reflects the different electronic situations. Theoccupieds(d) and a low-lying virtuald(s) orbital or a pair

2K(H-C—HSSCCs f1=4.3Hz) are all smaller than 1 SI

of an occupiedp and a low-lying unoccupieg orbital are

unit while the?K(C—C—HSSCCs are in the order of 1 SI necessary. This becomes obvious when considering the form
unit except for GH,, where the calculated value is 17.06 S| of the one-electron SD operator E1b (components:
units (51.5 H2 in good agreement with the experimental XX,xy etc) and the expression for the SD part in Eg2).

value of 49.2 HZ? The 3K (H-C—C—-HSSCCs are all below
1 Sl unit with the known trend dfrans SSCCs being higher
than the correspondings- or gaucheSSCCs value¥ The
calculated'K (C—CSSCCs ft=4.2 Hz) increase in the or-
der GHg (31.2 Sl units, 23.7 Hz C,H4(76.9,58.4, and
C,H, (265.4, 201.4, Table IJl where again the FC term
dominates(29.0; 86.2; 239.0 Sl uniis In contrast to the
1K (C-H)SSCCs the PS@.35; —14.30; 11.03 Sl unitsand
SD terms(1.67; 4.88; 15.27 Sl unitsmake nonnegligible
contributions to théK(C—0) values.

The increase of the RC—C) term with increasing bond
multiplicity is usually explained by the increasisgharacter
of the bonding C—Gr orbital in the series ¢Hg (sp® hybrid-
ization), CH,(sp?), and GHy(sp). In addition, the FC and

Accordingly, thew— #* pairs in multiple C—C bonds are
important for an effective SD interaction as well as an effec-
tive PSO interaction mechanism.

Similarly as for the molecules of class A, the DSO con-
tribution is always smaller than 1 Sl unit for class B mol-
ecules. The effect of a third nucleus in the vicinity of the
coupling nuclei can be observed in the same way as for class
1; for instance, the DSO contribution to tH&(H-C—H)
coupling constant in Cllis —0.27 Sl units as compared to
0.09 SI units for théK(C—H) coupling constant.

Table IV givesK and JSSCCs for benzene calculated
with the B3LYP functional. Agreement between calculated
and measured SSCE$2for J(C, H), J(C, H), andJ(H, H)
are satisfactory as reflected yvalues of 2.7 Hz, 0.3 Hz,

SD interactions are mediated by changes in the orbitals thand 0.2 Hz, respectively, for basis set Ill. It is noteworthy
give rise to spin polarization, i.e., that kind of changes thathat the'J(C-C), *J(C—H), and 3J(H-C—C-H coupling

are described by triplefT) excitations in wave function

constants for benzene are close to their counterpartshi C

theory(see, e.g., Ref. 25 and Appendiy.Buch changes are whereas thé/J(C—C—H coupling constants have different
easier to induce the larger the gain in XC energy caused bgigns in GH, and GHé.

the spin polarization is. One can test the tendency of a given

Most of the coupling constants for the molecules of class

molecule to spin polarize by calculating its magnetic suscepB follow the general rule that the sign of the SSCCs alter-

tibility or, simpler, by determining the stability of the re-

nates with the number of bonds separating the coupling nu-

stricted DFT(RDFT) of the molecule: The lower the external clei, i.e., thatK coupling constants are positivi coupling
stability of the RDFT description, the larger is the tendencyconstants negativéK coupling constants positive, etc. How-
of mixing in aT wave function into the DFT state function of ever, substituent or geometrical effects can lead to a change

the molecule and thus yielding an unrestricted DEDFT)

sign as for example in the case of th¢(H-C—HSSCC of
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TABLE V. Reduced nuclear spin—spin coupling constants for CO,;,G@d N, calculated with different DFT methods and AF.

