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Abstract. Experimental and density functional theory
geometries have been used to extend the AMBER force
field to nitroxides. An optimum set of transferable
atomic charges for the calculation of electrostatic inter-
actions both in vacuo and in aqueous solution has been
obtained by averaging the charges obtained by a
restrained electrostatic potential fitting of representative
compounds. Besides reliable structural data, our
implementation allows the computation of accurate
spectromagnetic properties by single-point B3LYP com-
putations on geometries optimized at the AMBER Ilevel.
Solvent shifts in aqueous solution can be reproduced
quantitatively by a mixed model in which specific solvent
effects are described by two water molecules strongly
coordinated to the nitroxide oxygen, while bulk effects
are described by the polarizable continuum model.
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1 Introduction

Chemical inertness [1] coupled to the strong localization
of the unpaired spin in the NO moiety [2] makes
nitroxides the class of organic free radicals most widely
used as “spin probes” [3] for the study of the structure
and the dynamics of microheterogenous macromolecu-
lar systems such as micelles [4], proteins [5] and vescicles
[6] by means of electron spin resonance (ESR) spectros-
copy. Since the magnitude of the isotropic hyperfine
splitting (hfs) of the nitroxide nitrogen (An) depends
remarkably on the polarity of the solvent [7], nitroxides
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are indeed ideal “probes” of the micropolarity of the
medium in which they are embedded. Furthermore,
the line widths of the ESR spectra (and the effective
rotational correlation time, 7) are controlled by the
rotational and lateral diffusion of the nitroxide and can
give valuable information on the viscosity, the degree of
order and the temperature of the spin probe environ-
ment [§].

Just to mention a few examples, nitroxides have been
successfully used to determine the location of organic
compounds in micelles [9], to determine the structure
and the fluidity of lipid bilayers [10] and to study the
interaction between polymers and surfactants [11].

The stability of the nitroxide radicals and their im-
portance as spin probes have given spur to many exper-
imental studies addressed to the assessment of the
dependence of Ay on the geometry of the nitroxide [12]
and on the solvent polarity [7]. Notwithstanding this,
several questions are still open and deserve a deeper in-
vestigation, such as the one raised by an ad hoc quantum
mechanical (QM) study. These involve, for instance, the
definition of the main factors which determine the mag-
nitude of Ay, an evaluation of their relative importance
and, eventually, a clear-cut separation of intrinsic and
environmental contributions. From this point of view,
methods rooted in density functional theory (DFT) have
already provided trends in very good agreement with the
experimental ones [13, 14], if the effect of the solvent is
taken into account by the use of the so-called polarizable
continuum model (PCM) [15, 16]. However, the chemical
stability of the nitroxides and their use as spin probes
often require the presence of large substituents on the
nitroxide moiety [3], leading to species which, due to their
size, can hardly be tackled by sophisticated QM tech-
niques. An effective way out from this problem is pro-
vided by the “integrated” use of QM and molecular
mechanics (MM) methods. To this end we have recently
extended some popular force fields (MM + and UFF) to
nitroxides, obtaining geometrical parameters in good
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agreement with experiments and ab initio calculations,
both in vacuo and in condensed phases [13]. However, an
increase in the number of the experimental and QM
reference data for the fitting of the MM parameters is
very useful to improve their reliability for several differ-
ent classes of nitroxides. In particular, we will be con-
cerned with the AMBER force field [17], which is
specifically tailored for the study of biological systems
and is included in several commercial packages: it is thus
a very good candidate for the implementation of effective
QM/MM methods and for their use in the study of the
interaction of nitroxides with biological macromolecules.

In this article we extend the AMBER force field to
nitroxides and report the results of a DFT/MM/PCM
study of three representative members of this class,
namely pyrrolidine-1-oxyl (hereafter I), pyrroline-1-oxyl
(IT) and imidazoline-1-oxyl (IIT) (Fig. 1). In these com-
pounds the NO moiety is part of a five-membered ring,
one of the class of nitroxides which has been most used
as spin probes [3].

