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CLOPPA—IPPP Analysis of Cooperative Effects in Hydrogen-Bonded Molecular
Complexes. Application to Intermolecular 2"J(N,C) Spin—Spin Coupling
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The cooperative effects on NMR indirect nuclear coupling constants are analyzed by means of the IPPP
CLOPPA approach (where CLOPPA is the Contributions from Localized Orbitals within the Polarization
Propagator Approach and IPPP is the Inner Projections of the Polarization Propagator). The decomposition
of the J coupling allows one to classify these effects as those due to changes in the geometric structure and
those that directly involve the transmission mechanisms. This latter contribution admits a further classification,
taking into account its electronic origin. As an example, the cooperative effects on intermof&a(Nac)
couplings of the linear complexes (CNHnh = 2, 3, 4) are discussed.

Introduction sor26.27.29 This method was applied to study systems with
hydrogen-bonded moieties (for instance, one-bortHG:ou-
plings in complex systems with-&H-++O interaction¥’) and to
determine the electronic mechanisms that resuftigh,H) and
2nJ(A,D) couplings across BH-+A hydrogen bonds in a set of
small model compound®.More recently, the method was also

The influence of cooperative effects on molecular properties
in hydrogen-bonded complexes has been the subject of wide-
spread research, because of its great importance in biological
chemical, and physical systems. For example, it is well-known

that these interactions play an important role in the stabilization used to analyze the unusual behavior of #KF.F) coupling

and folding of molecules of biological interésg Although ) ) .
cooperative interactions in hydrogen-bonded assemblies are” the (HF) dimer, as a function of the hydrogen bond

i 1
usually defined as the difference between the total interaction dls_lgﬁnce? f thi K is to ai insiaht
energy of the complex and the sum of pairwise interaction € purpose of this work 1s o give a new insight on

D o4 : - . tive effects on NMR indirect spispin coupling
energie$;® many molecular properties are sensitive to this type CCOP€ratiV!
of nonadditive effect, including, for example, dipole momeétits, constants in hydrogen-bonded complexes. The HFBEOPPA

molecular geometric conformatiofis®®-12 vibrational stretching decomposition of couplings in contributions from local frag-

and bending frequenciéd;lt and NMR parameters such as ments allowsas.u[table classmcgtlon of cooperative interactions,
chemical shift$12 and indirect nuclear spirspin coupling accordln_g_to their |nf|uence_ on d|fferer_1t aspects of the c_oupllng,
constantd:59-1113-15 Several years ago, the electronic mech- and clarifies the electronic mechanisms that result in these

anisms operating on some of these properties were interpreteOEﬁeCts' T.h'?' approach complements the afprementloned stgdles,
by means of an NBO analysfs. as the origin of these effects is analyzed in terms of localized

The experimental detection of intermolecular Spapin molecular orbitals (LMOs) that closely represent chemical

coupling constants between nuclei across hydrogen bonds haéunctlons such as cores, bonds, lone pairs, and the corresponding

provided a powerful tool to identify and characterize hydrogen- gntibonding orbitfs\ls. Transmissipn mgchanisms are ngntified
bonded moieties. From their first measureménit, extensive in terms of “coupling pathwaysJ; involving two occupiedi(j)

work has been done to study different aspects of this type of !ocalized molecular orbitals, and “coupling pathwaydjn

coupling, from a theoretical point of vielf. 1 Because spin involving two occupiedi(j) and two vacantd,b) LMOs. The
spin couplings are very sensitive to structural changes, the rela;[]lve |mport3:10e t())f dlﬁerenttlj_h/lths antd thetLolt?[hpI?yel?hby h
analysis of the transmission mechanisms of intermolecular £3¢" ON€ can then be assessed. 1 Is notewortny thal, afthoug

couplings can supply valuable information about cooperativity the methlc_)d IS applledthetrr(la for the anakl]yss of coot[))eratlvg (faffects
phenomena on hydrogen-bonded systems. on coupling constants, the same scheme can be used for any

The CLOPPA (Contributions from Localized Orbitals within second-order molecular property.

the Polarization Propagator Approach) method, combined with | T€ Present paper is organized as follows. In first place, a
the IPPP (Inner Projections of the Polarization Propagator) Priéf account of the IPPPCLOPPA method is presented. A
technique?® 25 is a useful tool to identify the electronic classification of cooperative effects within the IPPRELOPPA

mechanisms that are operating in a given phenomenon, in termgnethod is presented fo.r the first time..NumericaI results of the
of localized molecular orbitals. It was implemented at the ab |PP°P-CLOPPA analysis of cooperative effects 81(N,C)
initio level for the theoretical analysis of NMR spispin intermolecular couplings in the linear hyd_rogen-bonded com-
coupling@2 28 and the static molecular polarizability ten- PIexes (CNHj (n =2, 3, 4) are presented in the "Results and
Discussion” section. As was previously reporfetie 2"J(N,C)

