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Decomposition of nuclear magnetic resonance spin—spin coupling
constants into active and passive orbital contributions
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The theory of the JOC—PSP(decomposition of J into orbital contributions using orbital currents
and partial spin polarizatigrmethod is derived to distinguish between the role of active, passive,
and frozen orbitals on the nuclear magnetic resondhtdR) spin—spin coupling mechanism.
Application of J-OC—-PSP to the NMR spin—spin coupling constants of ethylene, which are
calculated using coupled perturbed density functional theory in connection with the B3LYP hybrid
functional and g 7s,6p,2d/4s,2p] basis set, reveal that the well-knownmechanism for Fermi
contact(FC) spin coupling is based on passiweorbital contributions. Ther orbitals contribute to

the spin polarization of the orbitals at the coupling nuclei by mediating spin information between
o orbitals(spin-transport mechanigror by increasing the spin information ofeorbital by an echo
effect. The calculated R@) value of the SSCCJ(CC) of ethylene is 4.5 Hz and by this clearly
smaller than previously assumed. ZD04 American Institute of Physics.
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I. INTRODUCTION which by its magnetic spin moment perturbs the surrounding
electron density(perturbing nucleus to the nucleus A, the

Nuclear magnetic resonand®MR) parameters such . . . .
. o . : . magnetic moment of which receives the perturbation of the
as chemical shieldings or spin—spin coupling constants

(SSCCs provide important information about geometry, electron den§ity and responds to(ﬂESponding nucleu§9
conformation, and other properties of a moleclieln gen- (1) The Fermi contactFC) mechanism caused by the inter-
eral, magnetic parameters represent hypersensitive anten3@ magnetic field of nucleus B, which causes spin polariza-
that indicate features of the electronic structure which ardion of the density at the contact surface of this nucleus. Spin
difficult to detect by other mean.g., degree of electron polarization travels like a wave through the electron system
delocalization in weakly aromatic or antiaromatic molecules:and interacts with the spin moment of nucleus (&) The
anisotropy of the electron distribution, density close to thespin dipole(SD) mechanism, which arises from the spin po-
nucleus, polarizability of the electrons, detection of electronlarization caused by the external magnetic field of nucleus B.
currents, etg. The use of the magnetic properties of a mol-(3) The spin—orbifSO) mechanisms are associated with or-
ecule as suitable descriptors for electronic structure featurasital currents(equivalent to electron currentgenerated by
requires of course that the dependence of a magnetic parante spin moment of nucleus B; the electron currents are ac-
eter on other molecular properties is known and can be decompanied by a magnetic field, which is experienced by
scribed with simple mathematical relationships. Convincingncleus A. In the diamagnetic S@SO) case, there are cir-
examples in this regard are the Karplus relationstigoen-  ¢yjar currents corresponding to a Larmor precession for each
dence of the NMR spin—spin coupling constahbn the  gjectron, which depend on the form of the orbital and the
conformation of a molecu)¢’ the dependence af on the associated orbital density in the molecular ground si@fe.

—-13 . .
srchgractgr 422 a  bonth charge-chemical shift ¢ paramagnetic SQPSO case, the orbital currents de-
relationships+*° etc. Although many of the frequently used . : .
end on the existence of appropriate excited states that can

relationships are made plausible on an ad hoc basis, a baﬁc .
- . L e reached from the ground state of the system by suitable
understanding in terms of spin density distributions, electron

excitations, electron currents, and intramolecular magnetigxCltatlons with not.too Iqrge exc'|tat|on energ'es‘, )

fields is missing. Although t.he spin—spin poupllng mec-hanl.sm is mdepgn-
The present work is part of a larger project aimed gtdent of the direction in which the coupling |nform_at|or_1 is

developing the theory for calculating SS—CCs with the helpnoved from one nucleus to the oth@—A as used in this

of DFT*® using SSCCs as conformational descriptdrd? work or A—B), the coupling mechanism can be more easily

and analyzing the mechanism of NMR spin—spin coupling inexplained if one nucleus is always considered as the perturb-

dependence of the electronic structure of a molecule and it#g and a second nucleus is considered as the responding

bonding characteristic®?8 Indirect spin—spin coupling is nucleus thus leading to the SSCEAB) wheren gives the

transmitted by four different mechanisms from a nucleus Bnumber of bonds in the shortest coupling path. If one con-

siders organic molecules, for which most of the early NMR

dAuthor to whom correspondence should be addressed. Electronic maimeasurements _were Came(_j 6Uithe fpur sp|r_1—sp|n cou-
cremer@theoc.gu.se pling transmission mechanism associated with the Ramsey
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terms can be characterized according to the electfont- Furthermore, we will use the FC spin density distribution to

als) involved in them. visualize ther mechanism. All calculations will employ the
The DSO mechanism involves all electrons. Althoughcoupled perturbed density functiondCP—DFT) method®

the individual components of the DSO term can be signifi-because we have shown that this is most suitable and reliable

cant, they cancel each other largely out so that the DSO terfior larger hydrocarbon®.™*° In Sec. IIl, the = mechanism

in general is small and can be neglected. The sign and magyill be discussed for the simple case of the SSCCs of ethyl-

nitude of the FC term depend on the properties ofsthespin ~ ene. We will show the different modes of interaction between

density distribution at the responding nuc#ushereas the o and = electrons and work out the general features for FC

sign and magnitude of the SD term are determined bythe coupling via 7 orbitals. These features will be verified by

and pr-spin density distributio”? The po- andp orbitals ~ determining those calculational tools important for the de-

also determine the sign and magnitude of the PSO term abcription of them mechanism, which will provide a basis to

though the transmission mechanism is now based on orbitglompare previous calculations of the [ part with the

currents generated by the perturbing nucleus and detected Ipyesent one. We will show that the mechanism, although

the responding nucled$:?* rather important for long-range coupling, does not play such
At a first glance, it seems that electrons do not play an important role for short-range coupling as was previously

any role for the FC spin coupling mechanism because thesgssumed.

electrons have no spin density at the contact surface of a

nucleus. Nevertheless, one knows that long range spin—spin

coupling leading to sizable values of SSC&kor °J in !l THEORY OF THE SPIN-SPIN

conjugated hydrocarbons is dominated by ar COUPLING MECHANISM

mechgnisrﬁ:5’3°‘368imilar to the case of the ESR hyperfine  cp_pFT used in this work to calculate NMR SSCC was

coupling constants(- C—H) ora(-C-C-H), which result  jegcribed elsewhefé.We will use CP—DFT in connection

from spin polarization of ther system by an unpaired elec- \yith the J-OC—PSP methdd to determine the orbital con-

tron in a Cpm orbital’’ the NMR spin-spin coupling ibutions to the four Ramsey terms. For this purpose, we

mechanism is transferred via thees]c)ecgtgons to theso spin - pyriefly review the CP—DFT equations, which for canonical
density at the responding nuclel' 5 ~ orbitals read
Clearly the 7 electrons participate in the FC coupling (O (B (0)
mechanism in a passive rather than active way, i.e., they are | (B)>:E (¢a IF®er”)
not directly affected by the internal magnetic field of the Pk ) €~ €4
erturbing nucleus. This passive contribution has been _ ) .
ghown togbe always presentpin amysystem where differing Here,F(®) is the first-order KS operator for a perturbation X
= (B) irst-
reports about the magnitude of themechanism have been (X PSO’, FC, or Spat ngcleusB?, andie; > are the fI'I’S't
made*530-36 |11 this work. we will focus on ther mecha- order orbitals corresponding &'®). For brevity, we omit in
nism, determine the magnitude of the (= part of the total this section the mde?( X spec!fy!ng t_he kind (.)f. perturbation.
FC term. and describe the mechanism in detail. In this Furthermore, we will not distinguish explicitly between
! o : , .. space and spin orbitals.
connection we will investigate the following two questions: . . . .
(1) In which ways can ther orbitals contribute to the The analysis of SSCCs is done not in canonical MOs but
in localized MOs(LMOs), which reflect the intuitive under-

transmission of spin information between the coupling nuclei . ) .
L . - .standing of the electron system in the molecldere orbit-
considering the fact that they can neither be polarized di: .
. = . als, bonds, lone pairsThe LMOs i, are connected with the

rectly by the perturbing nucleus nor transfer spin information . . .
. - canonical MOs by an orthogonal transformation matrix

to the responding nucleus? How can the contribution of the

7 orbitals to the FC coupling mechanism be quantified and

lol). 1)

(0)y — (0)
how can it be visualized? For the purpose of answering these )= 2 Ul 1), (2a)
guestions we will develop needed theory and computer soft-
ware that can be routinely applied for any passively actin
orbital. Y app yPp y g |¢(kB)>:E| ukll(Pl(B)>' (Zb)

(2) How important is ther mechanism for SSCC across
a double bond? Semiempirical calculations with a minimal
basis sef~¢suggest that a significant portion of the FC part

Equations(2a) and(2b) are valid for not only LMOs but for
any representation of the MOs. If LMOs are used the orbital

1 . o energiese, must be replaced by the zeroth-order KS matrix
of "J(CC) in unsaturated hydrocarbo to 20% or 15 Hy F{ which leads to a coupling between the CP—DFT equa-

is related to contributions from the electrons. To what ex- tions
tent can these findings be confirmed by DFT calculations '
with an extended basis set? For the purpose of answering

these questions, we will develop in Sec. Il the theory of <¢go)|F(B)|¢f<o)>_|§k i (us”[91™)
passive spin—spin coupling interactions and incorporate ityi)= >, o |y 0.
into the recently described HC—PSP(decomposition of] a Fik — €a

into orbital contributions using orbital currents and partial &)

spin polarization method?® We will define active, passive, For a derivation of Eq(3), see Appendix A. The operator
and frozen orbitals for the spin—spin coupling mechanismF(® consists of the external perturbatibf® and a contri-
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butionF® that covers the feedback of the first-order orbitalsNote thatH, and thusH, are not known explicitly in practical
to the KS operator. The latter can in turn be decomposed intoalculations. Rather, one rewrites Eglb) with the help of

contributions from the individual orbitals: Eq. (5) as
F(® =n®B L E®) 4
! (4a FB— 2 akarkrCEL. (12
"a’
B)_ B) . .
F )_Z I:I( ' (4b) Equationd5) and(12) represent a set of self-consistent equa-
tions for theC®) and the £(®)),. In the iterative solution
~5) . B) of Egs.(5) and(12), only a small part oH is actually cal-
Fi _J d°r (r). (49 culated.
Once theC®) have been determined, the SSCC can be
With this decomposition, E(3) takes the form calculated as
~ ~ _ k
C = N+ E®act D (FI)a Kao= 2 K (133
Fkk — €4 I,1#k
Khe=(# @) (13b)
(O)C(B)) ) (5)
=2 Cihy (130

