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One-electron versus electron—electron interaction contributions
to the spin—spin coupling mechanism in nuclear magnetic resonance
spectroscopy: Analysis of basic electronic effects
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For the first time, the nuclear magnetic resonafii®IR) spin—spin coupling mechanism is
decomposed into one-electron and electron—electron interaction contributions to demonstrate that
spin-information transport between different orbitals is not exclusively an electron-exchange
phenomenon. This is done using coupled perturbed density-functional theory in conjunction with the
recently developed @C-PSP[=J-OC-OC-PSP: Decomposition df into orbital contributions

using orbital currents andpartial spin polarization] method. One-orbital contributions comprise
Ramsey response and self-exchange effects and the two-orbital contributions describe first-order
delocalization and steric exchange. The two-orbital effects can be characterized as external orbital,
echo, and spin transport contributions. A relationship of these electronic effects to zeroth-order
orbital theory is demonstrated and their sign and magnitude predicted using simple models and
graphical representations of first order orbitals. In the case of methane the two NMR spin—spin
coupling constants result from totally different Fermi contact coupling mechantg®,H) is the

result of the Ramsey response and the self-exchange of the bond orbital diminished by external
first-order delocalization external one-orbital effects whefdéil,H) spin—spin coupling is almost
exclusively mitigated by a two-orbital steric exchange effect. From this analysis, a series of
prediction can be made how geometrical deformations, electron lone pairs, and substituent effects
lead to a change in the values ‘i C,H) and?J(H,H), respectively, for hydrocarbons. @004
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I. INTRODUCTION transport:>!8 the description of multiple bonding and
m-delocalization by the noncontact terdisCor the back-tail
The indirect isotropic spin—spin coupling constantinteraction of bond LMOs in saturated molecufésAlso,
(SSCQ J of nuclear magnetic resonan¢dMR) spectros- general mechanistic features such as through-bond and
copy represents a sensitive antenna probing the electronirough-space couplint;??> multipath?® across-H-bond
structure of a molecule under the impact of a perturbatiortoupling®*?® and long range couplifg can be efficiently
caused by the magnetic moment of the nutféf Therefore,  analyzed in this way.
SSCCs are valuable parameters to describe the electronic |n this work, we add a further dimension to the analysis
structure of a molecule provided one is able to decode thgy decomposing the spin—spin coupling mechanisms into ef-
information contained in them. In recent work, we have de-ects taking place at the independent-electron level and ef-
veloped the IC-PSP(=J-OC-OC-PSP: Decomposition of fects directly related to the electron—electron interaction. Our
J into orbital contributions USing)rbital currents aanartial investiga’[ion will be gu|ded by the procedures Origina”y de-
spin polarization) method;***which provides the basis for a signed to identify orbital polarization, delocalization, or re-
decomposition of the four Ramsey tefntf the SSCC into  puision. For example, PMGperturbational molecular or-
one-, two-, andh-orbital contributions. C-PSP can be ap- pital) theory?® showed that two-electron two-orbital effects
plied to the Fermi contadFC),****spin dipole(SD),*® para-  are always stabilizing, which is the driving force of delocal-
magnetic spin—orbitPSO, and the diamagnetic spin orbit jzation, hyperconjugation, anomeric effect, etc., whereas
(DSO) term"*®and its results documented by spin density,four-electron two-orbital effects are always destabilizing,
orbital current, and energy densities. This helps to undefynich explains steric repulsion or the impossibility of getting
stand which orbitals are particularly active to transport spiny phond between two He atoms. The repertoire of electronic
information between the coupling nuclei. Using localized gffects found by PMO theory and other MO approaches can-
molecular orbital{LMOs) in this connection, one can study not pe simply used to explain basic features of the spin—spin
the contribution of the bond LMOs in dependence of atomgqpjing mechanism. The latter involves not only zeroth-
electronegativity and bond pqlarlzab|lﬂt§/,the influence of  oger orbitals but also first-order orbitals and, consequently,
lone pair LMOs on the coupling mecham&fhthe PassIVe  first-order densities. There is no basis to expect that what has
but nevertheless important role of-orbitals for spin  peen found for zeroth-order orbitals holds also for first-order
orbitals.
dElectronic mail: cremer@theoc.gu.se We will analyze the one- and two-orbital contributions
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utilizing LMOs and starting from coupled perturbed density- The contribution to the reduced SSCC becomesthen
functional theory(CP-DFT), which we recently used to cal-

culate all four Ramsey terms of the SS€®y using the KABZZ C('ﬁ)h“i). 3
first-order orbitals obtained with coupled perturbed theory in a& o

a form that helps to identify four basic contributions, we will . -
be able to identify individual one- and two-electron e1’“fectsThe CP-DFT approach provides a complete description of

and effects that are direct and those that result from a fee&he Spin=spin coupling mechanism mcludmg a self—
consistent adjustment of the exchange-correlation functional

back of the deformed electron density on itself so that the3{0 the magnetic perturbation. A less accurate description is
have to be calculated in an iterative way to obtain a self- . 9 b ' P

consistent description. Two of the four contributions are one—gr:Ven béggrg‘;’;’erggta‘f hdensnngunctlorr\]al pertﬁrb ation
orbital terms and two two-orbital terms. We will demonstratet eory .( et l _WhICh -~ consIders the - exc ange-

that spin-information is transported not only by exchangecorrelatlon 'funct|one.1I flxed n zeroth order and, accordingly,
interactions but also by one-electron delocalization ef'fectst.he expansion coefficient of E4L) simplify to
There is both similarity and dissimilarity to the electronic

effects of zeroth-order theory. Finally, we will show for two  C{f=—5——
simple examples, namely the two SSCCs of methane, how Fik — €a
the effects identified and calculated in this work can be useietDa

to understand the spin—spin coupling mechanism, to decodg

the information contained in the SSCCs, and to use the latt
to get a better insight into the electronic structure of a mol

ecule.

het = 2 Fid'Car’|. @

., iIn SOS-DFPT just two terms determine the spin—spin
upling mechanism where in the more complete CP-DFT
ecfescription four different electronic terms are responsible for
‘the transport of spin information from perturbing to coupling
nucleus’

In the following, we will discuss Eqgs(1l) and (4) in
more detail where we could start from a general consider-
ation since Eq(1) was derivedf for an arbitrary perturbation

For the purpose of simplifying the description, we con- (shift in the nuclear position, electric perturbation, magnetic
sider the coupling between two nucliand B, whereB is  perturbation, et¢. However, for most of these perturbations,
the perturbing and\ the responding nucleus. As orbitals we the Coulomb effects will play a dominant role thus leading to
use Boys LMO$’ because LMOs make a simple descriptionelectronic effects quite different from those experienced in
of the spin—spin coupling mechanism possible. According tspin—spin coupling. The magnetic perturbation leading to
Ramsey there are three different perturbing actions, whichspin—spin coupling is in so far unique ay tae exchange
are described by the Ramsey operatofs® with X=FC, effects rather than Coulomb effects play the most important
SD, PSO, DSO and whictwith the exception of the DSO role and b both one- and two-orbital effects are operative
term) require the consideration of first-order orbitals in addi-although there is no change in the total density distribution.
tion to the zeroth-order ones. In the following we do notSpin—spin coupling is not just a one-electron phenomenon as
consider a specific perturbation X since the formulas derive@ne could assume from the form of the Ramsey operators,
are valid for X=FC, SD, PSO equally. If the molecular elec- but involves also two-electron interactions. By taking into
tron system is perturbed by the Ramsey operd&t®? at account the special features of magnetic perturbations, the
nucleus B, the resulting first-order spin orbitp/§®) can be  electronic effects contributing to the spin—spin coupling
expressed as a linear combination of virtual zeroth-order spiféchanism can be understood in an elementary way, which
orbitals |¢g°)> where the expansion Coeﬁicien@gﬁ? are shortens the discussion. For these reasons, we stick to a mag-
given by relation(1)® netic perturbation, indicate however explicitly generally
valid features of our derivation. Generally valid are, e.g., the
following considerations.

Il. THEORY OF NMR SPIN-SPIN COUPLING

(B) — (B) 4 (F(B) E®)
Ca'= FO—e, haic+ (P )ak+,§k ((FI™ak The deformation of the zeroth-order orbitals caused by a
perturbation is expressed in CP-theory in terms of single
_ F((’)C(B))} ) exc_itations to virtgal zeroth—order_orbitals. The Iinegr combi-
ki ~al 7 nation of these virtual orbitals will represent the first-order

orbitals, which together with the zeroth-order orbitals give
the deformed orbitals resulting from the perturbation. Similar
as in zeroth-order theory, the first-order orbitals must fulfill
certain criteria to get an optimaétable description of the

In Eq. (1), the F{?Y) are the matrix elements of the zeroth-
order Fock operator ané, is the orbital energy of virtual
orbital | ¢{?) where we use the symbel rather thany to
indicate that |n_the case of_ the virtual orbitals Canon'ca:Perturbed molecular system.

rather than localized spin orbitals are employed. The element (1) The orbitals must remain orthogonal to fulfill the

=(B . . . .
(Ff )_)ak is the first-order contribution to the Kohn—Sham pgyj exclusion principléasymmetry of the molecular wave
matrix element due to the first-order change in spin Orb'talrunction).

