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Conformations around C–N bonds at the quaternary centre in tetraalkylammonium ions in water solution are
investigated. Structures of Me4N+, Et4N+, n-Pr4N+, n-Bu4N+, and n-Pe4N+ are calculated using quantum
mechanical HF and DFT methods together with the PCM solvent model. Relative solvation free energies of
tetraalkylammonium ions are further estimated from microscopic molecular dynamics free energy perturbation
simulations using the Gromos-87 and Amber-95 force ﬁelds. The predicted free energy diﬀerence in solution
between two stable conformations of Et4N+, D2d and S4 , is 0.6–1.0 kcal mol1 (in favour of D2d), which
is in quantitative agreement with the recent Raman spectroscopy results. The energies of the g+g
conformations of Et4N+ are 3.6–4.0 kcal mol1 higher. The ions with longer hydrocarbon chains show quite
similar energy gap between D2d and S4 . The torsion barrier for a two-step interconversion between the D2d and
S4 structures is 9.5 kcal mol1 (HF/6-31G(d) calculations). The computational results are augmented by NMR
measurements of the Et4N+–I salt in aqueous solution, which predict a symmetric structure of Et4N+ in water.
However, the D2d and S4 conformers are not discernible due to presumably high similarity of chemical shifts.
The calculated conformational energetics in solution together with previously observed D2d , S4 and high-energy
g+g-type structures of Et4N+, n-Pr4N+, and n-Bu4N+ in the solid state indicate that the carbon chain
conformations at the quaternary ammonium centre sensitively depend on the actual microenvironment.

1. Introduction
Tetraalkylammonium ions have broad applications in physical,
organic and biological chemistry, where in many cases the complexes of these ions with other molecules are of particular interest. Considerable eﬀorts have been devoted to studies of the
structure, thermodynamics and solution properties of these
compounds.1–10 A general postulate is that conformations of
hydrocarbon chains in tetra n-alkylammonium ions are controlled by quaternary centre. The observed conformational pattern is thus explained by steric intramolecular interactions
between the carbon atoms in the second and more distant positions from the central nitrogen atom, in which case the avoidance of unfavourable g+g interactions is important.1,11
According to this criterion, Et4N+, as well as tetra-N-alkylammonium ions with longer hydrocarbon chains, can adopt either
a quasi-planar conformation with D2d symmetry or quasi-pyramidal conformation with S4 symmetry (Fig. 1). Intermolecular interactions of tetraalkylammonium ions are determined
by both the total positive charge of +1 and by the nonpolar
hydrocarbon groups which makes these compounds classical
hydrophobic ions in aqueous solutions. The absolute values
of hydration energies of tetraalkylammonium ions and protonated aliphatic amines monotonically decrease as the chain
length of alkyl groups grows.3,4,6,7,12
An important example of biological applications of tetraalkylammonium ions is related to their use as molecular probes
and blockers of ion channels in biological membranes. The
total charge of +1 along with hydrophobic hydrocarbon
chains and relatively small dimensions allow tetraalkylammo4640

nium ions directly interfere with permeation of K+ and Na+
ions through the narrow pores of ion channels and in this
way eﬀectively block channel activity. The tetraethylammonium ion, Et4N+, is one such widely used blocking agent in
membrane channel studies. In particular, extensive studies of
potassium ion channel block by Et4N+ have shown that it
binds directly to the pore from extracellular and intracellular
sides.13–17 In the ﬁrst computer simulations of Et4N+ binding
to the KcsA K+ channel from the external and internal sides18
two distinctly diﬀerent modes of binding for D2d and S4 conformers were predicted. The ﬁrst mode is described by a partial
insertion of the ethyl group of Et4N+ (in the S4 conformation)
into the channel selectivity ﬁlter and substitution of either an
ion or a water molecule in the end positions within the ﬁlter
pore. In the second binding mode Et4N+ binds in D2d conformation to the binding sites at the entrances to the selectivity
ﬁlter without direct interfering with the permeating ions
and/or waters in the selectivity ﬁlter. For a better understanding of the underlying diﬀerences in these two mechanisms, conclusive data about the conformational properties of the
blockers in solution is important. The aim of the present work
is therefore to examine tetraalkylammonium ion conformations in water by the joint use of accurate computational chemistry methods and NMR spectroscopy.