* Author to whom correspondence should be addressed. E-mail: giribet@ COUPIings in (CNH) complexes correlate very well with the
df.uba.ar. corresponding couplings in the (NCH3eries. However, the
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former present larger values than the latter. This fact was
attributed, at least partially, to an electron-transfer effect. This

characteristic makes the intermolecular couplfAg(N,C) in

J. Phys. Chem. A, Vol. 112, No. 18, 2008387

Jj = ;Jia,jb 4)

(CNH), complexes an interesting and suitable example to show As was shown in a previous pap€rin the particular case
the potentialities of the method. Interesting features, which that the perturbative Hamiltonian is a Fermi contact-like (FC)

complement previous studiég,are found.

Method
IPPP and CLOPPA Methods. The IPPP (Inner Projec-

tions of the Polarization Propagator approach) and the

CLOPPA (Contributions from Localized Orbitals within the

operator, two-indices coupling pathways can be written as

3 DU = 3 (N)P] +
DTN = (NP} (5)

Polarization Propagator approach) methods have been describe@"> alternatively,

previously?2-25 For the sake of comprehension, their main ideas

are briefly outlined. In what follows, the method is applied to
the analysis of spispin coupling constants. However, it must

be remember that the same methodology can be applied to any

second-order molecular property.

Within the polarization propagator (PP) formali§fany
component of the spiaspin coupling constant between nuclei
N and M can be expressed?as

JINM) = Q

ia)]

Via(N)Pia,ijjb(M) (l)

3 O LIPMN) = 3, (N)P] +
[ (M) 12 = [y (M)} (6)

where|yi(N)|2 is the electronic density of LM®@at the site of
N nucleus, and|1]1i'\"(N)|2 is the electronic density of the
perturbed LMGOi at the same site, due to the LMQOperturbed
at the M nucleus site, calculated up to second order, with regard
to V. Equations 5 and 6 allow the following interpretation of
two-indices coupling pathwayd;:

(a) The sum of electronic density changes of LMiCGad]

where Q is a constant that is dependent on the interaction at the site of nucleus N when LMQsndi are perturbed at the
considered and contains, among other factors, the gyromagneti®ther nucleus, respectively.

factors of nuclei N and M; thgj (a,b) indices represent occupied
i,j (vacanta*,b*) molecular orbitals (MOs) of a Hartred-ock
(HF) reference stat®;, j» is the PP matrix element that connects
“virtual excitations”i — a* andj — b*. Via(N) represents the

(b) The sum of electronic density changes of LM& both
nuclei sites when LMQ is perturbed at the other nucleus site.

Taking into account that, within ab initio calculations, there
are several vacant LMOs that can be ascribed to each type of

matrix element of the perturbative Hamiltonian between MOs local fragment, four-indices coupling pathways are more
i anda* centered at nucleus N, and a similar definition exists conveniently defined as

for Vjp(M). These elements are called “perturbators”.
In the IPPP-CLOPPA methodJ(N,M) (eq 1) is rewritten
in terms of localized MOs (LMOSs), by applying a convenient

()

unitary transformation from canonical HF MOs to occupied and
vacant LMOs to the PP matrix elements and to the perturbators,wherea (Or ﬁ) represents vacant LMOs of tlag (Or b*) type

separately. These LMOs are obtained in such a way that theyThese four-indices coupling pathways allow an interpretation
represent chemical functions such as bonds, lone pairs andhat is similar to that of the two-indices coupling pathways.
atomic inner shells, and their corresponding “anti” LMOs  Again, as it was already demonstraféthese contributions can
(antibonds, anti-lone pairs, etc.). The localization technique usedpe re-expressed, up to second order in the perturbation, as

in this work is that which was reported by Engelm&aapplied

in an iterative way, as was described previod&8LThe formal
expression of(N,M), in terms of LMOs (eq 1) is not altered,
but the indices,j now represent occupied LMOs and the indices
a,brepresent vacant LMO$(N,M) can be re-expressed in terms
of four-indices “coupling pathways”, which involve two virtual
excitations between occupied and virtual LMOs— a* and

j = b):

INMY =S 3, 2)
where
Jajp =
(Via(N)Vp(M) + Vjpo(N)V;o(M)) P, (foria = jb) 3)
Via(N)Vp(M)Pyj, - (foria = jb)

Within this approach, it is convenient to define two-indices
contributions for a given pair of occupied LMQsandj, by

summing over the entire set of vacant LMOs. These contribu-

tions are dubbed “two-indices coupling pathways”:

Jap DS LIPRNIE = (N +
[N = 1w} (8)

or, equivalently, as

Japp DS LIPRNIE = (N +
[P = [pi (M)} (9)

Whereﬂ)!\e"‘(N) is the contribution to the perturbed LMiCat the
site of nucleus N from tha*-type vacant LMOs, due to LMO
j connected to the vacant LMOs of th¥-type by the FC
perturbation at the site of nucleus M, angd(N) is LMO i
evaluated at the site of nucleus N.