2 Computational details

All the QM computations are based on the unrestricted
Kohn—Sham (UKS) approach to DFT [18], selecting (on
the grounds of previous experience) [19] the B3LYP
hybrid functional [20]. The standard 6-31G* basis set
[21] was used for the geometry optimizations, whereas
the magnetic properties were computed by the purposely
developed EPR-2 basis set [22].

The isotropic hfs of the nitroxide nitrogen is calcu-
lated by means of Eq. (1) [23]

An = 3ngngettnleps(rn) (1)

where u, and g, are the nuclear magneton and nuclear g
factors, respectively. The term g, is the g value for the
electron (in the present work g. = 2.0), u. is the Bohr
magneton and p,(ry) is the electronic spin density at the
nitrogen nucleus.

Fig. 1. Schematic drawing,
numbering and types of atoms
for the three compounds con-
sidered in the present work,
together with the water
molecules strongly coordinated
to the NO group

Solvent effects were evaluated by using the PCM [15,
16], which is based on a self-consistent description of a
molecule embedded in a cavity surrounded by an infinite
dielectric. The cavity is defined in terms of spheres
centered on non-hydrogen atoms with radii optimized
following the UATM (United Atom Topological
Model) [16], which has been shown to reproduce the
experimental solvation free energy of many neutral and
charged solutes.

All the QM calculations were performed using the
GAUSSIANO98 package [24], whereas the MM compu-
tations were performed using the AMBER force field
[17], available in the Hyperchem package [25].

3 Results and discussion
3.1 MM computations

The geometries of the three compounds under study
were optimized in vacuo at the B3LYP/6-31G* level
(Tables 1, 2). From the experimental and the QM
geometries we then derived the parameters shown in
Table 3, using the procedure presented in detail in Ref.
[13]. All the parameters not explicitly shown in Table 3
have the values optimized in Ref. [13] for the MM + and
UFF force fields.

The introduction of the new parameters in the AM-
BER force field yields the geometries reported in Tables
I and 2.

For I and II all the calculated bond lengths are close
to their experimental values and, taking into account
that the reference experimental compounds bear bulky
substituents, there is good agreement also between the
calculated and the experimental bond angles. We did not
succeed in finding any experimental geometry of deriv-
atives of III however, all the geometrical parameters
determined by MM computations are similar to their
B3LYP counterparts.

Since we are primarily interested in the evaluation of
the electron spin resonance (ESR) parameters of nitr-
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Table 1. Geometrical parame-
ters (distances in angstroms and I

II

angles in degrees) for pyrroli-

dine-l-OXyl (I) and pyrroline-l- EXpd B3LYP AMBER EXpb B3LYP AMBER

;’ggivgll)n /;it; B numbering is NI1—O01 1.264 1272 1.281 1.270 1272 1.281
NI—C2 1.478 1.471 1.470 1.501 1.471 1.472
C2—C3 1.524 1.534 1.529 1.520 1.504 1.498
C3—C3 1.531 1.546 1.532 1315 1.336 1.334
C2—N1—C2’ 1153 113.4 115.2 114.5 112.8 113.1
N1—C2—C3 99.9 103.1 102.2 99.0 101.9 102.1
C2—C3—C3’ 105.6 103.8 103.8 113.5 111.7 1113
C2—C3—C3¥—C2  36.6 36.3 36.3 0.00 0.00 0.00
O1—NI—C2—C2"  180.0 180.0 179.4 180.0 180.0 180.0
O1—NI—C2—C3  —162.7 ~168.7 ~168.1 180.0 ~179.7 179.9

# Reference compound: 2,2,5,5-tetramethyl-3-hydroxypyrrolidine-1-oxyl [26]
® Reference compound: 2,2,5,5-tetramethyl-3-carboxy-pyrroline-1-oxyl [27]

