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We report a quantum mechanical study on the electrostatic interactions found in-fysipg)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 MR2&584,p)
level, while the influence of the bulk solvent was investigated at the HF/6-313(d,p) level using the
polarizable continuum model. The electrostatic interaction characteristics ofLfgdyte)alkyl sulfate
complexes have been compared with those of alkyltrimethylammopulg{o,L-glutamate) complexes, a
related family of materials previously investigated.

1. Introduction H H

The interaction between an ammonium cation and a carboxy- *%—CH—IlFI— *%—CH—I&
late anion with the formation of an ion-pair complex is a | n n
common process in protein chemistry. These ion pairs, usually (CHy), (CHy),
denotedsalt bridges are involved in large variety of biological | e ® NH
processe$Understanding of the structural and functional roles coo }
played by salt bridges cannot be achieved without knowledge HC., @ ©0

: L . . N—CH; [

of the energetics of this interaction. Accordingly, a number of H,C” | 0=8=—0
theoretical studies have been devoted to investigating salt bridges R o
through sophisticated quantum mechanical methods on reduced [
systems. CioHs

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 molecufe$ Most work We are also interested in the polypeptidmirfactant com-
in this area has involved polypeptides able to adopt highly PleXes consisting of polytlysine) and the oppositely charged
ordered secondary structufesWithin this context, we are  alkyl sulfate surfactants, abbreviated PBiAS. The most
interested in complexes formed by synthetic sodium poly( remarkable difference between these materials, which were also
glutamate) and oppositely charged alkyltrimethylammonium experimentally investigated by Tirrell's grodp? and the
surfactants, abbreviated ATMA -PALG, wheren denotes the n-ATMA -PALG ones involves the distribution of the charged
number of carbon atoms of the alkyl group. groups. Thus, in the latter compounds, the polypeptide chain

These materials were extensively studied by Tirrell's group and the surfactant molecules are negatively and positively
in both the solid state and dilute chloroform solutfohlhe more charged, respectively, while the opposite situation occurs for
relevant features of the electrostatic interactions involved in PLL-n-AS complexes. However, to the best of our knowledge,
n-ATMA -PALG complexes were investigated using ab initio there has so far been no attempt to analyze the implications of
quantum mechanical methods on reduced systems constituteduch difference in the electrostatic interaction between the
by simple organic molecules, that is, acetate anion(@BO") polyelectrolyte and the surfactants.
and alkyltrimethylammonium cations [(GH—N*—(CHz)n-1—
CH;z with n ranging from 1 to 4]. Results were employed to
develop a suitable force field to model-ATMA -PALG
complexes in dilute chloroform solution using atomistic mo-
lecular dynamics simulations and explicit solvent molecéles.

n-ATMA-PALG PLL-n-AS

Following our previous theoretical studies @arATMA -
PALG complexes, we present here a systematic quantum
mechanical study about the geometry and energetics of the
electrostatic interaction found in PEh-AS complexes. Interac-
tion energies have been computed not only in the gas phase
*To whom correspondence should be addressed. E-mail: butalso in chloroform and aqueous solutions. Results have been

Caﬁ"&?\l‘;’r‘;ﬁggpuoﬁﬁéensi-ca de Catalunya compared with those previously reported for the electrostatic
* National Cancer Institute at Frederick. interactions of-ATMA -PALG complexeband the salt bridges
§ Universitat de Lleida. of proteins?
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2. Methods TABLE 1: Chemical Constitution of the lon-Pair and
Neutral Complexes Investigated in This Work
The structures of both complexes and monomers were ;e cation anion
determined in the gas phase by full geometry optimizations at CRNA CH—o0-so_
the MP2/6-31G(d) level of theory. It should be noted that the I CH§:CH:—NH3+ CHzio:S%*
6-31G(d) basis setprovides geometries very similar to those CHa—(CHa).—NHs* CHs—0—S0;5~
obtained with larger basis sets, even in systems constituted by IV CH3—(CH2)3(—NH)|3+ . CH3;—0—S0s~
,10 i \% HCO—CH—(CHy)s—NHz"™—NH, CH;—0O—S0;~
charged monomef:1° The complexes constituted by the Vi Cha— CHNH.Z CHo—CHoO—SOs
smaller model molecules were verified as true minima on the _ _NH-F _CH—O—SO.-

