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Both the intermolecular interaction energies and the geometries for M- - thiophene, M- -- pyrrole, M"*---
thiophene, and M"*- -+ pyrrole (with M=Li, Na, K, Ca, and Mg; and M"*=Li*, Na*, K*, Ca**, and Mg>*)
have been estimated using four commonly used density functional theory (DFT) methods: B3LYP, B3PW91,
PBE, and MPW1PW91. Results have been compared to those provided by HF, MP2, and MP4 conventional ab
initio methods. The PBE and MPW1PWO1 are the only DFT methods able to provide a reasonable description
of the M---7 complexes. Regarding M"*---7 complexes, the four DFT methods have been proven to be
adequate in the prediction of these electrostatically stabilized systems, even though they tend to overestimate

the interaction energies.
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I. INTRODUCTION

The interactions of m-conjugated molecules, such as pyr-
role and thiophene, with metallic atoms either in neutral or
positively charged states (M and M™, respectively) are es-
sential in the fields of polymer and material sciences. Thus
M- -+ and M- interactions are involved in the doping
of organic conducting polymers. Within this context, model
complexes containing such interactions have been satisfacto-
rily used to model the doping of organic conducting poly-
mers through quantum mechanical calculations [1-7].

Density functional theory (DFT) offers a very interesting
alternative to conventional ab initio methods, such as MP2
and MP4, for describing the interaction of metallic species
with 7r-conjugated molecules. The most reliable advantage
of DFT with respect to these sophisticated ab initio methods
is that the former includes correlation effects at a lower com-
putational cost, i.e., the cost is N3, N°, and N’ for DFT,
MP2, and MP4, respectively, where N is the number of basis
functions. However, the ability of DFT calculations to de-
scribe noncovalent interactions has been shown to depend on
the form of the functional. In the last decade, the suitability
of the more popular functionals to predict intermolecular in-
teraction energies and geometries for hydrogen bonded
[8—11], van der Waals [12—14], and aromatic 7— [15-17]
complexes has been checked.

In this work we evaluate the performance of the B3LYP,
B3PWO91, PBE, and MPW91PWO1 functionals to describe
both M---7r and M"™*---7 interactions. Calculations have
been performed on systems formed by thiophene (Thp) and
pyrrole (Py) interacting with M =Li, Na, K, Ca, and Mg; and
M"™=Li*, Na*, K%, Mg2+, and Ca?*. Results provided by
DFT calculations have been compared to those obtained at
the HF, MP2, and MP4 levels.
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II. METHODS

All ab initio and DFT calculations were performed using
the GAUSSIAN 98 [18] program. Ab initio calculations were
carried out at the HF, MP2, and MP4 [19] levels of theory.
DFT calculations were performed using four combinations:
the Becke’s three-parameter hybrid functional (B3) [20] with
the Lee, Yang, and Parr (LYP) [21] expression for the non-
local correlation (B3LYP); the same functional with the non-
local correlation provided by Perdew and Wang (B3PWO1)
[22]; the approximation of Perdew, Burke, and Ernzerhof
(PBE) [23,24], which is a simpler version of PW91; and the
modified Perdew-Wang exchange [25] with the PW91
gradient-corrected correlation [22] (MPW1PWO1). Calcula-
tions on closed-shell and open-shell systems were done con-
sidering the restricted and unrestricted quantum-chemical
formalisms, respectively. Geometry optimizations were per-
formed at the HF, MP2, B3LYP, B3PWO91, PBE, and
MPW 1PWO1 levels of theory, while MP4 energies (includ-
ing all single, double, triple, and quadruple excitations) were
derived from single point calculations on geometries opti-
mized at the MP2 level. The 6-31+G(d, p) basis set [26] was
used in all the ab initio and DFT calculations. Frequency
analyses were carried out to verify the nature of the mini-
mum state of all the stationary points located during geom-
etry optimizations.

The interaction energies (AE;,) were calculated as the
difference between the energy of the optimized complex and
the sum of the energies of the isolated fragments
(7-conjugated ring and metal atom). The counterpoise
method [27] (CP) was applied to correct the basis set super-
position error (BSSE) in the interaction energies.