Table 2. Geometrical parameters (distances in angstroms and
angles in degrees) for imidazoline-1-oxyl (III). Atom numbering
is shown in Fig. 2

B3LYP AMBER

N1—-01 1.272 1.281
N1—C2 1.477 1.471
N1—C5 1.466 1.444
C4—C5 1.508 1.494
C4—N3 1.277 1.272
N3—C2 1.452 1.453
C2—N1—C5 109.8 111.3
N1—-C5—C4 99.5 99.7
C5—C4—N3 116.2 115.2
C2—N3—C4 108.7 109.4
N3—C2—NI1 105.6 104.2
C5—C4—N3—C2 0.03 0.25
O1—N1—C2—C5 166.3 171.7

oxides, it is encouraging that the best agreement between
experimental and calculated geometrical parameters
occurs for the NO moiety. Particularly, since the value of
An depends critically on the competition between a py-
ramidal (sp*-like hybridization) and a planar (sp*like
hybridization) geometry around the nitrogen atom [28],
it is worth noting that all the calculated out-of-plane
angles are very close to their experimental counterparts.
This important point was overlooked in recent MM
parameterization for nitroxide radicals [29].

3.2 Atomic point charges

While the structures of isolated nitroxides are scarcely
sensitive to electrostatic interactions, the situation is
completely different for intermolecular interactions,
either with biological substrates or with the solvent
[13]. This requires the derivation of reliable atomic point
charges which should be easily transferable between
common functional groups in related molecules, should
not be too conformationally dependent and, at the same
time, should accurately reproduce the -electrostatic
potential around the molecule.

For these reasons we resorted to the restrained elec-
trostatic potential (RESP) procedure [30]. This model is

Table 3. Optimized molecular mechanics (M M) parameters invol-
ving NR, OR and LP species (see Fig. 1 for atom types)

Bond stretching R, (A) K; (kcal mol™" A%
OR NR 1.2800  337.0000

CX X 1.3370  690.0000

C CX 1.3510  690.0000

CT X 1.5000  350.0000

CT NX 1.4500  414.0000

CX NX 1.2700  414.0000

Angle bendings 0o (deg) Ky (kcal mol™ rad™?)
NX CT NR 110.0000 80.0000

CX CT NR 109.4700 80.0000

H1 CT NR 105.6000 80.0000

HC CT NR 109.5000 50.0000

NR OR LP 120.0000  600.0000

LP OR LP 120.0000  600.0000

HC CX HC 120.0000 46.0000

CX CX HC 120.0000 50.0000

CT CX HC 120.0000 50.0000

CT CX X 120.0000 70.0000

CT CX NX 125.0000 70.0000

HC CX NX 120.0000 50.0000

CX NX CT 118.0000 70.0000
Improper torsion o (deg) Ky (keal mol™)
- - NR OR  180.0000 10.5000

- - OR LP 180.0000 90.5000
Regular torsion 7o (deg) V5/2 (kcal mol™! rad™)
H1 CT CT NR 0.0000 0.3333

CT NR OY LP 180.0000 0.3000

CX CT NR OR 0.0000 0.3333

NX CT NR OR 0.0000 0.3333

H1 CT NR OR 0.0000 0.6000

CX CT NR OR 0.0000 0.3333

H1 CT NR OR 0.0000 0.6000

- cX X - 180.000 10.0000

- CX NX - 180.000 10.0000

- CT NX - 0.0000 0.0000
Nonbonding interactions R;; (A)b & (kcal mol™h)°
(van der waals)*

