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Using an effective spin-dependent Heisenberg Hamiltonian, we have modeled the interaction between closed-
shell aromatic molecules and the free radical methyl. Physically, the model is based on a proportionality
relationship, suggested by McConnell (McConnell, JHChem. Physl963 41, 1910), between the product

of the spin densities on each molecular fragment and the interaction energy of the system. The spin polarization,
initially on the radical, is partly transferred to the molecule as the two fragments approach each other
determining an effective spin interaction. The parameters of the effective Heisenberg-type Hamiltonian are
determined through ab initio calculations of the electronic structure of the complex at the UMP2 level. Our
calculations confirm the validity of a cage model recently proposed by Mujica et al. (Mujica, V.; Nieto, P.;
Puerta, L.; Acevedo, Energy Fuels200Q 14, 632) for spin trapping in fragments of asphaltenes while
providing a consistent semiempirical approach to the interaction and stabilization problems.

1. Introduction parameter that gauges the strength of the coupling between spins.
) _ This parameter is then computed from ab initio calculations. In
Asphaltenes are naturally occurring components of crude oil. aqgition, a linear correlation between the closed shell fragment
They form a very complex colloidal mixture and are responsible o|arizability and the spin density in the complex can be

for important industrial problems. Noticeable pipeline obstruc- estaplished, thereby providing a practical application of the spin
tion and other inconveniences in the processing of heavy crudemqdel to more complex systems.

are associated to asphaltene precipitation.

The presence of relatively high concentrations of free radicals 2. Effective Spin Model
in asphaltenes, a remarkable fact given the extremely reactive
nature of these chemical species, has been verified by EPR
measurements. To explain this phenomenon, Mujica et al.
proposed a trapping mechanism in which the radicals are
stabilized through the formation of aggregat€khis simple HAB — _ZJAB G 1)
model encompasses many of the relevant experimental proper- 7 e
ties associated with asphaltene aggregation but it is entirely N
based on semiempirical quantum chemical modeling and Wheres“ is an effective electronic spin of atornin the
molecular mechanics. moleculeA and §° is similarly defined. By introducing the

The first objective of this work is to examine the validity of  physically reasonable relationship connecting the effective spin
the trapping model within an ab initio framework. This is of to the spin density projected on atdmp §' = "2 one
particular relevance given the importance of correlation effects can then write eq 1 as
in weakly bounded complexes involving free radicals and neutral o
fragments. Following the literature on electronic calculations HAB = —SA-SBZJ{?B of o} 2)
involving free radicals and closed shell systems, we have used 7
unperturbed MgllerPlesset second-order perturbation theory
(UMP2) to include electronic correlation and compute the
interaction energy, ® an approach that gives reasonable results
for van der Waals complexés.

Our second goal is to present a model where the interaction
between fragments are represented via an effective spin Hamil-
tonian of the Heisenberg type where the coupling parameters
are obtained directly in terms of physical observables: the AB_ _ Ay CB AB A B
interaction energy and the local spin density. The model is based 0= — (%S DZJ” Pi i 3)
on one proposed by McConnklio describe the interaction
between two aromatic radicals and that has also been used for The interaction energhxESMbetween the two fragments can
the description of magnetic properties of organic radical be calculated ab initio using the method of the supermolecule,
dimers?~1! The basic idea is to express the interaction energy which simply consists of computing separately the energies of
as a function of the spin density on each fragment and athe fragmentsA and B and of the complex (supermolecule)

In 1963, McConnell proposed an effective Hamiltonian to
describe the interaction energy between two aromatic radicals,
labeled A and B,

whereS* and<? are the total spin angular momentum operators
for the moleculesA and B, respectively.

We can addapt McConnell's idea, which describes a multi-
center problem, to one where only two sites are considered,
each corresponding to a whole molecular fragment. Taking the
guantum mechanical average in eq 2,
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formed by bringing the fragments to their equilibrium config-
uration and subtracting these values, that is

AEM=Eg, — Ey — Ey (4)

B

We also assume that the expectation value of the effective
Hamiltonian (2),[HABis equal to the interaction energy

M= AESM (5)

This assumption corresponds physically to representing all
the distance dependence of the Hamiltonian by the effective
spin operator, becauseESM can also be written as

AEM = EsM(r) — Es(r — ) (6)

wherer is the interfragment distance. This approach is very
similar to that used by Twdin to define the exchange integtal. @ CF&I)
Similar approaches, based on Heisenberg effective spin opera-
tors, have been used extensively in the literature on magriétism
but its ultimate justification in describing the dispersion interac-
tion would be the comparison to the ab initio calculations and
experimental results.
Combining eqgs 35, we obtain