I): (2) With the constraintl) being obeyed, the energy cal-
5 SE culated with the first-order orbitals must again adopt a mini-
(FfB))asz d®r —(aok)lpl(m(r), (20  mum to obtain the most stable electron configuration of the
oy molecule under the impact of the perturbation.

Downloaded 08 Jan 2005 to 129.16.87.99. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 121, No. 24, 22 December 2004 Contributions to spin—spin coupling in NMR 12219

The changes in the orbitals according 1o and(2) gen-  perturbation theory would obtain the first-order orbitals as
erate changes in the electron density, which are typica) of athe derivatives of the perturbed orbitals with respect to the
the electronic structure of the molecule andthe acting external perturbation.
perturbation. Hence, one does not obtain direct information  If the perturbation is switched on, the orbitals respond in
on the electronic structure, but must decode the electronia way so as to reoptimize the total energy of the molecule.
structure information always for the type of perturbation act- )
ing. This is the purpose of the present work when considerd- DIrect Ramsey response
ing the four electronic terms of E¢l). We analyze them by The interaction energy with the external perturbation is
considering condition¢l) and(2), i.e., we ask in each case E,=2C,V. It is linear in C, and will describe a gain in
how the energy is lowered and how orthogonality of theenergy ifC, andV have opposite signs. The excitation from
perturbed orbital is maintained. |1} into |a) costs the excitation energge,.= C2 A€, which

As mentioned in the Introduction, we will carry out the is quadratic inC,,. Minimizing the total energy with respect
analysis parallel to what we know from PMO theory, whichto C,, gives
means in each case we will also consider the zeroth-order

analogue to obtain in this way an easier characterization of C_=——, (53)
the electronic effects leading to the spin—spin coupling Ae
mechanism. V2
Eyv=—2—
v Ac’ (5b)
V2
A. One orbital contributions: Eexc= 3¢ (50)
Response and self-exchange terms
2
In the simplest case, the transport of spin information g—_ V_ (5d)
between the two coupling nuclei comprises just one spin Ae

LMO, which interacts direCtIy with both of the COUpIing NuU- that is, half of the gain in excitation energy has to be ex-
clei. Equation(1) reveals that the one-orbital contributions pended for the excitatiofl )—|a). The Ramsey distortion
comprises two parts, of which one corresponds to the direqgkes place for each spin orbital independently. The two spin
response of the orbital to the perturbation, whereas the segrpitals belonging to the same space orbital undergo opposite
ond one is equal to the feedback of the perturbed orbital ogeformations, which eventually lead to equal contributions to
itself. We shall discuss the two terms in more detail for theihe spin—spin coupling mechanism. EquatidBs give the
example of the'FC(C,H) coupling in CH, where we as-  energy gain for a single spin orbital. Second-order perturba-
sume the magnetic perturbation at kierturbing nucleus It tjon theory leads directly to Eq(5d), however a stepwise

should be emphasized that the results of this discussion aa)proach tde) provides an |ns|ght into energy gain and
restricted neither to the FC term nor to the particular case ofpss caused by the individual processes.

the C—H coupling in ChH. However, one has to note the
following difference between FC and SD terms on the one
hand and the PSO term on the other hand: The FC and SEJ
terms involve an opposite responsencénd 8 orbitals to the The direct response term does not contain electron—
perturbation, and thus a spin polarization. For the PSO terrglectron interaction effects caused by the external perturba-
in contraste and B orbitals change in the same way so that tion. The latter become manifest by the fact that the first-
and B density are kept unchanged individually. The ampli-order KS matrix is not constant but contains the response
tude of the orbitals remains unchanged, only their phase vacontribution F(®), which depends linearly on the excitation
ies, reflecting the induced orbital current. That is there is naoefficients. In the model introduced above, this implies that
spin polarization in the PSO case. We will discuss the coanlc) no longer is constantly equal % but gets the form
sequences of this difference below. F{®=V+WC, whereWis a constant proportionality factor.
The perturbation gives rise to a spin polarization in thelf this is taken into account in the energy minimization, Egs.
LMO ¢(CH1), which is sensed by the responding nucleus C(5) have to be modified in the way thak is replaced by an
The spin polarization of(CH1) corresponds to an excitation effective excitation energphe—W. The two-electron terms
from o(CH1) into the unoccupied orbital* (CH1). We can  thus change the effective excitation energies. More generally,
study this process in a simple model that comprises only théne two-electron effects modify the orbital Hessian of the
orbitals 0(CH1) and thes* (CH1), which for brevity are de- system.
noted as spin orbitall) and |a), respectively. The first- In Eqg. (1), the self-exchange contribution appears for-
order matrix elemenhgﬂl) driving the spin polarization is mally as the feedback of an orbital deformation on itself.
given byV and the energy differendel”)— F{*) asAe. This  Physically, this effect describes the interaction of two elec-
means that we consider the total KS matrix comprising thdrons, viz. the « and B electron sharing one and the same
relevant zeroth-order contributions and(@mall but finite  space orbital. The change dfe—W in the model can be
first-order term. Consequently, we will obtain the perturbedcomprehended in the following way: The opposite changes
(deformed orbitals, consisting of the zeroth-order orbitals in the a- and B8 spin orbitals belonging to the same unper-
and a finite first-order contribution, whereas one in analytidurbed space orbital imply that the total electron density re-

Self-exchange contribution
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mains unchanged. The centroids of charge of the two spiimsight in the spin—spin coupling mechanism and,

LMOs will be shifted in opposite directions. This means thatconsequently, the electronic structure of the molecules
a- and B-electron are slightly separated from each other andnvestigated.

that their Coulomb repulsion energy slightly decreases. The

resulting extra energy gain is quadratic in the excitafibn

there is no spin polarization at all, i.65,,=0, the orbital

energy is extremal As the total electron densitiand thus

the total Coulomb interactigmremains constant, this minimi-

zation of the a—pB electron interaction is equivalent to a At a first glance, it is surprising that transfer of spin
maximization of the self-interaction energy of the two elec-jformation between two electrons can occur even if
trons. This self-interaction energy appears as a part of thgjectron—electron interactions are neglected. The ultimate
total exchange energy, which accounts for the notation selfreason for this is the Pauli principle: The energy minimiza-
exchange effect for the effect described. tion of, e.g., orbitalk) is constrained by the requirement that
The separation of- and g-electrons influences not only |y has to be orthogonal to all other occupied orbith)s If
the self-exchange but reduces also the correlation between, responds to a perturbation then the constraints imposed
the two electrons slightly. This implies an additional cost ingp, k) will change, and the energy of orbit) can possibly
energy, i.e., an increase of the effective. This correlation g decreased by an appropriate deformatiofkpf
effect is, however, usually much smaller than the self- e study the resonance interaction in more detail for a
exchange effect. For a general perturbation, e.g., a nucle@;mme model system, which we derive with tREC(H,H)
dislocation or an electric field, the perturbation affects alsq,ypling in CH, in mind. This coupling is dominated by the
the total electron density and thus the Coulomb repulsiorin polarization of the twe(CH) orbitals in the bond path,
energy. In that case, the Coulomb effects are usually thge  the most important occupied orbitals aréCH1) and
dominating contribution of the response term.  (CH2), denoted by|l) and|k), and the corresponding un-
The self-exchange mechanism takes place in essentialiyccupied orbitalsr* (CH1) ando* (CH2) denoted bya) and
the same way for the SD mechanism. For the PSO mechay) (Fig. 1). The perturbing spin is assumed at atom H1. Its
nism, in contrast, there is no spin polarization, the only smal ominating direct effect is to polarize spin-LM@CH1),
cha_nge in the exchange potential arises from the inducege” to initiate an excitationl)—|a), which yields the de-
orbital current. Consequently, self-exchange effects are smajhrmed orbital|l)+c|a) and the corresponding antibonding

1. Resonance interaction

for the PSO term. orbital |a)—c|l), wherec is the mixing coefficient.

