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We report a quantum mechanical study on the electrostatic interactions found in poly(L-lysine)‚alkyl sulfate
complexes, which are materials with interesting technological properties able to adopt self-assembled
supramolecular structures. For this purpose, 19 reduced complexes were considered in the gas phase, chloroform
solution, and aqueous solution. Calculations in the gas phase were carried out up to the MP2/6-311++G(d,p)
level, while the influence of the bulk solvent was investigated at the HF/6-311++G(d,p) level using the
polarizable continuum model. The electrostatic interaction characteristics of poly(L-lysine)‚alkyl sulfate
complexes have been compared with those of alkyltrimethylammonium‚poly(R,L-glutamate) complexes, a
related family of materials previously investigated.

1. Introduction

The interaction between an ammonium cation and a carboxy-
late anion with the formation of an ion-pair complex is a
common process in protein chemistry. These ion pairs, usually
denotedsalt bridges, are involved in large variety of biological
processes.1 Understanding of the structural and functional roles
played by salt bridges cannot be achieved without knowledge
of the energetics of this interaction. Accordingly, a number of
theoretical studies have been devoted to investigating salt bridges
through sophisticated quantum mechanical methods on reduced
systems.2

For the past decade, the interest in ion-pair interactions has
been extended to materials science. Thus, remarkable advances
in noncovalent chemistry have led to design of new materials
consisting of charged polymer chains (polyelectrolytes) and
oppositely charged small amphiphilic molecules.3-6 Most work
in this area has involved polypeptides able to adopt highly
ordered secondary structures.3,4 Within this context, we are
interested in complexes formed by synthetic sodium poly(R,L-
glutamate) and oppositely charged alkyltrimethylammonium
surfactants, abbreviatedn-ATMA ‚PALG, wheren denotes the
number of carbon atoms of the alkyl group.

These materials were extensively studied by Tirrell’s group
in both the solid state and dilute chloroform solution.3 The more
relevant features of the electrostatic interactions involved in
n-ATMA ‚PALG complexes were investigated using ab initio
quantum mechanical methods on reduced systems constituted
by simple organic molecules, that is, acetate anion (CH3COO-)
and alkyltrimethylammonium cations [(CH3)3-N+-(CH2)n-1-
CH3 with n ranging from 1 to 4].7 Results were employed to
develop a suitable force field to modeln-ATMA ‚PALG
complexes in dilute chloroform solution using atomistic mo-
lecular dynamics simulations and explicit solvent molecules.8

We are also interested in the polypeptide-surfactant com-
plexes consisting of poly(L-lysine) and the oppositely charged
alkyl sulfate surfactants, abbreviated PLL‚n-AS. The most
remarkable difference between these materials, which were also
experimentally investigated by Tirrell’s group,3c,4 and the
n-ATMA ‚PALG ones involves the distribution of the charged
groups. Thus, in the latter compounds, the polypeptide chain
and the surfactant molecules are negatively and positively
charged, respectively, while the opposite situation occurs for
PLL‚n-AS complexes. However, to the best of our knowledge,
there has so far been no attempt to analyze the implications of
such difference in the electrostatic interaction between the
polyelectrolyte and the surfactants.

Following our previous theoretical studies onn-ATMA ‚
PALG complexes, we present here a systematic quantum
mechanical study about the geometry and energetics of the
electrostatic interaction found in PLL‚n-AS complexes. Interac-
tion energies have been computed not only in the gas phase
but also in chloroform and aqueous solutions. Results have been
compared with those previously reported for the electrostatic
interactions ofn-ATMA ‚PALG complexes7 and the salt bridges
of proteins.2
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2. Methods

The structures of both complexes and monomers were
determined in the gas phase by full geometry optimizations at
the MP2/6-31G(d) level of theory. It should be noted that the
6-31G(d) basis set9 provides geometries very similar to those
obtained with larger basis sets, even in systems constituted by
charged monomers.2b,10 The complexes constituted by the
smaller model molecules were verified as true minima on the
potential energy hypersurface by the analytical calculation of
their force constants.