In order to compare the molecular geometries predicted
by the different computational methods, the same starting
arrangement was considered for all the complexes. This con-
sists of the metallic specie (M or M"*) located above the
center of the molecular ring (Fig. 1).
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Xi= 8 (Thp) or N-H (Py)

FIG. 1. Structure of the complexes investigated in this work.
The geometric parameters (d;, d*°, and d*>*) used to compare the
geometries provided by the different methods (see text) are defined.

III. RESULTS AND DISCUSSION

A. Interaction energies

The interaction energies with CP corrections calculated
for M---Thp and M---Py charge transfer complexes are
listed in Table 1. As expected MP2 and MP4 interaction en-
ergies are remarkably similar in all cases. The largest differ-
ence (2.8 kcal/mol) corresponds to the Li--“Thp complex,
where the inclusion of electron correlation effects up to
fourth-order results in a counterbalancing of the excess of
stability achieved at the MP2 level. For the rest of the com-
plexes MP2 interaction energies are within 0.3 kcal/mol of
MP4. Comparison between the MP4 and HF energies points
out the limitations of the latter method indicating that inclu-
sion of electron correlation effects is essential. Thus the HF
method provides a notable underestimation of the interaction
energies for M---Py complexes with M=Li, Na, and K;

TABLE 1. Interaction energies® (in kcal/mol) calculated for
charge transfer complexes M- - -thiophene and M- - -pyrrole. In every
case the level of theory used to calculate the interaction energy is
identical to that used to obtain the optimized geometry with excep-
tion of the MP4 level, where the MP2 optimized geometry was used
(see Sec. N)°

M MP2 MP4 HF B3LYP B3PW91 PBE MPWIPWOI1

M- - -Thiophene

Li -11.8 -9.0 -87 -198 -195 -195 -20.7
Na -09 -11 00 =02 -0.4 -14 -1.0
K -14 -13 00 -02 -0.3 -1.6 -1.1
Mg -16 -13 00 0.0 0.0 -1.5 -0.7
Ca -15 -12 0.0 0.0 -0.1 -1.2 -0.9
M- - -Pyrrole
Li -46 -48 -25 -44 -4.8 -6.8 -6.5
Na -24 -26 -0.7 -I.1 -1.9 =32 =27
K -33 -31 -16 -138 -2.0 =35 -3.0
Mg -23 -20 -0.1 0.1 -0.8 =23 -1.7
Ca -25 -23 -0.1 -04 -1.5 =32 -2.6

*The BSSE was corrected using the CP method.
PAll calculations were carried out using the 6-31+G(d, p) basis set.
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while no stabilization was achieved for M---Py with M
=Mg, Ca and M---Thp with M #Li, i.e., geometry optimi-
zation led to a separation of the fragments. Interestingly, the
Li---Thp was the only complex satisfactorily reproduced at
the HF level.

On the other hand, comparison between DFT and MP4
interaction energies reveals notable discrepancies, which in
turn depend on the functional used in the former calcula-
tions. The B3LYP and B3PW91 methods, especially the
former one, underestimate the stability of M---Thp with M
=Na, K and M---Py with M #Li, and neglect the existence
of M- --Thp with M=Mg, Ca. Furthermore, these functionals
reproduce satisfactorily the interaction energy of the Li- - Py
complex, while that of Li---Thp is drastically overestimated.
The PBE and MPW1PW91 methods provide the best DFT
estimates. Thus the interaction energies predicted these ap-
proximations for M---Thp and M---Py complexes with M
#Li are in good agreement with the MP4 ones. However,
the values predicted for Li---Thp and Li---Py are overesti-
mated by 65-75% and 41-48%, respectively. The overall of
these results indicate that the PBE and MPW1PWO1 are the
better DFT methods adequate to describe the energetics in-
volved in M- --m complexes.