For simplicity we assume that the only nonzero matrix
B. Two orbital contributions: Resonance and steric element of the perturbing operatorhé',“)zv. The orbital
exchange interactions o(CH2) can respond to the magnetic perturbation by a delo-

As a rule, the transport of spin information involves calization o(CH2)—o*(CH1). This leads to a change in
more than one space orbital. In this case, all orbitals involve@(CH2), which may invoke follow-up effects such as a po-
have to adjust in a way that the total energy regains its minilarization o(CH2)—¢* (CH2). The crucial effect is however
mum (again, the two spin orbitals belonging to the samethe delocalization. Therefore, we exclude the virtual spin or-
space orbital will undergo opposite changds distinction  bital [b) from our model and are left with the two degenerate
to the situation considered in Sec. Il A, this means that amccupied spin orbitals, whose KS matrix elemeiits)
orbital can respond not only to the magnetic perturbatior=F{? are set to zero. The Fock matrix elemé&if) of the
directly but also to the changes in another space orbital. Con4rtual orbital |a) is given asAe, where theA refers to the
sequently, spin information can be transferred between thenergy difference betwedq | and|a). The nondiagonal KS
coupling nuclei along a chain of orbitals. Only the first andmatrix element between the two occupied orbitlalg) will
last orbitals in such an orbital path make agtive contribu-  be denotedt in the following. We define the twar(CH)
tion, i.e., interact directly with one of the nuclei, whereas theorbitals with the same phase, which impliesO0.
other orbitals makeassive contributions.e., participate in If t were zero, the perturbation would simply cause a
the spin-information transport by interaction with other or- polarization ofa(CH1), C,,=0, and the result from Eq5)
bitals only. The JOC-PSP methot? allows to decompose would apply. What we want to understand now is why for
the total SSCC into contributions from individual orbital t+0 it is energetically favorable that orbitt) responds to
paths at various levels of detail. In previouOG-PSP in-  the perturbatio’/ even though orbitalk) is passive and not
vestigations, it was tacitly assumed that the transport isffected byV directly. As in Sec. Il A, we have to determine
dominated by electron—electron interaction. However, as wathe changes in the orbitals up to second order to obtain the
mentioned in Ref. 15 and is shown in Eg$) and(4), inter-  individual contributions to the total energy change.
actions between different responding orbitals are possible The perturbed orbitals are not determined unambigu-
without any electron—electron repulsion involved. For theously but only up to mutual orbital rotations. To avoid any
moment, we will call this effectesonance interactiofas  problems resulting from this ambiguity, we use the one-
introduced in Ref. 1palthough we will later see that this particle density matrixy rather than the perturbed orbitals. If
term is too general and should be further specified. If one cathe coefficientsC,, and C,, are given, the orthonormality
(i) explain the nature of thisesonance interactiomnd (i)  requirements determine the matrixcompletely. To second
determine it quantitatively, this would allow additional order in theC,, andC,, one finds
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l <yly > =0

steric perturbation

|

magnetic perturbation

@ |a> =|a>-c|I>
[b> - |a>
- =
[k> - >

> =|I>+c|a>

FIG. 1. Comparison of zeroth-order and first-order de-
localization. A model with two fragment$wo occupied
and two virtual spin LMO§ is considered. In zeroth
order the union of the two fragmen(steric perturba-
tion) leads to delocalization of the bonding spin LMO
i into the antibonding spin orbitap, , which implies

an energy gain proportional to coefficie@t, stopped

at some point by the fact that orbital energy @f is
higher than that off, (see box on the left sideln the
first order case, the magnetic perturbation leads to a
deformation of spin-LMOgy, (step 1. The deformed

Faa orbital is then prone to accept electron density frogm
@ | a> = | a>-c¢ | I > i.e., a similar delocalization proce$sith energy gain
| b > | a> | b> o — and energy loss, see box on the right ide in zeroth-
— L — - order occurs, only that now a deformed LMO is in-
__________ - ] volved. Note that the changes in the orbital energies
-9- - caused by the magnetic perturbation are actually tiny.
Fka -
| k> [1>
| k> --
F
Kk 1> =]I>+c|a>
Excitation: k — a, coeff. Cy Excitations: k — |, coeff. Cy
k—a, coeff. Cak (°< Clk)
Gain: Fra<0, o< Gy Gain: Fa<0, e Cy
Cost: Faa > Frs o< Cak2 Cost: Faa > Fres o Cakzoc Cy2
r 2
1- Cak CaCa Cax T ( \Y )2 (9a)
2 Y=~ i
Ypg— CakCa| 1_Ca| Ca| (6) (1_ 7_2)2 Ae
2 2
Ca G CatCa 1 Vv VvV 2V
The perturbed KS matrix has the form Yal= 1— 2 Ae  Ae 1- 2 A€’ (9b)
[0t O
- (90)
qu: t 0 V y (7) Yak 1_7_2 AE,
L0 V Ae
dih  the svster i 1+72 (V|2 [V|2 #B=-1)(V)?
an e ener (0] e system Is = | —| =—] + — | —] .
i y Yaa (1—72)2\Ae Ae (1—- )2 |Ae
E:2t7k1+2V7a,+A67aa (8) (gd)

=21C 4 C yy+2VC  +Ae(C2+C2).

with the matrix elementy,q as given in Eq(6). Again, this

Here we have introduced the parametert/Ae, which re-
flects the relative strength of the interaction between the or-
bitals. In each term, we have separated the value=d (if
present and the extra contribution arising farbeing non-

energy is for one spin direction only. Minimizing the energy zero.

from Eq. (8) gives

The corresponding energy contributions are
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272 2 (@ Orbital |k) reacts to the perturbation even though there
En=— T 2 Ae (103 is no direct interaction with the perturbatidh This
(1—7%)° 8¢ effect is essential for the spin transport along chains of
5 ) 5 o two or more orbitals;
E.—_ 2 V_:_ZV__ 27 ve (10b) (b) orbital |I) reacts not only to the perturbatiod. In
AT R2Ae Ae 1—72A€’ addition, there is a “recoil” from orbitalk) to orbital

|I). One finds that thisscho effecf enhances the re-
1+72 V2 V2 23-7) V? sponse of orbitall) to the external perturbation.

Epmr—m—m———=7—"+—— —, (109
(1-r)2Ae Ae (1-79)2 A€ In general, both orbitald) and|l) couple directly to the
leading to perturbing nucleus. For the purpose of modeling this case,
we modify the model in Fig. 1 in the way that the perturbing
1 V2 \VZ 2 V2 nucleus is the central C atom. In this case, the dominating
== m Ae Ae ﬁ Ae (11) unoccupied orbital is no longer @ (CH1) character but an

a,;-symmetrical orbital that may be formed from both from a

Equation(11) indicates that the coupling betwep) and|l) ~ 3S(C1) (Rydberg orbital and a symmetric combination of
decreases the total energy. From E@€a and (10b) it be- the fouro™® (CH) orbitals. The perturbing matrix elements are
comes evident that this decrease results from the changes *ikg?) andh{y, which we wil denot'e a3/ and V'_, réspec-
the matrix elementy, andy,, . Inspection of Eq(9) shows  tively. Although V' =V, we keep different notations to dis-
that y,, is of orderr whereas the change iy, is of order72.  tinguish between the effects ¥fandV’. Equationg9b) and
This indicates that thk—| coupling in first instance causes (9¢) get then the form
a change inyy, i.e., alk)—|l) delocalization, which is en- ,

: . v 2V TV
ergetically favorable because £ 0. This change feeds then Yal=— —— —,
back into orbital|l) and increases th)— k) excitation, Ae 1-720€ 1-7%A¢
which is favorable because Wt In detail, the scenario of the \yhere the expression foy., is found by interchanging/

resonance interaction is as follosee Fig. 1 andV’. Again, y, contains the direct impact of the pertur-

(1) The perturbatiorV causes al)—|a) excitation accord- bationV and the echo contributio¥ [see (b) abovd. In
ing to Eq(]_l) The occupied orb|td||> is changed into addition, there is a term proportional‘\‘b. This term, which
I"Y=|1)+c|a), the virtual orbital|a) into |a’}=|a) is analogous to the term containingy in Eq.(9c), describes
—c|l) with a small coefficient. (Note that this process Processes where the perturbation acts on orfitalvhich in
does not affect the orthonormality of the orbitals. turn acts on|k). This kind of contribution will be called