2. Methods
Molecular structures and electronic properties of the quaternary ammonium ions (QAIs) Me4N+, Et4N+, n-Pr4N+,
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Fig. 1 Structures and molecular surfaces for the D2d and S4 conformations of Et4N+ (atoms H are not displayed).

n-Bu4N+, n-Pe4N+ and the ammonium ion H4N+ are calculated with full geometry optimization by means of Hartree–
Fock (HF) and density functional theory (DFT) methods
(using the Gaussian-98 program19) together with several standard Pople-style basis sets. Hydration energies and electronic
charge distributions for the ions in aqueous medium are evaluated using the PCM solvent model20 in Gaussian-98 and
the gas-phase optimized structures. Subsequent molecular
dynamics (MD) simulations in water employ partial atomic
charges that are obtained from the PCM/HF/6-31G(d)//
HF/6-31G(d) wave function using the restrained electrostatic
potential (RESP) ﬁtting procedure.21 The RESP procedure
involves a two-step conformational averaging of atomic
charges where in the ﬁrst step only the charges on the central
N atoms are set equal to each other for the D2d and S4 conformers, while charges on all C and H atoms are varied independently. In the second step a complete symmetry of charges on
the equivalent atoms in the alkyl groups is enforced.
Relative free energies of QAIs in water solution are obtained
from microscopic free energy perturbation (FEP) MD calculations. Calculations of relative free energies follow the conventional FEP protocol (see, e.g., discussions given elsewhere22,23),
where the potential surfaces of initial and ﬁnal states of the
model system are ‘ connected ’ via a set of intermediate mapping potentials. The free energy associated with the transformation from the potential ei to ej in n discrete steps is
obtained as a sum over the averages h im evaluated on the corresponding potential surfaces em
DGði ! jÞ ¼ DGð~
l0 ! ~
ln Þ
¼ RT
em ¼

m¼n1
X

m¼0
m
lm
1 ei þ l2 ej

lnhexp½ðem0  em Þ=RTim ;
ð1Þ

m
The mapping vector ~
lm ¼ (lm
1 ,l2 ) changes between the values
(1,0) and (0,1) for the initial and ﬁnal states, respectively, with
m
the constraint lm
1 + l2 ¼ 1. In the FEP calculations 50–60 ps
have been given for system equilibration and 159 ps for the
system mutation. Typically 53 values of ~
lm are taken in the
range between (1,0) and (0,1) and interspaced for optimal sampling eﬃciency. The calculation at each value of ~
lm included
0.5 ps of initial equilibration and 2.5 ps for data collection,
from which the free energies are calculated from the forward
run using eqn. (1). Convergence errors in the trajectory sampling are estimated comparing FEP results from several diﬀerent MD trajectories.
The MD calculations are carried out with the united atom
Gromos-87/SPC and all-atom Amber-95/TIP3P force ﬁelds
(FFs) for ammonium ions and water molecules using the program Q.24 The RESP PCM/HF/6-31G(d) atomic charges for
solutes are used in both FFs, where in Gromos-87 charges
on the united C atoms incorporate charges of the attached H
atoms. The model systems consist of an ammonium ion surrounded by a 25.0 Å radius sphere of water molecules (ca.
2100 waters). In the MD simulations the solute N atom is
restrained to the centre of the sphere. Long-range electrostatic
interactions are treated by a multipole expansion beyond 10 Å,
following the local reaction ﬁeld method.25 Spherical water
boundary conditions are employed according to the SCAAS
model.24,26 The solvent bond lengths are constrained to their
values using the conventional SHAKE procedure. In the
FEP calculations MD trajectories with and without SHAKE
constraints for the solute bond lengths are examined. The
FEP/MD trajectories are calculated at a constant temperature
of 300 K and a time step of 2 fs.
The NMR experiments were performed over the temperature range of 278 K–353 K using a 500 MHz (Bruker DRX500) spectrometer with dCH3CN ¼ 2.00 ppm as internal reference in D2O, with 64 K data points and 32 scans. The selective
homonuclear 1H decoupling experiments have been performed
with decoupling power of 50 dB.