: ¢ , VI CHs—(CHy),—NH3 CH3;—CH,—0—S0;
potential energy hypersurface by the analytical calculation of v CHz—CH,—NH3* CHs—(CH,),—0O—S0s~
their force constants. IX CHs—(CHa)o—NH5" CHy—(CHy),—O—S0;

To present a systematic study, single-point calculations were §| 8:2:(CCH|—2|52'\1—|_||\13H3+ g:i:ggﬂg;:g:g%_
performed for all the complexes and monomers at the HF/6- X|| CHz—CH,—NH5* CHs—(CH,),—0—S0s~
311G(d,p), HF/6-31%++G(d,p), MP2/6-311G(d,p), MP2/6- Xl CH3_(CH2)2_N|;|3+ CH;—(CH,),—0—S05~
311++G(d,p), and MP4/6-31G(d,p) levels of theory. The XIV  CHs—CHp—NHs' CHs—(CHy)s—O—SOy~

L : XV CH;—(CH,),—NH3 CH;—(CH,)s—0—S0;
stabilization energy in the gas phad&ang Was calculated XVI Na' CHs;—O—S05
according to eq 1. XVII Li+ CH3;—0—S0s~
XVIII  CH;—NHz* Cl-
_ XIX CHs—NH3" F
Estab,g_ Eab - Ea,comp_ Eb,comp (1) ’ ’

o revision A.713 on an IBM/SP2 at the Centre de Supercomputa-
where Ea, corresponds to the total energy of the optimized g ge Catalunya (CESCA).

complex whileE, compandEy compare the energies of the isolated
monomers with the geometries obtained from the optimization 3. Results and Discussion
of the complex. The counterpoise (CP) method was applied to ) , ) , o
correct the basis set superposition error (BSSEJhe CP A total of 19 ion pairs have been investigated in this work,
correction for each monomer was calculated as the differenceWhich are listed in Table 1 and will be discussed in successive
between the energy of the monomer on the complexed geometryseCt'o_”S- They can be cI_assmed in two groups according to their
with the basis set of the whole complex and that of the same chemical constitution: (i) complexes formed by two molecular
monomer without ghost orbitals. ions (froml 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 compl¥x
provides the best description for the PLL cation, whilenh&S
surfactants are accurately mimicked in complexBg andXV.
This section is outlined as follows. We first discuss the
Eis = (Ea,comp+ Eb,comr) o (Ea,Othr Eb,0p9 @) general effect of the quantum mechanical method, the basis set,
) _ and the BSSE offtsian gand Eint,g. Second, the strength of the
where Eaopt and Epopt are the energies obtained from the electrostatic interaction involved in Pkh-AS complexes is
geometries optimized for the isolated monomers. Thus, the totalanalyzed in the gas phase. In this context, the influence of
interaction energies in the gas phaBg g, were evaluated as  describing accurately the PLL ameAS fragments is examined

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

the sum of the stabilization and distortion energies. in detail. Furthermore, the results are systematically compared
with those obtained for the-ATMA -PALG complexe$ and
Eintg = EstangT Edis 3 proteins? Third, we briefly discuss the geometry of the

electrostatic interaction of PLh-AS complexes. Next, we
The influence of the corrections for zero-point energy and €xamine how the binding changes when one of the molecular
entropy onEing Was investigated for the smaller complexes i0ns (alkylammonium cation or alkyl sulfate anion) is replaced
using frequencies calculated at the MP2/6-31G(d) level. by a similarly charged atomic ion. After this, we show the
The effect of the solvent (water and chloroform) on the influence of the bulk solvent (chloroform and water) on the

interaction energies was estimated following the polarizable INteraction energy. ,

continuum model (PCM) developed by Miertus, Scrocco, and _ 3-1- Influence of the Quantum Mechanical Method, the
Tomasi'2 PCM calculations were performed in the framework Basis Set, and the BSSE on the Stabilization and Interaction
of the ab initio HF level with the 6-31t+G(d,p) basis set and Energies.For the discussion of this section, we will consider

using the gas-phase optimized geometries. The interactionthe results obtained for all of the molecular ion palrs.XVI),
energy in aqueous and chloroform soluticBn agcn Was but on_Iy two complexes constituted by a molecular ion and an
evaluated by using eq 4. oppositely charged atomX¥/I and XVII ). Thus, results for

complexesXVIIl and XIX have not been taken into account
(4) because, as will be indicated in section 3.4, they are not true

minima. Tables 2 and 3 list the valuesExas g(eq 1) with and
without correcting the BSSE, respectively. Finally, Table 4
presents the values &y (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 valuesgh, gandEint
sola— AGsop ®) calculated using the HF theory are slightly underestimated