Molecule Coupling Method DSO PSO FC SD Total
CO K(c, ) BLYP -0.22 —35.51 —3341 13.97 —55.17
—41.7° BPW91 -0.21 —35.95 —40.96 13.60 —63.52
B3LYP -0.22 —34.88 —27.02 14.97 —47.15
B3PW91 -0.22 —35.26 —33.79 14.72 —54.55
BLYP 90/10 -0.22 —35.05 —29.85 14.70 —50.42
BLYP 50/50 -0.23 —32.88 -12.31 17.96 —27.46
BLYP 10/90 -0.24 —30.24 12.89 22.12 4.53
HF -0.24 —29.65 19.93 2291 12.95
CGo, K(C,0) BLYP 0.19 —-11.41 —63.13 7.11 —67.24
—39.4 BPW91 0.20 -11.14 —70.66 6.99 —74.61
B3LYP 0.19 -12.38 —50.24 6.88 —55.55
B3PW91 0.19 -12.16 —56.85 6.80 -62.01
BLYP 90/10 0.19 -11.89 —56.74 7.06 —61.38
BLYP 50/50 0.19 —13.58 —29.46 6.75 —36.10
BLYP 10/90 0.18 —14.87 2.36 6.34 —5.99
HF 0.17 —15.15 10.39 6.17 1.58
CGo, 2K(0, 0) BLYP -0.41 12.39 —38.65 26.03 —0.64
BPW91 -0.41 11.04 —38.51 25.23 —2.65
B3LYP -0.41 14.73 —33.12 28.21 9.41
B3PW9I1 -0.41 13.52 —33.57 27.54 7.08
BLYP 90/10 -0.41 13.48 —36.09 27.42 4.40
BLYP 50/50 -0.41 17.43 -21.25 32.84 28.61
BLYP 10/90 -0.41 20.24 2.05 37.94 59.82
HF -0.41 20.83 13.52 38.84 72.78
N, IK(N, N) BLYP —0.26 —34.49 —22.08 24.68 -32.15
—20x7°¢ BPW91 —0.26 —35.27 —30.22 24.14 —41.61
B3LYP -0.27 -31.37 —15.03 28.74 -17.93
B3PW91 -0.27 -32.14 —22.61 28.38 —26.64
BLYP 90/10 -0.27 —32.90 —18.16 27.21 —24.12
BLYP 50/50 —-0.28 —24.03 3.53 42.15 21.37
BLYP 10/90 -0.29 -9.26 59.57 79.69 129.71
HF -0.29 -4.14 91.85 97.26 184.68

#Reduced SSCCs in Sl units. BLY(,n denotes the BLYP—HF hybrid XC functionals described in &4). Experimental SSCC values are given below
the notation of the corresponding reduced SSCC in the second column. Calculations with the Isagis2dis,2p)[ 7s,6p,2d/4s,2p] (basis IIl in Ref. 2

at experimental geometrigRef. 4§: CO:xr (C-0)=1.128 A; CQ:r(C-0)=1.162 A; Ny:r(N-N)=1.0977 A.

PReference 54.

‘Reference 55. Sign is unknown.

C,H, and the?’K (C—C—HSSCC of GH, (Table IIl). Theory  relation in the unperturbed and perturbed states, which is
can be used to verify the sign of the SSCC as in the case dfifferent for different XC functionals as well as between
the 2K (C—C-0Q coupling constant of gHg, which should be DFT and HF theory.

negative.
C. Molecules with multiple bonds ~ (class C) D. Comparison of CPDFT and SOS DFT
The SSCC of molecules CO, GOand N, are more dif- In Table VI, SSCCs calculated at the CPDFT and at the