The last two equations lead to the following interpretations
of \]ia,jb:

(a) The sum of the contribution of the#-type vacant LMOs
to the electronic density changes of LM@nd the contribution
of theb*-type vacant LMOs to LMQ at the site of one nucleus
when LMOsj andi are connected tb*-type anda*-type vacant
LMOs, respectively, at the other nucleus.



4388 J. Phys. Chem. A, Vol. 112, No. 18, 2008 Giribet et al.

CHART 1: Labeling of the Molecules in the (CNH), (n to define the magnitude of the PP matrix elements that are
= 2, 3, 4) Complexes associated with virtual excitations within S.
C=N—-H(l) -+ C=N-H(2) --- C=N—H(3) --- C=N—-H(4) Classification of Cooperative Effects within the IPPP-

CLOPPA Method. Cooperative interactions affect molecular

(b) The sum of the contribution of tre-type vacant LMOs properties through several mechanisms that, despite their shared
to the electronic density changes of LM@t both nuclei sites  electronic origin, can be classified depending on their influence
when LMOj is connected tb*-type vacant LMOs at the other  on different aspects of the molecular property. Thus, a first
nucleus site. classification of cooperative effects on a certain property can

It is noteworthy that, for long-range couplings, because of distinguish between effects due to changes in the geometric
the local character of LMOs, only one electronic density change structure and effects that directly involve the transmission
contributes significantly to thé; terms in eqs 5 and 6, and to  mechanisms. In the case discussed in the present work of the
the Jia b terms in egs 8 and 9. Therefore, the sign and magnitude intermolecular coupling constants in hydrogen-bonded com-
of these two- and four-indices coupling pathways can be plexes (CNH), the following separation can hold:
determined by comparing the electronic density of a single

perturbed LMO to that of the unperturbed LMO at a particular J(N.M) = J, in{N.M) + Adg + Ay (14)
nucleus site. _ ) )

Within the present implementation, the IPPBLOPPA  Where Jy(N,M) is the coupling constant in (CNH)and
analysis can be performed only at the RPA level. J2si(N,M) is the same coupling constant in the dimer 2),

Local Contributions. The contribution to the coupling ~ bPut built in such a way that both monomers have the same

constant transmitted through a certain molecular fragment S 9eometric structure. The latter coupling is considered to be a
(which could be the entire molecule) is obtained by restricting reference and is dubbekk(N,M) (that is, without cooperative:
the sum of eq 2 to the subset of LMOs that define S. This type €ffects).AJs is the contribution to the coupling due to geometric
of contribution is called the “CLOPPA contribution”: cooperative effects (“geometric effects G”):

Adg = I, (N,M) = 3 ,-(N,M) (15)

n,sim

JS(NaM) = Jajp = Qz iajbes Vig(N)Pia jpVio(M)  (10)

laJp<s where Jnsim(N,M) corresponds to the-complex in which all

Althoughi,a*, j,b* are the only LMOs to appear explicitly in ~ monomers have the same unrelaxed geometric struciuke.
each of the four-indices coupling pathways, it must be empha- is the contribution to the coupling due to effects that directly
sized that the influence of the other spin-polarized LMOs is involve transmission mechanisms (“transmission effects T7).
also present through the PP matrix elemgjp. Hence, if the _This latter co_ntribl_Jti_on admits a further classification, taking
contribution to the coupling transmitted strictly through a INto account its origin:

fragment S that is defined by a subset of occupied and vacant

LMgOs is sought J:®), it cgn be defined usiﬁg the IPPP Adp = Adp + AJy + Ady (16)

i 13
technique & where AJp is the contribution due to virtual excitations that

involve LMOs of the local fragment S and at least one of the

L(s) — L(s) —
ITNM) = » I = rest of the complex.
ia,|beS
Q > Via(N)W,jpVjp(M) (11) Ay = J,6im(N,M) — 35 (N, M) (17)
ia,Jpbes
The local f t S, in thi ,i d by th bset of
whereJ{5) is calculated as described by eq 3 but now the PP © oea Tagmett =, 1 IS case, 15 Spanned by e subset o