AESM= — [E’sA-éBDZJg\B o ol (7
7

We further assume that all tern@B are equal ta@*8, so that Figure 1. Radical complexes studied:a)( methy-benzene, k)
methyknaphthalene, df methyl-anthracene (geometry 1), and)(

AESM= _[fSA.‘éBDABZpiAZ ij (8) methykanthracene (geometry II).
I3 J€

TABLE 1: UMP2 BSSE Corrected and Uncorrected Values
for Interaction Energies and Equilibrium Distances for
Methyl Benzene Using UMP2 and Various Basis Sets

basis R(A) AE(kcal/mol) R(A)  AE(kcal/mol)

where the sum over atomic indexes on each fragn#et, B,
is the total spin density defined below by eq 12. We can
introduce an effective coupling consta]ﬁ% through the eqgs

6-31G 3.85 —0.26795 repulsive repulsive
AESM = 1 geff s s ) 6-31G(d) 3.75 —0.40788 repulsive repulsive
2“AB Pa Pg 6-31G(d,p) 3.60 —0.54593 repulsive repulsive
6-31+G(d) 3.75 —0.93499 4.20 —0.04392
eff A SB4AB 6-31++G(d 3.75 —1.15462 4.20 —0.06902
Jae =2 [5*S°0] (10) 6-311G @ 3.90 —0.26983 repulsive repulsive
. . . . . 6-311+-G 3.75 —0.91616 repulsive repulsive
The effective coupling is a function of the interfragment distance 6-311+G(d)  3.60 ~1.11069 3.90 ~0.11296
and orientation and is computed from the ab initio calculations
ineq9as 6-311+G(d) corrected for BSSE gives both comparable energies
oy and similar interfragment potential energy surfaces to those
Jifé _T2AE (11) obtained using a smaller basis set (6-31G) without taking into
O P account the BSSE. This is in agreement with recent stiftlies

that show that for MP2-level calculations, like the one we are
This equation, together with the semiempirical expression (3), presenting here, the use of the conventional counterpoise
constitutes an extension of the original McConnell's formulation. correction of Boys and Bernardi is less justified than for the
Hartree-Fock model. This is apparently due to cancellation of
3. Computational Methodology errors, but an unequivocal analysis of BSSE for all correlation
All ab initio calculations were carried out using GAUSSIAN  levels is still lacking in the literature and a case-by-case
9415 and for the construction of the spin density maps num(_arlcal analys_ls seems to be reqwred. Since we fqunc_i_a very
MOLDEN6 was employed. The calculations were performed consistent trend in using t_he two t_JaS|s sets we feeI_Justlfled in
keeping the planar geometry of the fragments and displacing €aying out our calculations using a 6-31G basis without
them along the coordinate perpendicular to the molecular planesincluding the BSSE correction at the UMP2 level. Similar results
as shown in Figure 1. have been found in more elaborated calculations with similar
It is well-known that calculations of interaction energies at Systems to the ones considered Hiéré:
the Hartree-Fock level based on eq 4 must be corrected to ~ Spin contamination was found to be consistent and small in
account for the basis set superposition error (BSSEpble 1 all fragments at the relevant distances, thus making the use of
displays values of interaction energies for various separationthe supermolecule method meaningful. For instance, typical
distances between fragments of the metthydnzene complex  values of the spin quantum number correspondingtare
for different basis sets, with and without taking into account 0.7593 for CH and between 0.7593 and 0.7597 for the radical
the BSSE. It is clear from this table that using the basis set fragments of Figure 1.
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Figure 2. UMP2/6-31G interaction energy for each of the radical
complexes in Figure 1 as a function of the interfragment distance.

TABLE 2: UMP2/6-31G Equilibrium Distances, Total
Interaction Energies, and Interaction Energies per Carbon
Atom for Methyl —Benzene, Methyt-Naphthalene, and
Methyl —Anthracene Geometries | and Il

complex R(A) AE (kcal/mol) (AE/N °C) (kcal/mol)
Figure 3. Contour maps of the UMP2/6-31G spin density at the
methybenzene 3.85 —0.26795 —0.03828 Y : . P
methynaphthalene 370 —0.49573 0.04507 equilibrium distance for each of the radical complexes in Figure 1.
: - pin Densities for
methyl-anthracene (Il) 3.60 —0.75301 ~0.05020 Benzene, Naphthalene, and Anthracene
(AB) considered in this work was calculated around the minima 3.00 0.007012  0.007584 0,007755 0.008300
of the potential energy curve by adding the atomic spin densities 3.15 0.005774  0.006198 0,006210 0.006706
¢ for all aoms i th fagment. Folwing Novoa ot @, 339 O904700  000LL 0005000 oty
who did not found significant differences by using more 3.60 0.002880 0.003041 0,003078 0.003224
accurated integration procedures, we have calculated atomic 3.75 0.002140  0.002253 0,002275 0.002378
densities according to a Mulliken analySiof the UMP2/6- 3.90 0.001527  0.001605 0,001619 0.001688
31G results: 405 0.001048  0.001098 0,001107 0.001152
4.20 0.000690 0.000722 0,000729 0.000756
s _ A 4.35 0.000437 0.000456 0,000459 0.000477
PA —Zpi 12)
le.

shown for the two different geometries of the methyl
anthracene complex.