NR 3.66 0.0690

OR 3.48 0.0598

LP 2.00 0.0600

#CX has the same parameters as C in AMBER, NX the same as
NB in AMBER [17]

oR) = (Ri+R)/2

“eii (81'1'8/:/)1’/2'
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based on a least-squares fitting of the HF/6-31G* elec-
trostatic potential, with the addition of a hyperbolic
restraint on the charges of non-hydrogen atoms, which
allows the reduction of the unphysically high value of
the charges of the atoms that are poorly defined by the
electrostatic potential (e.g. the atoms buried in the
interior of a molecule). It has been shown that this
procedure does not seriously impair the quality of the fit
of the “pure” quantum mechanically determined ESP
[30]. We thus calculated the atomic point charges for six
nitroxides according to the RESP procedure: the three
compounds under study together with bis(tert-butyl)
nitroxide, 2,2,5,5-tetramethyl-3-hydroxypyrrolidine-1-
oxyl and 2,2,6,6-tetramethyl-4-piperidinol-1-oxyl
(Fig. 2). For each compound the RESP charges were
calculated using the unrestricted HF (UHF)/6-31G*
electrostatic potential at the geometries optimized in
vacuo at the B3LYP/6-31G* level.

Inspection of Fig. 2 shows that RESP charges usually
have a lower value than the ones calculated by the simple
fitting of the electrostatic potential in a Merz—Kolmann
scheme [31], being much more “appealing” from a
physical point of view. For instance, the value of 0.64 au
for a carbon atom of the cycle with two methyl sub-
stituents is reduced by the RESP procedure to the much

Fig. 2. Restrained electrostatic potential charges calculated using
the unrestricted Hartree—Fock/6-31G* electrostatic potential at the
geometries optimized in vacuo at the B3LYP/6-31G* level for six
different nitroxides

more reasonable value of 0.17 au. At the same time
we checked that the RESP charges yield values of the
permanent dipole moment in very good agreement with
those calculated ab initio.

Since the majority of chemical and biological pro-
cesses take place in aqueous solution, it is important to
determine point charges suitable also for MM electro-
static calculations in water. Moreover, it is surely useful
to compare RESP charges obtained at different levels of
theory. We then calculated RESP charges at the UHF/6-
31G* and at the B3LYP/6-31G* levels, both in vacuo
and in aqueous solution. A comparison of the results
obtained for the six nitroxides, giving four different sets
of average “optimum point charges”, is reported in
Table 4.

First, it is interesting to ascertain that UHF and
B3LYP charges are quite similar suggesting that, due the
hyperbolic restraints, RESP charges are less dependent
on the level of calculation than charges obtained ac-
cording to other standard procedures (e.g. Mulliken and
Merz—Kollman approaches [31]). Furthermore, charges
determined in vacuo at the UHF level are close to
B3LYP charges calculated in aqueous solution. Indeed
the HF method neglects the contribution to the ground-
state wave function of excited electronic configurations
in which antibonding molecular orbitals are occupied.
Since these molecular orbitals normally have a polarity
opposite to that of the corresponding bonding molecular
orbitals, HF atomic charges are usually reduced in-
cluding electron correlation. However polar solvents
play an opposite role, favoring charge separation: as
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Table 4. Atomic point charges

based on restrained electrostatic HF/6-31G* HF/6-31G* B3LYP/6-31G* B3LYP/6-31G*

potential charges averaged for 1n vacuo In water 1n vacuo n water

the six different nitroxides of

Fig. 2 (see text for further N(NO): +0.135 +0.165 +0.173 +0.192

details) O(NO) —-0.380 -0.479 —-0.399 —-0.467
C-NO° +0.151 +0.157 +0.117 +0.119
Csp’(CH,) —-0.257 -0.267 -0.222 —-0.231
Csp’(CH,) —-0.084 —-0.092 -0.074 —-0.080
Csp? —-0.240 —-0.260 —-0.200 -0.210
O(OH) —-0.665 —-0.733 —-0.590 —-0.655
H(OH) +0.425 +0.477 +0.395 +0.455
H-Csp® ¢ +0.068 +0.074 +0.060 +0.065
H-Csp” © +0.170 +0.180 +0.140 +0.160

#Nitrogen atom of the NO moiety

® Oxygen atom of the NO moiety

¢Carbon atom bound to NO

9 Hydrogen atom of a methyl group
°Hydrogen atom of a methylenic group

a result, charges calculated in solution by post-HF or
DFT methods often resemble those calculated in vacuo
at the HF level.