] . : - X LMOs that belong to both monomers involved in the coupling.
element Is obtained by inner-projecting the full PP matrix on | .on pe dubbed the “direct effect D”.

the set of virtual excitations among LMOs within the molecular

fragment S \Majp). In this way, electrons that do not belong_ to onto the local fragment S.

the_ molecula}r fragment S are not allowed to be spin-polarized, The second termAJ;

neither by direct interaction with the nuclei nor by Coulomb '

interactions with the polarized electrons in () is dubbed _ 1S _ L)

the “local” contributior?to the coupling transmitted through the A =I5 5im(N:M) = I 6N, M) (18)

fragment S (or the IPPP contribution). The contribution that is 5165 into account the indirect influence of the remainder of

transmitted by the remainder of the molecul)(can be o complex on the coupling transmission and it can be called

determined as follows: the “indirect effect I”.J-$)(N,M) is the “strictly local contri-
R=J— Jt® (12) bution”, whic_h i_s calculat(_ad using _the IPPP technique (eq 11_).

The transmission of this term is mediated by electronic
Finally, the indirect influence of the other LMOs, which do  interactions between local and nonlocal fragments, which are

not belong to S, on coupling pathways within S, can be estimatedt@ken into account in the PP matrix elements.
as follows: The third term of eq 16AJy,

Following the notation
of eq lO,Jﬁsim(N,M) is calculated as a CLOPPA contribution

s _ LS =J® -
‘]ind - ‘]ia,jb - Jla(,]b) (13) AJW ‘Jn,5|m(N1M) ‘Jref(N!M) (19)
ia=beS
b takes into account the changes in the LMOs of the local fragment
where the first term of eq 13 is calculated with the full PP that are due to the contribution of the nonlocal fragment. It will
matrix. It is noteworthy that, because the perturbators in each be called the “molecular effect M”.
term of the sum in eq 13 are the same, this quantity describes Taking into account all effects, the intermolecular coupling

how much LMOs other than those that belong to S contribute constant can be expressed as
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J(NM) = J (NM) + AJg + AJp + A +AJ,  (20)

Finally, each cooperative contribution to a particular two-indices
coupling pathway can be also determined, following eq 5, as
follows:

Adp; DL (Nl — 197" (NI (21)

Ay Ol (NS = 19 (N) ] s)] (22)

AJ,; O [|17)iM(N)|L(S)2 — [PM(N) o] —
[Ny — 19 (Nl T (23)

where the notation used is the same as that used in eq 5, an(]%:
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igure 1. Geometric (G) cooperative effect on main two indices
oupling pathways and total coupling constants versus the change in

sub-indices indicate the subspace of vacant LMOs contributions ye hydrogen bond distance®)C—N(2)/LP(1), @) C—N(2)/C—N(2),

to the perturbed or unperturbed LMO. Thus, the subscript “tot”

and (a) total coupling. Solid lines correspond to the (CNidpmplex,

means that all vacant LMOs are considered, the subscripts “S”and dashed lines correspond to the (Chemplex.

and “L(S)” respectively correspond to having a CLOPPA or
IPPP calculation, and the subscript “ref” indicates the perturbed
or unperturbed LMO of the reference dimer.

Results and Discussion

To illustrate the preceding discussion, cooperative effects on
the 2'J(N,C) intermolecular coupling constant in the linear
hydrogen-bonded complexes (CNHi) = 2, 3, 4) are analyzed.
Calculations were performed at the RPA level, using the
SYSMO progrant3-35 CLOPPA and IPPP analysis of thie
couplings were performed using a modified version of the
SYSMO program. Only Fermi contact (FC) terms are consid-

TABLE 1: Labeling of the LMOs

occupied vacant
LMOs LMOs
(anti)inner shell of atom X S(X) S(X)*
o-(anti)bond between X and Y XY X-=Y*
sr-(anti)bond Ty, T2 Tk,
(anti) lone pair of atom X LP LP*
vacant LMOs belonging to monomers CNn
nandm(n, m=1-4)
o-bridge vacant LMOsr(= 1-3) HB*
m-bridge vacant LMOsr{= 1—3) HBmy*
delocalized vacant LMOs nol*

ered, because it has been shown that this contribution is mosttable shows that, although correlation effects are not negligible,

affected by cooperative effectsThe atomic orbital basis set
used is that of Van Duijnevelft (13s7p1d,8sl1p)-[13s5pld,-
5s1p]. Geometrical structures, optimized at the FTR2vel
using cc-pVTZ-3 basis sets, were taken from ref 4. The
“symmetric” complexes were constructed using the optimized
geometric structure of the first monomer of (CNH)The
numbering of the monomers within the complexes is shown in
Chart 1. To facilitate the comparison between similar couplings
in different complexes, the following notation is usédl.refers

to 2'J(N,C) between the first two terminal monomers (1 and 2
in all complexes),)2 is the same coupling between intermediate
inner monomers (2 and 3 in (CNE) andJ3 is the coupling
between the last two terminal monomers (2 and 3 in (G\H)
and 3 and 4 in (CNH). Finally, the notation used to identify
occupied and vacant LMOs is depicted in Table 1.