ficult to calculate than those of class A and class B mol-SOS DFT level of theory are compared for molecules of
ecules, which is reflected by thevalues listed in Table vV, classes A, B, and C. The mean absolute deviation for all
and therefore, we discuss these molecules separately. A&SCCs considered js=5.0 Sl units for CPDFT but 12.8 SI
B3LYP, absolute SSCC values deviate py=8.1Sl units  units for SOS DFT. This confirms that the dependenck}of
the average, which is small compared to HF resqlis in Egs.(16) on the perturbed orbitals, thus requiring an it-
=91.3 Sl unity. The latter result confirms that HF performs erative determination of this operator, significantly influ-
poorly when calculating SSCCs of multiple-bondedences the value of the SSCCs and improves its accuracy.
molecules® Both PSO and SD terms are nonnegligible in This coupling which enters into the CPDFT description,
comparison to the FC term while the DSO term is negligibletends to increase the PSO, FC, and SD terms. For the FC and
contributing less than 1 Sl units to the tokavalue. The FC  SD terms, SOS DFT does not account for the possible energy
and SD terms depend on the choice of the XC functionabain caused by spin polarization and accordingly underesti-
more strongly than the PSO term. As discussed in connectiomates the response of the orbitals to the perturbation by the
with multiple-bonded molecules of class B, the FC and SDmagnetic fields of the nuclei, i.€T, and S excitations in the
terms are sensitive to the balanced treatment of electron cosense of Appendix B are treated in the same way.
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TABLE VI. Comparison of reduced NMR spin—spin coupling constants calculated with CPDFT and SOS DFT using the B3LYP fiihctional.

Molecule Coupling Method DSO PSO FC SD Total
H, K(H, H) CPDFT —0.26 0.39 22.63 0.25 23.01
23.3 SOS DFT 0.36 9.78 0.16 10.04
FH K (H, F) CPDFT 0.00 17.81 19.39 0.11 37.31
46.8+2 SOS DFT 14.22 15.05 0.39 29.66
H,0 1K (0, H) CPDFT 0.09 7.68 35.83 0.43 44.03
48 SOS DFT 6.36 23.47 0.39 30.31
2K(H, H) CPDFT —-0.58 0.72 —-0.76 0.08 -0.54
—-0.6 SOS DFT 0.64 0.11 0.04 0.21
NH; K (N, H) CPDFT 0.11 2.59 45.44 0.17 48.31
50 SOS DFT 2.26 26.82 0.17 29.36
2K (H, H) CPDFT —-0.41 0.49 —-0.84 0.05 -0.71
—0.87 SOS DFT 0.45 0.05 0.03 0.12
CH, K(C, H) CPDFT 0.09 0.55 40.25 0.00 40.89
41.5 SOS DFT 0.49 22.41 0.04 23.03
2K(H, H) CPDFT -0.28 0.31 -0.97 0.03 -0.91
—1.05 SOS DFT 0.29 —-0.02 0.02 0.01
C,H IK(C, C) CPDFT 0.16 0.35 29.03 1.67 31.21
45.6 SOS DFT 0.27 9.67 1.08 11.18
K(C, H) CPDFT 0.17 0.42 41.63 —0.01 42.21
41.3 SOS DFT 0.37 23.01 0.03 23.58
2K(C, H) CPDFT —-0.09 0.11 -1.39 0.02 -1.35
-15 SOS DFT 0.11 0.36 0.01 0.39
2K (H, H) CPDFT —-0.25 0.28 —-0.74 0.03 -0.71
SOS DFT 0.26 0.08 0.02 0.11
3K(H, H) trans CPDFT —-0.26 0.26 1.15 0.00 1.15
(0.67° SOS DFT 0.24 0.53 0.00 0.51
3K (H, H) gauche CPDFT —0.06 0.05 0.33 0.01 0.33
(0.67)° SOS DFT 0.05 0.14 0.00 0.13
CH, K(C, C) CPDFT 0.10 —14.34 86.23 4.88 76.87
89.1 SOS DFT —10.70 50.75 1.08 41.23
1K (C, H) CPDFT 0.13 0.13 53.71 0.04 54.01
51.8 SOS DFT 0.17 29.08 0.06 29.44
2K(C, H) CPDFT -0.21 —-0.47 —0.48 0.00 -1.16
-0.8 SOS DFT —-0.33 1.56 0.02 1.04
2K (H, H) CPDFT -0.37 0.38 0.97 0.00 0.98
0.21 SOS DFT 0.35 0.82 0.00 0.80
3K(H, H) cis CPDFT —0.06 0.02 0.89 0.01 0.86
0.97 SOS DFT 0.02 0.35 0.00 0.31
3K(H, H) trans CPDFT —-0.29 0.26 1.27 0.03 1.27
1.59 SOS DFT 0.25 0.54 0.0 0.50
C,H, K(c,C) CPDFT 0.01 11.03 238.99 15.26 265.29
226.0 SOS DFT 5.38 173.09 5.64 184.12
K(C, H) CPDFT 0.07 —0.38 84.39 0.17 84.25
82.4 SOS DFT -0.07 46.91 0.12 47.03
2K(C, H) CPDFT —0.45 2.05 15.15 0.31 17.06
16.3 SOS DFT 151 9.37 0.21 10.64
2K(H, H) CPDFT —-0.30 0.41 0.69 0.05 0.85
0.8 SOS DFT 0.36 0.22 0.02 0.30
CHsF K(C,F) CPDFT 0.14 11.84 —99.77 7.81 —79.98
-57.0 SOS DFT 8.23 —66.97 5.05 —53.05
2K(C, H) CPDFT 0.23 —0.03 47.79 —0.01 47.98
49.4 SOS DFT —0.02 26.18 0.03 26.42
K(H, F) CPDFT —0.16 1.16 3.76 —0.26 4.50
411 SOS DFT 0.92 1.54 -0.11 2.19
2K (H, H) CPDFT -0.23 0.24 —0.69 0.04 —0.64
-0.8 SOS DFT 0.23 0.12 0.02 0.14
CcO K(C, 0) CPDFT -0.22 —34.88 —27.02 14.97 —47.15
—41.1 SOS DFT —26.83 —25.27 7.17 —45.15
Co, K(c,0) CPDFT 0.19 —12.38 —-50.24 6.88 —55.55
-394 SOS DFT -10.22 —23.56 4.03 —29.56
2K(0, 0) CPDFT -0.41 14.73 -33.12 28.21 9.41
SOS DFT 6.94 —22.19 11.85 —3.81
N, IK(N, N) CPDFT -0.27 —31.37 —15.03 28.74 —17.93
—20.0 SOS DFT —26.17 -17.91 10.97 —33.38
2All values in Sl units. Experimental SSCC valugge Tables Il, Ill, and [Yare given below the notation of the corresponding reduced SSCC in the second
column. Calculations with the basis (d,Ip,2d/6s,2p)[ 7s,6p,2d/4s,2p] (basis Il in Ref. 2 at experimental geometriéRef. 46 (see Tables II, Ill, and Y.