For brevity, we have introduced the notatiof(})

—( 40)],/(B) i
=(¢a |ly”’) and denote matrix elements of the form Equations(13a and (13b) provide a simple orbital decom-

(0) (0) L . . - . .
(¥ |O|¢// )=Opq- _ position ofK 55, which will be discussed in more detail later
The matrix eIementE( can be determined by compar- in this section.

ing two equivalent expressions for the coefficient matrix Equation(5) shows explicitly the different couplings be-

C{? . In general, it can be written as tween the orbitals. The first two terms in the square brackets
on the right-hand sidéhs) of Eq. (5) are one-orbital terms.
CB®=— 2 (H)ax a,k,h“?)k,. (6) The first term describes the direct impact of the external
perturbationh® on |y,), whereas the second term reflects
Here,H is the full orbital Hessian, i.e., the matrix the feedback ofy{¥)) on itself viaF{¥). Generally, both the

2E Coulomb, the exchange, and the correlation paﬁ@? will
Hoair (7) ~ be involved in this interaction. The correlation term is usu-
9CakdCarkr| ¢, ally small compared to the exchange term. None of the mag-
netic perturbations accompanying spin— spm coupling change
%e total density, hence the Coulomb parffvanishes, and
the exchange term is dominating. Therefore we call this pro-
cess self-exchange repulsion.
The third term in the square brackets of Ef) com-
(B)_ 2 [H(O)] ® prises t_he two-orbital terms, which olescribes their mutual
=, akark'F ’k’ ' interactions invoked by the perturbation. The two terms are
of a basically different nature.

containing the second derivatives of the ground-state ener
with respect to simultaneous orbital rotatioks-a, k’
—a’. The explicit form ofH can be found elsewhef&.
Equation(5) can be rearranged into

where i .~ )
(@ The first term, contamm@f ), describes how changes
(0) in orbital [¢,) via the KS operator influencéys).
H L U ! e " I an " " . . . .
aka’k k% Uide Uk Uaar Uaar (€ar = €icr) © Similarly as for the self-exchange repulsion, this cou-

pling is dominated by exchange effects whereas Cou-
lomb effects are excluded and correlation effects play
only a minor role. The interaction between the elec-
trons in orbitalsk andl is related to the steric repulsion
known from classical chemistry: If orbithis modified,
this modifies the conditions for favorable exchange in-

is the zeroth-order Hessian, which results from the full Hes-
sianH by omitting all terms related to two-electron interac-
tions. Note thati,, = 8,, andH(® will be diagonal inaa’

if the virtual orbitals are kept canonical. In this special case,
the zeroth-order Hessian takes the form

HO = (e F(O),) (10) teractions betweerk ar_ld_l, a_nd k respoods with a
akarks ~ Oaa (€2~ Fig change so as to reoptimize its equal-spin overlap and
Comparing Eqs(6) and(8) gives thus its exchange energy withThe steric interactions
betweenk andl are always present, no matter whether
FE=% > H;i)a"w H);i” ark'hf—ﬁi' , (119 canonical or localized MOs are used.
K'a’ k'a" ’ (b) The second term, containing the nondiagonal elements
of F(, is not related directly to the perturbation. It
FO=-> > |_|ak - H)a”k” awhn (11b) does not describe any dynamic electron—electron inter-

k'a’ K"a" actions but a mutual influence of the orbitals that arises
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at the one-electron level due to the Pauli principle. It (B)—k—I1—(A), (16b)
may be regarded as a resonance interaction between
orbitalsk andl and can be rationalized from the Kohn— (B)—k—=l—=m—(A), (169
Sham equation in localized orbitals, which has the form
(B)—k—l—k—(A), (16d)
F|¢k>:ZI Fual ) (14) (B)—k—l—1—=(A), (160
(B)—k—l—l—k—(A), (16f)

Equation(14) shows that the Fock operator delocalizes the

electron in orbitalk into all other occupied LMO$. Due to (B)—k—l—1—k—k—(A). (169

the Pauli principle this delocalization is prohibited. However,

if for | #k one of the orbitals is perturbed either directly by The contributions t& 5g from orbital paths containing more

the perturbing nucleus or indirectly through other orbitals,than two orbitals are included implicitly into the one- or

this delocalization will take effect, and the form of orbital two-orbital terms of Eq(15). Equations(15¢) and (15d) in-

will be affected as well. Only for a diagonal matrfy, dicate that orbitak is the one that interacts directly with the

which corresponds to canonical orbitals, are the changes ifesponding nucleus A. Henck{g andK (" together con-

the occupied orbitals independent of each other. The resdain the contributions from all orbital paths wheés the last

nance terms reflect the fact that a local perturbatasithe  orbital. Of these contributions " contains those whete

nuclear spin at the perturbing nucleuwsill affect the elec- is the second to last orbital as can be seen from(Egp).

tron system in the whole molecule rather than just locallyK ) summarizes the orbital path containing oklgnd those

around the perturbation. Canoniddklocalized orbitals can  orbital paths wheré is both the last and the second to last

account for this effect directly whereas for localized orbitalsorbital in the orbital path. Orbital patHd68 and (169 are

the resonance terms are necessary to transport this effecdntained ik}, (16e in K8}, (16b) in Kz ™, (160 in

through the electron system of the molecule. The resonand€{m ", and(16f) in K™ .

interaction may be important, e.g., for the transfer of the If the spin—spin coupling is dominated by one- and two-

perturbation between neighboring bond LMOs. For the orbital paths as is the case for one- bond SSCCs in small

transfer betweeir and 7 orbitals it vanishes for reasons of molecules® then Eqs(15) will provide the basis for an ef-

symmetry. ficient orbital decomposition oK 55 on the basis of a con-
The fact that Eq(5) contains terms involving up to two ventional SSCC calculation. However, if coupling paths

orbitals corresponds to the fact that steric exchange and resmade up of three or more orbitals are of interest for the

nance interaction occur between pairs of electrons. EquatioBSCC, this decomposition will have two disadvantages:

(5) allows in principle to decomposg ) into contributions

related to orbitak only and terms related to orbitaksand| (1) It does not allow to separate the three-p:orbital con-

tributions from the one- and two- orbital contributions.

5 1 B . =B (2) It is asymmetric with respect to perturbing and respond-
(CY ))aKZW[hgk)ﬂFﬂ Dkl (159 ing nucleus.
kk — €a
1 It should be noted that2) is also true for the orbital
(C@Oak:—[(ﬁfm)ak—FE(?)CQ?)], (15p  contributions introduced in Eq$13): KXg contains all or-
Fﬁok)— €a bital paths that end with orbitd, i.e., the orbital decompo-
sition is done exclusively with respect to the responding
K%%:E (C®) achy (150  nucleus. Contribution& K will lead to a simple decompo-
a sition of SSCCK 55 . The natural-coupling(NJC) approach
suggested by Peralta, Contreras, and Srijdérenceforth
K= (Cl®)h (159  called NJC-1 decomposes the FC term in the spirit of Egs.
a (13) and therefore requires a second calculation to symme-
KD =g ke (k0 (150 trize results. This is also true for an extension of NJC-1

suggested by Weinhold and co-work¥rand denoted here as
The notation k1) indicates that interactions are consid- NJC-2.

ered where the electron in orbitais influenced by the elec- An orbital analysis of the SSCCs that avoids shortcom-
tron in orbitall. The mutual interaction termké-1) is given  ings (1) and (2) can be accomplished with the concept of
by Eg. (158. passive and frozen orbitals discussed in the following sec-

A process that transfers spin information from the per-tion.
turbing to the responding nucleus may comprise a chain of - . ¢ act . d1
steric-exchange and/or resonance interactions and thus if:, Differentiation of active, passive, and frozen

. . orbitals in the spin—spin coupling mechanism

volve not only one or two orbitals but an arbitrary number of
orbitals, which may occur one or several times in the chain.  An orbital can participate in the transfer of spin informa-
Examples for such chains, which will be called orbital pathstion from the perturbing to the responding nucleus in three
henceforth, are ways:

(B)—k—(A), (168 (1) The orbital can be modified directly by®.
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(2) The change in the orbital may be sensechdy) and thus
contribute toK »g directly. CB)pass
(3) The orbital may be modified by other orbitals, and in
turn modify other orbitals, via steric exchange or reso- _
nance interactions. +||Ek (F(®-pasy  —FOcErrasy| (199
| #

B =B
o | (e (R0
kk a

Orbitals for which(1) or (2) or both apply are called
active orbitals, whereas those for which ori8) applies are QP2 D (800 S — Pl o (N=A,B),
called passive orbitals. Analogously, a contribution to the a’'k!
SSCCs that is related td) and(2) is called an active orbital (19b
contribution and one that is related (8), a passive orbital - -
contribution. An active orbital generally provides both an  Fay P — > Hak,a’k’C;Brl)(’rpass, (199
active and a passive contribution to the SSCC. Each orbital Kal
path contains one or two active orbitals at its two ends, and
any passive contribution of some orbital is at the same time Kz = ; CLRPehiyPase (199
an active contribution of this or these two active orbitals. 2

Obviously, the first and last orbital in a coupling path areHere, PP?%Sis a projection operator that eliminates all orbitals
related to active contributions, all other orbitals in the path tathat are to become passive
passive contributions. Furthermore, only orbital paths that , , .
both start and end with an active orbital make nonzero con- ppass _ | = for a=a’,k=k’.k passive,

P = _ (20

tributions to the SSCC. aka’k" | 0 otherwise.