(~4%) with respect to those obtained at the MP2 level. The
All of the calculations were performed with Gaussian 98, opposite effect is detected for complexX€g! and XVII , for

E =E o T AAG

int,ag/chl — int,g assoc

where AAGgssociS the difference between the free energy of
solvation of the ion pairAGsean and those of the separated
monomers AGsoa and AGsq 1, in the corresponding solvent.

AAG, .~ AG

assoc™

AG

sol,ab ™~
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TABLE 2: Stabilization Energies Computed in the Gas PhaseHsn g kcal/mol) with Correction for the Basis Set Superposition
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Error
MP2 MP4 HE
complex 6-31G(d) 6-311G(d,p) 6-313#G(d,p) 6-31G(d) 6-311G(d,p) 6-331-G(d,p)
| —118.5 —117.0 —115.3 —117.9 —111.9 —110.7
1l —116.2 —114.9 —113.3 —115.5 —109.9 —108.9
11 —115.0 —113.7 —-112.1 —114.4 —108.7 —107.6
\Y) —114.5 —-113.2 —-111.7 —108.1 —107.0
\% -115.0 —-113.8 -112.7 —-109.2 —-108.4
VI —-116.2 —-114.8 —-113.5 —-110.0 —109.1
VI —-115.1 —-113.7 —-112.4 —108.8 —-107.8
VI —-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
Xl —115.0 —113.5 —-112.2 —108.7 —-107.8
Xl —116.1 —-114.6 —-113.3 109.9 —109.0
Xl —114.9 —113.5 —-112.2 —108.7 —-107.8
XV —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
XVII —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 PhaseHEsn,, kcal/mol) without Correction for the Basis Set
Superposition Error

MP2 MP4 HF
complex 6-31G(d) 6-311G(d,p) 6-3+1-G(d,p) 6-31G(d) 6-311G(d,p) 6-33+H-G(d,p)
| —124.0 —123.7 —120.1 —127.6 —114.8 —112.5
1l —122.6 —122.2 —118.6 —122.3 —113.2 —110.9
1 —121.5 —121.2 —117.7 —121.3 —112.0 —109.7
\Y —120.0 —120.8 —117.4 —111.5 —109.2
\% —120.6 —121.5 —118.8 —112.6 —-110.7
VI —122.6 —-122.1 —118.8 —113.3 —-111.2
VIl —121.6 —-121.1 —118.0 —-112.1 —110.0
Vi —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
Xl —-121.5 —120.9 —-117.8 —-112.0 —109.9
Xl —122.5 —121.8 —118.7 —113.1 —111.0
Xl —121.5 —120.8 —117.8 —111.9 —109.9
XV —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 Energies? Computed in the Gas PhaseHiyq, 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) 6-33HG(d,p)
| —113.0 —111.4 —110.0 —-112.4 —106.4 —105.4
1l —110.5 —109.2 —107.9 —109.9 —104.8 —104.0
1 —109.4 —108.1 —106.8 —109.4 —103.7 —102.8
v —110.0 —107.6 —106.4 —-103.1 —-102.2
\% —110.0 —107.6 —107.9 —-104.1 —103.6
VI —110.3 —108.8 —107.9 —104.8 —104.1
VIl —109.3 —107.8 —106.9 —-103.7 —-102.9
VI —110.1 —108.6 —107.8 —104.7 —104.1
1X —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
XIl —110.1 —108.5 —107.6 —104.7 —104.0
X —109.0 —107.5 —106.5 —103.6 —102.8
XV —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

aEjyng was computed as the sum of the stabilization energies displayed in Table 2 and the distortion energies (see Supporting Information).

which the HF method predicts stronger electrostatic interactions triple, and quadruple excitations (MP4), which were performed
than the MP2 one~2—3%). On the other hand, the results only with the 6-31G(d) basis set, were almost identical to those
derived from Mgller-Plesset calculations with single, double, produced at the MP2 level with the same basis set, the largest
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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 0Estan,gand Eing 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 6-31%++G(d,p) basis sets indicates that, for the
molecular ion pairs, botlEsian gand Ein,g decrease when the

Aleman et al.