3. Results and discussion
3.1. Conformational and solution properties of quaternary
ammonium ions from quantum mechanical calculations
Equilibrium geometrical parameters of QAIs show fairly small
changes upon the theory level. For example the N–H bond
length in H4N+ is 1.0137 Å at the HF/6-31G(d) level and
1.0260 Å from the B3LYP/6-311+G(2d,p) geometry optimizations. Similarly, in Me4N+ the N–C and C–H bond lengths are
1.4959 Å and 1.0794 Å from HF/6-31G(d) and 1.5057 Å and
1.0877 Å from B3LYP/6-311+G(2d,p) calculations, respectively. However, the dependence of electronic charge distribution upon the theory level is much larger. The largest changes
are in atomic charges derived from Mulliken population analysis (MPA). For example, the net charge on atom N in
H4N+ changes from 1.064 for HF/6-31G(d) to 0.432 for
the HF/6-311+G(2d,p) calculations (Table 1). Similarly large
variations of the MPA derived atomic charges are found for
other ions (Tables 1 and 2), and in general there is no monotonic change in their values with respect to the theory level.
Electrostatic potential (ESP) derived partial atomic charges,
especially the ESP charges from the PCM calculations where
the solute-solvent polarization is taken into account, show
much lower dependence on the theory level (Tables 1 and 2).
For the considered ions ESP charges on the central N atom
are in most cases greater than MPA charges. The ESP HF/
6-31G(d) atomic charges (the least computationally expensive)
are quite similar to the corresponding atomic charges
from higher levels of theory. Unfortunately, the ESP atomic
charges show a fairly large conformational dependence that,
Phys. Chem. Chem. Phys., 2002, 4, 4640–4647
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Table 1 Partial charges on atom N in H4N+ and Me4N+ derived from Mulliken population analysis (MPA) and electrostatic potential (ESP) ﬁta
H4N+

Me4N+

Gas

Water

Gas

Water

Basis set

MPA

ESP

MPA

ESP

MPA

ESP

MPA

ESP

HF/6-31G(d)
HF/6-31G(d,p)
HF/6-31+G(d)
HF/6-31+G(d,p)
HF/6-311+G(2d,p)
B3LYP/6-31G(d,p)
B3LYP/6-31+G(d)
B3LYP/6-31+G(d,p)
B3LYP/6-311+G(2d,p)

1.064
0.658
0.951
0.700
0.432
0.587
1.014
0.698
0.401

0.866
0.886
0.859
0.882
0.854
0.790
0.803
0.804
0.798

0.972
0.674
1.107
0.736
0.474
0.602
1.061
0.738
0.444

0.881
0.905
0.890
0.906
0.881
0.808
0.827
0.828
0.825

0.559
0.588
0.701
0.459
0.503
0.393
0.835
0.605
0.480

0.268
0.212
0.253
0.215
0.171
0.209
0.206
0.148
0.155

0.552
0.581
0.594
0.354
0.354
0.387
0.717
0.491
0.309

0.353
0.322
0.391
0.362
0.351
0.325
0.361
0.310
0.349

a

Charges are calculated using the gas-phase HF/6-31G(d) optimized structures.

for example, can be clearly seen by comparing the data for the
D2d and S4 conformations of Et4N+ (Table 2). This deﬁciency
is largely removed by using the conformationally averaged
atomic charges from the RESP ﬁtting procedure. For heavy
atoms, which are hidden inside the molecule and are not well
deﬁned in the ESP ﬁtting procedure, charges are hyperbolically
restrained to zero values in the RESP method. Such a restraining procedure produces a less polarized charge distribution
and improves the description of solute electrostatics compared
to straightforward using of MPA derived atomic charges.21
The RESP partial atomic charges for selected QAIs calculated
using the PCM/HF/6-31G(d)//HF/6-31G(d) model are
shown in Fig. 2. It is noteworthy that the absolute values of
the RESP charges on the central atom N are much smaller
compared to the corresponding MPA derived atomic charges,
and approximately one half of the total cation charge in the
RESP calculations is distributed over four methylene groups
adjacent to the central N atom (Fig. 2).
The Et4N+ ion can adopt several conformations corresponding to diﬀerent molecular shape. The quasi-pyramidal
S4 and quasi-planar D2d structures of Et4N+ are the lowenergy symmetric conformers separated by higher energy
intermediates. GG1 and GG2 are two such intermediate conformations obtained from D2d and S4 by rotation of one or two
ethyl groups (Fig. 3). The D2d and S4 structures are energetically favourable due to the absence of destabilizing g+g
non-bonded interactions between the end methyl groups, while
in GG1 and GG2 two methyl groups are involved in such interactions. Calculated energies for the Et4N+ conformers are
given in Table 3. In the gas phase the D2d conformation is predicted to be the most stable one. For S4 the relative gas-phase
Table 2