The localization procedure was extensively explained previ-
ouslyg®31therefore, only a few comments are pertinent here.
As determined previousBP;3t several vacant LMOs are local-
ized in the hydrogen-bond regions—¥---C. These types of
LMOs are called “bridge vacant LMOs”o(or x). It is
noteworthy that this type of LMOs arises from canonical MOs
with low orbital energies. This fact, as was remarked previ-
ously3%3lindicates that they are physically significant in the
complex formation. There are also a few (one for the trimer
and two for the tetramer) vacant LMOs completely delocalized

RPA values follow the same trends as SOPPA values. In fact,
although overestimated, the relative values among all couplings
are well-reproduced by RPA values, in comparison with SOPPA
ones. These results strongly suggest that no triplet instability is
associated with ther electronic system. This assertion was
further verified in two ways. On one hand, a RPWPP
calculation of ther transmitted contribution to the coupling in,
for instance, the (CNH)dimer, yields—2.73 Hz. On the other
hand, multiconfigurational self-consistent field (MCSCF) cal-
culations were performed at the complete active space (CAS)
level for the (CNH) dimer. These calculations were performed
by means of the Dalton progratt.in the first case, all 8t
electrons were allowed to correlate, consideringstheacant
MOs of lowest orbital energy. In the second case, alir 8
electrons and & electrons distributed on 14 active MOs A8
MOs and 60 MOs) were considered. The obtained values
(—19.50 and—18.39 Hz, respectively) confirm that there is no
triplet instability problem associated with the spispin cou-
plings analyzed in this work. Therefore, it can be concluded
that RPA values are adequate for performing a qualitative
analysis of cooperative effects in these intermolecular couplings.
In Table 3, geometric and transmission cooperative effects
are shown, which have been calculated following eqs 15 and
16. This table shows that all cooperative effects are negative;
consequently, all couplings are larger (in absolute value) for

over the entire complex. They present peaks that are centeredhe trimer and the tetramer complex than for the dimer.
in C atom sites, similar to “anti lone pairs”. Finally, it is worth  Geometric (G) cooperative effects are more important than
mentioning that vacant LMOs that belong to each monomer transmission (T) effects. However, the latter are also significant.
were combined in a sole group, as the influence of each It is interesting to observe that G effects seem to be strongly
monomer on the others is sought. dependent on both the position within the chain of the units
In Table 2, total values &'J(N,C) for all complexes for both involved and the total length of the chain, whereas T effects
optimized and symmetric geometries are displayed. SOPPA are dependent mainly on the former. However, as will be seen
values taken from ref 4 are also shown for comparison. This in the next section, the dependence of the G effect can be mainly
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TABLE 2: Total Values of 2\J(N,C) for All Complexes for Both Optimized and Symmetric Geometric Structure$

J(N1,C2) J(N2,C3) J(N3,C4)
RPAP RPAP RPAP
optimized symmetric optimized symmetric optimized symmetric
structure structure SOPPA structure structure SOPPA structure structure SOPPA
(CNH), —20.28 —20.33 —16.3
(CNH)s —23.91 —-21.15 -19.2 —25.5 —21.87 —20.5
(CNH)4 —25.22 —21.39 —20.3 —30.48 —22.79 —24.5 —27.33 —22.2 —22.0

a All values given in units of Hz. See Chart 1 for numeratid@orresponding to RPA values with either an optimized geometric structure or
a “symmetric” geometric structuré Corresponding to SOPPA values with optimized geometric structure (taken from ref 4).

TABLE 3: Geometric and Transmission Cooperative Effects in®J(N,C) for All Complexes Considered

Ji J2 J3
G° TC total e TC total @ Te total
(CNH), 0.05 0.05
(CNH); —2.76 —0.83 —3.50 —3.63 —1.55 —5.18
(CNH),4 —3.83 —1.07 —4.90 —7.69 —2.47 —10.16 —5.13 —1.88 —7.01

a All values given in units of Hz. See text for definitions &f, J2, andJ3. G refers to geometric cooperative effects. refers to transmission
cooperative effects.