PAverage value fotrans andgauche®K (H, H) SSCC for the staggered conformation.
Sign is unknown.
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V. CONCLUSIONS within the CPDFT formalism in an appropriate way. The

For the first time, the CPDFT formalism for the calcula- application of SOS DFPF*is not justified in general.
tion of NMR spin—spin coupling constants was implementeom The dependence of the FC, DSO, PSO, and SD term on

completely. We calculated coupling constants for several Fhe electronic strugtgre of a molecule was ana!yzed an_d
classes of molecules and investigated the influence of the XC n each case pred|ct|ons were made under which condi-
functional, the basis set, and the coupling in the CPDFT tions a particular contribution becomes large.

equations on the results. The following conclusions can be

drawn from this work: ACKNOWLEDGMENTS

(1) DFT is useful to calculate SSCC with a reasonable ac- . . .
curacy at reasonable cost. In this way, the calculation of This work was supporied by the Swedish Natural Sci-

SSCC for larger molecules becomes possible ence Research CoundiNFR). The calculations were done
(2) The inclusion of electron correlation effects via the XC on the. Crgy __CQO at the National Supercomputer Center
functional makes DFT clearly superior to HF when cal-(NSC) in Linkoping. The authors thank the NSC for a gen-

culating SSCCs. Especially for molecules that are clos&MOUS allotment of computation time.
to an external instabilitysee Sec. 1Y, DFT still yields
SSCCs of reasonable accuracy while HF completely fail
as was pointed out before by other auth@sse, e.g.,
Ref. 25. In this Appendix, it is shown that the contribution to