(2) The matrix element oF ®) betweer|a’) and|k) is non- external orbital contributionAn external orbitali.e., an or-

zero. This drives a delocalization of the electron in or-bital that is not in the bond path between the two nuclei
bital |k) into the new virtual orbitala’); passes spin information from the perturbing nucleus to an
(3) This, in turn, modifiegk) and|b), and the matrix ele- orbital in the bond pathiWe note in this connection that the
ment betweenl’) and the modified virtual orbitgb’) ~ external one-orbital contributions, e.g., those «CH2),
becomes nonzero, which results in a delocalizafioh ~ 0(CH3), and ¢(CH4) in methane, in addition, pass spin in-
—|b’). (This process is not shown in Fig).1 formation directly to the responding nucleuslence, we can
distinguish between three resonance contributiGmsa spin-
Actually, steps 2 and 3 proceed not one by one but irtransport resonance effect involving an active orlitahd a
form of a mutual feedback. passive orbitak; (b) an echo resonance effect again involv-
It should be noticed that the perturbatidhis rather  ing an active orbital and a passive orbitd (c) an external
small. It is in the order ofa’k a.u., wherea=1/137.04 is  orbital resonance effect involving an active orbitaind an-
Sommerfeld’s fine structure constant arer1/1816 is the other active orbitak.
ratio of electron and proton mass, henée-10™ 7 a.u. The The resonance interaction is closely connected to the
shifts in the orbital energies are negligible compared to thd?auli principle, which is relevant only for electrons with
energy difference\e, i.e., we can consideke as constant.  equal spin. Therefore, resonance interaction takes place be-
Eventually, the energy gain initiating the response of ortween electrons with equal spin in different space orbitals.
bital |k) is the delocalizatiofk)— |I) that is contained in the The resonance interaction shows analogies to zeroth-
delocalizationk)—|a’) in step 2. Equatiori9a) shows that order delocalization processes. This is demonstrated in the
this effect is of second order in the one-particle density maleft part of Fig. 1: Describing, for example, a conjugated
trix, and its impact on the total energy is measured by a parsystem such as 1,3-butadiene by the interaction of two
of the zero-order KS matrix, viz. In conventional perturba- ethene units, the Fock matrix element betweenthé m,)
tion theory, a second-order effect would not be consideredgrbital and thew; (77) orbital of the secondfirst) ethene
and the corresponding energy gain would be absorbed by thenit is negative, i.e., a delocalizatiofr,— 75 (m,— 7})
term C, V. The energy cost limiting the interaction is the provides an energy gain, which is linear in the amplitude of
population ofla’) by excitation from theék) orbital (step 2.  the delocalization. However, as thé& orbitals are higher in
The feedback between steps 2 and 3 shows that the resenergy than ther orbitals, there is an energy cost propor-
nance interaction gives rise to different kinds of effects:  tional to the square of the amplitude, which limits the degree

(12
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of delocalization to a finite value. In the model system con-a) are transformed intdl)+c|a) and |a)—c]|l), respec-
sidered, the situation is similar as soon as the perturbation tively. (Again, this polarization does not affect the orthogo-
has caused an excitatidph)— |a). Then, the virtual orbital is nality of the orbitals.
a superposition ofl ) and|a). That is, an excitation frorfk) 2. The induced spin polarization leads to an extra term
into this new virtual orbital gives both an energy gain due toF(H1) jn the exchange potential. This potentiakisattractive
t<0 and an energy loss becauseff>0. Again, the gain and p-repulsive in regions withe surplus spin density and
and the loss are linear and quadratic in the delocalizatioRice versa in regions witl# surplus spin density. Depending
amplitude, respectively. on the shape and mutual position of the orbit&&!Y) may
The comparison reveals that the resonance effect cormgrave nonvanishing matrix elements for all pairs of occupied
sponds to a delocalization effect in zeroth order involvingand unoccupied orbitals. The matrix elemeatandbl give

now a deformed orbital, i.e., it is better to speak dirat- rise to an additional polarization and delocalization of orbital
order delocalization effectather than a resonance effect, ||y (see above The matrix elementak andbk drive delo-

which is normally associated with a superposition of statgjization and polarization effects of orbita), and the or-
functions rather than orbitalglthough the term resonance is pjig) k) can mix with both|a) and|b). This process is the
often used in a more general way central part of the steric exchange interaction. The situation
is slightly different from that for the first-order delocalization
interaction: In the latter case, the delocalizatibn—|a’)
was the essential response to the deformatighypfvhereas
Actually, it will be impossible to separate the direct re- for the steric-exchange interaction it depends on the matrix
sponse of the orbitals to the external potent@used, e.g., elements off (HY), i.e., eventually on the shape and mutual
by a magnetic perturbatiorfrom first order delocalization 4rrangement of the occupied and unoccupied orbitals in-
(resonance effegtif canonical molecular orbitalsCMOS)  yolved whether polarization or delocalizaticor both domi-
are used. CMOs are special in so far as their orbital energy igate the response of orbittk). The energy gain for the
stationary with regard to any small deformation of an indi-steric exchange interaction arises from an optimization of the
vidual orbital. Consequently, their deformation under the im-gqual-spin overlap between orbitdle) and |I), which is
pact of an external potential leads right away to an adjusttayorable to maximize the exchange energy. The cost in en-

ment of their delocalization tails. This also implies that for grqy is again given by the population of the unoccupied or-
CMOs small changes of one orbital have no impact on thgji|s.

orthogonality constraints of the other CMOs. Instead, the 3 The response of orbitak), too, generates an addi-
consequences of the Pauli principle are integrated in thggng) exchange potential, which gives rise to further re-
forms of the orbitals: The CMOs are delocalized and thissponses in orbitalk) and|l).

implies that there is no need for a mutually dependent re- Apajogously as for the resonance interaction, processes

optimization. _ o 2. and 3. proceed in mutual feedback until the energetically
In the case of LMOs, stationary character is given onlygptimal state is reached.

for the whole set of occupied orbitals. Therefore, any change  The steric exchange interaction attempts to maximize the
in an occupied LMO because of an external perturbation réspin polarization in the system: A surplus afdensity at-
quires also first-order delocalization effects in the set of oCyacts additionak density from other orbitals and vice versa.
cupied LMOs and provides the possibility to separate directrhe same is true for the self-exchange interaction, as was

response and first-order delocalization. This is one of thgnhown in Sec. Il A. Both effects together maximize the sepa-
advantages of using LMOs. CMOs can be considered as Ofation of o and g electrons in the molecule and minimize

bitals that artificially enclose the first-order delocalizationn,s their mutual repulsion. That is, the steric exchange in-
interaction into the one-orbital response terms. teraction is driven by electrons with opposite spin that reside
in different space orbitals. They should thus be seen not as
two individual physical processes but as two aspects of one
and the same process. This is in line with the facts that self-

Contrary to the one-electron two-orbital delocalizationinteraction energy and Fermi exchange in a molecule are
effect (note that spin orbitals are consideyethe steric ex- described on an equal footing and that their separation is not
change effect is a genuine two-electron two-orbital procesanambiguous but depends on the choice of orbisde Refs.
that is driven by the exchange interaction between the ele@9 and 30. Consequently, the separation of the total ex-
trons. This interaction is reflected by the fact that the first-change interaction into self-exchange and steric exchange
order KS matrix elements contain not only the bare perturcontributions also depends on the choice of orbitals whereas
bation h"1) but in addition a response pdftthat depends their sum is invariant in this respect. A natural choice is to
on the first-order orbitals. use LMOs to maximize the self-exchange Farf In this

Using the same model as for the discussion of the firstway, LMOs are more suitable to separate the two effects than
order delocalization interaction, the steric exchange proceedsMOs.
then in the following stepgsee Fig. 2; H1 perturbing Similarly as the self-exchange interaction, the steric-
nucleus: exchange interaction is small for the PSO term.

1. The perturbation causes a spin polarization in the A counterpart of the steric exchange interaction in clas-
bond CH1, i.e., an excitatiof)—|a). The orbitals|l) and  sical chemistry is the steric repulsion occurring as two frag-

2. Calculation of the first-order delocalization effect

3. Steric exchange interaction
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"Steric repulsion”
(Steric exchange repulsion) Steric exchange interaction

O) Fop® F..0
[b> = OQ OQ —_ |a>

net ke = oo 0o I
%<0

| N

steric perturbation i magnetic perturbation
® |b> la> ® |a'> =_|i>-c|l>
— - | b> I a> FIG. 2. Comparison of zeroth-order steric repulsion and
: — - first-order steric exchange interaction. A model with
|k' >=|k >-C | E> | I'> —|I >-c |k> two fragments(two occupied and two virtual spin
‘.' .. -- LMOs) is considered. In zeroth order the union of the
-9 R -8- two fragments(steric perturbation, step) leads to an
| k> | 1> i | k > - | 1> energy loss due steric repulsion, which in the second
steric repulsion I I's = | > +0 I as> step is slightly compensated by orbital polarization and
energy loss : restoring of the orthogonality of the orbitals. In the
deformation first-order case, there is again a deformation of spin-

LMO ¢, due to the magnetic perturbatidistep 2.