total electronic energy, DEel , is 0.81 kcal mol1 from the HF/
6-31G(d) treatment, and 0.87 kcal mol1 from the B3LYP/
6-31G(d,p) calculations. Further extension of theory level up
to B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p) provides a
similar value for this energy gap, 0.97 kcal mol1. Addition
of thermal corrections at both HF and DFT levels slightly
increases the energy diﬀerence between D2d and the other conformers (Table 3). However, the relative stability of D2d goes
down, when eﬀects of the polarizable polar environment are
taken into account. The corresponding relative free energies
in solution, DGaq , for the D2d and S4 conformations are 0.74
and 0.91 kcal mol1 at the HF/6-31G(d) and the B3LYP/
6-31G(d,p) levels, respectively. The GG1 and GG2 conformers
are less stable than D2d in the gas phase by 4.1–4.3 kcal mol1
from HF and by 3.8–3.9 kcal mol1 from DFT calculations.
Inclusion of solvation energies stabilises these conformers by
0.2–0.4 kcal mol1 relative to D2d (Table 3) Quantum mechanical calculations of larger QAIs (n-Pr4N+, n-Bu4N+, and
n-Pe4N+) at the HF/6-31G(d)//HF/6-31G(d) level predict
similar to Et4N+ conformational energies. In gas phase the
energy gap between D2d and S4 is 0.75 kcal mol1 for
n-Pr4N+, 0.76 kcal mol1 for n-Bu4N+, and 0.77 kcal mol1
for n-Pe4N+. In solution the corresponding energy gaps are
0.65 kcal mol1, 0.15 kcal mol1, and 0.13 kcal mol1,
respectively (Table 4).
The energy diagram of the Et4N+ conformers and the interconnecting torsion barriers calculated at the HF/6-31G(d)
level are presented in Fig. 3. Two rotational reaction paths
between the D2d and S4 conformers are considered. The ﬁrst
one presents a two step transition D2d ! GG1 ! S4 , while the
second one includes three steps D2d ! GG1 ! GG2 ! S4 . These

Partial charges on atom N in Et4N+ (D2d and S4 conformations)a
D2d , Et4N+

S4 , Et4N+

Gas

Water

Gas

Water

Basis set

MPA

ESP

MPA

ESP

MPA

ESP

MPA

ESP

HF/6-31G(d)
HF/6-31G(d,p)
HF/6-31+G(d)
HF/6-31+G(d,p)
HF/6-311+G(2d,p)
B3LYP/6-31G(d,p)
B3LYP/6-31+G(d)
B3LYP/6-31+G(d,p)
B3LYP/6-311+G(2d,p)

0.602
0.624
0.585
0.509
0.086
0.406
0.753
0.671
0.153

0.288
0.278
0.280
0.277
0.293
0.258
0.284
0.292
0.292

0.603
0.626
0.561
0.487
0.169
0.409
0.728
0.650
0.065

0.224
0.211
0.204
0.198
0.157
0.189
0.202
0.209
0.142

0.599
0.624
0.567
0.473
0.074
0.404
0.778
0.684
0.134

0.113
0.113
0.099
0.098
0.120
0.094
0.118
0.138
0.119

0.602
0.626
0.539
0.446
0.159
0.407
0.748
0.657
0.044

0.052
0.048
0.024
0.021
0.007
0.028
0.040
0.058
0.006

a

Charges are calculated using the gas-phase HF/6-31G(d) optimized structures.
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Table 3 Relative quantum mechanical energies for the selected Et4N+
conformationsa
Conformation
Theory level
HF/6-31G(d)//
HF/6-31G(d)

B3LYP/6-31G(d,p)//
B3LYP/6-31G(d,p)

Energies/
kcal mol1

D2d

DEel

0

0.81

3.69

3.95

DZPVE
DGg
DDGsol
DGaq
DEel

0
0
0
0
0

0.03
0.97
0.23
0.74
0.87

0.14
4.26
0.22
4.04
3.29

0.07
4.09
0.43
3.66
3.73

DZPVE
DGg
DDGsol
DGaq

0
0
0
0

0.01
1.11
0.20
0.91

0.06
3.81
0.18
3.63

0.03
3.90
0.23
3.67

S4

GG1

GG2

a

Fig. 2 The calibrated RESP HF/6-31G(d) charges (and Amber-95
atom types) for the selected QAIs. The fragments of H4N+ (A),
Me4N+ (B), Et4N+ (C), and n-Pr4N+ (D) are displayed.