To present a systematic study, single-point calculations were
performed for all the complexes and monomers at the HF/6-
311G(d,p), HF/6-311++G(d,p), MP2/6-311G(d,p), MP2/6-
311++G(d,p), and MP4/6-31G(d,p) levels of theory. The
stabilization energy in the gas phase,Estab,g, was calculated
according to eq 1.

where Eab corresponds to the total energy of the optimized
complex whileEa,compandEb,compare the energies of the isolated
monomers with the geometries obtained from the optimization
of the complex. The counterpoise (CP) method was applied to
correct the basis set superposition error (BSSE).11 The CP
correction for each monomer was calculated as the difference
between the energy of the monomer on the complexed geometry
with the basis set of the whole complex and that of the same
monomer without ghost orbitals.

The distortion energy,Edis, which estimates the relaxation of
the monomers on ion-pair formation, was computed by using
eq 2.

where Ea,opt and Eb,opt are the energies obtained from the
geometries optimized for the isolated monomers. Thus, the total
interaction energies in the gas phase,Eint,g, were evaluated as
the sum of the stabilization and distortion energies.

The influence of the corrections for zero-point energy and
entropy onEint,g was investigated for the smaller complexes
using frequencies calculated at the MP2/6-31G(d) level.

The effect of the solvent (water and chloroform) on the
interaction energies was estimated following the polarizable
continuum model (PCM) developed by Miertus, Scrocco, and
Tomasi.12 PCM calculations were performed in the framework
of the ab initio HF level with the 6-311++G(d,p) basis set and
using the gas-phase optimized geometries. The interaction
energy in aqueous and chloroform solution,Eint,aq/chl, was
evaluated by using eq 4.

where∆∆Gassoc is the difference between the free energy of
solvation of the ion pair,∆Gsol,ab, and those of the separated
monomers,∆Gsol,a and ∆Gsol,b, in the corresponding solvent.

All of the calculations were performed with Gaussian 98,

revision A.7,13 on an IBM/SP2 at the Centre de Supercomputa-
ció de Catalunya (CESCA).

3. Results and Discussion

A total of 19 ion pairs have been investigated in this work,
which are listed in Table 1 and will be discussed in successive
sections. They can be classified in two groups according to their
chemical constitution: (i) complexes formed by two molecular
ions (from I to XV in Table 1) and (ii) complexes formed by
a molecular ion and an oppositely charged atomic ion (from
XVI to XIX in Table 1). It should be noted that complexV
provides the best description for the PLL cation, while then-AS
surfactants are accurately mimicked in complexesXIV andXV .

This section is outlined as follows. We first discuss the
general effect of the quantum mechanical method, the basis set,
and the BSSE onEstab,gandEint,g. Second, the strength of the
electrostatic interaction involved in PLL‚n-AS complexes is
analyzed in the gas phase. In this context, the influence of
describing accurately the PLL andn-AS fragments is examined
in detail. Furthermore, the results are systematically compared
with those obtained for then-ATMA ‚PALG complexes7 and
proteins.2 Third, we briefly discuss the geometry of the
electrostatic interaction of PLL‚n-AS complexes. Next, we
examine how the binding changes when one of the molecular
ions (alkylammonium cation or alkyl sulfate anion) is replaced
by a similarly charged atomic ion. After this, we show the
influence of the bulk solvent (chloroform and water) on the
interaction energy.

3.1. Influence of the Quantum Mechanical Method, the
Basis Set, and the BSSE on the Stabilization and Interaction
Energies.For the discussion of this section, we will consider
the results obtained for all of the molecular ion pairs (I-XVI ),
but only two complexes constituted by a molecular ion and an
oppositely charged atom (XVI and XVII ). Thus, results for
complexesXVIII andXIX have not been taken into account
because, as will be indicated in section 3.4, they are not true
minima. Tables 2 and 3 list the values ofEstab,g(eq 1) with and
without correcting the BSSE, respectively. Finally, Table 4
presents the values ofEint,g (eq 3), which take into consideration
the geometrical relaxation of the monomers.