Spin-LMO ¢, can interact then with its own antibond-
ing orbital (polarization or the deformed antibonding
of ¢, (delocalization, which leads in any case to an

@  |bosclke |a>c|>

| b> I a> i energy gain. Note that the changes in the orbital ener-
gies caused by the magnetic perturbation are actually
tiny.
- oy Y
k>~ ~@- s
[k>+clo> |I>+cla>
mutual polarization-delocalization | polarization-delocalization
energy gain ! energy gain
Excitation: 1—a, coeff. Cy Excitations: k —» a,  coeff. Cy
k —b, coeff. Gy i k—b,  coeff. Gy
Gain: Pauli principle restored Gain: Cak (Vidaks Cok (Vidok < 0
Cost: Faa, Fop> Fio P i Cost: Faa Fob > Fic
ments(atoms or moleculgsapproach each other. The situa- There are important differences between the steric-

tion is shown in the left part of Fig. 2: For the fragments exchange interaction occurring in spin—spin coupling and the
being separated, the occupied orbitals do not overlap and asteric repulsion. The main reason is that the steric repulsion
thus orthogonal. Also, the Coulomb interaction between thés driven by the overlap between equal-spin occupied LMOs
fragments is small as attractive and repulsive contributionsnd does not depend on the electron—electron repulsion. In-
compensate each other. deed, both the mutual orthogonalization in step 1 and the

For decreasing distance between the fragmésiisric  excitations in step 2 will affect both the total Coulomb and
perturbation, two changes take place in the system that im-the exchange interaction, but none of the two steps is driven
ply a cost in energy and thus counteract the mutual approacly these two-electron energy contributions. The steric ex-

1. The two LMOs get mutual orthogonalization tails to change interaction in the spin—spin coupling, in contrast, is
obey the Pauli principle, i.e., the new LMO&')= k) caused by a reoptimization of the electron—electron interac-
—clly and|l"y=|I)—c|k) are formed. The orthogonalization tion energy.
tails make the fragment LMOs partly antibonding, and their
kinetic energy is higher than that of the original orbitals.

2. Both repolarizationgk)—|b), |I)—|a) and delocal-
izations [k)—|a), |I)—|b) may decrease the overlap be-  The JOC-PSP methotf'®> makes it possible to analyze
tween the deformed orbitalk’) and|l’) and thus counteract the spin—spin coupling mechanism by decomposing the total
the increase in kinetic energy. The energy gain through thes8SCC into contributions from individual orbitals and orbital
excitations is linear in the amplitudes, the codte to the paths. A further extension of @C-PSP is provided by split-
population of the virtual orbitajsquadratic. ting the orbital contributions into their one-electr@re., di-

C. Calculation of the spin—spin coupling terms
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rect Ramsey response and first order delocalizatamd PSP term for CP-DFT and its SOS-DFPT counterpart
electron—electron interactiofi.e., self-exchange and steric- provides the electron-interaction part of the component.
exchangg parts.

Equation(1) formally provides a separation of the total The only remaining question is how to perform the orbital
SSCC into the four different contributions. However, a directselected SSCC calculations. FoOG-PSP1, this is accom-
use of Eq.(1) by calculating, e.g., the first-order delocaliza- Plished by replacing®, h®) by the orbital-selected opera-
tion interaction directly from the last term i) is not pos-  tors
sible: This term contains the expansion coefficie6t§
which in CP-DFT are calculated with self-exchange and  h{ys®= >, (5aa/5kk/—P2i{a/k,)h;'7‘,i, (N=A,B),

steric exchange interactions included and thus a mixing of a'k’ (159
the various parts occurs. The different mechanisms can be

separated if the SSCC calculation are carried out once atthe  _ 1 for a=a’,k=k’,k passive
CP-DFT level and once at the SOS-DFPT level. SOS-DFPT  Paxark = - (15b

: i : 0 otherwise
calculations consume little CPU time, so they mean no rel-

evant extra cost. The equation for the SOS-DFPT orbital exEor JOC-PSP2h® andh® are replaced in the same way

pansion coefficients is given in E¢) in implicit form. An ~ Where the projection operatérfrom Eq. (15b) accounts for
equivalent explicit expression is all orbitals that should be frozen. In addition, one has to

suppress the interactions between the frozen and the remain-
ing orbitals by the following modification of the Hessian:

C3%= 2 (HoYakarhion . (13)
k’,a’ | I
(ng})ak,a’k’ = Z” ;’" PZT(,a”k”(H0)3”k”,a”’k’”st’k”’,a’k’ .
where H is the zeroth-order Hessian matrix a’k? ak (16
(Ho)akark = (€20 — F\2) Saar (14)  Technically, this implies that all elemenE’ that contain
one or two frozen orbitals are set to zero.
For canonical virtual orbitals, the inversion of,Han be We will illustrate the JOC-PSP decomposition for the
easily performed by diagonalizingsHh the indicesk, | sepa-  *FC(C,H1) coupling term in Cll, where we assume that C
rately for each value ofa). is the perturbing nucleus. The SSCC contribution of LMO

In a JOC-PSP analysis, sets ofbital-selected calcula- ¢(CH1) is determined from a calculation wheodCH1) is
tions are done for a given SSCC, where selected sets dfept active whereas all other(CH) orbitals are kept frozen
orbitals are partly or fully excluded from the spin-transfer (the 1s orbital is kept active in all calculations

mechz_inisrr_Jr.5 The contribution of a given orbital or a group KA [o(CHD = K SO% 4 £ 1.1 (173
of orbitals is then found as the difference of the SSCC for a B
calculation where this orbitalgroup is incorporated and a K SelFX[o(CHDI= K CA g f ,f] — KSOFa,f.f.f]. (17b

second calculation where it is not. By combining selected—H th ints dir and self-X stand for direct R
orbital calculations appropriately, individual orbital contribu- ere, the Superscripts dir and seli-A stand for direct Ramsey

tions can be isolated in a specific form, as is shown in detaifjis’tOrtion and self-exchange interaction, respectively. For

in Ref. 15. The separation can be done at two basic levels cgNO' or mplre-or.bltal c;ontnbuhons, one. ha§ analogously a
J-OC-PSP theory15 At J-OC-PSP1* the orbitals to be ecomposition into first-order delocalization and steric-

excluded are set passive, i.e., their interaction with the pergxchange terms, which will be denoted with the indices de-

turbation operator™, h(® s set to zero, whereas their Ioct_and Stflcl% resgeHclnvel)g -trk? eantat'E?]flf"\;]g eno?Hszthe
interaction with other orbitals is retained.Qis-PSP1 pro- 2¢UV€ (@ o(CH1) and the frozer(f) s o(CH2),

vides a decomposition of the total SSCC with respect to th&(CH3), o(CH4). Analogously, the contribution from each of
active orbital contributions, i.e., with respect to the first andthe externab(CH) orbitals is
last orbitals in each orbital path. A complete analysis of in-  KL7(CH2I=K[f a f f]. (19
dividual orbital paths, including the passive orbitals in the
interior of the path, is given by the QC-PSP2 approactr,
where the eliminated orbitals are frozétheir interaction
both with theh®, h(® and with the other orbitals is sup-
pressedl

The decomposition of each@E-PSP orbital contribu-
tion into the four one-electron and electron interaction part
can then be done in the following way:

Here and in the following, we suppress the decomposition
into (dir) and(self-X) or (delog and(sterig contributions for
the sake of brevity. If we start from the orbital selection in
Eqg. (17) and additionally set LMQus(CH2) passive, the re-
sulting SSCC contains the one-orbital contribution from
o(CH1) and the echo effect from(CH2) on o(CH1). Hence,
%he echo contribution froro(CH2) on o(CH1) can be deter-

mined as
(1) All selected-orbital calculations for the@E-PSP analy- o o B
sis are done both with SOS-DFPT and with CP-DF)'/I'; K72 E2I=Kla,p A - K[afhf]. (19
(2) the JOC-PSP orbital contributions are determined bothThis example shows that it may be meaningful to combine
for the CP-DFT and the SOS-DFPT results; features from JOC-PSP1 and BC-PSP2 and to perform
(3) the JOC-PSP terms obtained at the SOS-DFPT level arecalculations where some orbitals are passive while others are
the one-electron contributions. The difference of@QJ-  kept frozen.
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If o(CH2) is active rather than passive, we will get two described in Ref. 14. The FC spin density distributions, ze-
additional contributions compared to EH3.9): First, the ex- roth order, and first order LMOs will be shown in form of
ternal orbital contributiona(CH2)—a(CH1); second, the contour line diagrams, where the contour levels are given by
one-orbital contribution fromo(CH2). The external orbital a geometric progression with the ratio of 0®etween two
contribution from the patlr(CH2)—o(CHY) is, therefore, subsequent contours. All calculations as well as the graphical

(CHL) o (CH2)T representation of the results were done with the program

K [o(CHL)—a( )]_K[a,a,f,ﬂ—K[a,p,f,f_]—K[f,a,f,f]izo) packagecoLOGNE 047

There are more higher-order contributions, for instance, th@|. A SIMPLE APPLICATION EXAMPLE:
interaction betweer(CH2) and o(CH3) may influence the SPIN-—SPIN COUPLING IN METHANE

echo and external-bond contributions of these orbitals on
L There are two SSCC is methane, the one-bond SSCC
CH1), etc. However, these contributions are small. ’
o(CHY Wev fout 13(13C,'H)=1J(C,H) and the two-bond SSCEJ('H,H)