The JFOC-PSP1 analysisThe distinction between ac- In the following, we will use the notatioK 2%t k,k’,...] for

tive and passive orbital contributions allows for a S|mple,[he SSCC resulting from a calculation with orbitésk’, ...

decomposition 0fK g into one- and two-orbital contribu- —g. passive, correspondingly we will use the notations
tions in the following way: The one-orbital contribution for hN-Pasfk k' J(N=A,B) and CMNPasPK Kk’ (N

orbital k comprises all orbital paths where only orbitais

=A,B). Furthermore, we will employ the symblotk] for a
involved as an active orbital, i.e., ) ploy ymbpork]

calculation in which only orbitak is kept active whereas all
other orbitals are set passive, and the synibdk,l)] for a
calculation in whichk, | are kept active and all other orbitals
set passive. In BC—-PSP1, the one-orbital term is given by

Khar1k) =KB27 k], (21)

The symbol: -} stands for any number of intermediate stepsy here the superscript PSP1 is used as a shorthand notation

(including the case of none at allThe two-orbital contribu- ¢, 3_oc_psP1. For the calculation of the two-orbital term

tion for a pair of orbitals I@,]) compr'iseg all qrbital paths KE\EPJ(kHD' it has to be considered the£2F—(k,1)] con-

where bothk and| make active contributions, i.e., all paths 5ins | orbital paths that start and end with either orttal

of the form or orbital I, i.e., all orbital paths in Eqs(17) and (18).
KESP{k—1) can therefore be calculated as the difference

Khg ke 1) =KBET—(k,1)]— KRET k] — KBS ﬂl]'(zz)
PSP

In practice, theKhg {k<1) can be determined as a by-

The decomposition according to E¢4.7) and (18) is real-  product of the calculation of the one-orbital terigs" (k).
ized in the simplest form of the DC—-PSP approactf,  This reduces the number of orbital-selected SSCC calcula-
henceforth called J8C—-PSP1 to distinguish it from the tions required for a JOC—PSP1 analysis considerably. De-
more detailed orbital decomposition OS—-PSP2 discussed tails are found in Appendix B.
in the following. One can perform the BC—-PSP1 analysis for groups of

If orbital paths containing three or more steps are neorbitals rather than individual orbitals, e.g., by decomposing
glected, the one- and two-orbital terms according to Eqsthe orbitals of a molecule in core orbitals,bond orbitals
(17) and(18) will become equivalent to those given by Egs. along the coupling path, lone-pair orbitals at the coupling
(150 and(15e. nuclei, othero bond orbitals not included into the coupling

The J-OC-PSP1 orbital contributions can be deter- path, ands orbitals?® In this way, the analysis is largely
mined on the basis of SSCC calculations that are modified igimplified whereas it still provides an efficient description of
the way that the active contributions are retained only forthe coupling mechanism.
selected orbitals, whereas the other orbitals are artificially set The J-OC-PSP2 analysisA more advanced stage of
passive, i.e., their active contribution is eliminated. Settingthe analysis, henceforth called Q€—-PSP2, has to be ap-
orbital k passive implies that both the matrix elemehﬁ) plied if one is interested in the contributions of passive or-
andh{}) (for all a) are set to zero. The CP—DFT equationshitals, e.g., ther contributions to the FC term in alkenes,
take then the following form: polyenes, or aromatic molecules. Passive orbitals occur only

(B)—k—(A), (173

(B)—k—{-- -1 =k—(A). (170

(B)—)k—>{}—>|—>(A), (183

(B) =l —{-}—k—(A). (18b)
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in coupling paths comprising of at least three orbitals, andstgnce Kffoz[ —k] contains only the orb|tal paths k—k, k
their contributions are distributed over those one- and two- k. k, etc., and is thus not equal kd; =P4Kk). Whereas the

orbital terms in JOC—PSP1 that contain active orbitals fy|| K,; comprises all orbital patthfroz[k] contains all
only. The one- and two-orbital terms containing the passiveyrbital paths except those involvign any position. There-
orbitals are zero, hence ®E€-PSP1 gives the impression fgre,

that the passive orbitals make no contribution to the SSCC.

However, it has been known for a long tiffe®>¢that, e.g., Kha 1K) =Kag— KRITK]. (25
the 7 orbitals play an important role for the FC spin—spin

coupling mechanism in molecules with multiple bonds. ForTh SSCCKfrOZ[k |1 contains all paths except those contain-
an explicit analysis of passive orbital contributions, one ing k or | (or botty in any position. Thus,

needs an orbital dec_omposition th.at (_explicit!y contains KPSP2(|(<_,|) Kag— Kfroz[k] Kfroz[|]+ Kfroz[k 1,
three-, four-, etc., orbital terms, which is realized at the (263
J-OC-PSP2 level.

In J-OC-PSP2, orbital paths will be classified not only ~ Khg kel —m)=K g — K2 k]— K7 17— K97 m]
based on the active contributions but also based on the pas- froz froz
sive ones. That is, the one-orbital contributitths"{k) +Kaglk.I1+Kglk,m]

(PSP2 is a shorthand notation forQ€—PSP2 contains all + Kfr 71 m]— Kfr Tk,I,m]. (26b
orbital paths where orbitak is involved in any position,

KESP{k«1), all paths where bottk and | are involved, More complicated expressions result for four-orbital and
KA§P2(k<—>| «m), all paths where all three orbitaks|, mare  higher orbital interaction terms, which in principal can all be
involved, etc. calculated with JOC-PSP2 although the information

Setting an orbital passive eliminates only its active con-gained by these terms is small.
tribution to the SSCC but leaves the passive ones intact. For It should be noted that the ®€—-PSP orbital decompo-
the calculation of the JOBC—PSP2 orbital contributions, all sition of the SSCC is done with respect to sets of unique
contributions of a given orbital must be eliminated. This canorbitals occurring in an orbital path rather than with respect
be done by freezing the orbital, i.e., excluding all excitationsto individual orbital paths. For instance, the contributions
from this orbital into the virtual spac@quivalent to exclud- from Egs.(16b)—(16g will all be collected inK 5 {k—1).
ing it from the CP—DFT calculationAccordingly, the CP— This is in line with the way orbital contributions to SSCCs
DFT equations take the following form: are understood. If one were interested in the contributions to
individual orbital paths one had to follow the iterative solu-
tion of the CP-DFT equation@vithout convergence accel-

1 ~
(B),froz__ (B),froz (B),froz
Cak FO— Ea{(hak +(Fi )ak) eration step by step and to modify the projec®¥°Z in each

step.
~ (B).froz froz J-OC-PSP2 can lead to many orbital contributions,
+,%k ((F'( ) )ak_k,za, Paa dide ~ Pakarkr) which imply additional calculations. The expenses of the
J-OC-PSP2 analysis can, however, be reduced in two ways.
< E fmZC(B),f,OZ” (233 First, one is often _intereste(_j in_just a few rather than all
k'l a’l ' three- or more-orbital contributions because most of the

three- or more-orbital contributions can be predicted to be

(N, froz froz N) negligible. Hence, one can restrict theQG—PSP2 to a few
hoX™%= > (8aar Sk~ Papare )N (N=AB), (23D selected orbital combinations.

k! Second, one may be interested in the effect of some or-
(B) froz_ pfroz bitals as a group rather than the contributions of the indi-

Z, Zﬁ (Saa Sk = Pajarir) vidual orbitals within the group. An example is thesystem
ka Ka in an alkene. In this case, one can determine the total contri-

X Hanr are Coil™?, (239  bution for a group of orbitalgall o bonds at the double
bond:

Kfroz 2 C (B),frozp( k),froz' (23d) KZSPQ(k,L...): K ap— froz[k l..] (27)

Here, P is defined in analogy t®"®Sof Eq. (20), i.e and terms describing the interaction between two or more

groups of orbitals as, e.g.,

1 for a=a’,k=k’,k frozen
f ’ ! ! PSP ’ _ froz, froz
Paka’ =10 otherwise. (24) Kap (kK 1) =Kag— KRYTK, k'] =K1

L _ _ _ + KKK 1. 28
In distinction to the case of passive orbitals, the matrix ele- ael ] 28

ments in question are set to zero not onh)hif™?but also It should be noted that the GC—PSP1 analysis can be
in F(B).froz analogously performed in terms of orbital grouesy., core,

The calculation of the JBC—PSP2 orbital contributions ¢ bonds,7 bonds, lone pairs,).rather than individual orbit-
differs slightly from that of the JOC—-PSP1 terms. For in- als.
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The J-OC-PSP2 terms can be decomposed into an acntermediate neglect of differential overlafNDO) level of

tive and a passive contribution. For instance,

Kha 1k) =K 22Tk) +Khg 2P%k), (299
Kha'22Tk) = K as— KB K], (29b)
Kag' 2P2T%) = KRETK] — Kl K]. (299

K55"22 k| —---) contains all orbital paths wheiel, ...,

all make an active contribution. Clearly, this term vanishes ifco-wor

any of the involved orbitals or orbital groups is passive or th
J-OC-PSP2 term contains three or more orbitals.

The active JOC—PSP2 terms are related to theQlc—
PSP1 terms by Eq$30):

Kha"2a%) = KRa k) + lgk KESP k1), (309

KR 22tk 1) =KESP ke 1). (300

Echo effects in spispin coupling The two- and three-
orbital J-OC-PSP2 terms can be linked to specific pro-

€

theory. The basic idea of their approach is equivalent to ours.
However, the methods presented by Contreras and
co-workers$®** depend on the use of canonical MOs and
allow only to freeze ther system as a whole rather than
individual 7r orbitals or individualo orbitals in addition to
the 7r system. The same holds for the INDO- and sum-over-
states(SO9-2 calculations ofrr contributions by Fukui and
kers®>3¢ Furthermore, the approach by Fukui and
co-workers$®*®is based on a direct manipulation of the or-
bital Hessian, which requires that the Hessian is explicitly
available. As was discussed in connection with E@s-—
(12), this is not the case for CP—DFT calculations. Hence,
the algorithm presented here is more flexible and applicable
to a wider range of computational levels than the methods
discussed in Refs. 33—36.