TABLE 5: Interaction Enthalpies 2 (Hiy g, kcal/mol) and Free
Energie® (Gintg, kcal/mol) Computed in the Gas Phase for
Selected Complexes

complex AZPE Hint,g —TAS Gm,g
| 0.9 —109.1 2.3 —106.8
1l 0.9 —107.0 2.1 —104.9
1] 0.8 —106.0 1.9 —104.0
v 0.9 —107.0 2.8 —104.1

size of the basis sets increases. Such energy parameters diminish * Hing Was estimated by adding the zero-point energy correction term
about 1.5 and 0.5 kcal/mol, respectively, when the basis set is(AZPE) computed at the MP2/6-31G(d) level to #g 4 obtained at

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 Bfap gand Eintg

the MP2/6-313%+G(d,p) level (see Table 4).Ging Was estimated by
adding the entropy correctior-TAS, T = 298.15 K) computed at the
MP2/6-31G(d) level to thédin g value.

Next, the influence of the size of the surfactant alkyl group
was investigated by comparing the results provided by com-

is more pronounced in these complexes than that for the ion Plexes containing one of the selected alkylammonium cations

pairs formed by two molecules. This feature is especially
notorious for complexXVI, in which the energy parameters

(alkyl = ethyl, I, VI, VIl , X, XII, andXIV ; and alkyl =
propyl, I, VI, IX, XI, Xl , andXV) and an alkyl sulfate

decrease by about 10.5 kcal/mol when the 6-31G(d) basis set@nion (alkyl= methyl, 1l andlll ; alkyl = ethyl, VI andVIl ;

is extended to the 6-3#1+G(d,p) one.

Comparison between results displayed in Tables 2 and 3

indicates that, in general, the size of the BSSE is abetd 3

kcal/mol larger at the MP2 level than at the HF one. The strength

of the Estan, gpredicted by MP2 calculations is overestimated by
about 5-8 kcal/mol when the BSSE is not corrected. Thus, this
energy parameter decreases by abou®% after introducing
the BSSE correction. However, it should be noted that for ion
pairs containing small atomic ions, such as (XVIIl ) 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,gand Eintg.

3.2. Energetics of the Electrostatic Interaction of PLL:n-
AS Complexes in the Gas Phaseirst, we get insight into the

alkyl = propyl, VIII andIX; alkyl = butyl, X andXI; alkyl =
pentyl, XIl andXlll ; and alkyl= hexyl, XIV and XV). It is
worth noting that the size of the aliphatic group of the anion
has an almost negligible effect in boBaan,gand Einyg. For
instance, the values dn g predicted for complexel 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 Estan,gand Eint g differing by about 1 kcal/mol (1.0%).

The results obtained for compléx indicate thatEstan gand
Eintg are —112.7 and—107.9 kcal/mol, respectively, for the
electrostatic interaction of PLh-AS complexes. According to
the Tables 2 and 4, it can be concluded that the reduced models
considered for complexdk andlll satisfactorily reproduce the
energetics of such interaction. Thgq computed at the MP2/
6-31+G(d) level for the complexes formed by the acetate anion

influence of the model molecules used to mimic the electrostatic and the alkyltrimethylammonium cation range frer@7.4 (alkyl

interactions of PLEN-AS complexes. The description of the

= methyl) to —95.0 (alkyl = butyl) kcal/mol?” Accordingly,

molecular cation was investigated by calculating the complexes ihe glectrostatic interaction of Pkh-AS complexes is about

formed by the methyl sulfate anion and the alkylammonium
cation (alkyl= methyl, I; alkyl = ethyl, Il ; alkyl = propyl,

Il ; and alkyl= butyl, IV). Results are compared in Tables 2
and 4 with those achieved for complex which is constituted
by N-formylamino lysine (For-Lys-NE) and methyl sulfate.