The SSCCs are linear in the expansion coefficients of the :
first-order orbitals. This means that one can decompose the ZJ(H’H)’ wh|ch have \{alue_s of 138and~12.4 Hz* The
coefficientsC,, in the same way as the SSCESs e.g., in calc.ulatlons carried out in Fhls Work'lead to 124.3 anti1.1
analogy to Eq(17) Hz in good agreement with experiment where one has to
. consider vibrational corrections of 5.0 areD.7 Hz?® The
Calwchu= Camenplaf i, (218 quantum chemical description chosen should provide reason-
celfX cp sos able Ramsey terms and orbital contributions thus providing
Cafochy]= Caocrplafifl =CZolchp[alfffl. (21D the basis for a meaningful decomposition of the SSCC. In
Accordingly, one can decompose the changes of the orbitaBOth cases the FC t(.ar(n.22.8 and-11.6 H7 dominates the
into contributions from the different one- and two-electron ©ther Ramsey contributions and, therefore, we can focus on
mechanisms. We note that the subscfipiCH1)] at the left the FC term in the analysilthough the derivation pre-

hand side of Eqs(21a and (21b) serves two purposes: It sented in Sec. Il is applicable to all R_amsey ternitshas to
specifies both the LMO to which the expansion coefficient?® Nnoted that the SOS-DFPT description of the SSCCs of

refers, i.e.o(CH1), and the contribution in question, i.e., the methane yjelds ,70'1 and0.2 HZ_ which gnderlines the ne-
one-orbital  contribution.  Analogously, the notation cessity of including a self-consistent adjustment of the per-

[o(CH1)—o(CH2)] denotes the external orbital contribution turbed orbitals to the changes in the exchange potential.
from o(CH2) to o(CH]I) etc. A. The one-bond SSCC 1J(C,H)

In previous publicationt?°we have demonstrated that
a graphical representation of the first-order orbitals as well as
the corresponding first-order densities is of great help to se@

relationships between spin—spin coupling and features of th OS-DFPT calculations 1a to Jland the JOC-PSP results

electronic structure. The @C-PSP contributions t&€,, can . ) )
thus be used not only to calculate the corresponding Conm(_)btalned(results in the framed boxFor the purpose of iden-

butions to the SSCC but also to graphically represent th |f3|_/||rg)g tge_ ac_t|ve bondbL:\g? coré§|d$reld the cprreLs'\p/l)gndmg
effect of the individual nucleus-electron and electron— ond IS given as a boid fine. simiiarly, passive S are

electron interaction effects on both the first-order orbitals anédenoted by normal lines whereas frozen LMOs are given as

the first-order densities. In the present paper, this is done fOSZShrig I':nesse' Ff?rrstegrijhe:)Zjbeltlitz:lrifaggﬁCgocnc;:g:;ﬁamé
the first time, which proves particularly useful to compre- y-resp ’

hend the mechanism of the first order delocalization interac_g,eg;\(;ggsstent contributiofself-exchange, steric exchange

tion. For that purpose, the first-order orbitals are determinedf The FC term of the one-bond SSCG(C,H) is domi-

from Eg.(21) according to nated by the contribution of the bond LMO. The Ramsey
dir B dir 0) response term is 94 Hz, which is enhanced by the one-orbital
‘P[o<CH1>](r)_§ Calo(cHyi®a (1)- (22) self-exchange part by another 70 Kfig. 3). All other or-
bital contributions involve the external CH bond LMOs and
We give this equation exemplary for one particular contribu-jlead to a reduction of the Ramsey distortion term from 164 to
tion, the generalization to other contributions and orbitals is; 23 Hz (by 25%. Six external contributions are significant:
Straightforwal’d. The contribution of this orbital to the first- Each external orbital is distorted by the magnetic perturba-
order spin density is then obtained as tion and can transfer spin information from perturbing to
dir _ 4 dir (0) responding nucleus via its tail. This leads to a Ramsey re-
Mio(crn) (N =4¢[ocrn) (N Corcny(1- @39 sponse of % —4.07=—12.2 Hz enhanced by a self-exchange
We calculated the SSCC and it€Q&=-PSP components contribution of 3x —1.05=—3.2 Hz totalling—15.3 Hz.
for CH, at the B3LYP'3 level of theory, using the There are also negative two-orbital contributions involv-
(11s,7p,2s/6s,2p)/[ 7s,6p,2d/4s,2p] basis set*3® The ge- ing the external orbitals where the larger ones are all nega-
ometry of the molecule was optimized at the tive. Most important is the two-orbital first-order delocaliza-
B3LYP/6-31G@,p) level®® For the calculation of the SS- tion interaction of totally—19.6 Hz complemented by a
CCs with CP-DFT and SOS-DFPT, the algorithm describedsteric exchange term of4.7 Hz. Why is the majority of the
by us previouslywas used. Boys’ LMOs were calculated as contributions involving an external orbital negative? This is

The perturbing nucleus is C and H1 is the responding
ucleus both indicated in Fig. 3 by black balls. Figure 3
ives a summary of the calculations perforni€P-DFT and
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1a ‘\‘ /4"’ 1 b \‘\ ",", 1 \“ '/"' 1d \“ “‘l“ 1
A e NN ex

SOS-DFPT 94.35 -4.07 94.90 84.29 67.87
CP-DFT - SOS-DFPT  70.08 -1.05 67.92 65.30 54.88
1—orbital NG direct Ramsey 94.35 1a
AN self-exchange 70.08
external direct Ramsey 3x(—4.07) = -12.21 1b
1—orbital /' self-exchange 3x(-1.05) = -3.15
¥ 1st order delocalization 3 x (0.55) = 1.65 1c—1a
echo /\ steric-exchange 3x(-2.16) - -6.48
! 1st order delocalization 3x(-6.54) - -19.62 o1 b
AN N . - c -
gi‘é%'&g'l A steric-exchange 3x(-157) = 471
1st order delocalization 3.70
others steric-exchange -0.86
otal direct + delocalization 67.87
exchange 54.88

FIG. 3. J-OC-PSP decomposition of the SSBIQC,H) of methane. Outside the box the results of the SOS-DFPT and CP-DFT calculations needed are given.
Inside the box, the most important basic contributions to the SSCC are listed. All values in Hz.

explained in Figs. 4—6, which give the zeroth-order bond  The partial FC spin densities reveal that tfieterna)
LMOs o(CH1) and o(CH2) (Fig. 4), the first-order orbital one-orbital terms are positigrigs. a) and @b)], the ex-
o(CHZ1) parts corresponding to one of the four electronic FCternal one-orbital termé&ot shown negative, and the exter-
coupling effectsFig. 5), and finally the equivalent FC spin nal two orbital termgwith the exception of the echo delo-
density distributiongFig. 6). calization term, Fig. &)] negative[Figs. §d)—6(f)]. Since

In each case, the perturbing nucleus is assumed to pogie sign of the FC spin density at the responding nucleus
sessa spin, which implies that due to Fermi coupling the (here H1 is given by the product of the signs of zeroth-
surrounding spin density is negatiereference of3 spin.  [positive, Fig. 4a)] and first-ordefos(CH1) LMO amplitude,
This holds for the total FC spin density and most of thethe analysis of the FC spin densities can be carried out with
partial FC spin densities where in the latter case the spitthe help of the first-order orbital contributioriBig. 5). The
density close to the perturbing nucleus is not necessarily afirst order orbital contributions, which are just under the im-
ways negative. Independent of this the FC Spin denSity at thgact of the perturbing nucleus C1, must possess
responding nucleus always defines the sign of the correg,-.symmetry. These are the first-order orbital contribution
Sponding FC Contributior(a SUI’p|US: pOSitive;B Surp|US: resu'ting from the direct Ramsey respor‘[ﬁg_ aa)], the
negative. echo delocalization contributidiFig. 5(c)], and the two ac-
tive orbital first-order delocalization contributi¢fig. 5(e)].