(3) The SD contribution to the coupling constants is signifi—gggo from the s-type densities at atoma& and B is essen-
cant in systems with multiple bonds. Calculating the SDtially anisotropic. For this purpose, we exprég&C in terms
contribution to the SSCC increases its accuracy. of the auxiliary quantityKRS° for a charge distribution

(4) Of all XC functionals considered in this work, B3LYP o(r,) that is rotationally symmetric at the positidR, of
leads to the highest accuracy for the set of molecules,cleusA:
investigated. This is in line with the general experience
that B3LYP performs well for the calculation of elec- 7 DSO_ 3 r_Aor_B
tronic properties. We therefore recommend the use of Kas _J dre(ra) ri rs (AL)
B3LYP for the calculation of SSCCs.

(5) The DFT values for coupling constants are sensitive torhe componentsA/rf\ are spherical harmonics with=1 at
the basis set. Hence, care has to be taken with the choid®, . Hence, if one expands the tem@/r% in the integral in
of the basis set. Eq. (A1) into spherical harmonics &,, only thel =1 term

(6) Itis important to treat the dependence of the DFT operaof this expansion will contribute t&25°. The spherical-
tor TZZ{ [Eg. (16)] on the perturbed orbitalgcoupling harmonics(von Neumanj expansion ofB/rg reads®

SAPPENDIX A

B

(LR 1[ Ry Ry | o
Riz Raz Rip Rap Rgp =) 277 TN TasTas
Iz N g .
== | :
-
B _rA+"' fOI‘ rA>RAB (A2)
A
\ v
whereRag=Rg—Ra, Rag=|Rag|, and the underbraces mark the1 terms of the expansion. This leads to
. Rip Ryp LA ') ryory
Ky =5 | 35 —em—+1 f &re(ry) ——+ f &’ro(ra)—;
Ry R,z Ryup ra<Rup r ra>Rup Ta
: f 4’ RABQ( )[ 3RAB RAB+1 +f 4’ (RAB>4Q( )1
=— r—p(ry)| — o 1 rl— ra)l .
ijB ra<Rap Ta Rup Rap ~ ra>Rap T4 N (A3)
:‘é< =0

In the last expressiorQ_ is the part of the densitp inside a sphere with radiug,g centered aR, and weighted with the
factor Rag/r,>1 while Q- is the part ofe outside this sphere, weighted with the fact®,g/r,)*<1. As the density is
concentrated close t8,,Q~ will in general be large compared @-. . In atomic units it is
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KDSO_a (TrKE\’ 1_KR§ , (A4) tors. The operatorh from Eq. (6f) and theh ijo; from
S Eq. (213 areT operators in this sense prowded that the spin

hence guantization axis is rotated to thewxis as is tacitly assumed
pso_ Rag Rag in the following. S andT operators according to this defini-
KaB R Q<|3r °Rr.. 1[t2Q-1), tion do not mix« and 8 orbitals. The first-order perturbed
AB AR TAB KS orbitals can therefore be expanded in the zeroth-order
DSO_ 4 2 virtual KS orbitals as
Kag =a'57-Q-1. (A5) _
R - virt
The tensoi 35° is dominated by contributions due @. . | Vo) = 2 ol ). (B2)
These contrlbutlons are completely anisotropic and @y
makes a contribution to the isotropic averagsC. We consider here one component of the ve¢if); the

For comparison, we estimate the magnitude of the conindicesi for the Cartesian coordinate addfor the nucleus

tribution to KRSC resulting from the core charge of a third are omitted in the following.
Lo .
nucleusC. In lowest order one can assume that the total  The coefficientf, describe thex and 8 perturbed or-

amountQ, of this charge is concentrated Rt. Then itis  bitals separately. Instead of tig,, one can introduce ex-
pansion coefficient€y,,Cy, according to
RAC RBC