TABLE 4: Transmission Cooperative Effects, Classified between the coupling values that correspond to the (Glskg
According to Their Origin # (CNH); complexes shows that the geometric effect is also
DP I° md total affected by the different electronic surroundings, but only
i1 slightly. The linear dependence can be justified as follows. In
(CNH); 0.68 —0.69 —081 —0.83 the C-N(2)/C—N(2) term, both LMOs involved belong to only
(CNH), 0.83 -1.24 —0.65 -1.07 one of the molecules. Thus, an exponential decrease (in absolute
» value) could be expected for this type of terms, because their
(CNH), —-0.86 —-0.85 —-0.75 —2.47 contributions are dependent on the “tails” of occupieeNg2)
13 at the N(1) nucleus. On the other hand, in theNg2)/LP(1)
(CNH); —4.77 0.41 2.82 —-1.55 term, the distance dependence is determined by the interaction
(CNH), —4.6 0.49 2.24 —1.88 (mostly electrostatic) between-IN(2) and LP(1). Therefore,
a All values given in units of Hz® See eq 17¢ See eq 18¢ See eq an inyerse power decrea_se (in at_Jsqute value) coqu_I be expected
10. for this type of term. This functional dependence is not fully

observed in Figure 1; instead, a first-order expansion of both
ascribed to only one geometric parameter change, namely, theexponential and potential functions is observed, as the range of
change in the length of the hydrogen bond involved in the distances considered is very small. It is also interesting to note

coupling. Both types of effects are maximum fi# (that is, that the geometric effect is larger in a term such asN@R2)/
for the coupling between the two inner monomers), whereas LP(1) than in C-N(2)/C—N(2). However, the percentage of
the effects onJl are the smallest effects. change is quite similar in both types of terms.

Finally, T effects can be further classified following eqs-16 The transmission (T) cooperative effects on the two-indices
19. Table 4 presents the values obtained. It is interesting to coupling pathways are depicted in Table 5. Total, CLOPPA,
observe that the large negative direct effectidis partially and IPPP values are also given and compared to the reference

compensated by the molecular one, which is quite large andvalues J;si{N,C)) in the dimer. Several comments in this
positive. ForJ2, the total relevant effect is due to the sum of table are pertinent. Only two coupling pathwaybe two
very small negative component¥l generally presents small main ones, which practically dominate the entire coupting
terms. The analysis of the electronic mechanisms that originateexhibit important influences by T effects. These are, again,
these cooperative effects is performed using the HREIFOPPA LP(1)/C—N(2) and C-N(2)/C—N(2). Other terms, such as
approach, taking into account two-indicel)(coupling path- LP(1)/N—H(1), are also affected by this type of effect, but to a
ways and the four-indiceslig;s) coupling pathways. much lesser extent. It is noteworthy that cooperative effects are
Two-Indices 2"J;(N,C) and Four-Indices 2"Ji5j»(N,C) Con- only due to vacant LMOs. Occupied LMOs are not involved in
tributions to Cooperative Effects. Figure 1 depicts the  cooperative effects at all, which can be realized by considering
dependence of the geometric (G) cooperative effects on totalthat two-indices coupling pathways that involve one or two
couplings and main two-indices; terms, CG-N(2)/LP(1) and occupied LMOs of nonlocal units give negligible contributions.
C—N(2)/IC—N(2), as a function of the change in the length of Each type of transmission effect deserves the following analysis.
the hydrogen bond between the optimized geometric structures The direct contribution arises from four-indices coupling
and the symmetric onea((H...C)). The number 1 (or 2) given  pathways in which some indices belong to the local subspace
in the brackets indicates that the LMO belongs to the first (or while the others belong to the nonlocal subspace. This contribu-
second) coupled unit, and “LP” indicates the lone pair of the tion has a large value fal3 andJ2, mainly because of the

nitrogen atom. LP(1)/C—N(2) term, whereas it is rather small fdd (for

It is noteworthy that the geometric effect on the two-indices example, in (CNH), —4.51 Hz forJ3, —2.63 Hz forJ2, and
terms C-N(2)/LP(1) and C-N(2)/C—N(2) and on the total —0.17 Hz for J1). This indicates that the latter coupling is
couplings follows an almost-linear dependence/m(H...C), originated only in the local subspace (it must be taken into

regardless of the complex or the position of the units involved account that there is no significant four-indices coupling
in the coupling. However, the small gap that can be observed pathways that mix virtual excitations from both local and
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TABLE 5: Transmission Cooperative Effects on the Main Two-Indices Coupling Pathways (Total, CLOPPA, and IPPP Values,

in Comparison with Reference Values, Are Also Given)