The results in Tables 2 and 4 show that, for complexes
constituted by two molecular ions, the values ofEstab,gandEint,g

calculated using the HF theory are slightly underestimated
(∼4%) with respect to those obtained at the MP2 level. The
opposite effect is detected for complexesXVI andXVII , for

Estab,g) Eab - Ea,comp- Eb,comp (1)

Edis ) (Ea,comp+ Eb,comp) - (Ea,opt+ Eb,opt) (2)

Eint,g ) Estab,g+ Edis (3)

Eint,aq/chl) Eint,g + ∆∆Gassoc (4)

∆∆Gassoc) ∆Gsol,ab- ∆Gsol,a- ∆Gsol,b (5)

TABLE 1: Chemical Constitution of the Ion-Pair and
Neutral Complexes Investigated in This Work

complex cation anion

I CH3-NH3
+ CH3-O-SO3

-

II CH3-CH2-NH3
+ CH3-O-SO3

-

III CH3-(CH2)2-NH3
+ CH3-O-SO3

-

IV CH3-(CH2)3-NH3
+ CH3-O-SO3

-

V HCO-CH-(CH2)4-NH3
+-NH2 CH3-O-SO3

-

VI CH3-CH2-NH3
+ CH3-CH2-O-SO3

-

VII CH3-(CH2)2-NH3
+ CH3-CH2-O-SO3

-

VIII CH3-CH2-NH3
+ CH3-(CH2)2-O-SO3

-

IX CH3-(CH2)2-NH3
+ CH3-(CH2)2-O-SO3

-

X CH3-CH2-NH3
+ CH3-(CH2)3-O-SO3

-

XI CH3-(CH2)2-NH3
+ CH3-(CH2)3-O-SO3

-

XII CH3-CH2-NH3
+ CH3-(CH2)4-O-SO3

-

XIII CH3-(CH2)2-NH3
+ CH3-(CH2)4-O-SO3

-

XIV CH3-CH2-NH3
+ CH3-(CH2)5-O-SO3

-

XV CH3-(CH2)2-NH3
+ CH3-(CH2)5-O-SO3

-

XVI Na+ CH3-O-SO3
-

XVII Li + CH3-O-SO3
-

XVIII CH3-NH3
+ Cl-

XIX CH3-NH3
+ F-

4152 J. Phys. Chem. A, Vol. 107, No. 20, 2003 Alemán et al.



which the HF method predicts stronger electrostatic interactions
than the MP2 one (∼2-3%). On the other hand, the results
derived from Møller-Plesset calculations with single, double,

triple, and quadruple excitations (MP4), which were performed
only with the 6-31G(d) basis set, were almost identical to those
produced at the MP2 level with the same basis set, the largest

TABLE 2: Stabilization Energies Computed in the Gas Phase (Estab,g, kcal/mol) with Correction for the Basis Set Superposition
Error

MP2 MP4 HF

complex 6-31G(d) 6-311G(d,p) 6-311++G(d,p) 6-31G(d) 6-311G(d,p) 6-311++G(d,p)

I -118.5 -117.0 -115.3 -117.9 -111.9 -110.7
II -116.2 -114.9 -113.3 -115.5 -109.9 -108.9
III -115.0 -113.7 -112.1 -114.4 -108.7 -107.6
IV -114.5 -113.2 -111.7 -108.1 -107.0
V -115.0 -113.8 -112.7 -109.2 -108.4
VI -116.2 -114.8 -113.5 -110.0 -109.1
VII -115.1 -113.7 -112.4 -108.8 -107.8
VIII -116.1 -114.7 -113.4 -109.9 -109.1
IX -115.0 -112.9 -112.3 -108.7 -107.8
X -116.1 -114.6 -113.4 -109.9 -109.0
XI -115.0 -113.5 -112.2 -108.7 -107.8
XII -116.1 -114.6 -113.3 109.9 -109.0
XIII -114.9 -113.5 -112.2 -108.7 -107.8
XIV -116.1 -114.6 -113.3 -109.9 -109.0
XV -114.9 -113.4 -112.2 -108.6 -107.7
XVI -135.8 -128.1 -125.2 -131.6 -130.7 -129.1
XVII -159.1 -155.7 -152.3 -158.8 -157.4 -155.8
XVIII -116.4 -115.8 -115.5 -116.0 -109.9 -110.2
XIX -155.0 -154.1 -142.5 -154.2 -150.2 -142.0

TABLE 3: Stabilization Energies Computed in the Gas Phase (Estab,g, kcal/mol) without Correction for the Basis Set
Superposition Error

MP2 MP4 HF

complex 6-31G(d) 6-311G(d,p) 6-311++G(d,p) 6-31G(d) 6-311G(d,p) 6-311++G(d,p)