Table 3 contains total spin densities induced on benzene,

4.1. Interaction Energies and Spin Densities/Ve have used anthracene (geometries | and Il), and naphthalene as a function
methyl as the spin polarization transferring fragment. It was of the interfragment distance. This results show that the induced
selected because it has a small enough number of electrons tgolarization increases as a function of the number of benzene
be tractable with our computational means and, more important, rings and that it is strongly dependent on the relative position
because the spin density is localized on the carbon atom so thabf the fragments as shown by the difference for the two
this fragment can be used as a sort of master probe for the studygeometries of the anthracenmethyl complex. These effects
of polarization transfer. Figure 2 shows potential energy curves are also represented in Figure 4 that contains plots of the induced
for the interaction between methyl and several hydrocarbons. spin density for various distances.
They all exhibit a minimum at a distance, typical of van der From the examination of the results for the two geometries
Waals interactions, of roughly 3.8 A. The resulting interaction involving the anthracene fragments, we conclude that the
energies and interfragment distances are summarized in Tabldnteraction energy increases as a function of transferred spin
2, which also shows the interaction energy divided by the total polarization. A result that could have been expected given the
number of carbon atoms for the supermolecule. The behavior polarizable nature of the hydrocarbon fragments involved in our
of the stabilization energy per carbon atom indicates that larger calculations.
complexes are more stable, a result that supports our conjecture We also calculated the interaction energy for two complexes,
that asphaltene aggregation is partially due to stabilization due benzene/methyl and benzene/ethylene, for two geometrical
to spin polarization transfer. configurations as shown in Figure 5. The distances between

Figure 3 shows contour maps of the spin density at the fragments were varied symmetrically with respect to the central
equilibrium distance for each of the radical complexes shown fragment. Table 4 contains values of the interaction energy,
in Figure 1. The spin polarization transfer from the methyl stabilization energy per carbon atom at the equilibrium distance
radical to the closed shell fragment is evident in these maps for the different complexes. The corresponding result for the
given the fact that the total spin density of the isolated closed benzene/benzene complex is given as a reference. Parts a and
shell hydrocarbons is zero. Rings act as sinks of spin density b of Figure 6 respectively display the interaction energy curves
and those closer to the methyl fragment are more affected asas a function of the interfragment distance for supermolecules

4. Results and Discussion
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Figure 4. Induced UMP2/6-31G spin density for various distances
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Figure 6. UMP2/6-31G interaction energy for the complexes formed
out of the fragments, benzene, methyl, and ethene.

TABLE 4: Total Interaction Energy, Equilibrium Distance,
and Interaction Energy per Carbon Atom for the Complexes
Shown in Figure 5 and the BenzeneBenzene Complex in Its
Stacked Configuration

(AE/N°C)
complex R(A) AE (kcal/mol) (kcal/mol)
methy-benzene-benzene 3.90 —1.69616 —0.13047

benzene-methy-benzene 3.80 —0.53188 —0.04014
ethylene-benzene -benzene  3.80 —1.63153 —0.11654
benzene-ethene-benzene 3.70 —0.32292 —0.02307

. —1.43951  —0.12001

Figure 5. Geometries for thed) benzene-benzene-methyl, @) benzene benzene 3.90 395 0.1200
benzene-methyt-benzene, d) benzene-benzene-ethene, and d) TABLE 5: Interaction Energies for Two Relevant Distance
benzene-ethene-benzene. for the Benzene- Benzene Complex

. - (AEN°C)
a andb, respectivelyc andd, in Figure 5. We found that the complex R(A) AE (kcal/mol) (kcal/mol)
interaction energy per carbon atom is larger in both complexes
where the radical methyl is involved than those with the closed Egﬂ;gﬂgggg;ggg ?:28 ~3'38303 %8'11525

shell fragment ethylene, a result consistent with the fact that

stabilization increases with spin polarization transfer. For the o methyt-benzene and methykthylene systems provides

benzene-benzene system, the interaction energy goes from griher insight into the nature of the interaction between these

negative value at 3.80 A to zero at 7.6 A (see Table 5) indicating fragments.