mechanisms are similar to mechanisms for interconversion of
the D2d and S4 conformations of Et4C.1 Selected torsion
barriers for Et4N+ (without considering the two-step mechanism) at the HF/3-21G//HF/STO-3G level have been previously reported elsewhere.8 In our calculations the barrier
for the ﬁrst step D2d ! GG1, 9.0 kcal mol1, is very similar
to the earlier reported8 barrier for rotation of a single ethyl
group, 8.5 kcal mol1, in D2d ! C1 step and is approximately
2 kcal mol1 higher than the barrier in Et4C from molecular
mechanics calculations using MM2 FF. Another intermediate
considered elsewhere,8 C2 , is obtained from rotation of two
opposite ethyl groups of the D2d structure and apparently differs from GG2, which is obtained from rotation of adjacent
ethyl groups in D2d . C2 has higher energy than GG2. The barrier calculated in the present work for the D2d ! GG1 !
GG2 ! S4 mechanism is 0.8 kcal mol1 lower than the barrier for the three-step mechanism reported elsewhere.8 The calculated barrier for the GG1 ! S4 transition is only 5.8 kcal
mol1, which gives approximately 9.5 kcal mol1 for the total
barrier of the two-step mechanism in gas-phase. The overall

Conformations of Et4N+ are displayed in Fig. 1 and 3. Notations for
the energies are: DEel : total electronic energies in gas phase, DZPVE:
zero-point vibrational energies, DGg : gas-phase electronic free energies
including thermal corrections at 298.15 K, DDGsol : hydration free
energies from the PCM model, DGaq ¼ DDGg + DDGsol : free energies
in water. All values are given relative to D2d . In DFT calculations thermal free energies are corrected for hindered rotations of the end methyl
groups.27 Harmonic vibrational frequencies are scaled by 0.8929 in
HF, and by 0.9614 in DFT calculations.

barrier for the three-step mechanism is equal to 12.4 kcal
mol1 (Fig. 3). Thus, the two-step mechanism for interconversion of the D2d and S4 conformations of Et4N+ is more favourable than the alternative three-step mechanism. Noteworthy,
the energy ranking of the two mechanisms is opposite to what
was predicted from molecular mechanics calculations for conformational transitions in Et4C.1
It is also of interest to compare rotation barriers around a
single C–N bond in several ammonium ions. Here, we take
as a reference rotation barriers in C2H5–N+H3 and C2H5–
N+(CH3)3 . The calculated HF/6-31G(d) rotation barriers in
these two molecules are 2.6 kcal mol1 and 5.5 kcal mol1,
respectively. Comparing these values with rotation barriers
in Et4N+ one can clearly notice the increasing eﬀect of the
steric clash between the –Et and other groups (–H, –Me, –
Et) at the quaternary centre. Further elongation of the hydrocarbon chains, i.e. moving to n-Pr, n-Bu, and n-Pe groups, is
Table 4 Calculated and experimental solvation energies/kcal mol1
of QAIs
Experiment
Ion

DHsol
+

Fig. 3 Schematic views, relative HF/6-31G(d) energies, and interconnecting torsional barriers for the Et4N+ conformations.

Calculations
DGsol (PCM)

DGsol
12

4

12

H4N
Me4N+
Et4N+

84.0  3, 88.2
51.9,3 60.04
42.1,3 57.14

78  3
51.0  0.5
43.5  0.5a

n-Pr4N+

48.0,3 60.0  1a

41.0  1a

n-Bu4N+

62.17

—

n-Pe4N+

—

—

D2d
S4
D2d
S4
D2d
S4
D2d
S4

79.88
52.06
43.69
43.92
37.20
37.10
33.18
34.08
31.36
31.98

a
Extrapolated values based on the data given elsewhere.3,4,7,12 Experimental values of DHsol are based on the DHsol (H+) ¼ 271.5 kcal
mol1 as discussed elsewhere.7 The DHsol for n-Pr4N+ is interpolated
using the values for Et4N+4 and n-Bu4N+.7 Single point quantum
mechanical PCM calculations are performed at the HF/6-31G(d) theory level using the gas-phase HF/6–31G(d) optimized structures.