The NO moiety represents a remarkable exception,
since the unpaired electron occupies a n* orbital; thus,
any removal of electron density from this orbital by
excitation to other antibonding orbitals increases the
polarity of the NO bond. This explains why charges
calculated at the B3LYP level are now higher than their
HF counterparts.

3.3 Magnetic properties

The isotropic hfs and the electronic spin density of N1
calculated in vacuo at the B3LYP/EPR-2 level using the
geometries optimized either at the AMBER or at the
B3LYP/6-31G* level are compared in the first columns
of Table 5. There is very good agreement between both
sets of results, confirming the reliability of the geometry
calculated at the AMBER level. The most remarkable
discrepancy (0.8 G) concerns species I1I and is due to the
slightly larger pyramidalization of the NO moiety pre-
dicted by the B3LYP geometry optimizations (Table 3).
The hyperfine coupling constants can indeed be
decomposed into two contributions [28]: a delocalization
term, which is the direct contribution of the nominally
unpaired orbital, and a spin polarization (or indirect)
contribution, which arises from the interactions of the ¢
skeleton electrons with the unpaired spin electron. When
the NO moiety is planar, the singly occupied molecular

orbital (SOMO) is a pure 7 orbital and the nitrogen
atom lies in its nodal plane: as a consequence the delo-
calization term vanishes and only the indirect effect
contributes to An. On the other hand, pyramidalization
of the NO moiety increases the s character of the
SOMO, leading to a nonvanishing delocalization con-
tribution to the hfs and increasing the value of Ay.

These considerations can also explain why the trend
in the hfs exhibited by the three compounds exam-
ined does not parallel the relative variation of the
calculated spin density at N1.

An increase in the electronegativity of the f atom of
the ring obviously disfavors the resonance structure
shown in Fig. 3b (which implies a positively charged
nitrogen atom) and leads to a decrease in the spin den-
sity at the nitrogen. Notwithstanding this, in I and II the
NO moiety is planar and the calculated hfs are thus
lower than in III, in which the geometry at N1 is par-
tially pyramidal. When, as in the 2,2,5,5-tetramethylated
derivative compounds, the geometry of NO is forced
to be planar, the polarization term (proportional to
the spin density) makes the hfs increase in the order
III < II < I in full agreement with the experimental
results [32-35].

The next step in our analysis was the evaluation of the
solvent effect on the magnitude of Ay for compounds
I-III. To the best of our knowledge, experimental data
are available for I and just in two solvents, CH,Cl, (14.9
G) [33] and water (16.7) [34]. Assuming that for I the
behavior of the variation of Ay with the solvent parallels
that determined for similar compounds, the extrapola-

Table 5. Isotropic hyperfine splitting (AN in gauss) of nitroxide nitrogen calculated in vacuo at the B3LYP/EPR-2/AMBER level and

solvent shifts for the passage to an aqueous solution

Compound Nitrogen spin Ay gas phase AAn PCM AAn Adduct AAN AAn Exp
density in gas phase Adduct + PCM

I 0.454 (0.456)* 8.08 (8.24)* +1.64 +1.55 +2.48 ~2.50°

11 0.453 (0.451)* 8.20 (8.20)* +1.61 +1.56 +2.59 2.00¢

111 0.443 (0.432)* 8.49 (9.32)* +1.71 +1.73 +3.11

#The values in parentheses are obtained using B3LYP/6-31G* geometries
® Calculated spin densities for the NO nitrogen estimated from the values of Refs. [33, 34]
¢Solvent shift n-hexane water for the compound 2,2,5,5-tetramethyl-3-carboxy-pyrroline-1-oxyl [7]
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Fig. 3a, b. The two most stable resonance structures of a nitroxide
free radical

tion of the data gives a solvent shift of about 2.5 G for
the passage from the gas phase to an aqueous solution.
The reliability of this value is supported by the solvent
shift of Ay for 2,2,5,5-tetramethylated derivatives of I,
which is 2.35 G going from dodecane to water [35].