that both methyl and ethylene mediate a favorable interaction  Fo|iowing Bade* we have performed a topological analysis

with methyl exerting the largest influence. of the electronic density using the information provided by the
4.2. Atoms in Molecules: Analysis and the Nature of the gradient and laplacian fields. Specifically, we characterized the

Bonding Interaction. The analysis of the electronic density for interaction by determining the value of the electronic density,
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TABLE 6: Quadratic Fitting Coefficients A, B, and C for 0.00350

the Curves J5;, (Equation 14) for Each of the Complexes oo0azsl

complex A B C
methybenzene —2.0694 15.871 —29.932
methy-naphthalene —1.9533 14.508  —26.307 0.00275 |
methykanthracene (Il) —2.0446 14.821 —26.113
average —2.022 15.067 —27.451 0.00250 |

the sign of the laplacian, and the ratio of curvatures at selected o.00225

critical points of the density. As a representative region of the

density, we choose the interatomic region connecting a carbon

atom, in either the benzene or the ethylene molecule, with the o175}

carbon atom in the methyl radical.
The most important parameter to characterize the nature of %%} 55 7500 10000 12500 15000 17500 200.00

the interaction is the ratig = |11|/43 of curvatures along the Polarizabilties of closed shell fragments (a.u)

bond direction ant_j perpendicular to it, respectively. For strong Figure 7. Product of the fragment spin densities at the equilibrium

covalent bondsy lies between 1.3 and 2.5, whereas for weak gistance vs polarizability of the closed-shell fragments.

van der Waals interactions, between closed shell systems, typical

0.00200

values of this parameter are between 0.15 and %.25. TABLE 7: A Comparison of ab Initio and Parametrized
For the methytethylene system a value pf= 0.7 is found, Interaction Energies

and the corresponding value is 0.8 for methpenzene. For complex AE (kcal/mol)  AEparam(kcal/mol)

the closed shell-closed shell system, ethyleetylene, a value methybenzene —0.26795 —0.34576

of » = 0.30 is obtained. These results confirm our expectation methynaphthalene —0.49573 —0.48883

that the open shell-closed shell interaction corresponds to a methykanthracene (1l) —0.75301 —0.64759

chemical bond whose strength is between that of a covalent Methyt-phenanthrene —0.76674 —0.60163

and a vdW interaction. A similar result was found by Chalasinski ) . . .

et al.? using a different methodology. They characterized the elationship between the product of spin densities and the

bond between the closed shell-open shell systems He and CH Polarizability of the closed shell fragment (the radical fragment

as an “incipient bond”, i.e., a bond of intermediate strength. IS kept constant) seems very plausible. A more quantitative
4.3. Model Hamiltonian and Parametrization. The intro- argument will be presented elsewhéte.

duction of an effective spin Hamiltonian leads to eq 9 that 10 show the internal consistency of our approach, we

establishes a linear relationship between the interaction energycalculated the interaction energies between selected fragments

and the product of spin densities on each fragment, a result thatusing the expressions fiif~ and pa=° p3=? in egs 13 and 14.

is confirmed by our calculations. An equilibrium distance near 3.80 A was obtained in all cases
We introduce a further approximation for the description of and the interaction energies are close to their ab initio values.

the effective interaction between fragments: the spin density The result of this comparison is shown in Table 7 which shows

is calculated at the equilibrium distance so that all the distance & reasonable agreement in all the cases considered here.

dependence is transferred to a functﬂi@(r) of the interfrag-

ment distance, that is 5. Conclusions
1 1 Our ab initio study supports the idea of a trapping stabilization
AESM= —Ejifé P P A EJEE(r)piEQ o (13) mechanisrh for radical species, i.e., the stabilization energy

increases with system size. The magnitude of this energy is
directly related to the degree of spin polarization induced on
the closed shell molecular partner in the complex, a result that
is in agreement with McConnell's critherion.

The introduction of an effective spin Hamiltonian can be used
as an interpretative and computational tool for the kind of
systems we are considering. This model description seems robust
and could lend itself for the description of intermolecular
interactions in more complex systems where van der Waals and
dispersion forces may be dominant.

where p3F? and p3F° are the fragments’ spin densities at the
equilibrium distance.

With this approximationJ55(r) can be fitted to a quadratic
equation

Je~ AP+ Br+C (14)

The coefficientsA, B, andC are weakly dependent on the
fragments’ chemical identities, and for qualitative purposes one
can use the same values for the whole family of fragments. The  acknowledgment. This research has been supported by
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