I -124.0 -123.7 -120.1 -127.6 -114.8 -112.5
II -122.6 -122.2 -118.6 -122.3 -113.2 -110.9
III -121.5 -121.2 -117.7 -121.3 -112.0 -109.7
IV -120.0 -120.8 -117.4 -111.5 -109.2
V -120.6 -121.5 -118.8 -112.6 -110.7
VI -122.6 -122.1 -118.8 -113.3 -111.2
VII -121.6 -121.1 -118.0 -112.1 -110.0
VIII -122.5 -121.9 -118.8 -113.2 -111.1
IX -121.5 -121.0 -117.9 -112.0 -110.0
X -122.5 -121.9 -118.7 -113.1 -111.1
XI -121.5 -120.9 -117.8 -112.0 -109.9
XII -122.5 -121.8 -118.7 -113.1 -111.0
XIII -121.5 -120.8 -117.8 -111.9 -109.9
XIV -122.4 -121.8 -118.7 -113.1 -111.0
XV -121.4 -120.8 -117.8 -111.9 -109.9
XVI -140.1 -135.1 -128.6 -140.4 -133.5 -130.2
XVII -168.3 -165.3 -157.5 -168.7 -161.3 -157.5
XVIII -120.8 -119.3 -120.1 -120.2 -110.5 -110.6
XIX -176.8 -174.6 -147.7 -176.4 -161.6 -143.0

TABLE 4: Interaction Energiesa Computed in the Gas Phase (Eint,g, kcal/mol)

MP2 MP4 HF

complex 6-31G(d) 6-311G(d,p) 6-311++G(d,p) 6-31G(d) 6-311G(d,p) 6-311++G(d,p)

I -113.0 -111.4 -110.0 -112.4 -106.4 -105.4
II -110.5 -109.2 -107.9 -109.9 -104.8 -104.0
III -109.4 -108.1 -106.8 -109.4 -103.7 -102.8
IV -110.0 -107.6 -106.4 -103.1 -102.2
V -110.0 -107.6 -107.9 -104.1 -103.6
VI -110.3 -108.8 -107.9 -104.8 -104.1
VII -109.3 -107.8 -106.9 -103.7 -102.9
VIII -110.1 -108.6 -107.8 -104.7 -104.1
IX -109.1 -106.9 -106.8 -103.6 -102.9
X -110.1 -108.5 -107.7 -104.7 -104.0
XI -109.1 -107.5 -106.6 -103.6 -102.9
XII -110.1 -108.5 -107.6 -104.7 -104.0
XIII -109.0 -107.5 -106.5 -103.6 -102.8
XIV -110.1 -108.5 -107.7 -104.7 -104.1
XV -109.0 -107.4 -106.6 -103.5 -102.8
XVI -131.6 -123.6 -121.2 -127.6 -127.4 -126.0
XVII -151.3 -147.7 -145.1 -151.3 -150.8 -149.6
XVIII -115.4 -114.8 -114.5 -115.0 -108.3 -108.6
XIX -151.4 -150.6 -139.0 -150.5 -145.9 -137.7

a Eint,g was computed as the sum of the stabilization energies displayed in Table 2 and the distortion energies (see Supporting Information).
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difference between the two methods being 0.7 kcal/mol (0.6%).
ComplexXVI was an exception to this behavior; in this case,
the values ofEstab,gandEint,g computed at the MP4 level were
4.2 (3.1%) and 4.0 kcal/mol (3.0%), respectively, larger than
those derived from MP2 calculations.

Inspection of the results obtained with the 6-31G(d), 6-311G-
(d,p), and 6-311++G(d,p) basis sets indicates that, for the
molecular ion pairs, bothEstab,g and Eint,g decrease when the
size of the basis sets increases. Such energy parameters diminish
about 1.5 and 0.5 kcal/mol, respectively, when the basis set is
extended from the 6-31G(d) to the 6-311G(d,p). The introduction
of diffuse functions to the 6-311G(d,p) basis set produces a new
reduction of about 1 kcal/mol. For the complexes containing
an atomic ion, the improvement of the basis set produces similar
qualitative effects. However, the reduction ofEstab,gandEint,g

is more pronounced in these complexes than that for the ion
pairs formed by two molecules. This feature is especially
notorious for complexXVI , in which the energy parameters
decrease by about 10.5 kcal/mol when the 6-31G(d) basis set
is extended to the 6-311++G(d,p) one.