Phys. Chem. Chem. Phys., 2002, 4, 4640–4647

4643

not expected to introduce changes in g+g interactions at the
quaternary centre compared to Et4N+. However, possible
rotations around the C–C bonds make the potential surface
for transitions between D2d and S4 conformers in the ions with
long hydrocarbon chains more complex (see, e.g., discussion
elsewhere1).
Experimental results and calculated PCM values for the
absolute solvation free energies, DGsol , of QAIs are given in
Table 4. Direct experimental values of DGsol for quaternary
ammonium ions other than H4N+ are unfortunately not available. However, these can be reliably evaluated from the extensive data on solvation thermodynamics of the protonated
aliphatic amines.12 Besides, two sets of solvation enthalpies,
DHsol , for tetraalkylammonium ions have been reported.3,4,7
Thermodynamics data12 provides explicit entropies of solvation for protonated amines with hydrocarbon chains of varying length. Following that we estimate the TDS terms for
Me4N+, Et4N+, and n-Pr4N+ equal 9.0 kcal mol1, 13.5 kcal
mol1, 18.0 kcal mol1, respectively. Using these values and
the recent values4,7 of DHsol , we obtain DGsol for the selected
ions (Table 4). The calculated values of DGsol agree reasonably
well with the experimental estimates for Me4N+ and Et4N+.
As for n-Pr4N+, the PCM calculations predict that DGsol in
this case is 6–7 kcal mol1 greater than for Et4N+, while the
experimental estimates and the FEP/MD method predict a
smaller value for this diﬀerence. The decrease in the slope of
DGsol upon incremental elongation of hydrocarbon groups
apparently comes from counterbalancing eﬀects of the
enthalpy and entropy contributions. The insuﬃciently accurate
DGsol for larger ions from the PCM calculations might be
explained by underestimating the hydrophobic eﬀect in this
model. However, the PCM method still predicts successively
smaller changes in DGsol upon going from n-Pr4N+ to nBu4N+ and to n-Pe4N+.
3.2. FEP/MD calculations of the relative hydration energies
of Et4N+ and Pr4N+ conformations
Modern microscopic statistical mechanical simulation methods based on molecular mechanics FFs for the solute and
water molecules provide an accurate way of evaluating solvation thermodynamics. Here, we calculate the relative solvation
free energies of QAIs using the FEP/MD approach (eqn. (1))
where ‘ non-chemical ’ transformations (mutation) of ion structures to each other, A ! B, are performed. The relative solvation energies, DDGsol , are calculated after subtracting gasphase mutation energy in the related thermodynamic cycle
DDGsol ðA ! BÞ ¼ DGðA ! BÞsolvent  DGðA ! BÞgas

ð2Þ

Two successive transformations of QAIs are examined, namely
n-Pr4N+ ! Et4N+ and Et4N+ ! Me4N+. In view of the relatively high barriers between the D2d and S4 conformations of
tetraalkylammonium ions, MD simulations (on the typical
time-scale of nanoseconds) of these ions will essentially sample
trajectories only for a single conformer that is given by the
initial solute structure. Therefore, the FEP transformations
allow for an estimate of the relative free energies of D2d and
S4 conformers in solution. In principle, such conformational
energies could be directly calculated by evaluating the potential of mean force (PMF) for the conformational transition
in solution. However, the necessity of considering multiple torsion angles and multiple rotational pathways that are involved
in D2d $ S4 transitions makes the pmf study of tetraalkylammonium ion conformers presumably more involved than the
alternative FEP approach, which provides a straightforward
(although indirect) estimate of their relative conformational
solvation energies.
The FEP mutations of QAI structures involve gradual changing of atom types, C ! H and H ! d, in molecular topology
and the corresponding FFs. The latter atomic transformation
4644
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describes annihilation and creation of atoms H in the speciﬁed
positions and involves dummy atoms (d) with zero values of
non-bonded parameters. Transformations of QAI structures
are performed only in one direction (‘ shrinking ’ of the molecule) in order to produce ‘ mutation paths ’ just for the single
pre-selected conformation at the quaternary centre. The ‘ single
topology ’ approach is employed in each case. The H–d bond
length is shortened by a factor of 0.55 compared to C–H bond
length in order to avoid sampling problems at the end points of
transformations. Solute atomic point charges and bond lengths
are calibrated from the results of ab initio calculations (Fig. 2).
The N3–CT bond length is changed from the original Amber95 value of 1.471 Å to 1.496 Å in Me4N+, and 1.517 Å in
Et4N+ and n-Pr4N+. Solvation energies from FEP simulations
should also include a PMF correction for the changes in bond
lengths when the SHAKE procedure is used. However, in calculations of the relative solvation energies for conformations
of the same molecule (see Table 5) the PMF contribution cancels out to a good approximation.
The relative solvation energies for the alchemical transformations that involve conformers of Me4N+, Et4N+, and nPr4N+ are given in Table 5. In case of using the SHAKE constraints the relative solvation free energies for the Et4N+ ! Me4N+ mutation typically fall into the range from 4 to 5
kcal mol1. This value comes very close to the experimental
diﬀerence of 7.5 kcal mol1 after adding the pmf correction,
which equals from 2.7 to 3.2 kcal mol1 for the considered
molecular transformations.6,28 The changes of DDGsol for the
n-Pr4N+ ! Et4N+ transformation using SHAKE are in the
range from 0.1 to +0.7 kcal mol1, which again approaches
the experimental estimate from Table 4 after adding the PMF
correction. The calculated free energy diﬀerences in the case of
not using the SHAKE procedure are close to what is obtained
from simulations using SHAKE constraints and the PMF corrections. However, sampling of the FEP/MD trajectories without SHAKE constraints on the solute bond lengths gives
somewhat larger ﬂuctuations than sampling of the trajectories
of the same time duration where the SHAKE constraints are
applied. Such a problem can be in fact expected since using
SHAKE constraints technically just helps to avoid unproductive sampling of solute bond-stretching contributions. The calculated values of DDDGsol using the PCM and the FEP/MD
simulations with two molecular mechanics FFs (Table 5) show
that the S4 conformation of Et4N+ is slightly better solvated