T-Cooperative Effects

reference total CLOPPA IPPP D | md total
2J1(N,C)
(CNH)s —20.33 —21.15 —21.83 —21.14 0.68 —0.69 —-0.81 —-0.82
LP(1) C-N(2) ~11.60 -12.1 -12.31 -11.92 0.21 -0.39 -0.32 -0.50
C—N(2) C-N(2) —-7.41 ~7.86 -8.12 -7.76 0.26 -0.36 -0.35 —0.45
LP(1) N—H(1) -2.35 -2.35 -2.50 -2.33 0.15 -0.17 0.02 0.00
(CNH), —20.33 —21.39 —22.22 —20.98 0.83 —-1.24 —0.65 —1.06
LP(1) C-N(2) —11.60 —12.23 —12.54 —11.84 —-0.17 —0.70 —-0.24 -1.11
C—N(2) C-N(2) —-7.41 —7.98 -8.34 -7.88 0.36 —0.46 —0.47 -0.57
LP(1) N—H(1) —2.35 —2.36 —2.51 —2.32 0.15 —-0.19 0.03 —-0.01
%32(N,C)
(CNH), —20.33 —22.79 —21.93 —21.08 —0.86 -0.85 -0.75 —2.46
LP(1) C-N(2) —11.60 —13.03 —10.40 —11.40 —2.63 1.00 0.20 —1.43
C—N(2) C—N(2) —7.41 —8.58 —8.54 —8.14 —0.04 —0.40 —-0.73 —-1.17
LP(1) N—H(1) —2.35 —2.38 —2.99 —2.24 0.61 —-0.75 0.11 —0.03
233(N,C)
(CNH)s —20.33 —21.87 —-17.10 —17.51 —4.77 0.41 2.82 —1.54
LP(1) C-N(2) —11.60 —-12.47 -7.78 -8.87 —4.69 1.09 273  —0.87
C—N(2) C—N(2) —7.41 —8.07 —6.35 —6.81 —-1.72 0.46 0.60 —0.66
LP(1) N—H(1) -2.35 —-2.37 -2.31 —-2.02 —0.06 -0.29 0.33 -0.02
(CNH), —20.33 —22.20 —-17.60 —18.09 —4.60 0.49 2.24 —1.87
LP(1) C-N(2) —~11.60 —12.65 -8.14 -9.35 —451 1.21 2.25 —1.05
C—N(2) C—N(2) —7.41 —8.22 —6.53 —7.00 —-1.69 0.47 0.41 —-0.81
LP(1) N—H(1) -2.35 —2.38 -2.33 211 ~0.05 —0.22 0.24 —0.03

a All values given in units of Hz. Numbers between brackets in LMO names indicate that the LMO belongs to first (1) or second (2) coupled
units.? See eq 17¢ See eq 18¢ See eq 19.