Comparison between results displayed in Tables 2 and 3
indicates that, in general, the size of the BSSE is about 3-4
kcal/mol larger at the MP2 level than at the HF one. The strength
of theEstab,gpredicted by MP2 calculations is overestimated by
about 5-8 kcal/mol when the BSSE is not corrected. Thus, this
energy parameter decreases by about 5-6% after introducing
the BSSE correction. However, it should be noted that for ion
pairs containing small atomic ions, such as Li+ (XVII ) or F-

(XIX ), the size of the BSSE increases notably when a basis set
without diffuse functions is used.

The discussion of the next sections will be centered on MP2/
6-311++G(d,p) calculations, which provide our best estimation
of Estab,gandEint,g.

3.2. Energetics of the Electrostatic Interaction of PLL‚n-
AS Complexes in the Gas Phase.First, we get insight into the
influence of the model molecules used to mimic the electrostatic
interactions of PLL‚n-AS complexes. The description of the
molecular cation was investigated by calculating the complexes
formed by the methyl sulfate anion and the alkylammonium
cation (alkyl ) methyl, I ; alkyl ) ethyl, II ; alkyl ) propyl,
III ; and alkyl) butyl, IV ). Results are compared in Tables 2
and 4 with those achieved for complexV, which is constituted
by N-formylamino lysine (For-Lys-NH2) and methyl sulfate.

As can be seen, bothEstab,gandEint,g vary as follows: I > II
> III > IV independently of the level of theory and the basis
set. Thus, these energy terms drop 3.6 kcal/mol when the alkyl
group changes from methyl to butyl. This reduction must be
attributed to the electron leasing associated with the alkyl groups
in classical organic chemistry. Very similar results were recently
reported for complexes constituted by the acetate anion and an
alkyltrimethylammonium cation, with alkyl) methyl, ethyl,
propyl, and butyl, which were used to model the electrostatic
interactions ofn-ATMA ‚PALG complexes.7a In such cases, the
Eint,g computed at the MP2/6-31+G(d) level also decreases 3.6
kcal/mol when the size of the alkyl group increases from methyl
to butyl.

Comparison among complexesI-V indicates that the better
description of the For-Lys-NH2 is provided by the ethylammo-
nium and propylammonium cations. Thus, the value ofEstab,g

predicted forV is overestimated and underestimated byII and
III , respectively, by 0.6 kcal/mol. Because these results do not
allow establishment of a clear distinction between the ethylam-
monium and propylammonium cations, we decided to consider
both as model molecules of the PLL fragment.

Next, the influence of the size of the surfactant alkyl group
was investigated by comparing the results provided by com-
plexes containing one of the selected alkylammonium cations
(alkyl ) ethyl, II , VI , VIII , X, XII , and XIV ; and alkyl )
propyl, III , VII , IX , XI , XIII , andXV ) and an alkyl sulfate
anion (alkyl) methyl, II and III ; alkyl ) ethyl, VI andVII ;
alkyl ) propyl,VIII andIX ; alkyl ) butyl, X andXI ; alkyl )
pentyl, XII andXIII ; and alkyl) hexyl, XIV andXV ). It is
worth noting that the size of the aliphatic group of the anion
has an almost negligible effect in bothEstab,g and Eint,g. For
instance, the values ofEint,g predicted for complexesIII and
XV differ by only 0.2 kcal/mol, although they are constituted
by methyl sulfate and hexyl sulfate, respectively. On the other
hand, results derived for complexes formed by ethylammonium
and propylammonium cations are also very similar, the values
of Estab,gandEint,g differing by about 1 kcal/mol (1.0%).

The results obtained for complexV indicate thatEstab,gand
Eint,g are -112.7 and-107.9 kcal/mol, respectively, for the
electrostatic interaction of PLL‚n-AS complexes. According to
the Tables 2 and 4, it can be concluded that the reduced models
considered for complexesII andIII satisfactorily reproduce the
energetics of such interaction. TheEint,g computed at the MP2/
6-31+G(d) level for the complexes formed by the acetate anion
and the alkyltrimethylammonium cation range from-97.4 (alkyl
) methyl) to -95.0 (alkyl ) butyl) kcal/mol.7 Accordingly,
the electrostatic interaction of PLL‚n-AS complexes is about
13 kcal/mol stronger than that ofn-ATMA ‚PALG complexes.
This fact can be attributed to (i) the larger concentration of
positive charge in the alkylammonium cation with respect to
the alkyltrimethylammonium one and (ii) the intermolecular
geometry of the complexes, which will be discussed in the next
section. On the other hand, the electrostatic interaction in PLL‚
n-AS complexes is slightly weaker than that in salt bridges in
proteins. Thus, theEint,g predicted at the MP2/6-31+G(d) for
the complex constituted by methylguanidinium cation and the
acetate anion range from-117.9 to-108.8 kcal/mol, depending
on the intermolecular geometry.2d