The first-order orbital contribution of the self-exchange
part[Fig. 1(b)] seems also to possesssymmetry, however,
closer inspection reveals a slight asymmetry, which is simply
a result of the self-interaction of the CH1) orbital. The FC
spin density ofoc(CH1) [see Fig. 6a)] acts on the first-order
orbital shown in Fig. &) to give the first-order orbital of
Fig. 5b). Since the FC spin density of(CH1) is very large
at C(not shown thus enhancing the perturbation potential of
C, the self-exchange first-order orbital keeps its

o(CH1) o(CH2) a,;-symmetrical form close to the C nucleus and changes
FIG. 4. Contour line diagrams of the methane LMG@&CH1) (a) and only farther away.
a(CH2) (b) shown in the plane of the three nuclei C, H1, and H2. The The form of the first-order orbitals of Fig. 5 can be de-
contour lines are chosen in geometric progression with a factor of*100 rjved using the formulas of Sec. II. The first and the second

between neighboring lines. Solid lines indicate positive amplitudes, dashegerm in Eq (9b) correspond to the orbital contributions
lines negative amplitudes, dotted lines the zero contour. The contour levels )

0.1 and 10 are marked by bold contour lines. In Flg, the nuclear posi- shown in Figs. fa) and Sb), respeCtiYe|y3 wheregs ECQC)
tions are given just by crosses. relates to the external orbital delocalization effigéy. 5e)].
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o(CH1) 6(CH1)
direct Ramsey
o(CH1)—c(CH2) 6(CH1)«o(CH2)
echo echo
(scaled by 10) (scaled by 10)

1st order delocalization steric exchange 1st order delocalization steric exchange

6(CH1)<—o(CH2)

external orbital

6(CH1)«o(CH2)

external orbital

1st order delocalization steric exchange 1st order delocalization steric exchange

FIG. 5. Contour line diagrams of the first-order orbitals needed for theFIG. 6. Contour line diagrams of the FC spin densities needed for the
analysis of the SSC&J(C,H) of methane shown in the plane of the three analysis of SSCEJ(C,H) of methane shown in the plane of the three nuclei
nuclei C, H1, and Hindicated by crosses, compare with Figay. The  C, H1, and Hindicated by crosses, compare with Figa). The perturbed
perturbed nucleus is Ca spin assumed The contour lines are chosen in nucleus is Cle spin assumed The contour lines are chosen in geometric
geometric progression with a factor of #60between neighboring lines.  progression with a factor of 166 between neighboring lines. Solid lines
Solid lines indicate positive amplitudes, dashed lines negative amplitudegndicate a dominance af spin density, dashed contour lingspin density,
dotted lines the zero contour. The contour levels 0.1 and 10 are marked bgnd dotted contour represent the zero contour of the FC spin density. The

bold contour lines(a) q;f'g(cm)](r) (b) ¢[5§'(f'c><Hl)](r) (© (pﬁcf'("ccHl)Ha(CHz)](r), contourlflevels 0.1 anddllo are marked by bold contour Ii(‘a}snf’f,’(cm)](r)
scaled by a factor of 10d) @[y o(crzy(F). Scaled by a factor of 10. (bzte:i\gfi(gm)](") (©) M{5(EH1)—o(cHzy(F), scaled bg’eli factor of 10(d)
(e ¢E‘sl(%:Hl)Hu(CH2)](r) ® ‘P[Sffe(ré:cHl)Hu(CHz)](r)- m[a(?Hl)Hr(CHZ)](r)’ scaled by a factor of 1Qe) m[v(CHl)Ho(CHZ)](r) ®

steric
M o(CHL)— o(cHzy (T -

As revealed by Eqg9), the direct response does not dependthus leading to a negative FC contribution-619.6 Hz.

on the interaction elementr&t/Ae), the external orbital If the perturbeds(CH2) orbital acts ono{(CH1) [Figs.
delocalization effect depends onr, and the echo delocal- 5(d) and 5f)] there is no longer any symmetry. Decisive for
ization effect on7® (where one should consider thatis a  the magnitude of the FC partial contribution is how close the
qualitative measure for the overlap betwefdn and [1)).  nodal plane of the corresponding first-order orbital is shifted

There are two possible virtual orbitals @f; symmetry, toward the responding nucleuthe closer, the smaller the
which have to be considered: The all antibondirgg 8rbital  magnitude of the contribution

with nodal surfaces close to the H nuclei and the Rydberg 3

orbital with the first nodal sphere close to the C nucleus

These two virtual orbital determine the general shape of thg" The two-bond SSCC *J(H.H)
first order orbitals in Figs. ®), 5(c), and Je). For example, In Fig. 7, the results of the decomposition of SSCC
close to the nucleus the 3s contribution is visible. A strongefJ(H1,H2) (perturbation at HL are summarized. There is
dependence on the interaction elementt/ A e increases the only one important contribution, which is the two-orbital,
weight of the lower lying &, virtual orbital and the nodal two-electron steric exchange interaction-610.5 Hz. This
surfaces are shifted closer to the H nuclei, which in turnterm will change just by—0.7 Hz if the sum of all other
reduces the corresponding contribution. In this way, Fig. Spartly positive, partly negatiyecontributions (Fig. 7) is
reveals why the resulting FC contributions decrease fronadded.

Fig. 5@) (94.4 to Fig. 5e) (—19.6 and Fig. %c) (1.7 Hz, In Fig. 8, the first-order orbitals relating to the one-
Fig. 3). Equation(9d) shows also that the external orbital orbital contributions and the two-orbital delocalization and
delocalization effect depends onr with 7<<0 so that the steric exchange term are shown whereas in Fig. 9, the corre-
corresponding first orbital part experiences a sign inversiosponding FC spin density distributions are displayed. These
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2a V2 \"' 2c \/ 2d ' 2e)< z)(
o o e o 0 N

SOS-DEPT 0.17 0007 -0.016 -0.50 -0.28 -0.20
CP-DFT - SOS-DFPT 0.10 0.009 0.027 ~10.29 -11.42 -11.41
v direct Ramsey ~ 2x0.17 =034
1-orbi { 2a
orbital / o self-exchange 2x0.10 =020
2-orbital v first order delocalization —1%2; 2d -2 x 23
4\ steric exchange —ib-
echo first order delocalization 0.22 26 — 2d
steric exchange -0.93
others first prder delocalization +0.11
steric exchange -0.19
total direct + delocalization -0.20
exchange -11.41

FIG. 7. JOC-PSP decomposition of the SSEQH,H) of methane. Outside the box the results of the SOS-DFPT and CP-DFT calculations needed are given.
Inside the box, the most important basic contributions to the SSCC are listed. All values in Hz.

Figures directly reveal that the one-orbital contributions musperturbing C nucleus does not change the symmetry of the
be all small because the respondi@nd/or perturbing molecular wave function and accordingly implissymme-
nucleus is always located close to the nodal surface of bottry of the first-order orbital$provided no other perturbation
the zeroth-order LMQFig. 4(a): H2; Fig. 4b): H1] and the  comes in. An admixture of the 8 Rydberg orbital(sup-
first-order orbital[Figs. 8a)—8(d): H2] so that there is only pressed as explained for the echo effdeads to a sizable
little FC spin density at the responding nucleus in these casdsst-order delocalization contribution. In the case of
[Figs. 99)-9(d)]. 2FC(H,H), the perturbing nucleus lowers the symmetry and

Why is for the two-orbital interaction term ¢FC(H,H) accordingly botho* (CH1) (for delocalization and ¢* (CH2)
the delocalization interaction negligible? For b8BC(H,H) (for polarization can participate in the first-order orbitals.
and FC(C,H) the orbital path is the same. In the former Figure &f) shows that the delocalization is the dominating
case, the magnetic perturbation at H1 leads to affect as regards the overall deformation of the orbital, how-
o(CH1)—c* (CH1) excitation, which in turn causes an exci- ever, the polarization plays an important role with respect to
tation from o¢(CH2) into ¢*(CH1), i.e., a delocalization of the spin—spin coupling in that it moves away the nodal plane
o(CH2). This, however, is less efficient for the FC coupling of the first-order orbital from the responding nucleus.
mechanism since the*(CH1) orbital has a nodal surface We can conclude that the geminal proton—proton cou-
close to H2, so that the resulting spin density at H2 is closgling in methane is essentially a two-electron exchange in-
to zero. teraction effect transporting spin polarization from H1 to H2.

The magnitude and sign of the two-orbital steric ex-All other contributions are small because of the nodal struc-
change termo(CH1)—o(CH2) can be explained with the ture of the orbitals involved.
help of Figs. &) and 9f). As discussed above this term can
transport spin information either by delocalization or polar-
ization of o(CH2). Delocalization intoc™ (CH1) would pro-
duce a first-order orbital similar to that shown in Fidge)3
Hence, the deviation from this first-order orbital indicates the  In this work, we have demonstrated that spin—spin cou-
influence of polarization, which leads to an increased contripling involves one-electron as well as two-electron effects
bution of 0(CH2). The nodal surface, which is close to H2 in where the latter are exchange driven. Among the one-
Fig. 8(e) is shifted to the right in Fig. @ and a more nega- electron effects one has to consider the Ramsey response
tive steric exchange contributignr-10.5 Hz, Fig. 7 results.  effects(distortion caused by the magnetic perturbatiand

The different two-orbital contributions found for the first order delocalizatioffresonance’) effect. First order
2FC(H,H) and'FC(C,H) are a result of symmetry connected delocalization is responsible for spin-information transport, a
with the different bond paths. In the case$iC(C,H), the finding that was not taken into account sufficiently in previ-

IV. CHEMICAL RELEVANCE OF THE
J-OC-PSP ANALYSIS
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o(CH1)

o(CH2)

(scaled by 10)

6(CH2)«o(CH1)

(scaled by 10)

1st order delocalization steric exchange

FIG. 8. Contour line diagrams of the first-order orbitals needed for the
analysis of the SSCE&J(C,H) of methane shown in the plane of the three
nuclei C, H1, and HZindicated by crosses, compare with Figad. The
perturbed nucleus is Hl spin assumed The contour lines are chosen in
geometric progression with a factor of Z0between neighboring lines.
Solid lines indicate positive amplitudes, dashed lines negative amplitude