Table 5 Relative solvation free energies (kcal mol1) for the D2d and
S4 conformations of Et4N+ and n-Pr4N+ from FEP/MD and PCM
methodsa
DDDGsol

Ion transformation

FEP/
Amber-95

FEP/
Gromos-87

QM/PCM

(Et4N+ ! Me4N+)D2d–S4
(n-Pr4N+ ! Et4N+)D2d–S4

0.0 (0.3)
0.4 (0.0)

0.4 (0.1)
0.8 (0.5)

0.23
0.33

a

Diﬀerences of solvation free energies between two conformers for
mutations A ! B are estimated as DDDGsol(A ! B)D2dS4 ¼
(DGsol(B)  DGsol(A))D2d  (DGsol(B)  DGsol(A))S4 . Note, that for
the Et4N+ ! Me4N+ transformation this expression reduces to the
solvation free energy diﬀerence between the D2d and S4 conformers of Et4N+, DDDGsol(Et4N+ ! Me4N+)D2dS4  DGsol(Et4N+)S4 
DGsol(Et4N+)D2d . The FEP/MD results are provided both with and
without SHAKE constraints for the solute bond lengths, where the former values are given in the brackets. The solvation free energies DDGsol
for each transformation are calculated as averages from FEP/MD
runs over 6 trajectories with diﬀerent equilibration times (50–100 ps)
with a typical error bar of 0.3 kcal mol1. Single point PCM calculations are performed at the HF/6-31G(d) theory level.

than the D2d structure by up to 0.4 kcal mol1. For n-Pr4N+
the estimated diﬀerence of solvation energies between the S4
and D2d conformers is from 0.0 kcal mol1 to +0.8 kcal mol1
from the FEP/MD simulations, and +0.1 kcal mol1 from the
PCM calculations (using data in Table 4).
The solvation free energy diﬀerence between two low-energy
conformers Et4N+ was recently estimated29 as 0.9 kcal mol1
(in favour of D2d) using another type of FEP/MD procedure.
This value diﬀers by more than 1 kcal mol1 from the results of
our quantum mechanical and FEP/MD simulations. In the
mentioned calculations29 the DDGsol contains only the electrostatic contribution, which was estimated by gradually switching solute atomic charges to zero values while keeping all
other structural parameters unchanged. In principle this type
of computational procedure may be considered less accurate
than ours, since it does not take into account the possible difference in van der Waals solute-solvent interactions for the two
conformers. Using of the overpolarized MPA derived atomic
charges for TEA29 may also partially explain the deviation
from the results of our calculations based on the RESP
charges. As a consequence, the noted simulations29 predict a
substantially overestimated (see below) value, 1.8 kcal mol1,
for the total free energy diﬀerence between the D2d and S4 conformations of Et4N+.
3.3.

NMR study of Et4N+ in aqueous solution

Fig. 4 shows the 1H NMR spectra of Et4N+–I in water solution. When considering the Et4N+ NMR spectra it is instructive to remember the corresponding data for amines. The
nitrogen lone pair in ethylamine lies either cis or trans to the
methyl group,30 where the quadrupolar 3J(14N–H) coupling
is dependent on both the torsional angle FN–C–C–H and the
nitrogen lone pair orientation. The functional dependence of
3 14
J( N–H) on FN–C–C–H for both cis or trans conformations