The influence of the zero-point energy and entropy corrections
to the energetics of the electrostatic interaction investigated in
this work has been investigated using the frequencies computed
at the MP2/6-31G(d) level for complexesI , II , III , andVI , as
well as for the corresponding isolated monomers. Results are
displayed in Table 5. As can be seen, differences in zero-point
energies are very small (less than 1 kcal/mol), the change
introduced inEint,g being almost negligible. The numerical values
of the entropy correction for the four investigated complexes
range from 1.9 to 2.8 kcal/mol, the variation introduced in the
energetics of the binding being lower than 2.6%. These results
indicate that the influence of both the zero-point energy and
entropy contributions is very small and, therefore, the omission
of these terms should not alter the conclusions presented in this
work.

TABLE 5: Interaction Enthalpies a (H int,g, kcal/mol) and Free
Energiesb (Gint,g, kcal/mol) Computed in the Gas Phase for
Selected Complexes

complex ∆ZPE Hint,g -T∆S Gint,g

I 0.9 -109.1 2.3 -106.8
II 0.9 -107.0 2.1 -104.9
III 0.8 -106.0 1.9 -104.0
IV 0.9 -107.0 2.8 -104.1

a Hint,g was estimated by adding the zero-point energy correction term
(∆ZPE) computed at the MP2/6-31G(d) level to theEint,g obtained at
the MP2/6-311++G(d,p) level (see Table 4).b Gint,g was estimated by
adding the entropy correction (-T∆S, T ) 298.15 K) computed at the
MP2/6-31G(d) level to theHint,g value.
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3.3. Geometry of the Electrostatic Interaction of PLL‚n-
AS Complexes.The optimized intermolecular geometry for this
interaction is displayed in Figure 1a. All of the investigated
complexes, with exception ofI , provided almost identical results,
as can be inferred from the maximum deviations of the following
intermolecular distances and angles:d(N‚‚‚S)) 3.194( 0.001
Å, d(N-H1‚‚‚O1) ) 1.703( 0.004 Å,d(N-H2‚‚‚O2) ) 1.733
( 0.003 Å,∠N‚‚‚S-O(-C) ) 113.2° ( 0.8°, and∠S‚‚‚N-C
) 116.9° ( 0.4°. On the other hand, the small size of the
methylammonium cation severely affected the intermolecular
parameters obtained forI : d(N‚‚‚S) ) 3.130 Å,d(N-H1‚‚‚O1)
) 1.709 Å,d(N-H2‚‚‚O2) ) 1.764 Å,∠N‚‚‚S-O(-C) ) 95.0°,
and∠S‚‚‚N-C ) 99.4°.

Inspection of Figure 1a reveals that the sulfate group is
symmetrically arranged with respect to the cation, as can be
inferred from the small differences found between the two H‚
‚‚O intermolecular distances (0.030 Å). A completely different
situation was found for the model complexes used to investigate
n-ATMA ‚PALG complexes, where the two intermolecular
distances differ by about 0.12-0.16 Å.7a Moreover, atomistic
molecular dynamics simulations on realistic models ofn-ATMA ‚
PALG complexes8 also evidenced such asymmetric arrange-
ment, which was attributed to a delicate balance between the
repulsive and attractive interactions.

Comparison between the intermolecular geometries predicted
for PLL‚n-AS andn-ATMA ‚PALG complexes reveals another
interesting feature. The distance between the cation and the
anion, which was measured as N(alkylammonium)‚‚‚S(alkyl
sulfate) and N(alkyltrimethylammonium)‚‚‚C(acetate), respec-
tively, is about 1 Å larger in the latter than in the former
complexes.7 This is in agreement with the relative strength of
the corresponding interactions (see section 3.2.).

Finally, it should be mentioned that the aliphatic groups of
the alkylammonium cations and the alkyl sulfate anions were
initially arranged according to an all-trans conformation.

Analysis of the dihedral angles after geometry optimizations
indicated that, in all cases, such conformation was preserved.