C. Implementation of the J-OC—-PSP2 analysis:
Summary of orbital terms

From the theoretical derivation given in Sec. IlA, a

cesses in the spin—spin coupling mechanism. An importarfumber of differently defined orbital contributions results,

kind of processes contained in thés">*{k—1) term are
orbital interactions that we call echoes: If orbitalis per-
turbed by nucleus B, the changes in orbitaill result in
changes in orbital as well. These changes incan in turn
give rise to changes ik in addition to those caused by
nucleus B. Pictorially speaking, if all orbitals in the system
are active or passive, orbit& can be considered as sup-

which have to be classified according to their importance and
physical meaning. This is best done by orbital paths and the
procedure outlined in the following. Actually, an orbital path
and its contribution to the spin—spin coupling mechanism are
of little relevance for the SSCC analydibhere exists an in-
finite number of orbital paths and it would be rather difficult
to analyze the most important orbital paths individuglly

ported by a system of springs symbolizing the interactionshey help to understand the various orbital contributions,
with the Surroundlng orbitals. If one or more of the SUrrOUnd-Which Comprise severwor an infinite number Of paths_
ing orbitals are frozen, the springs are replaced by a rigig¢Nnote that an orbital path can contribute to more than one

support, anck will react differently to a external perturba-
tion.

An example for an echo effect is the interactiorooénd
7 orbital in a multiple CC bond: If ther orbital is spin
polarized by the perturbing nucleus or otherwise, it will in-
duce an equally oriented spin polarization in thebond
orbital. This spin polarization, in turn, will feed back into the
o orbital and enhance its spin polarizationQlc—PSP2 can
detect this effect whereas @€—-PSP1 cannot as the or-

orbital contribution in JOC—PSP2. This can be clarified by
considering the 12 orbital paths of Fig. 1. Paths 1, 2, and 3
are the first three members of an infinitely large set of paths
defined by repeated involvement of orbital For example,
path 2 describes how orbitélis perturbed by the spin mo-
ment of nucleus B. This leads to a change in the exchange
potential associated witky which in turn changek again by
self-exchange before orbitklinteracts with the spin moment

of nucleus A. Hence, a path such as 1, 2, and 3 describe the

bital is passive anyway. Another example for an echo effeckelf-consistent adjustment of orbitél to the perturbation
is encountered by the CH bond orbitals around a perturbingrovided by nucleus B. Clearly, the self-consistent adjust-

C nucleus for the CC coupling in ethylene. Th€CC) or-
bital spin polarizes the(CH) orbitals, which in turn modify
the spin polarization of the(CC) bond orbital.

The three-orbital termk 557{ k< | —m) correspond to a
different coupling mechanismyiz. the spin transport by a
passive orbital from an orbitalk via | to a third orbitalm. A

ment process is of little interest for the analysis and therefore
it is reasonable to sum all the corresponding path contribu-
tions into a one-orbital term.

In Tables I, II, and IIl, we give an overview of the orbital
contributions defined in this work. They are given for a non-
trivial SSCCLJ(A,B) in a three-orbital systertorbitalsk, I,

typical example for a spin transport effect is given by them) for which 12 orbital pathgout of an infinite numberare

orbital path 5(C1)— 7w (C1C2)—1s(C2) for the C-C cou-
pling constant in ethylene.

B. Comparison of J-OC-PSP with other methods

shown in Fig. 1 to clarify the difference between the indi-
vidual orbital contributions. Table | gives in its first two parts
the few orbital contributions needed for theQE—PSP1 or
J-OC-PSP2 analysis. Note th@ the same orbital path can
contribute to different orbital terms in BC-PSP2 andb)

Perturbation-theoretical calculations with selected orbitthe assignment of orbital paths to orbital contributions is

als frozen have been used earlier to estimatentiventribu-

tion to SSCCs. Contreras and co-workéré performed cal-
culations with frozens orbitals both for finite-perturbation-
theory and self-consistent-perturbation

handled essentially differently for BC—-PSP1(only active
orbitals can carry an orbital contribution, and in the one-
orbital contributions, they must be active at both A and B

theory at theand J-OC—-PSP2(any contribution, active or passive, of a
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m» 1 m can be drastically simplified if groups of orbitals rather than
@ individual orbitals are considered. The corresponding orbital
m 3 1 Pk contributions are listed in Table II.
m In Table Ill we have summarized the orbital contribu-
m @ tions calculated by the NJC methdd&’ (classification ac-
K ——> | cording to the last orbital in the path; first part of Tabje |
@ Any analysis method that considers just the last orbital inter-
k 3 k 3 k acting with the responding nucleus ignores the major part of
perturbing ~d ® X responding the information on the spin—spin coupling mechanigmth
B > k > A cleus the active orbital at the perturbing nucleus and all interme-
nucleus  \ N @ Yy ™ diate stepsand is asymmetric with respect to the two cou-

analysis based on EL5) (second part of Table lllalthough
m» k » 1 such an analysis includes one-orbital terf% and two-
orbital termsk “~!) and therefore should be better suited for
mM— Lk B [ m a discussion of the electronic effects influencing the spin—
spin coupling mechanism. However, any approach based on
Eq. (15 suffers from the fact that this classification is based
FIG. 1. Selected orbital paths for spin—spin coupling between perturbingdn the last two orbitals in the path. This is chemically mis-
nucleus B and responding nucleus A in a th_ree-orbital systebitalsk, I, leading and breaks the symmetry between perturbing and
m). The paths are numbered from 1 to (Ehcircled numbeps responding nucleus unless just one- and two-bond SSCCs are
considered. Hence, we will also refrain from calculating con-
tributions K™ and Kk~ (see Table II.
given orbital, is summed into the one-orbital contribution of For a decomposition of the SSCC and its Ramsey terms
this orbital, see Table)l All the remaining orbital terms into one- and two-orbital terms one must useDG—PSP1
(third part of Table )} are auxiliary terms needed for the and calculateKPSP{k) and KPSP{k«1). This analysis can
calculation rather than the analysis. Th&OG—PSP analyses be improved by obtaining active and passive contributions

\ pling nuclei. In addition, any explanation must be done in
Kk » 1 3k terms of one-orbital contributions, which does not provide a
® basis to discuss the important steric exchange interactions.
I 9 m 3 k Therefore, we will not any longer consider terms of the type

® KX used in the NJC-method$® The same applies to an

TABLE I. Distribution of different orbital paths among orbital contributions as described CI-PSP1 and JBC—PSP2 for a three-orbital problei.

Orbital path included

Type Contribution Eq. 1 2 3 4 5 6 7 8 9 10 11 12

J-OC-PSP1 contributions
Classification according to first and last orbital in path
One orbital KPSPYk) (21 X X X X
Two orbital KPSPI k1) (22 X X

J-OC-PSP2 contributions
Classification according to all orbitals in path

One orbital KPSPTk) (25) X X X X X X X X X X
active KPSP2agt) (29b X X X X X X X X
passive K PSP2pag) (299 X X
Two orbital KPSPAk 1) (263 X X X X X X
Three orbital KPSP{ke1m) (26b) X X X X

Selected-orbital SSCC values required as auxiliary values
for the calculation of JOC—PSP contributions

All orbital K (19 X X X X X X X X X X X X
One orbital KPasp=k] (29 X X X X

One orbital KPasF—(k,1)] (19 X X X X X X

N—1 orbital KPSt k] (29 X X X X
One orbital Ko —k] (23 X X X

N—1 orbital Ko7 k] (23 X X

N—2 orbital K™k, 1] (23 X

N—3 orbital K™ k,I,m] 23

aThe numbering of the orbital paths refers to Fig. 1. &rin a table entry indicates that the orbital contribution shown in the corresponding row includes the
orbital path given in the corresponding column.
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TABLE Il. Distribution of different orbital paths among orbital contributions as described KYC}-PSP1 and JOC—PSP2 for a three-orbital problem:
Simplified version based on orbital groups.

Orbital path included

Type Contribution Eq. 1 2 3 4 5 6 7 8 9 10 11 12
J-OC-PSP1 contributions
One orbital KPSPYK,1) X X X X X X
Two orbital KPSP{ k1, m) X X X X
J-OC-PSP2 contributions
One orbital KPSPk,1) 27 X X X X X X X X X X X
Two orbital KPSPIk—1,m) (29 X X X X X X X

Same auxiliary quantities as for @€—PSP are required

#The numbering of the orbital paths refers to Fig. 1. Ann a table entry indicates that the orbital group contribution shown in the corresponding row includes
the orbital path given in the corresponding column.

and higher order orbital terms at theQE—-PSP2(see Table For the calculation of the auxiliary termdq k], K[k,I],

; at the J-OC—PSP1 level only active orbital contributions etc., given in Table |, the existing CP—DFT prograrwas
are consideredand thus only active orbitals can have non- extended. By performing the selective orbital calculations in
zero orbital contributions, whereas orbital contributions atan order given by the equations in Sec. Il A, the active and
the J-OC—-PSP2 level contain all contributions, no matter passive contributions of Table | are obtained.

whether active or passive, of this orbital to the spin—spin

coupling. In the latter case a number of auxiliary orbital con-

tributions obtained in selected orbital SSCC calculations is

needed to derive the actual orbital contributidg85"{k)  D. Computational details

andK"*"{k1). Hence, for the analysis only two different A ssCC calculations were carried out with the CP—

ty_pes_ of orbital contribut_ion(;four if acti_ve and passive CON-  HET method described previously by HsFor this purpose,
tributions must be considergdre required whereas the cal- the hybrid functional B3LYP'™*® and the basis set

culations must also. consider.terms of the t¥ie], K[k,I], (11s,7p,2s/65,2p)/[ 7s,6p,2d/4s,2p] (Refs. 44 and 45 de-

ete. (see Table)l. Thls_compar|§on .shows that aIthough mor,esigned for the calculation of magnetic properties was used.
thgn 20 different orbital contr|bqt|ons have been defined inrha sscCs of ethylene were calculated at the experimental
this work, only a.few are of importance for the actual geometry of the molecule from Ref. 46ond lengths and
J-OC-PSP analysis. bond angles are given in scheme 1

When applying the JOC—-PSP methods to, e.g., to the H3 Hs
SSCCYJ(CC) of ethylene, the relevant orbital contributions
areKPSP{o(CC)) andKPSP{¢(CH)), where at the JOC— 117.4 \ / 1.086
PSP2 level also the corresponding passive contribution of the (1 C—GC 2
7 orbital is obtained. For the simple analysis it is sufficient / 1.339 \
to handle allo(CH) orbitals in a single group thus reducing H4 Heé

the number of calculations to just three. In this work, how-  The J-OC—-PSP analysis and the orbital-selected SSCC
ever, we will further detail into individuab(CH) contribu-  calculations were carried out for LMOs obtained with a Boys
tions to clarify, which terms are important and which are not.localizatiot” where however coreg, and 7 orbitals are

TABLE IIl. Comparison with other analysis methols.