shows30 that 3J(14N–H) varies from 2–3 Hz for both conformations at FN–C–C–H  0 . As the angle FN–C–C–H approaches 90 ,
3 14
J( N–H) for both cis or trans conformations comes close
to zero. For the cis conformation, the 3J(14N–H) value
approaches 6–7 Hz when the angle FN–C–C–H  180 , whereas
the trans conformation at this torsion angle shows a coupling
constant of 1 Hz. However, such an inﬂuence of the nitrogen
lone pair on the preferred rotation to eclipsed (cis) and staggered (trans) conformations disappears in tetra-N-alkylammonium ions.
For Et4N+, 3JCH2–CH3 remains approximately constant
(7.3 Hz) over the temperature range of 278–353 K. All
methylene (Panels (AI)–(AIII) in Fig. 4) and methyl protons
(Panels (BI)–(BIII) in Fig. 4) are isochronous over this temperature range, which shows that all four ethyl groups around
the nitrogen are chemically and magnetically equivalent on the
NMR time scale in aqueous solution. Such equivalence of
ethyl groups is supported also by considering the 3J(14N–H)
quadrupolar coupling. Fig. 4 indicates that each resonance
of the 1 : 2 : 1 triplet pattern of –CH3 is split further to a
1 : 1 : 1 triplet due to the 3J(14N–H) coupling. However, this
–CH3 resonance disappears to a singlet (still with 1 : 1 : 1 triplet structure due to 3J(14N–H)) on 1H decoupling of –CH2 at
278 K and 353 K (Panels (DI) and (DIII) in Fig. 4). As
reported earlier31 the 2J(14N–H) value is comparatively small
(<0.2–0.3 Hz), which is diﬃcult to detect, since the isochronous –CH2 gives a broad singlet upon 1H decoupling of
–CH3 (Panel (CI) in Fig. 4). The observed equivalence of ethyl
groups can be due to either the presence of a single symmetric
structure of Et4N+, or averaging of signals for two or more
symmetric conformers. Results of the present theoretical calculations as well as of recent Raman spectroscopy studies10
clearly indicate the presence of two stable conformations of
Et4N+ in water. This makes the second of the above alternatives the most probable. However, since we do not see any

Fig. 4 The 1H NMR spectra for Et4N+ iodide in D2O at 278 K (Panel (I)), 298 K (Panel (II)) and 353 K (Panel (III)). Panels (AI), (AII) and
(AIII) show the expanded spectral region for methylene (dCH2  1.03 ppm, quartet) resonances and Panels (BI), (BII) and (BIII) show the expanded
spectral region for methyl (dCH3  3.03 ppm, triplet with each further splitted to a 1 : 1 : 1 triplet due to 3J (14N–H) quadrupolar coupling) resonances at 278 K, 298 K and 353 K respectively. Panels (CI) and (DI) show the 1H homodecoupling spectra for the dCH2 resonances (with decoupling
of dCH3) and for the dCH3 resonances (with decoupling of dCH2) respectively at 278 K. Panels (DIII) shows the 1H homodecoupling spectra for the
dCH2 resonances (with decoupling of dCH3) at 353 K.
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Fig. 5 Newman projections along C–N bond for the D2d and S4 conformations of Et4N+, where indistinguishable methylenes do not allow
clear identiﬁcation of the NMR spectra for the conformers.

change of linewidth in the temperature range of ca. 65 , it can
be concluded that the D2d and S4 conformations of are indistinguishable in the recorded NMR spectra. Such spectral similarity of D2d and S4 is supported on a qualitative level from
considering the corresponding Newman projections (Fig. 5),
which show that positions of methylene protons in these conformers diﬀer just by permutation and otherwise are equivalent. The previously reported 13C NMR studies of QAIs
clariﬁed the structure of Et4N+ in complexes with zeolites8
and mobility of long hydrocarbon chains,32 but did not
address the conformational equilibrium in solution. On the
other hand, the indistinguishable character of the D2d and S4
conformations in 1H NMR was noted for Et4C, as well.1

zeolites Et4N+ adopts one of the high-energy conformations
characterised by unfavourable g+g interactions.8 The database analysis for 35 n-Pr4N+ complexes shows that the two
conformations are met in the ratio of 13:22.1 Finally, if one
considers QAIs with even longer hydrocarbon chains it is
important to mention the crystallographic complex of the
KcsA potassium ion channel with a heavy atom analogue
of n-Bu4N+.33 In this example the quaternary ion is modelled
in a high-energy gg-type conformation, although the resolution does apparently not give full details of the ion structure.
Thus, the bulk of the structural results indicate that QAIs
(including Et4N+) can adopt either D2d or S4 conformation
in molecular complexes with other molecules. The actual
structure of the ion thus appears to be strongly related to
its local environment.
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