The interaction energies computed at the ab initio and
DFT levels for M"*---Thp and M"*---Py complexes are
shown in Table II. Comparison of results listed in Tables I
and II shows that the interaction energies are much more
negative when the metal atom is ionized. Thus M"*---Thp
and M"™*---Py are dominated by a strong electrostatic inter-
action between the 7 cloud of the heterocycle and the posi-
tively charged atom. Accordingly, at the highest level of
theory the interaction energies range from -30.8 to
—13.6 kcal/mol and from —37.2 to —18.0 kcal/mol when a
singly charged atom M™* is complexed with Thp and Py, re-
spectively. These values are one order of magnitude more
favorable than those shown in Table I for M---Thp and
M- --Py. On the other hand, when the metallic specie pre-
sents two positive charges, as in M**---Thp(Py) complexes,
the interaction energy amounts to —104.2(-113.1) and
—59.6(—68.8) kcal/mol for M**=Mg*? and Ca®*, respec-
tively.

Analysis of electron correlation effects in Table II indi-
cates that the change from the MP2 to MP4 level leads to
very small changes in the interaction energy (typically
around 0.4 kcal/mol, i.e., ~1%) suggesting a good conver-
gence. On the other hand, the HF method tends to overesti-
mate the strength of the interaction in these electrostatically
stabilized complexes by only ~2.5%, which is a very satis-
factory result. Finally, the four functionals investigated pro-
vide a reasonable description of the complexes containing a
metal cation, although in all cases the strength of the inter-
action is overestimated with respect to the ab initio values.
This overestimation is about 9% for both B3LYP and
B3PWO1 functionals, while the MPW1PWO1 and, particu-
larly, the PBE methods provide the more negative values of
the interaction energies, i.e., the overestimation is of about
11%. The similarity between B3LYP and B3PWOI1 results
combined with the enhancement produced by the PBE and
MPWI1PWO1 methods suggest that the exchange functionals
are responsible for the DFT overestimation.
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TABLE 1II. Interaction energies® (in kcal/mol) calculated for complexes M™--thiophene and
M"™--pyrrole. In every case the level of theory used to calculate the interaction energy is identical to that
used to obtain the optimized geometry with exception of the MP4 level, where the MP2 optimized geometry
was used (see Sec. II).°

M MP2 MP4 HF B3LYP B3PWO1 PBE MPWI1PWO1

M"*- - ‘Thiophene

Li* -31.2 -30.8 -32.2 -34.3 -334 -353 -34.7
Na* -19.6 -19.4 -20.4 -21.9 -21.1 =229 =222
K* -14.0 -13.6 -13.1 -13.9 -13.6 -15.1 -14.6
Mgt -104.5 -104.2 -105.7 -114.2 -112.7 -117.7 -114.5
Ca* —-60.2 -59.6 -59.8 -64.8 -64.6 -67.6 —-66.1
M™---Pyrrole
Li* -37.5 -37.2 -39.8 -40.5 -39.6 -41.0 -41.0
Na* -24.8 -24.5 -26.1 -27.0 -26.2 -27.8 -27.3
K* -18.2 -18.0 -17.7 -18.2 -17.9 -19.3 -19.0
Mg>* -113.4 -113.1 -116.5 -128.3 -124.3 -130.9 -125.8
Ca* -69.4 —-68.8 -70.4 -73.3 =73.2 -75.6 =74.7

*The BSSE was corrected using the CP method.
PAll calculations were carried out using the 6-31+G(d,p) basis set.

TABLE III. Optimized intermolecular parameters (in A) for charge transfer complexes M- - -thiophene and
M- - -pyrrole. The parameters are defined in Fig. 1.