3.4. Complexes Constituted by a Molecular Ion and an
Oppositely Charged Atomic Ion. TheEstab,gandEint,g for the
complexes constituted by alkyl sulfate and a metal cation, M+

(M+ ) Na+, XVI ; M+ ) Li+, XVII ) are displayed in Tables
2-4. As expected, the interaction is more attractive for
complexes involving a metal cation than for those containing
an organic molecular cation. Thus, the binding of Na+ and Li+

to methyl sulfate is 11.2 and 35.1 kcal/mol (10% and 32%,
respectively) stronger than that of methylammonium, respec-
tively. Obviously, these energy differences are due to the greater
concentration of the charge in atomic ions than in organic
molecular ions.

Figure 1b shows the minimum energy structure obtained for
complexXVI . The Na+ is symmetrically arranged with respect
to two oxygen atoms of the sulfate moiety, the Na+‚‚‚O distance
being 2.265 Å. A symmetrical arrangement was also obtained
for complexXVII , the distances between the metal cation and
the oxygen atoms being in this case 0.059 Å shorter than those
for XVI .

Geometry optimizations were also performed on the ion pairs
formed by methylammonium cation and a simple atomic anion,
X- (X ) Cl and F). However, in both cases the ion pair was
not a “true” energy minimum on the potential energy surfaces
and collapses to the neutral complex formed by methylamine
and HX. This is consequence of the great concentration of
negative charge, which is larger in X- than in alkyl sulfate
anions. The collapse of the ion pair to the neutral complex in
geometry optimizations using the 6-31G(d) basis set has been
also observed for complexes constituted by formate anion and
trimethylammonium cation,2c and acetate anion and methylam-
monium cation.2d

To provide an estimation of theEstab,g and Eint,g values for
the complexesXVIII and XIX , partial optimizations were
performed by imposing the restraints necessary to keep the ionic
nature of the two constituents in the complex. As expected,
results indicate that the electrostatic interaction becomes stronger
when the size of the atomic anion decreases. Furthermore, the
strength of the binding is larger for these complexes than for
the bimolecular ones.

3.5. Effect of the Solvent in the Formation of the Ion Pair.
Table 6 shows the∆Gsol, ∆∆Gassoc, and Eint in water and
chloroform for the 19 ion pairs investigated in this work. In all
cases, the solvation of the complexes was worse than that of
the isolated ions, which led to positive∆∆Gassoc values.
Furthermore, the magnitude of such repulsive energy term
increases with the polarity of the solvent. Thus, the solvation
of the isolated ions in water is favored by strong electrostatic
interactions between the bulk solvent and the charged solutes,
while in chloroform, the strength of such interactions decreases.

TheEint,aqandEint,chl values were obtained by adding theEint,g

estimated at the MP2/6-311++G(d,p) level (Table 4) to the
∆∆Gassocterm computed in water and chloroform, respectively
(eq 4). The results indicate that the complexation process is
less favorable in chloroform solution than in the gas phase. Thus,
a comparison between theEint,chl andEint,g values reveals that
the strength of the binding is about 75% weaker in the former
environment than in the latter one. However, it should be
emphasized that in chloroform solution the unfavorable∆∆Gassoc

term is counterbalanced by the gas-phase contribution leading
in all cases to negativeEint,chl values. According to the results
displayed in Table 6, the binding of an alkylammonium cation
to an alkyl sulfate anion in chloroform solution to form the

Figure 1. Optimized geometries of the (a) alkylammonium‚alkyl
sulfate ion pairs (only the atoms involved in the intermolecular
interaction have been explicitly represented, the remaining atoms of
the alkyl groups being symbolized by large spheres) and (b) complex
XVI . Intermolecular distances are given in Å.
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corresponding ion pair is favored by about 31-32 kcal/mol.
Conversely, this complexation process is destabilized in aqueous
solution by 3-6 kcal/mol. In this case, the large energy penalty
arising from the desolvation of the interacting ion (∆∆Gassoc)
is too large and cannot be compensated byEint,g.