nonlocal fragments), whereas a considerable contribution for orbitals of the CN12* type, mainly with HB1*. Thus, the totally
J2 andJ3 arises from the nonlocal subspace. To understand perturbed LP(N1) would be practically the same as the locally
the reason of this different behavior, the LP(1)/4(2) term is perturbed one. As a consequence, it can be expected that the
analyzed by means of eq 21. Figures-2agraphically show perturbed C-N2 orbital does not significantly change its density
the direct effect on this term, by means of the difference at the C2 site when it can mix with all vacant orbitals or only
|1],iM|t2m — |1];:"'|§, where ! represents the perturbed LMO  with those of the CN12* type. Therefore, the direct effect on
C—N(2) due to the LMO LP(1) perturbed at the=NN(1) J1 coupling is very small. On the contrary, for the case depicted
nucleus in (CNH), the subscript “tot” indicates that the in Figure 2c {3), the perturbed LP(N3) LMO can be connected
contribution of all vacant LMOs is taken into account, and the not only to CN34* vacant orbitals but also with CN23* vacant
subscript “S” refers to the contribution of the CN12* vacant orbitals (mainly with those of the HB2* type). Consequently,
LMOs (Figure 2a), the CN23* vacant LMOs (Figure 2b), and the electric field generated by the perturbed LP(N3) LMO is
the CN34* vacant LMOs (Figure 2c), for both perturbed LP(1) less local when this LMO is allowed to connect with all vacant
and C-N(2) LMOs. LMOs than when it is restricted to be mixed only with CN34*
The different amount of the direct effect, depending on the vacant LMOs. Therefore, it can be expected that the former
intermolecular coupling considered, can be explained as follows. field favors the electronic charge flow toward the CNH(3) zone
As was mentioned previously, the electronic density difference more than the latter. Consequently, the totally perturbed@
|1],i“"|12m — |1],iM|§ evaluated at the C(2) nucleus site for perturbed LMO decreases its density in the CNH(4) zone, with respect to
C—N(2) LMO shows the magnitude of the direct effect on the the locally perturbed one, and, thus, the direct effect are
coupling considered. This change of density when theN(2) significant. A similar analysis can be made for the case depicted
LMO is allowed to mix (i) with all vacant orbitals (totally  in Figure 2b §2), and, hence, similar conclusions hold. It is
perturbed LMO) or (ii) only with those of the CN12* type interesting to observe that, by inspection of the four-indices
(locally perturbed LMO) can be considered to be the response coupling pathways, there are only two types of nonlocal vacant
of the C-N(2) LMO due to the magnetic perturbation of LMOs that are responsible of the direct effect: the “bridge”
LP(1) at the N(1) nucleus, because this LMO is also allowed vacant LMOs of thes type (HB*), and the delocalized vacant
to connect with the same vacant orbitals depicted in situations LMOs. For example, by including these types of LMOs in the
(i) and (ii). It must be taken into account that, when a given calculation of*"J3(N,C) in (CNH), the CLOPPA calculation
LMO is magnetically perturbed and allowed to connect with changes from-17.60 Hz to—21.55 Hz (cf. total value:-21.87
vacant LMOs, the distribution of electronic charge within the Hz). In other words, the direct cooperative effect is mainly due
molecule is altered. As a result, the mean electric field acting to Virtual excitations from two local occupied LMOs (LP(1)
on other LMOs is changed. This internal change is described and C-N(2)) to these two nonlocal types of vacant LMOs.
by the polarization propagator. When a dominant mechanism Generally, smaller contributions than the preceding ones are
operates, this change can be explained on qualitative groundsdue to the indirect effect, as can be observed from Table 5.
Thus, in that sense, the direct effect on the LP(HN2) term However, it is relevant to note that this slight, but non-negligible,
is dependent on to which vacant orbitals the perturbed LP(1) effect is mainly due to the nonlocal “bridge” vacant LMOs of
LMO are allowed to connect in both situations and how much theo andx types (HB* and HBw,*) and the delocalized vacant
spread becomes in each case. For the case depicted in FigureMOs. Actually, if these vacant LMOs are included in the IPPP
2a (J1), the perturbed lone pair LP(N1) can mix only with vacant calculation, the IPPP results match those of the CLOPPA
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Figure 2. Graphical representation of the direct effect (given in units
of a.u.) on the LP(1)/€N(2) term of intermolecular coupling constants
in (CNH)4, by means of eq 21: (a1, (b) J2, and (c)J3.

calculation in Table 5. This fact shows that the indirect effect
is mainly mediated by the spin polarization of local electrons
to this type of nonlocal vacant LMOs.

Finally, the molecular effect is due to the contribution of the
nonlocal atomic centers to the local LMOs. In this case, this
effect is only important for the LP(1)/EN(2) term ofJ3, in
both (CNH)} and (CNH), complexes, and it is positive, thus
contributing to decrease the coupling. It is noteworthy that,
despite this latter term, in all the other terms, the “totally local”
contribution almost matches the reference value.

Concluding Remarks

The IPPP-CLOPPA decomposition of NMR indirect spin
spin couplings in contributions of local fragments is shown to
lead to a suitable classification of cooperative interactions,
according to their influence on different aspects of the coupling.

Giribet et al.

Although one must remember that these effects have a common
electronic origin, they can be primarily classified as effects that
are due to changes in the geometric structure (geometric effects)
and effects that directly involve transmission mechanisms
(transmission effects). The latter can be further decomposed in
those effects due to (a) the direct influence of the nonlocal
molecular fragment, i.e., the subspace spanned by LMOs that
do not involve the coupled nuclei (direct effects); (b) the indirect
influence of the nonlocal fragment, through electronic interac-
tions between the local and nonlocal subspaces included in the
PP matrix elements (indirect effects); and (c) the changes in
the local LMOs due to the contribution of the nonlocal fragment
(molecular effects). The analysis of cooperative effects on
intermolecular2'J(N,C) couplings of the linear complexes
(CNH);,, presented as a suitable example, shows the potentialities
of the method. The use of LMOs allows a discussion of
cooperative mechanisms, in terms of a few main two- and four-
indices coupling pathways. Geometric effects are dependent,
almost exclusively, on the change in the length of the hydrogen
bond. Direct transmission effects can be rationalized in terms
of the electronic density difference, at the coupled nucleus site,
of the perturbed LMO involved when (a) the contribution of
all vacant LMOs of the molecule is taken into account, and (b)
only local vacant LMOs are considered. Indirect effects are
shown to be due only to the spin polarization of local electrons
to a few nonlocal vacant LMOs, the and s “bridge” vacant
LMOs, and the completely delocalized vacant LMOs. Finally,

it is shown that all these cooperative effects are only atributable
to vacant LMOs.
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