Orbital path included

Type Contribution Eq. 1 2 3 4 5 6 7 8 9 10 11 12

Simple post-processing decomposition
Classification according to last orbital in path

One orbital KX (13 X X X X X X X
Decomposition based df(®-*

Classification according to last two orbitals in path
One orbital K ) (150 X X X X
Two orbital K (kD) (150 X X
Two orbital K=k (150 X X
Two orbital K=k (158 X X X X

aThe numbering of the orbital paths refers to Fig. 1. &rin a table entry indicates that the orbital contribution shown in the corresponding row includes the
orbital path given in the corresponding column.



J. Chem. Phys., Vol. 120, No. 21, 1 June 2004 NMR coupling constants 9961

TABLE IV. Ramsey terms, their totat total, and their activer contributions for all SSCCs of ethylefie.

FC PSO DSO SD Total

) Total 7 Total 7 Total 7
Coupling

nuclei  Total Hz S| Actw Total Hz S| Actw Total Totalm Actw Total Hz Sl Actm CP-DFT Expt.

Ci-C2 79.1 4.5 59 00 -101 -22 -29 -22 0.1 0.9 0.0 3.7 46 2.8 4.6 72.8 67.6

H3-C1 153.4 2.9 1.0 0.0 0.5 0.8 0.3 0.8 0.4 0.3 0.3 0.1 04 0.1 0.4 154.4 156.4
H3-C2 06 -24 -08 0.0 -1.1 -03 -01 -03 -0.7 -0.0; -0.0 0.0 0.0 0.0 00 -12 -2.4
H3-H4 19 -15 -02 0.0 4.1 0.6 0.0 06 -3.8 -0.1 -0.1 0.3 0.1 0.0 0.1 2.5 2.5
H3-H5 11.9 15 0.2 0.0 0.7 0.1 0.0 01-11 -00 -00 -01 -01 00 -01 11.4 11.7
H3-H6 18.5 15 0.2 0.0 3.2 0.4 0.0 04-36 03 -0.3 0.3 0.4 0.0 0.4 18.4 19.1

&The totals contribution is given as the sum of actit@ct and passiver contribution. Experimental values from Ref. 35. For nuclei numbering, see scheme
1. All SSCCs are expressed in Hz, the tatatontribution is also given as reduced SSCC in Sl units 8% 102 to facilitate comparison between different
types of SSCCs. CP—-DFT/B3LYP/(4%p,2d/5s,1p)[ 7s,6p,2d/4s,2p] calculations. The first nucleus of each pair is the perturbed nucleus.

separately localized for reasons described elsewfleddl.  their absolute values and in this respect the obtained agree-
discussions are based on LMOs. ment between theory and experiment is satisfactory.

For the visualizing of the FC coupling mechanism, we  Although the FC term dominates all SSCCs, the other
will show diagrams of the FC spin density distribution Ramsey terms are non-negligiff€able 1V). It is however a

p®F(r) derived recently? fact that the three noncontact terms largely cancel each other
occ out. Therefore, we focus first on the FC coupling mechanism
p(B>,FC(r):2§k: SO B . (31) and the involvement of ther electrons in this mechanism.

Clearly there cannot be an active contribution to the FC

The distributionp® FX(r) can be split up into orbital con- Mechanism by ther electrons(Table IV) because they pos-
tributions. Thep® FX(r) and selected orbital contributions Sess zero density at the nuclei, which excludes any spin po-
will be represented in form of contour line plots, where thelarization of thew density by the internal magnetic field of
contour levels are given by a geometric progression with théhe nucleus. However, there is a passive contribution ofithe
ratio of 100" between two subsequent contours. All SSCCelectrons to the FC term, which, despite the strong variation
calculations are performed with tlad initio program pack- of the FC term between 0.6 and 153.4 Hz, is rather constant

ageCOLOGNE 2003*® (1.5 to 4.5 Hz; Table Y. As a result of this, the importance
of the 7 part of the FC coupling mechanism increases with

lIl. INVESTIGATION OF THE o MECHANISM IN the length of the coupling path: For one-bond(EE) cou-

ETHYLENE—THE ROLE OF PASSIVE ORBITALS pling the 7 contribution is just 2% of the total FC term

whereas for the three-bond FC terms it is more than 10%.

In the following, we will discuss the results obtained for The ceminal EC terms represent an excention in so far as the
ethylene and unravel the role of the passive orbital contribu- 9 P P

tions step by step. Our focus will be predominantly on the tmha?n'ftl:ge Oftth?”Fgatrt IS Cog‘fﬁr?‘b'? or ?ﬁn larger than
orbital and the spin information mediated by it. We will cal- a IO Fi N gctﬁat al E::m an Ie|r_ sut;_ns dl' ?rb e
culate thes orbital contribution to the FC term and total nFg. 2, the tofa spin polarization distributipfig.

SSCC 2(a)], the 7 orbital contribution to the FC spin densitig.
' . _ . o 2(b)] and the m-induced part of the FC spin density in
A. The ar spin—spin coupling mechanism in ethylene a(C1C2 shown for ethylene in thgz plane, i.e., the plane

In Table IV, the calculated and measured SSCCs of ethcutting through ther orbital of the molecule. The perturbing
ylene are compared. In addition, the four Ramsey terms gpucleus is C1 and since anspin moment is assumed for the
the SSCCs are partitioned into active and passiveontri- ~ Perturbing nucleus, Fermi coupling should imply a domi-
butions. The totalr contribution to each Ramsey term is hance ofg electron spin in the vicinity of C1. This is actually
given as well as the active part of this contribution. Thethe case, but only in a small core region next to @hout
passiver contribution is obtained by deducting the active 0.2 A around C1not visible in Fig. 2a). This core region is
part from the totakr term. Similarly, one obtains the total ~ surrounded by a spherical region with a dominance spin
contributions by subtracting and core parts from the actual [concentric solid circles in Fig.(2)] which in turn is sur-
value of the Ramsey term. In Table V, the orbital contribu-rounded by a sphere g8 spin. The region around C1 is
tions to o and 7 part, calculated according to E(L3), are  separated from a large region @fspin dominance surround-
listed. ing C2 by a nodal surfacgrig. 2(a)].

The calculated SSCCs of ethylene are in reasonable The portion of the FC spin polarization that belongs to
agreement with the measured oheésee also Refs. 33—36 the #(CC) orbital is displayed in Fig. @). This spin density
where one has to consider that the latter must be adjusted fis nearly identical with the spin density belonging to the
vibrational corrections to become directly comparable with]-OC—PSP2 contribution FEP{ 77(CC)] (not shown, i.e.,
the CP—DFT values. In this work, we are interested more irthe impact a freezing of the orbital has on the total spin
the observed trends of the SSCCs of aystem rather than density. In the following, we will use the notation F@ for
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TABLE V. Decomposition of the passive contribution to the FC term of the SSCCs of ethylene into orbitals
transmitting ther spin—spin coupling mechanism to the responding nudeus.

1s(C2)  1s(Cl)  o(C2HB  o(C2H5  o(CIC?  o(ClH4  o(C1H3

c1-c2

FC(Tot) ~7.69 010  —19.51 ~19.51 146.36  —10.24  —10.24

FC(m) -3.88 0 2.02 2.02 439  -0.03 -0.03

~5.11 0 2.66 2.66 578  —0.04 ~0.04

H3-C1

FC(Tot) 0 -8.89 ~2.05 155  —24.02  —26.08 212.91

FC(m) 0 ~2.56 ~0.01 -0.01 2.42 1.35 1.75
0 ~0.85 -0.00, ~0.00, 0.80 0.45 0.58

H3-C2

FC(Tot) 2.80 0 -7.61 2.28 -0.23 ~0.84 417

FC(m) 2.25 0 -1.21 -1.23 -2.28 0.0Q 0.03
0.74 0 ~0.40 -0.41 ~0.75 0.00 0.01

H3—H4

FC(Tot) 0 0 0.21 0.16 ~0.44 ~0.99 2.95

FC(m) 0 0 ~0.00, -0.01 0.03 ~151 0.05
0 0 0.00 0.00 0.00, -0.13 0.00,

H3-H5

FC(Tot) 0 0 0.50 9.15 ~0.66 0.63 2.27

FC(m) 0 0 -0.03 1.54 -0.03 0.0Q 0.00,
0 0 ~0.00, 0.13 —0.00, 0.00 0.00

H3-H6

FC(Tot) 0 0 13.62 0.39 0.64 0.61 3.24

FC(m) 0 0 1.53 ~0.03 ~0.04 0.0Q 0.01
0 0 0.13 —0.00, —0.00, 0.00 0.00

#For nuclei numbering see Scheme 1. The nucleus given first is the perturbing nucleus. Italicized numbers are
reduced SSCCs in Sl units of ¥@ T2, all others are in Hz. CP-DFT/B3LYP/(4Zp,2d/5s,1p)
X[7s,6p,2d/4s,2p] calculations.

the J-OC—-PSP2 contribution of the totat system, i.e., we trons. At C1, there is a dominance Bfspin and at C2 ofx

will write FC instead of 3¢ and omit the superscript PSP2, spin. This is also the case when considering just that part of
as all orbital analyses in the present work are done at ththe passiver contribution to the FC spin polarization trans-
J-OC-PSP2 level. ported by thes(CC) orbital to the responding nucleus. This

As the m(CC) orbital of ethylene has nodes at all atoms, part is obtained as a FC spin density difference fordt@C)
this spin polarization is of a passive character being induce@rbital with the 7(CC) orbital kept once unfrozefpositive
by the orbitals %, o(CC), ando(CH); similarly its impact on  sign) and once frozetinegative sigh The spin polarization
the responding nucleus needs to be mediated by other elegf the #(CC) orbital [Fig. 2b)] as well as its echo on the
o(CC) orbital [Fig. 2(c)], is nearly antisymmetric. Without
understanding the FC spin—spin coupling mechanism, it is no
longer possible to tell whether C1 or C2 is the perturbing
nucleus as the spin information is transferred totherbital
via other orbitals rather than from the nuclear magnetic mo-
ment.