KPS~ 2a*Qc—5— S (AB) 1
he e Cla=—= (Clat cfa), (B3
As Q¢ is the total charge at nucle it is in general large V2
compared toQ-. . The prefactorRacRgc/(RacRgc)® de-
cays rapidly With_RAc and R_BC. Hence_z, the contributit)ns Clazi(clfa_ Cfa)- (B3b)
from nucleusC will be most important ifC is bonded with V2

both A and B, i.e., if Kpg is a geminal coupling constant.
This explains why the DSO contributions are larger for
geminal?K rather than for bond coupling constarit§. In
addition, Eq.(A6) shows that the contribution @ to K55°
will be positive if £ ACB is pointed and negative if this
angle is blunt. According to Thales’ theorem, this means th
Q¢ in leading order will make a negative contribution to the
coupling constant if nucleu€ lies within the sphere with
diameterAB and a positive contribution fo€ outside this
sphere as has been pointed out, e.g., in Ref. 30.

The Cg, describe rotations of the KS orbitals that leave the
system spin-unpolarized. If I@fa is nonzero, these orbital
rotations result in a first-order change of the total electron
density. These changes of the orbitals corresporfd e&ci-
tatlons in wave function theory. Th@}, describe infinitesi-
mal rotations of the orbitals that Ieave the total density un-
changed but result into spin polarization, i.e., lead to an
open-shell system. These orbital rotations correspond to
excitations in wave function theory.

The transformation of they, into SandT contributions
allows a transparent discussion of the relation between the
coupling (dependence of the operatﬁﬁ on the perturbed

In wave-function-oriented methods, the behavior of theorbitalg in CPDFT and the stability of the KS solution. For
PSO term on the one hand and the FC and SD terms on tHbis purpose, we write down the change of the total energy to
other hand can be discussed by decomposing the one-particsecond order in th€g,, Cra
excitations of the system int8 and T excitations(see, e.g.,
Ref. 25. The notion ofSandT excitations makes no imme-
diate sense for DFT as the KS determinant must not be re-

APPENDIX B

SE=SE(A) + SE(A) + SE(B) + SE(B), (B4a)

1

garded as an approximation to _the real wave function. How-  SE(A)= > Z , Avakrar ReCy, ReC‘:’,a, , (B4b)
ever, one can represent the first-order changes of the KS kak'a
orbitals in a way that is formally analogous $mndT exci- _ 1 .
tations and allows to discuss the effect on the coupling, i.e., SE(A)= > > Aarrar IMmCiyIm Cf,a, (B4c)
the operatofFy, on the first-order KS orbitals. ka,k'a’

In this Appendix, we shall assume that the perturbation 1
operatorhg is either isotropic in spin space, i.8,¢ can be SE(B)=3 > Byawa ReCyy ReCI,’a, (B4d)
written as ka,k'a’

hSy=h%sss , (B1a) 5E(B):% > Brawa IMClImC], .. (B4e)

wherehS is a spin-free operator, or proportional to the kak'a’

spin matrix in spin space, i.ehsg can be represented as  Here, theAy, ra Kka’k,a, » Braka’ andgkavk,ar are the
_ stability matrices for real internal stability, complex internal
h!,=hTsd., (B1b) - . o
ss stability, real external instability, and complex external
whereh" is a spin-free operator. Operators that are of theinstability >*°” The eigenvalues of the stability matrices de-
form of Eq. (B1a) or (B1b) will be calledS or T operators, termine the stability of the solution against the corresponding
respectively. The operatortﬁﬁo from Eq. (6e) areSopera- kind of perturbations. If one of the matrices has one or more
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negative eigenvalues, the solution is unstable with respect /. For systems close to some instability, only one or a few
the corresponding types of orbital relaxations; if the smallesbf the eigenvalues of the corresponding stability matrix be-
eigenvalue is positive but close to zero then the system isome small. The ratio of the largest and smallest eigenvalue
close to an instability. If the KS operator were independenpf the equation system becomes therefore large, and the
of the KS orbitals, the stability matrices would get the formequation system becomes ill-conditioned. This explains the

= _ = _ convergence problems that occur for the CPHF and CPDFT
Axaka’=Akakra = Brakar =Brakra = 20k Saar (€2~ k), procedures for systems that are close to an instability.

(B5)
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