Li Na K Mg Ca Li Na K Mg Ca

MP2

d, 2572 3.660  3.834  3.875 4.063 2.608 3.168 3.284  3.423 3.458

a*’ 2.151 3.512 3.644  3.777 3.935 2.581 3.144 3316 3455 3.467

&t 2222 3425 3.510  3.739 3.859 2521 3.089 3.342  3.505 3.483
HF

d, 2.515 5876  6.090 5.679  6.501 2.825 3.497 3.646 4970 5331

a*’ 2.161 5872 6.098 5.645 6.471 2742 3.429 3.620  5.003 5.316

&+ 2198 5906  6.145 5649 6476 2580  3.299 3.554 5050 5283

B3LYP

d, 2.551 4122 4339 5720  5.841 2.600 3324  3.558 3.937 3.974

a*’ 2.143 4.021 4217 5.548  5.687 2.557 3.282 3.560  3.977 3.987

&+ 2167 3973 4.143 5406 5564 2492 3207 3.545  4.037  4.005

B3PWI1

d, 2.545 3918 4193 4.024  4.268 2.618 3.287 3.508 3.507 3.617

a*’ 2,142  3.852  4.054 3964 4200 2572  3.251 3516 3456  3.620

a4 2164 3713 3.963 3960  4.180  2.501 3.184  3.481 3572 3.626
PBE

d 2.587 3.703 3.909 3850  4.118 2532 3184 3414 3431 3.545

a 2.170  3.541 3.739 3778  4.025 2.491 3152 3424 3.461 3.554

a4 2176 3.423 3.583 3.767 3.986 2451 3.099 3432 3513 3.583

MPW1PWO1

d 2.538 3772 4019 3900 4.156  2.581 3.218 3.437 3.427 3.550

a 2136 3.628 3.860  3.830 4.070  2.543 3.177 3436 3456  3.553

a2t 2160  3.537 3.748 3816  4.036 2481 3.108 3.421 3.505 3.557
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TABLE 1V. Optimized intermolecular parameters (in A) for charge transfer complexes M"*- - -thiophene
and M"*---pyrrole. The parameters are defined in Fig. 1.

M’H'Thp Mn+Py
Lit Na* K* Mg Ca’* Lit Na* K* Mg Ca’*
MP2
d 2548 2967 3391 2582 3017 2298 2868  3.148 2557 2794
d>> 2383 2809 3232 2405 2.843 2324 2816 3.145 2483 2808
A* 2352 2767 3171 2389 2815 2296 2674 3073 2291 2747
HF
d, 2512 2941 3416 2536 2977 2243 2860 3288 2530 2783
d>> 2394 2848 3352 2421 2885 2297 2819 3267 2479 2826
&* 2390 2851 3372 2433 2905 2304 2688 3172 2301 2786
B3LYP
d, 2511 2939 3377 2561 2975 2237 2918 3245 3271 2806
4> 2352 2787 3255 2397 2833 2273 2823 3203 2950 2808
&* 2322 2743 3226 2382 2826 2262 2615 3084 2252 2730
B3PW91
d, 2519 2952 3376 2557 2966 2263 2926 3246  3.159  2.792
d*» 2358 2795 3245 2392 2818 2286 2831 3200 2867 2793
> 2324 2745 3207 2375 2807 2260 2620 3.069 2242 2715
PBE
d, 2517 2947 3370 2568 2976 2256 2931 3235 3288  28I8
a» 2347 2778 3230 2393 2818 2289 2828 3.8 2962  2.805
A4 2309 2721 3186 2371 2801 2252 2607 3.057 2252 2711
MPWI1PW91
d, 2509 2933 3355 2551 2958 2242 23882 3211 3119 2782
a>» 2348 2779 3226 2387 2812 2297 2801 3171 2838 2787
A* 2315 2731 3190 2371 2801 2254 2614 3057 2238 2713

B. Geometries

The intermolecular parameters used to compare the geom-
etries predicted by the different methods for the ten com-
plexes investigated consist of three distances d,, d*3, and
d**, which are defined in Fig. 1. It should be noted that we
are interested in how the strength predicted by the different
methods for the M-+ and M™*- - -1 interactions correlates
with the geometry of the complexes, this information being
satisfactorily described by the three parameters considered.
Thus other intermolecular parameters as angles or dihedrals,
which can be supplied upon request to authors, are not es-
sential in this case because the relative arrangement between
the two fragments of the complex was the same in all cases,
i.e., the M or M"™" specie above the 7r-system of the hetero-
cycle.