Firstly, we evaluated the effect of the bulk properties
of the solvent (such as the dielectric constant), calcu-
lating Ay for every compound using the wave function
determined in aqueous solution from the PCM. The
results reported in the third column of Table 5 show
that a polar embedding medium stabilizes the reso-
nance structure (Fig. 3b) and increases the magnitude
of Ay, in agreement with the experimental results;
however the predicted solvent shift is remarkably
smaller than the experimental estimates, suggesting that
it is necessary to take into account the role played by
the interactions between the nitroxide moiety and
specific solvent molecules. As a matter of fact, spec-
troscopic observations clearly show that two water
molecules are strongly and specifically bound to the
nitroxide oxygen [36].

We then optimized the intermolecular parameters of
adducts formed by the nitroxides and two water mole-
cules at the MM level; the corresponding Ay were then
evaluated at the B3LYP/EPR-2 level both in the gas
phase and in aqueous solution. The geometries of the
three adducts (Fig. 1) are similar to those optimized at
the B3LYP/6-31G* level, but for slightly shorter bond
distances (0.05 A) between the oxygen of the NO moiety
and the hydrogen atom engaged in the hydrogen bond
(Hw) and a larger Hw—O1—N1 bond angle. It is worth
noting that in order to obtain reasonable structures of
the adducts it was necessary to explicitly define lone
pairs for the nitroxide oxygen [13]. The effect of the
hydrogen bonding in the gas phase is rather small,
whereas the simultaneous inclusion of the bulk effect
and of specific interactions leads to computed solvent
shifts in good agreement with the experimental results
and with those obtained by B3LYP geometry
optimizations.

4 Conclusions

We have extended the AMBER force field to open-
chain and cyclic nitroxides, also containing a proton-
able site (namely the nitrogen atom N2 in III). These
nitroxides are particularly interesting as ‘‘spin probes”
because their Ay depends remarkably on the pH of the
embedding medium, allowing a high-precision measure-
ment of pH and of its gradient in important biological
systems, such as cellular membranes, vescicles and

micelles. In this context, our results show that the
geometries optimized by the AMBER force field are
also reliable for the B3LYP/EPR-2 calculation of the
EPR parameters of nitroxides both in vacuo and in
solution.

From another point of view the average atomic
charges presented in Table 4 should allow reliable MM
calculations of the electrostatic interaction in a wide
range of nitroxides, both in vacuo and in aqueous
solution: they were indeed obtained on the grounds of a
representative set of nitroxides, including both linear
and cyclic (and heterocyclic) compounds, with substit-
uents of different bulkiness and different ranges of
pyramidalization of the NO group. Moreover, the
magnitude of the RESP charges exhibits small fluctua-
tions in similar functional groups and the charges (which
are not very dependent on the level of calculation) are in
agreement with chemical intuition, though reflecting the
effect of local variations in a realistic and no arbitrary
way. The HF RESP charges calculated in vacuo are
rather suitable also for electrostatic calculations per-
formed in aqueous solution, except for the NO moiety,
whose peculiar electronic structure can be described only
by more sophisticated QM models.

A number of computations confirmed that in aqueous
solution it is necessary not only to take into account the
macroscopic properties of the bulk solvent but also to
correctly describe the features of the cybotactic region of
the solvent (such as the effect of hydrogen bonding be-
tween the NO group and H,O molecules). From this
point of view, only the introduction of explicit lone pairs
in the AMBER force field leads to a correct description
of the basic adduct between the NO moiety and two
water molecules.

Thus, the present work represents another step to-
wards the implementation of effective and reliable QM/
MM methods for the study of large nitroxide systems
and of their interactions with macromolecular systems
(proteins, micelles) of biological interest.
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