J. Grafenstein and D. Cremer

o(CH1)

o(CH2)

(scaled by 10)

self-exchange

6(CH2)<—(CH1)

(scaled by 10)

1st order delocalization steric exchange

FIG. 9. Contour line diagrams of the FC spin densities needed for the

analysis of the SSCE&J(C,H) of methane shown in the plane of the three

nuclei C, H1, and HZindicated by crosses, compare with Figa4. The

perturbed nucleus is Hlx spin assumed The contour lines are chosen in
eometric progression with a factor of Zf0between neighboring lines.

dotted lines the zero contour. The contour levels 0.1 and 10 are marked bg/o.“d I|nes_; indicate a dominance ofspin density, dashed contour linfs .
bold tour ) o0 (b) pse (© ofr led pin density, and dotted contour represent the zero contour of the FC spin
bo cc;n ‘i“r 'nfesig Z"d[)a(CHsle (;) ( )‘P[U(CHll)]ér)b © ‘P[cfr(CTZ)](r)f’ slcoa(e) density. The contour levels 0.1 and 10 are marked by bold contour (@es.
a factor o . Qo r), scale a factor o e di If-X di

y a ") scaled[ t()cm;] fstor of 10(%’ steric " m[(';l(r fny (1) (B) Mz Sy (r) (© m[g(cHz)](rg,I scaled by a factor of 1Qd)
Plo(CH2)—o(cHU\T ) y Plo(CH2)—o(cH\T) Mis(crzy (1), scaled by a factor of 1e) My &z (cray(F), Scaled by a

scaled by a factor of 10. factor of 10.(f) MGz o(cray (1) Scaled by a factor of 10.

ous investigations. By identifying the basic electronic effectsand delocalization guarantees an energy gain needed for
that carry the FC spin—spin coupling mechanigar a sum-  transport of spin information.
mary, see Table)la number of important conclusions can be 2) Each electronic term identified in connection with the
drawn: spin—spin coupling mechanism relates to other molecular
1) There are some basic differences between the twoproperties such as symmetry, electronegativity of the consti-
orbital electronic effects of zeroth- and first-order orbital tuting atoms, bond polarizability, the energy and nodal prop-
theory where of course in the latter case always the nature atrties of low-lying excited orbitals, etc. Analysis of the vari-
the perturbation has to be considet@eére a magnetic per- ous effects provides in this way a detailed insight into the
turbation, which leads to a dominance of exchange effectselectronic structure.)aDirect Ramsey response and self ex-
The zeroth-order and first-order delocalization effects arehange are related to the electronegativity of the coupling
similar. They involve in the latter case just deformed orbitals,nuclei and the bond pair polarizability. For example, a large
however, in both cases an energy gain is produced combineglectronegativity leads to a tight bond orbital and a large
in the case of the first order orbitals also with a transport ofelf-exchange effect. A large bond polarizability implies a
spin information. The two-orbital interaction effedtsteric  larger direct Ramsey response. First order delocalization
repulsion and steric exchange interacti@ame different al- tests for low-lying unoccupied orbitals as does also the steric
though they both involve deformed orbitglBig. 2). Since, exchange effect. In the case of echo and external first-order
however, they are dominated by different interacting potendelocalization, we have derived in this work simple formulas
tials (V; and V), the consequences of the two effects areto qualitatively estimate the magnitude of these effésee
different: In the first case, an energy loss results by electroifable ).
repulsion whereas in the second case orbital repolarization 3) Symmetry considerations are useful to determine the
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TABLE I. Basic electronic effects acting in the NMR spin—spin coupling mechafism.

Term SSCC'J Orbitals: space-LMOs Electrons Calculation Method Changes
Ramsey response 1,8, one activel one direct SOSs —V/Ae
Self-exchange 1,y one activel two self-consist. CP—SOS
First order delocalization 1,2y two one direct SOS
spin transport 2n activel + activek one direct SOS
3,n activel ,k+ passivan one direct SOS
echo 1,2nh  activel + passivek one direct SOSs —Vr7lAe
external orbital 1,2n  activel +activek one direct SOS —V7/Ae
Steric exchange interaction 1,2, two two self-consist. CP—SOS
spin transport 2n activel + activek two self-consist. CP—SOS
3,n activel ,k+ passivem two  self-consist. CP—SOS
echo 1,2nh  activel + passivek two  self-consist. CP—SOS
external orbital 1,2n  activel +activek two self-consist. CP—SOS

&The interaction element=t/Ae is smaller than zero.

selection rules for the various terms. This has been demorthat the SSCC just depends on the electronegativity of the
strated by placing the perturbing nucleus into the symmetngubstituent. SSCC measurements for substituted methane
center and excluding in this way all virtual orbitals in the suggest that this is the ca¥e.

discussion of the direct terms that are not totally symmetric. ~ 5¢) Electron lone pairs can be considered as special sub-
In the case of the size-consistent terms, the spin density dtituents. They should lead to a especially strong negative
the perturbing orbital helps to predict the magnitude of theexternal orbital effect similar to that of an electropositive

electron interaction terms. substituent. The SSCE&J(X,H) should decrease strongly.
Using the analysis worked out, the SSCCs of methan&his was confirmed for SSC&J(X,H) of XH,, molecules*
can be easily decomposed and analyzed: With increasing number of lone pairs SSCQ(X,H) be-

4) The FC spin—spin coupling mechanism of a one-comes negative.
bond SSCC is basically different from that for a two-bond 6) Predicted influences for geminal SSCQ(H,H) in
SSCC. In the first case the one-orbital Ramsey contributiomydrocarbons: Influences can be particularly easily predicted
amplified by the self-exchange term dominates where extelbecause one can concentrate largely on the steric exchange
nal orbital contributions, especially first-order delocalization.effect[Fig. 8f)].
diminish the one-orbital contributions by 20%-30%. In the  6a By widening the HCH angle, the responding nucleus
second case the two-orbital steric exchange term is respomoves toward the nodal surface on the right side of the first-
sible for coupling; Ramsey and first-order delocalizationorder orbital[compare with Fig. &)], passes it, then enters
contribution do not play any significant role. the region with a positive amplitude of the first-order orbital

The insight into the spin—spin coupling mechanism inand continues in the direction of an increasing positive am-
methane gained by the@E-PSP analysis, makes it possible plitude. This means that angle widening changes the SSCC
to predict changes in the SSCC caused by geometricdtom —12.4 to 0 and then to positive values. Exactly, this is
changes and substituent effects. found in the series methar(e-12.4), bicycld2.1.1Jhexane,

5) Predicted influences for one-bond SSELC,H) in  bicyclobutane unit—5.4), cyclopropandg—4.3), ethene(2.5
hydrocarbons: All influences should concern primarily theHz).%°
bond LMO effect, however, changes in the external orbital ~ 6b) Electronegative substituents increase the repolariza-
effects must not be overlooked because of their nontion included in the steric exchange effect. In this way, the
negligible magnitude. nodal surface on the right of HFig. 8f)] moves away from

5a) The atomic numbers of the coupling nuclei are de-the responding nucleus. TRd(H,H) value keeps its nega-
cisive for the magnitude of the bond-orbital FC terms, how-tive sign but becomes larger in magnitude. The reverse effect
ever, they will always be positive. With increasing electrone-can be expected for electropositive substituents. These sub-
gativity of the nuclei the self-exchange term will increasestituents effects have also been observed for SSCCs
whereas high atomic numbers and small electronegativityJ(H,H).%°
differences lead to increased polarizabilities and larger Ram-  6¢) A similar effect as that for electronegative substitu-
sey response terms. ents can be expected if the HCH group can interact with

5b) Electronegative substituents will have a similar ef- unsaturated groufr-bond via hyperconjugation. The SSCC
fect on the self-exchange terms than an increase in the borfd(H,H) becomes more positive.
polarity caused by a given electronegativity difference, i.e.,  The results of this work lead also to two important gen-
the J(C,H) becomes larger. This is experimentally eral conclusionsli) It is a typical approach to correlate mea-
confirmed®® However, electronegative substituents will also sured one-bond or two-bond SSCCs with the electronegativ-
shift the nodal surface between C and H1 toward the Gty of substituents, delocalization parameters or geometrical
nucleus thus leading to more negative external orbital conquantities. The analysis carried out in this work reveals that
tributions. A priori, it is not clear whether the bond orbital in the case of one-bond SSCCs the success of such an ap-
and external orbital contributions change in the same ratio sproach is questionable since different environmental effects
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(geometry, substituentgan lead to different changes in the *°For independent CP-DFT developments, see T. Helgaker, M. Watson, and
coupling mechanism that are not necessarily proportional to N. C. Handy, J. Chem. Phy13 9402(2000; V. Barone, J. E. Peralta, R.
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