Figures 2Zb) and 2c) suggest that ther mechanism in
ethylene should follow a simple pattern: From the perturbing
nucleus, the spin information is coupled into th@rbital via
FIG. 2. The FC spin polarization for ethylene. The c_ontourline diagrams a%ome o orbital or chain ofo orbitals. The only possible
given for a plane through the C1C2 bond perpendicular to the plane of the ] L .
molecule. The drawing plane is considered/aplane, with thez axis along reaction of therr orbital is a polarization along the CC bond
the bond C1C2. Contour levels were chosen in geometric progression with axis, and that results in a surplus @fdensity in ther area
ratio of 100’ between neighboring levels. For the purpose of facilitating aaround one of the C atoms and a correspongingurplus

comparison of levels, the contours for 0.1 and 10 are shown in boldface . .
Solid (dashed lines represent positivénegative values of the FC spin density at the other C atom in the bond. Hence, the values of

density distribution, the dotted line is the zero contour. Calculations werdhe FGr) terms should be less dependent on details of the
done at the B3LYR/7s,6p,2d/4s,2p] level of theory. The perturbing bonding situation than the value for the total FC term.
nucleus is C1(a) The total FC spin density distributiob) The contribu- ; ; ; ; _

tion of the (C1C2 orbital to the total FC spin density. Scaling factor for | . Flg_ure 3 SChematlca”y. shows the I.ndus.lon of ther

the contour levels is 10@c) The contribution of ther(C1C2 orbital to the bitals into the F_C coupling mechanism in the case of
FC(m) spin density(scaled by 1000 1J(CC). The density of the(C1), o(C1C2, o(C1H3), and
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site of the responding nucleus C2, there are passiven-
tributions of 2.0 Hz(Table V) caused by a transmission of
the 7r-spin polarization to ther(C2H5)- and (C2H6)-spin
density. Since the mechanism via theorbital functions in
the same way as described in Figa)3 the contribution is
positive, although somewhat smaller than &C1C2 con-
sidering the fact that the CH LMOs have smaller amplitudes
at the responding nucleus.

A relatively strong passiver contribution of—3.9 Hz is
obtained via the & core orbital at C2. This change in sign
and the FC spin density pattern at C1 are related. The 1
orbital is fully localized in the core region of C2. If the
electron in the outer sphere of thes(C2) orbital adopts
preferentiallya spin because of the spin-polarization mecha-
nism via thew orbital [Fig. 3(b)], the B 1s electron must
contract toward the C2 nucleus and generate a surplygs of
spin therd Fig. 3(b)], asa and B electron always respond in
an opposite way to the FC perturbation. Fermi coupling leads
to an « nuclear spin and accordingly to a negative(@2)
contribution of the passiver part.

The electron pair in thes(C1) orbital is spin polarized
in the opposite wayg spin close to the nucleusg;spin in the
outer sphere of theslorbital) as can be seen in Fig(l3.
This spin distribution is superimposed by that of thg?
hybrid orbital forming the CGr bond, which is completely
negative(8 dominated in the region of C1 but positivéa
dominated in the region of C2 again due to the opposite

FIG. 3. FC coupling mechanism in ethylene involving the passiwebital. f d lect hich i h db
() The (C1C2 contribution to FCm) of the FC(C1C2) coupling. For the  '€SPONSe ofa and S electron, which is enhanced by ex-

perturbing nucleus C1 amspin moment is assumétarge open arrowThe  change effects and left—right correlation. Figule) Zhows
small arrows indicate ther (up) and 5 (down) spin. The curved arrows  that in the(outep core region of C1 the spin polarization of

denote Fermi coupling3). The exchange interactions leading to spin polar- 1s (dominance ofy), in the valence region the spin polariza-
ization (wiggle lineg between the electrons are schematically given for !

intra-atomic exchange optimizatidintra-atomic Hund rulg1)] and Pauli tion of theszl hybrid o.rbitgl dominatesdominance of3).
pairing (2). (b) The 1s(C2) contribution to FCr) of the IFC(C1C2) cou- The passiver contributions to the FC term df(C1H3)

pling. (c) The o(C1CH3 contribution to FCm) of the'FC(C1H3) coupling.  can be explained in the same way if one considers that the

Transport mechanism caused by the anisotropy of the CH bond density. A ; ; ; .
dashed arrow indicates partial electron sgi).The oc(C1CH3 contribution 6- bond density C1H3 is anisotropibecause of ther den

to FQ(m) of the IFC(C1H3) coupling. Echo effect caused by the passive sity at CJ) .rather than rotatior_1ally symmetric. In the quan-
orbital. For(c) and(d) H3 is the perturbing nucleus. tum chemical calculation, this can only be correctly de-

scribed by the inclusion op-type polarization functions at

the H atom. Hence, there isatype contribution to reflect
a(C1H4) orbital is spin polarized by the perturbing nucleus the anisotropy of the C1H3 bond density. In Figé)3and
C1 by Fermi couplindFig. 3(a), mechanism Bin the way  3(d), this is schematically indicated where FigcBindicates
that the spin density close to C1 is dominatedsspin. The  the m-type mechanism similar to the case WKCC) [Fig.
spin-polarizeds density causes also a dominancefo$pin ~ 3(a)] and Fig. 3d) describes an echo effect: spin polarization
in the 7 orbital at C1 according to the intra-atomic Hund rule is transmitted via ther(C1H3-orbital to nucleus CIH3 is
(mechanism 1L Pauli coupling(mechanism Rof the elec- the perturbing nuclegsThere it causes the spin polarization
trons of therr bond leads to a dominance efspin at nucleus of the 7 density at C1, which can in turn increase the spin
C2, which of course does not affect the spin of nucleus C2polarization of anys-type density close to the nucleus C1.
however the C2 surrounding density is affected in the way Clearly, the effects for the!FC(CH) coupling mecha-
that this also is preferentially af spin (mechanism L The  nism are smaller than those of theC(CC) one as there are
o-spin density leads to g-spin moment of nucleus C2 no realp orbitals at the H atom. However, both the type and
(Fermi coupling, 3 and a positiver contribution of 4.4 Hz, the relative ratio of positive and negatiwecontributions are
i.e., by this amount the FC coupling mechanism transmittedhe same so that the calculated value of 2.9 Hz reflects again
through the o(CC)-spin density(142 Hz, Table V is in-  the partial cancellation of positive valent&4, 1.7, 1.4 Hz,
creased. Table V) and the negative core contribution2.8 H2).

The external CH bonds all lead to a negativesontri- All passive mr-contributions to the orbital terms listed in
bution to’FC(CC) (—21.5 and—10.2 Hz, Table V, whichis  Table V can be explained in a similar way. Only those orbit-
typical of one-bond coupling constants and has been disals with a sizable amplitude at the responding nucleus lead to
cussed in Ref. 20the one-bond path is extended to a two- a significant contribution. For example, for the C1C2 cou-
bond coupling path thus implying a change in gight the  pling, these are the(C1C2, ¢(C2H5), ¢(C2H6), and the
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TABLE VI. Comparison of the passive contributions to the FC term for the SSCCs of ethylene as calculated
with different methods.

INDO/SOS2 CP-DFT/B3LYP
Expt.
Nuclei # Bonds FC FQm) FC FQm) J J

1-2 1 82.1 15.0 79.1 4.5 72.8 67.6
3-1 1 156.7 4.4 153.5 2.9 154.4 156.4
3-2 2 —-11.6 —4.4 0.6 —2.4 —-1.2 —2.4
3-4 2 3.2 -1.3 1.9 =15 2.5 2.5
3-5 3 9.3 1.3 11.9 1.5 11.4 11.7
3-6 3 25.2 1.3 18.5 1.5 18.4 19.1

g or nuclei numbering see scheme 1. All SSCCs are expressed in Hz, and were calculated using CP—B3LYP
with the (13,7p,2d/5s,1p)[ 7s,6p,2d/4s,2p] basis. In each pair of nuclei the perturbed nucleus is given first.
Experimental values from Ref. 35.