As can be seen, bothap gandEint g vary as follows: | > |

13 kcal/mol stronger than that ofATMA -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 irn- PLL

> Il > IV independently of the level of theory and the basis n-AS complexes is slightly weaker than that in salt bridges in
set. Thus, these energy terms drop 3.6 kcal/mol when the alkyl proteins. Thus, th&n g predicted at the MP2/6-31G(d) for
group changes from methyl to butyl. This reduction must be the complex constituted by methylguanidinium cation and the
attributed to the electron leasing associated with the alkyl groups acetate anion range from117.9 to—108.8 kcal/mol, depending

in classical organic chemistry. Very similar results were recently on the intermolecular geomet?§.

reported for complexes constituted by the acetate anion and an  The influence of the zero-point energy and entropy corrections
alkyltrimethylammonium cation, with alky= methyl, ethyl,  to the energetics of the electrostatic interaction investigated in
propyl, and butyl, which were used to model the electrostatic this work has been investigated using the frequencies computed

interactions oh-ATMA -PALG complexeg2In such cases, the
Eint,g computed at the MP2/6-31G(d) level also decreases 3.6
kcal/mol when the size of the alkyl group increases from methyl
to butyl.

Comparison among complexesV indicates that the better
description of the For-Lys-Nglis provided by the ethylammo-

at the MP2/6-31G(d) level for complexésll, Il , 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 inE,g being almost negligible. The numerical values
of the entropy correction for the four investigated complexes

nium and propylammonium cations. Thus, the valueegfy, g range from 1.9 to 2.8 kcal/mol, the variation introduced in the
predicted forV is overestimated and underestimated Ibyand energetics of the binding being lower than 2.6%. These results
Il , respectively, by 0.6 kcal/mol. Because these results do notindicate that the influence of both the zero-point energy and
allow establishment of a clear distinction between the ethylam- entropy contributions is very small and, therefore, the omission
monium and propylammonium cations, we decided to consider of these terms should not alter the conclusions presented in this
both as model molecules of the PLL fragment. work.
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(b)

Figure 1. Optimized geometries of the (a) alkylammoniatkyl
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Analysis of the dihedral angles after geometry optimizations
indicated that, in all cases, such conformation was preserved.

3.4. Complexes Constituted by a Molecular lon and an
Oppositely Charged Atomic lon. The Estapn,gandEint g for the
complexes constituted by alkyl sulfate and a metal catioh, M
(M* = Na', XVI; MT = Li*, XVIl ) 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 ofNand 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™aO distance
being 2.265 A. A symmetrical arrangement was also obtained
for complexXVIl , the distances between the metal cation and
the oxygen atoms being in this case 0.059 A 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

sulfate ion pairs (only the atoms involved in the intermolecular @nd collapses to the neutral complex formed by methylamine
interaction have been explicitly represented, the remaining atoms of and HX. This is consequence of the great concentration of
the alkyl groups being symbolized by large spheres) and (b) complex negative charge, which is larger in"Xhan in alkyl sulfate

XVI. Intermolecular distances are given in A.

3.3. Geometry of the Electrostatic Interaction of PLL:n-
AS ComplexesThe optimized intermolecular geometry for this

interaction is displayed in Figure la. All of the investigated

complexes, with exception of provided almost identical results,

as can be inferred from the maximum deviations of the following

intermolecular distances and anglegN---S) = 3.194+ 0.001
A, d(N—H;-++0Oy) = 1.703+ 0.004 A, d(N—H+--O,) = 1.733
+ 0.003 A,ON++:S—0O(—C) = 113.2 4+ 0.8°, andJS-*N—-C
= 116.9 4+ 0.4°. On the other hand, the small size of the

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 catiofS and acetate anion and methylam-
monium catiorf

To provide an estimation of thEstap gand Eing values for
the complexesXVIIl 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

methylammonium cation severely affected the intermolecular When the size of the atomic anion decreases. Furthermore, the

parameters obtained for d(N---S) = 3.130 A,d(N—H1---Oy)
=1.709 A, d(N—Hy--0,) = 1.764 A, ON---S—O(—C) = 95.C,
and[S---N—C = 99.4.

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 lon Pair.