Table III summarizes the optimized geometric parameters
for the ten charge transfer complexes. The geometries ob-
tained using the MP2 method are fully consistent with the
interaction energies predicted at the same computational
level. Thus the three distances increase with the size of M for
both M- --Thp and M- - -Py complexes, and for a given M the
distances are larger for M- --Thp complexes than for M- --Py
complexes. Furthermore, as expected for a weak interaction,
the parameters are relatively large ranging from 2.151 to

4.063 A for M- --Thp and from 2.521 to 3.483 A for M- - -Py.

On the other hand, the HF parameters reflect the limita-
tions of this method to describe charge transfer complexes.
Thus the resulting HF intermolecular distances show that, in
many cases, geometry optimizations led to the disruption of
the complex. The four DFT methods tend to overestimate the
intermolecular distances with respect to the MP2 values. The
largest overestimation was obtained at the B3LYP level. Sub-
stitution of the LYP functional by the PWO91 one to express
correlation induces an improvement in the geometries. As
expected, the PBE and MPW1MPWO1 provide the best DFT
results, the intermolecular distances obtained at these levels
being ~0.1 A greater than the MP2 ones. The results are in
excellent agreement with the interaction energies displayed
in Table 1.

Table IV lists the optimized geometric parameters for
M"---Thp and M"*---Py complexes. Comparison between
the distances predicted for M- --7r and M"*--- 7 at the MP2
level indicates a shortening of ~0.3 and ~1.0 A for M* and
M?*, respectively. On the other hand, the geometries calcu-
lated at the different levels for M™*---Thp and M"*:--Py
complexes show a remarkable agreement. Thus HF and DFT
methods are able to describe satisfactorily the geometry of
the electrostatically stabilized complexes. Accordingly, al-
though the shortcomings of the exchange functionals pro-
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TABLE V. BSSE-uncorrected interaction energies® (in
kcal/mol) calculated for charge transfer complexes M- - -thiophene
and M- --pyrrole. In every case the level of theory used to calculate
the interaction energy is identical to that used to obtain the opti-
mized geometry with the exception of the MP4 level, where the
MP2 optimized geometry was used (see Sec. II).*

M MP2 MP4 HF B3LYP B3PW91 PBE MPWI1PWOl

M- - ‘Thiophene

Li -158 -13.1 -93 -205 -214 -203 -21.5
Na -2.1 -23 00 -04 -0.6 -1.7 -1.2
K -29 -29 00 -04 -0.5 -1.9 -1.2
Mg -26 -22 -0.1 0.0 -0.2 -1.5 -0.9
Ca -30 -36 00 -0.6 -0.3 -1.7 -1.5
M- - -Pyrrole
Li -70 -73 -29 =50 -5.3 =75 -6.5
Na -39 -42 -23 -19 22 -3.6 -3.0
K -54 -53 -18 =20 -2.3 -3.8 -33
Mg -34 -30 -0.1 -03 -1.0 -2.6 -1.9
Ca -54 -49 -02 -12 -1.7 -35 =32

All calculations were carried out using the 6-31+G(d, p) basis set.

duced an overestimation of the corresponding interaction en-
ergies (Table II), they do not affect the geometries.

C. Analysis of the basis set superposition error

The importance of the BSSE in the computed interaction
energies has been calibrated by comparing the results dis-
played in Tables I and IT with those listed in Tables V and VI,
which show the interaction energies calculated without ap-
plying the CP correction. We are aware that the CP method
provides only approximated results since it overestimates the
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size of the BSSE. However, early studies on van der Waals
and hydrogen bonded complexes have shown that the CP
correction provides interaction energies within the experi-
mental uncertainty [28-30].

Inspection to the results obtained for M---Thp and
M- --Py complexes indicates that the BSSE plays a similar
but important role in MP2 and MP4 calculations. Thus the
BSSE ranges from 1.2 to 4.0 kcal/mol for M=Li, Na, and K
and from 0.9 to 2.9 kcal/mol for M=Mg and Ca, these val-
ues being about 32-67% of the interaction energy. DFT
methods seem to be less susceptible to the basis set trunca-
tion than conventional MPn methods for M- -7 complexes.
However, this conclusion must be taken with caution since,
as was shown above, these complexes are poorly described
by DFT methods, especially by B3LYP and B3PWO91. The
BSSE of the PBE and MPW1PW91 functionals, which pro-
vide the more reliable DFT results for M---7 complexes,
range from 0.1 to 0.8 kcal/mol that corresponds to less than
22% of the interaction energy. Similarly, the BSSE predicted
by the four functionals investigated for Li- - ‘Thp and Li- - Py
complexes was lower than 12% of the interaction energy.
The overall of these results suggest that, in spite of their
limitations, the DFT methods are less sensitive to BSSE than
conventional MP2 and MP4 methods. However, the magni-
tude of the BSSE oscillates with the different functionals.