1s(C2) orbital, however not ther(C1H3), o(C1H4), or The comparison reveals that thecontributions to the
1s(C1) orbitals (see Table V, small values unequal zeroFC term of H—H coupling constants agree well for the semi-
arise from second order effeftsThe magnitude of the or- empirical INDO/SOS2 and the CP-DFT/B3LYP method,
bital contributions depends on the position of therbital in ~ €ven though the values for the total FC terms differ strongly
the coupling path. It decreases in the following ordarp=  between the two methods. In contrast, for C-H and C-C
orbitals at both coupling nucleip) at one of the coupling SSCCs INDO/SOS2 tends to overestimate the#jContri-
nuclei; (c) at the nucleugnucle) next to the coupling nuclei. bution by a factor of~1.5 (C-H SSCCsor 2.5-4(C-C
The corresponding absoluter contributions are 5.8 SSCC$. As seen from Table V, ther-coupling mechanism
(*C=C*) and 2.7 (*CH) for FC(CC), 0.8 (*CC), 0.6 between protons does not involve ang(C) orbital, in dis-
(*CH*), or 0.4 (*CH) for *FC(CH) and®FC(CCH), 0.1 SI  tinction to the case of SSCCs C—H and C-C. The spin po-
units (*HC) for proton—proton couplings. Here, the starredlarization of the 5(C) orbitals, however, requires an appro-
nuclei denote perturbing and/or responding nucleus. “Sipriate level of theory and an extended basis set for a proper
units” means henceforth reduced SSCCs in units ofdescription. This leads to the conjecture that the observed
10°J T2, which are used to show the electronic efféor deviations for the FGr) terms C—C and C—H are connected
Hz values, see Table )V If the induced# contribution is  to the impact of the 4(C) orbitals. We recalculated therefore
associated with a valence orbital, the sign of the contributiothe SSCCs of ethylene with Pople’s 3-21G basis'$ahe
can be determined with a Dirac vector mo¢he-bond cou- results confirm the trends observed for the(#Ccontribu-
pling, +; two-bond coupling,—; etc). For 7 contributions tions from Fukui’s INDO/SOS2 calculatiori33® In Table
induced by the core orbital the opposite sign applies. VII, the passive w part of each orbital contribution to
The analysis of the FGr) terms clearly reveals that the 'FC(C1C2) of ethylene are compared for the
spin polarization via ther system follows a simple pattern. [7s,6p,2d/4s,2p] basis set used in this worlarge basis set,
For example, the total values of the FC termst&C1H3) A) and the valence DZ basis set 3-21€nall basis set, B
(153.4 H2 and 2J(C2C1H3) (0.6 Hz, Table IV differ by  Orbital contributions are given as defined in E22).
more than a factor of 100. The corresponding(#Cterms, Table VI reveals that thes{C2) FQw) contribution is
in contrast, differ by less than 20% in absolute magnitudestrongly basis-set dependent, amounting-&9 Hz for basis
(2.9 and—2.4 Hz; Table I\ because similar types of contri- Set A as compared te 1.3 Hz for basis set B. The(C2H)
butions are involved|[ (* CC)+ (* CH*) + (* CH)—1s(C)] contribution is by 1.4 Hz and the(C1C2 contribution by
—[(*CC)+ (*CH)—1s(C)]|=|(* CH*)— (* CH)| 1.0 Hz larger for basis B than for basis A.
~|0.2 Hz. For the geminal and vicinal H—H coupling con-  Figures 4a) (large basis A 4(b) (small basis B and
stants, this model is even more strongly supported: All three
H-H coupling constants are 1.5 Hz in absolute values, WlthI'ABLE VII. The impact of the basis set on the passiwveontributions to

signs following the Dirac vector model. the FC term of-JC1C2) in ethylené.
B. Comparison of passive  r contributions obtained FC FQm)
with different methods: Basis set dependence Orbital A B A B A
Although the SSCCs calculated with the CP-DFT15(c2) —~7.69 _2.14 ~3.88 ~1.27 ~2.60
method agree reasonably with measured values, this does ne{(C1) -0.10 0.04 0.00 0.00 0.00
provide any proof that the calculatetlcontributions of the 0222(';)2 —12-21 —15-2312 2-059 3-359 —1-35
; 7(C1 146.34 107. 4. 5. -1.01
various SSCCs are reasonable. In Table VI, the values Ob;(cm) 1024 T7a8 003 —0.04 0.02

tained in this work are compared with INDO/SO%2con-

tributions calculated by Fukui and co-workérs® The re-  Total 79.06 63.86 449 1075 —6.26
4

sults of Contreras and CO-Workég are (_:omparabl_e to All values in Hz. A denotes the difference F&)/A—FC(m)/B. FC terms

those of Fukui and _therefore, we will consider here just thecaicyjated at the CP—B3LYP level of theory with thies,6p,2d/4s,2p]

INDO/SOS27 contributions. basis setbasis A and the 3-21G basis séiasis B.
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4(c)] results in ag surplus in a small region around C2,
surrounded by a region with spin surplus.

The basis set dependence of the(#LCcontributions
from the o(C1C2 [Figs. 4d), 4(e), and 4f)], o(C2H5 and
o(C2H6) orbitals can be rationalized similarly as that for the
1s(C2) orbital. However, there is a difference with regard to
the 1s(C2) contribution as the spin polarization around C2
results from two different mechanismg$l) Intra-atomic
mechanism: The spin polarization of th€C1C2 density
implies an increase ofr spin density in that part of the
o(C1C2 and o(C2H) orbitals surrounding C2 and overlap-
ping with the 7 region[Fig. 3(@, mechanism 1 (2) Inter-
atomic mechanism: There is also an increase spin den-
sity at C2 due to Pauli coupling in thgC1C2 orbital [Fig.
FIG. 4. The FC spin polarization of the(C1C2 orbital and its impact on  3(g), mechanism B which influences Pauli pairing in the

the FC spin polarization of thes{C2) orbital. The plots were done in the ; ; ; ; ;
plane through the CC bond perpendicular to the molecular plane for an arec.s)trbItal by Increasing It[NOte that the direct(C1C2) effect,

of 1.2 A by 1.2 A around C2. The axis is along the CC bond. For the IS excluded from Figs. @) and 4e) bgcause these are_dif'

choice of the contour lines, see caption to Fig. 2. The difference of the spifierence plots generated by subtracting tH€C) FC spin

densities are scaled by a factor of 10@) FC(w) spin polarization of density for the frozenr orbital from the normab(CC) FC

1s(C2). B3LYP[ 7s,6p,2d/4s,2p] calculation.(b) FC(#r) spin polarization : : : : :

of 1s(C2). B3LYP/3-21G calculation(c) Difference of the spin densities spin d_enSIM' The Interatomlc_ meChamsm. can be reasor!ably

shown in (3 and (b). (d) FC(m) spin polarization of o{C1C2. descrlbeq by the small basis becausg it takes plage in t'he

B3LYP/[7s,6p,2d/4s,2p] calculation. (e) FC(m) spin polarization of bond region, for which any small basis such as B is opti-

0(C1C2. B3LYP/3-21G calculation(f) Difference of the spin densities mized.

shown in(d) and (e). The intra-atomic mechanism implies that the region
close to nucleus C2 is correctly described. The large basis A

fills out the valence space and allows an even distribution of

4(c) (difference A-B show the impact of the passive the FC spin density into outer parts of this reg[ig. 4(d)]
m(C1C2 contribution on the §(C2) orbital in a region of Whereas the small basis set B gives a rigid, compact spin
1.2 Ax1.2 A around C2. As discussed in connection withdensity distribution in the inner valence region around C2
Figs. 2 and 3, the spin polarization 6fC1C2 leads to amx  [Fig. 4€)]. This is confirmed by the difference of the spin
surplus spin density in the space around CiFigs. 2b) and  density distribution A-HFig. 4f)], which is predominantly
3(b)]. For basis set AFig. 4@)], the 1s(C2) orbital obtains Nnegative around C2 in line with the larger spin density
more a spin density in that part of the core region where theobtained with basis B.
m(C1C2 orbital has still a sizable amplitude. This is in line Similar diagrams are obtained for the & contribu-
with the intra-atomic Hund rule according to which the two tions from theo(C2HS5) and o(C2H6) orbitals. This means
orbitals maximize their mutual exchange energy. Due tdhat the positive passive contributions of the three- orbit-
Pauli pairing of the & electrons, thex surplus in the outer als are exaggerated by basis B by 3.7 {Hable VII). To-
core region is compensated byBasurplus in the inner core gether with the underestimation of the negatiw¢d2) con-
region[where them(C1C2) orbital is not preseijt This gives  tribution, basis B exaggerates thepart of the’FC(CC) by
rise to a large negative spin density of(C2) at C2 and 6.3 Hz(Table VII). Hence, INDO/SOS2 calculations, which
accounts for the large negative contribution of(C2) to  are based on a minimal basis set description must fail in the
FC(w) [see Fig. &)]. same way as basis B as soon as a detailed description around
The small basis set BFig. 4(b)] is not able to describe the core and inner valence region of perturbing and respond-
the spin polarization of the sS{C2) orbital properly. One ing nucleus is required: Too large contributions are pre-
obtains ana surplus density in the outer valence region anddicted (Table VI).
a sphericalB surplus density in a region with a radius of The situation is different for proton—proton coupling.
about 0.25 A around C2, which no longer reflects Pauli pair-The details of the spin polarization close to the C nuclei do
ing of the core electrons. As thi8 surplus density is less not play any major role for the transport of the spin through
concentrated than for the large basis A, its negative contrithe 7 system, e.g., thes[C) contributions to ther mecha-
bution to FQm) is absolutely smallefTable VII; note that nism are zerdTable V). The FG#) mechanism can be ra-
for the FC mechanism only the spin density at the contactionalized with simple Dirac vector models. In some sense,
surface of the nucleus coupté\ctually, the extra spin den- this part of the mechanism is “coarse grained” and can thus
sity and thus the extra attractive potential induced by théoe described reasonably by less sophisticated methods such
m(C1C2 orbital leads to an anisotropic component of the FCas INDO*3¢ or DFT with a small basis set. We conclude
spin density, which had,2 charactefsee Fig. 4a)]. Aproper  that the passiver-contribution calculated with basis A
description of the spin polarization requires virtuhfunc-  should be reasonable whereas larger basis sets with more
tions, which are not available in the small basigFay. 4(b)]. functions in the core regions should lead to furtfemal)
The increased flexibility of the large basis A as compared tamprovements. Also, we note that the analysis of the basis set
basis B[see difference of the FC spin density shown in Fig.dependence provides indirect proof for the reliability of the
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FC(m) spin—spin coupling mechanism developed in this(g) The concept of active and passive orbitals can be re-
work. fined in the way that only excitations from an occupied

orbital into selected virtual orbitals are set passive. In
pass

IV. CONCLUSIONS this case Py, 7 of EQ. (20) projects out individual

(@

(©

(d)