Inspection of Figure la reveals that the sulfate group is Table 6 shows theAGso, AAGassoe and Ein in water and
symmetrically arranged with respect to the cation, as can be chloroform for the 19 ion pairs investigated in this work. In all

inferred from the small differences found between the two H

cases, the solvation of the complexes was worse than that of

-0 intermolecular distances (0.030 A). A completely different the isolated ions, which led to positivAAGassoc values.
situation was found for the model complexes used to investigate Furthermore, the magnitude of such repulsive energy term

n-ATMA -PALG complexes, where the two intermolecular
distances differ by about 0.£0.16 A7@ Moreover, atomistic
molecular dynamics simulations on realistic models-&TMA -

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,

PALG complexe% also evidenced such asymmetric arrange- While in chloroform, the strength of such interactions decreases.
ment, which was attributed to a delicate balance between the TheEjnaqandEin,cn values were obtained by adding tBg g

repulsive and attractive interactions.

estimated at the MP2/6-31H-G(d,p) level (Table 4) to the

Comparison between the intermolecular geometries predictedAAGassocterm computed in water and chloroform, respectively

for PLL-n-AS andn-ATMA -PALG complexes reveals another

(eq 4). The results indicate that the complexation process is

interesting feature. The distance between the cation and theless favorable in chloroform solution than in the gas phase. Thus,

anion, which was measured as N(alkylammoniuns)alkyl
sulfate) and N(alkyltrimethylammonium)C(acetate), respec-
tively, is abow 1 A larger in the latter than in the former
complexed. This is in agreement with the relative strength of
the corresponding interactions (see section 3.2.).

a comparison between th&y cn and Eing 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 unfavorateG,esoc
term is counterbalanced by the gas-phase contribution leading

Finally, it should be mentioned that the aliphatic groups of in all cases to negativEin cn values. According to the results
the alkylammonium cations and the alkyl sulfate anions were displayed in Table 6, the binding of an alkylammonium cation

initially arranged according to an all-trans conformation.

to an alkyl sulfate anion in chloroform solution to form the
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TABLE 6: Free Energy of Solvation and Interaction for n-ATMA -PALG complexes. Thus, for the former complexes,
Energy? in Chloroform (AGsgi,cni @nd Eint.cni, kcal/mol) and the attractive energetic contribution in the gas phase partially
S%ei%i?b%ﬁ?e?n?hEi'E?g'eklg?ngzl)ofsgglt\l/%i]i%r?rc]J? ttrr]'g on compensates the destabilizing effect of the solvent. Our calcula-
Pair and the Separated Monomers AAGassos kcal/mol) tions predict that in chloroform solution the binding is favored

by about 26 kcal/mol for PLIn-AS complexes while only 3

complex AGsoion AAGassoc Emon  AGsoiag AAGassoc Bimag kcal/mol forn-ATMA -PALG complexes. In aqueous solution,

:I :18-% g?{-; :gg-i :gg-g ﬁ‘z‘? j-g the binding is unfavored for both types of complexes, but such
m 89 817 -251 -189 1130 6.2 destabilization is considerably smaller for PotAS than for

v -7.9 82.4 —240 -172 1153 8.9 n-ATMA -PALG.

v —11.6 829 -250 -285 1142 6.3 Another fundamental difference was found between the
¥:| __1&% gg:; :%:g :%:% ﬂ%% g% electrostatic interactions of PLbh-AS and n-ATMA -PALG

VIl —96 813 —-26.5 —20.3 111.2 3.4 complexes. This involves the spatial disposition of the molecular
IX -8.4 815 -—253 -183 1123 5.5 cation with respect to the molecular anion. Thus, an asym-
§| :g-i gg? :%gg :%g% ﬂg; gg metrical arrangement was reported feATMA -PALG com-

XlI —95 808 -268 -197 1109 33 plexes, while a symmetric one has been found in the present
Xl -8.3 81.0 -—255 -180 1117 5.2 study for PLL:n-AS complexes.

XIV -9.4 80.7 —27.0 -196 1104 2.7

% —13% gg'g :g?'g :%'8 5%% ‘2"'8 Acknowledgment. Authors are indebted to the Centre de
XVII —10:8 132._0 _13:1 _23:2 149:8 4:7 Supercomputaciale Catalunya (CESCA) for computational
XVIil -11.6 921 —-224 —-225 1254 109 facilities.

XIX -105 1146 —244 -21.3 1571 181

aThe interaction energy in solution was evaluated as the sum of the ~ Supporting Information Available: Tables providing the
interaction energy in the gas phase computed at the MP2/6- distortions energies of the complexes and the optimized
3114++G(d,p) level and theAAGassocestimated for the corresponding  geometries and energies of the compounds. This material is
solvent (eq 4). available free of charge via the Internet at http:/pubs.acs.org.
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