The uncorrected interaction energies calculated for
M"™---Thp and M"*---Py at the ab initio MP2, MP4, and HF
levels (Table VI) reveal that the BSSE is considerably
smaller than for M- - -7 complexes. Moreover, the size of the
BSSE decreases when the electrostatic component of the in-
teraction increases. Thus the BSSE is smaller for M"*---Thp
than for M"*---Py and, within each group, the influence of
the basis set truncation is smaller for M>*- than for
M*-containing complexes. Examination of the DFT results
indicates that, independently of the functional, the BSSE is
almost negligible for the electrostatically stabilized com-
plexes. Thus the BSSE is around 2—-4% for the complexes

TABLE VI. BSSE-uncorrected interaction energies® (in kcal/mol) calculated for charge transfer com-
plexes M™*- - thiophene and M"*- - -pyrrole. In every case the level of theory used to calculate the interaction
energy is identical to that used to obtain the optimized geometry with exception of the MP4 level, where the

MP2 optimized geometry was used (see Sec. II).*

M MP2 MP4 HF B3LYP B3PWI1 PBE MPWI1PWI1
M™---Thiophene

Li* -35.1 -34.7 -32.6 -35.0 -34.1 -36.0 -354
Na* =227 -22.5 -20.8 =225 -21.6 =235 -20.8

K* -16.2 -14.4 -13.3 -14.2 -13.9 -15.5 -15.0
Mgt -110.2 -110.0 -106.3 115.0 -113.5 -118.7 -115.5
Ca?* -64.5 -64.2 —-60.6 -65.4 -65.1 -68.2 —-66.6

M™---Pyrrole

Li* -40.5 -40.1 -40.2 -41.1 -40.2 -41.8 -41.6
Na* -27.2 -27.0 -26.6 -27.5 -26.7 -28.3 -27.9

K* -20.9 -20.7 -17.8 -18.5 -18.2 -19.7 -19.3
Mgt -117.6 -117.5 -117.1 -128.8 -124.8 -131.4 -126.3
Ca* =734 -73.2 -70.8 -73.9 -73.8 -76.3 -75.3

All calculations were carried out using the 6-31+G(d, p) basis set.
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formed with M* and smaller than 1% for those containing
M2+,

IV. CONCLUSIONS

In this work we investigated M-+ and M"*-- 7 com-
plexes using DFT and ab initio methods. The performance of
four DFT functionals (B3LYP, B3PWO91, PBE, and
MPWI1PWO1) was tested considering 20 different com-
plexes. Comparison with MP2 and MP4 results indicated that
the B3LYP and B3PW91 methods are completely inadequate
in prediction of M---m interaction energy and geometry.
However, the MPWI1PWO91 functional provided a good de-
scription of all the charge transfer complexes investigated.
Furthermore, this DFT method predicts reliable interaction
energies even when the molecular geometries were opti-
mized using a different computational procedure. The BSSE
estimated for M---Thp and M- --Py was found to be consid-
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erably smaller for DFT methods than for conventional ab
initio ones. Interestingly, the failure of the B3LYP and
B3PWO91 was also reported for electron donor acceptor sys-
tems formed from ethylene interacting with a halogen mol-
ecule [31], where the interaction is expected to be weaker
than in the M- -7 complexes presented in this work.

On the other hand, electrostatically stabilized M"*---ar
complexes are rightly described by all the methods consid-
ered in this work, although DFT methods overestimate the
strength of the interaction with respect to the ab initio ones.
In general the size of the BSSE was found to be small in
M"*---Thp and M"™*---Py complexes, being almost negli-
gible for the four DFT methods.
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