The influence of the solvent on the binding of the ion pairs
used to mimic PLL‚n-AS complexes is similar to that described
for the reduced models ofn-ATMA ‚PALG complexes from a
qualitative point of view.7a However, a detailed comparison
between the two systems reveals important quantitative differ-
ences. Thus, theEint,chl values predicted for alkylammonium‚
alkyl sulfate complexes range from-25.0 to-27.0 kcal/mol,
while the values obtained for alkyltrimethylammonium‚acetate
complexes varied from-2.3 to-3.4 kcal/mol. Therefore, when
the trimethylammonium group is replaced by the ammonium
one the positive charge is more localized and, as a conse-
quence, the binding in chloroform solution is stabilized by
about 22-25 kcal/mol. The difference in theEint,aq values
between alkylammonium‚alkyl sulfate and alkyltrimethyl-
ammonium‚acetate complexes amounts to 17-23 kcal/mol, the
binding being less favored in the latter than in the former ion
pairs. Again, the origin of this difference lies in the charge
concentration. The behavior of methylguanidinium‚acetate
complexes in solution is intermediate between those of
alkyltrimethylammonium‚acetate and alkylammonium‚alkyl sul-
fate complexes.2d

4. Summary

High-level ab initio calculations including electron correlation
show that in the gas phase the electrostatic interaction charac-
teristic of PLL‚n-AS complexes is about 10 kcal/mol stronger
than that ofn-ATMA ‚PALG complexes but about 5 kcal/mol
weaker than that of salt bridges in proteins. TheEint,g predicted
at the highest computational level employed for the systems
under study is approximately-108 kcal/mol.

Calculations in solution show that the bulk solvent plays a
crucial role in the binding process. Results indicate that the
destabilization induced by solvent is smaller for PLL‚n-AS than

for n-ATMA ‚PALG complexes. Thus, for the former complexes,
the attractive energetic contribution in the gas phase partially
compensates the destabilizing effect of the solvent. Our calcula-
tions predict that in chloroform solution the binding is favored
by about 26 kcal/mol for PLL‚n-AS complexes while only 3
kcal/mol forn-ATMA ‚PALG complexes. In aqueous solution,
the binding is unfavored for both types of complexes, but such
destabilization is considerably smaller for PLL‚n-AS than for
n-ATMA ‚PALG.

Another fundamental difference was found between the
electrostatic interactions of PLL‚n-AS and n-ATMA ‚PALG
complexes. This involves the spatial disposition of the molecular
cation with respect to the molecular anion. Thus, an asym-
metrical arrangement was reported forn-ATMA ‚PALG com-
plexes, while a symmetric one has been found in the present
study for PLL‚n-AS complexes.
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TABLE 6: Free Energy of Solvation and Interaction
Energya in Chloroform (∆Gsol,chl and Eint,chl, kcal/mol) and
Aqueous (∆Gsol,aq and Eint,aq, kcal/mol) Solutions and the
Difference between the Free Energy of Solvation of the Ion
Pair and the Separated Monomers (∆∆Gassoc, kcal/mol)

complex ∆Gsol,chl ∆∆Gassoc Eint,chl ∆Gsol,aq ∆∆Gassoc Eint,aq

I -10.1 83.7 -26.3 -20.6 114.9 4.9
II -10.1 81.5 -26.4 -20.7 112.1 4.2
III -8.9 81.7 -25.1 -18.9 113.0 6.2
IV -7.9 82.4 -24.0 -17.2 115.3 8.9
V -11.6 82.9 -25.0 -28.5 114.2 6.3
VI -10.1 80.7 -27.2 -21.2 111.1 3.2
VII -8.9 81.7 -25.2 -19.2 112.2 5.3
VIII -9.6 81.3 -26.5 -20.3 111.2 3.4
IX -8.4 81.5 -25.3 -18.3 112.3 5.5
X -9.5 80.9 -26.8 -20.1 110.7 3.0
XI -8.4 81.1 -25.5 -18.3 111.7 5.1
XII -9.5 80.8 -26.8 -19.7 110.9 3.3
XIII -8.3 81.0 -25.5 -18.0 111.7 5.2
XIV -9.4 80.7 -27.0 -19.6 110.4 2.7
XV -8.3 80.8 -25.8 -17.9 111.2 4.6
XVI -14.0 90.0 -31.2 -26.9 123.2 2.0
XVII -10.8 132.0 -13.1 -23.2 149.8 4.7
XVIII -11.6 92.1 -22.4 -22.5 125.4 10.9
XIX -10.5 114.6 -24.4 -21.3 157.1 18.1

a The interaction energy in solution was evaluated as the sum of the
interaction energy in the gas phase computed at the MP2/6-
311++G(d,p) level and the∆∆Gassocestimated for the corresponding
solvent (eq 4).
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