(e)

In this work, we have developed a theory for a detailed
decomposition of each of the four Ramsey terms of the iso-
tropic indirect SSCC where the essentials of this theory are
summarized in point$a)—(g):

excitationsk— a instead of all excitations from a given
orbital k. Depending on the nature of the virtual orbital
a, special spin-polarization effects can be distinguished
(repolarization or delocalization of the spin density of a
bond orbital; eté®). In the present paper, no use of this
The theory can be expressed in terms of any kind of ~ possibility was made.

orbitals, however for practical reasons we have chosen )
LMOs, which lead to bond, lone pair, core, etc., con-  Conclusionga—(g) apply to both the FC, PSO, and SD
tributions familiar to the chemist. terms, however the role of passive orbitals, echo, and trans-

The theory as presented in this work is based on th@ort effects is best seen for the FC part. Application of the
formu|ati0n Of first Order Orbita|s and the CP-DFT J-OC-PSP2 method to the SSCCs in ethylenes reVeaIS that
equations in form of LMO$Egs. (3) and(5)] and the ~NMR spin—spin coupling is based on a rather complex
decomposition of the first order Fock operator into amechanism, even if just FC spin—spin coupling dominates.
sum of orbital Fock operatof€Eq. (4)]. The relation-  Both active and passive orbital contributions to the FC term
ship between the CP—DFT coefficier@§® derived in  have to be considered, which can offer the FC spin polariza-
Eq. (5) and the orbital Hessian is establisHsge Eq. tion a multitude of paths in the molecule. In this work, we
(6)] so that a comparison with previous methods justhave concentrated on themechanism of FC spin—spin cou-
based on the orbital Hessian can be made. pling, which is based on the passive contributions of the

A simple form of the new theory for analyzing SSCCs, orbitals. Its investigation has led to the description of a num-
called J-OC—-PSP1, has been formulated in terms ofber of interesting effects.

one- and two-orbital contributions based on active or-
bitals[Egs.(15), (21), (22), and Appendix B. The one-
orbital terms account for Ramsey distortion of the or-
bital density, which can imply repolarization and

(1) The FC coupling mechanism is predominantly based on
exchange interaction@s contained irf). Correlation
effects(also contained iifr) play a minor role. Coulomb

delocalization effects, as well as self-exchange interac- ntéractions do not play any role because spin-
tions. The two-orbital contributions comprise steric ex-  Polarization(expressed by the first order densitjoes

change interactions and resonance interactions between MOt change the total electron density. Thus, even though
the orbitals. FC coupling is mediated by the spin density and thus is
Coupling paths have been described by orbital paths, @ one-particle property, the exchange interaction as a
which is one of the advantages of using LMOs. An two-electron process is crucial for its description. This
orbital path is a chain of orbitals leading from the per-  implies also that a balanced description of the exchange
turbing nucleus B to the responding nucleus A. One  interactions is important for an accurate calculation of
can distinguish between active and passive orbitals ac- the FC term, which in tumn is one of the reasons for the
cording to their position in a specific orbital path. Ac-  good performance of hybrid exchange functionals in this
tive orbitals are directly perturbed by nucleus B and/or respect. _ .
interact directly with the responding nucleus A whereas(2) There are three basic exchange effects that explain the

passive orbitals interact only with other orbitédstive FC spin coupling mechanism across a double brd
or passivé but not with the coupling nuclei. other bonds (a) Fermi coupling between nuclear spin
Passive orbitals contribute to the spin—spin coupling ~moment and electron spin moment involves justahd
mechanism via three-, four-, eta;orbital paths, and 2s electrons(b) Intra-atomic exchange coupliri¢gp op-
their orbital contributions can be calculated with  timize exchange interactions; intra-atomic Hund Jule
J-OC—-PSP2 as shown in Eq&5) and (26). For the channelss-spin polarization into all bonds and from the

purpose of determining passive orbital contributions, o into the 7 space.(c) Pauli coupling of the two elec-
the concept of frozen orbitals has been introduced, i.e., trons occupying ar- or 7-bonding orbital requires that
orbitals that are no longer included into the CP—DFT  one electron possessaghe other spin. Hence, if one
equations. Hence, if a particular orbital is frozen, both  spin is preferred at one of the coupling nuclei because of
its active and passive contributions will be eliminated  (b), the other spin will be preferentially found at the
from the SSCC. Formulas are given to determine active  other nucleus. This is an interatomic transport mecha-
and passive part of three-orbital contributions. A gen-  nism and leads to the transmission of spin information

eralization to multiorbital contributions is straightfor- from one nucleus to the other. Despite the important role
ward. of Pauli pairing in this connection, we prefer to consider
The passive orbitals are involved in echo effects and  the interatomic spin-transport effect also as an exchange
transport effects, which can be identified byQc— effect, which results from the withdrawal of a preferred

PSP2 analysis. The former imply cyclic, the latter acy-  spin from the second atom to optimize exchange inter-
clic orbital paths. actions at the first atom.
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(3) The three basic spin transfer mechanisms lead to th&he representatiofAl) has the advantages that it is valid for
simplest coupling mechanism and allow a distinction be-any type of the orbitalcanonical MOs, LMOs, etcand that
tween active and passive orbital contributions: For ant does not contain the Lagrange multipliers, (or Fy;) ex-
active contribution the orbital in question must lead toplicitly. Expanding Eqgs.(Al) and (A2) with respect to a
significant FC spin densities at the perturbing or the reperturbation(B) and collecting all first-order terms gives
sponding nucleugor at both. A passive contribution re- Al ~ N
sEIts Whgen an orbital transmi?s spin polarization from_P(B)F(O)|¢(k0)>+(1_P(O))F(B)|’/’E<O)>
one (partially) active to anothe(partially) active orbital. _ pO)EO)] 4By —

This can be at the stage of the intra-atomic exchange FA=PEFTHT) =0. (A3)
interactions or at the stage of interatomic exchange inHere,

teractions, e.g., between tlheand ther orbital of a CC oce

double bond. B (0) _ (0)\/.,(0)

(4) The = orbitals make a passive contribution to the FC P §|: LAt (Ad3)
coupling mechanism of the SSCCs. This contribution oce oce
can arise in two ways: Eithera orbital gets spin polar- ~ By B 0 0 B
ized by an active orbital and causes in turn a change of P! )_Z W'( )><¢§ )|+2 W'( )><¢'( )|' (A4b)
that active orbital“echo mechanism}, or an active or-
bital carries spin information to a orbital, which for- (O)
wards it to another spin orbital“transport mecha- MO (¢z’| yields
nism”). The echo mechanism requires only one active )
orbital, hence its impact can be indirectly seen in the— 2, (@ | wEN SO FO gD = (o040
Ramsey distortion, and it is contained in the one-orbital ! h P
terms at the JOC—PSP1 level of theory. The transport
mechanism, in contrast, connects two different active or s (y(8)| 0] y{0y 4 ( p{0)] F(B)| (0
bitals and will thus be subsumed in the two-orbital terms

Multiplying Eq. (A3) from the left with the canonical virtual

_p(0) =0
=F{]

(J-OC-PSP1whereas it appears explicitly in the three- +{@ O FO) yiBy =0, (A5)
orbital terms in JOC—-PSP2. Both mechanisms can play T
an important role for the FC coupling. By combining a =ealt |

number of orbital-selected SSCC calculations for the
molecule under investigation, the passive contribution of A
. . ! (0)] 1 (B)y _ (0)/ (0)],/,(B) (0)|2(B)[,(0)y —
a single 7 orbital or the 7 system as a whole can be ea{ea [¥) 2 Fia' (ea |40”) +(ea [FP]¢i") =0,
determined quantitatively.
which can be rearranged into
The passiver orbitals play an important role for the e (00| £ FLO( o] gD
long-range SSCCs in polyenes as we will investigate in a €a\%a ¥k kk \®Pa | ¥k
separate paper. The so-calleanechanism for FC spin—spin .
coupling in unsaturated hydrocarbons is carried by the spin =(¢§0)|F(B)I1//(k°)>—”2k Fid (o2 [1). (A6)
polarization of ther orbitals. Passive orbital contributions 7
can contribute to the PSQ and SQ spin.—spin .couplingjividing Eq. (A6) by (F\9—¢,) leads to Eq(A7),
mechanism. These effects will also be investigated in a sepa- (0)| ®) © © (0)| ®)
(2 [FENT) = 21 ekFia (W [™)

rate paper. (0)],/(B)
@ = (A7)
< a |¢k > FE(?()_Ea
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ort.
P In this Appendix it is shown how the two-orbital contri-

butionsk k3" {k—1) can be calculated efficiently.
APPENDIX A: DERIVATION OF EQ. (3) In a CP-DFT calculation, coefficienfSEiE,? depend lin-

_ o . early on elementa(y) . Because of
The CP-DFT equations given in E() are derived by

starting from the general form of the KS equations h{ PP =(k,1) 1= hi P2t —k]+ hiy P2f =1 ] (B1)
(1—P)F| ) =0, (A1) (N=AB)itis
L CEPoE-(k,D]1=CRPeP-k]+ CRR Pt =11, (B2)
PZEI [ (. (A2) pas

The SSCCKRET—(k,1)] becomes therefore
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KRET—(k,1)]

=2 Co P (kDI P = (k )]

ak’

=> C;Bk*p“tﬁ(k,n]h“*)@ CEIPasP (K, 1) Th()

=2, CRPT-KInGY + X CRP -1 hy

2 G -KInGY + X C P hgY . (B3
Considering that
Kigt-al=3 & t-alhly, (B4)
(g=k,l) Eqg. (B3) can be rewritten as
KRET—(k,1)]
=KRET-pl+KRgT~al+ 2 COP*-1]hgy
+§) C®-Paspok1h(Y (B5)
which together with Eq(22) gives
KR k) = 2 Cof Pt =khg
+ 2 Cal Py (B6)
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