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Abstract In the field of spin trapping chemistry, we

proposed a promising new theoretical QM/MM//MD

combined protocol to assist the development of new nit-

rone-based spin traps (Houriez et al. in J Phys Chem B

114:11793–11803, 2010). In the present study, we test its

accuracy and its transferability by investigating the spec-

tromagnetic properties in water of DMPO–OH, the nitr-

oxide spin adduct of the 5,5-dimethyl-1-pyrroline-N-oxide

nitrone (DMPO) with the OH� radical. Thanks to our the-

oretical method, we obtain quantitative estimates of the

DMPO–OH hyperfine coupling constants (hcc’s) in very

good agreement with experiment. Moreover, our study

reveals that the DMPO–OH hcc values are related to the

main features of an equilibrium between two major con-

formations of the nitroxide five-membered ring. Together

with our earlier results, the present study clearly establishes

the reliability of our theoretical protocol to investigate in

condensed phase the behavior of flexible and large nitr-

oxides. Particularly, note that with our method, it is pos-

sible to point out clearly fundamental differences in

spectromagnetic properties even for two molecules very

similar in geometrical structure.
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1 Introduction

A major challenge in the field of spin trapping is the

development of theoretical protocols able to predict reli-

able electronic paramagnetic resonance (EPR) spectra for

flexible molecules embedded in water or in heterogeneous

chemical environments. Recently, we proposed such a

protocol to compute hyperfine coupling constants (hcc’s) of

flexible nitroxides in water [1, 2]. It is based on combining

nanosecond-scale classical molecular dynamics (MD) with

large-scale QM/MM computations on small nitroxide/

water clusters extracted along the MD trajectories. One

originality of our protocol is the use of an ad hoc param-

eterized polarizable force field to generate the MD trajec-

tories. We may note that applying a specially tailored

classical force field has recently gained a renewed interest

[3] as a good alternative to DFT-based computations [4–7].

Thanks to that protocol, we investigated previously the

behavior in liquid water of the DMPO–OOH spin adduct

resulting from the reaction of the 5,5-dimethyl-1-pyrroline-

N-oxide (DMPO), a five-membered ring cyclic nitrone,

with the O��2 superoxide radical [8] (see Fig. 1). We
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moléculaire des protéines, Institut de biologie et de technologies
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evidenced that two main conformer families (or sites) of

DMPO–OOH have to be observed in solution. They are

characterized by the value of the \COOH dihedral angle

and it exists within these sites a fast interconversion pro-

cess between two major conformations of the nitroxide

five-membered ring. Moreover, we showed that the nitr-

oxide nitrogen and b and c-hydrogen hcc’s for both sites

linearly depend on the ring conformation equilibrium ratio,

explaining the noticeable asymmetry of the DMPO–OOH

EPR spectrum [9]. Note that we showed a 1:1 ratio to

provide hcc values for both sites agreeing within 0.5

Gauss with those extrapolated from recent deuterated

experiments [10].

The DMPO nitrone may also react with the OH�

hydroxyl radical [9, 11], leading to the DMPO–OH spin

adduct characterized by a simplier EPR spectrum, relative

to DMPO–OOH (see Fig. 1). Moreover, the b-hydrogen

hcc value of DMPO–OH differs significantly from its

DMPO–OOH counterpart, up to 4 Gauss, and we may also

note that no c-hydrogen splitting is reported for DMPO–

OH, whereas such a splitting plays a key role in the

DMPO–OOH EPR spectrum asymmetry.

Theoretical computations on DMPO–OH are rather

scarce [12–15], and the attempts to evaluate theoretically

its hcc’s in aqueous solution lead to values that do not

agree with experiment [15]. Hence, our theoretical protocol

is applied here to this problem, and our results allow one to

assess the predictive ability of our method, notably in the

particular case of molecules very close in structure but

whose spectromagnetic properties differ strongly, like

DMPO–OH and DMPO–OOH.

2 Computational details

We detail here two key points of our QM/MM//MD pro-

tocol, namely the polarizable force field parameters and the

QM/MM coupling method. This protocol includes the

generation of 8-ns-long trajectories of a nitroxide embed-

ded in a large water box, using periodic boundary condi-

tions and Ewald summation techniques. The details of our

simulations may be found elsewhere [8].

2.1 Force field parameters and DMPO–OH

five-membered ring flexibility

We use the TCPEp polarizable force field [16] based on a

decomposition of the system potential energy into five

terms corresponding to a repulsive, a classical charge–

charge electrostatic, an intramolecular relaxation, a polar-

ization and a specific hydrogen bond (HB) terms. A special

stretch-torsion coupling term is added to the HB term to

account for the anomeric effects affecting the CHb and CO

bonds in nitroxides [8]. To model the HB’s occurring

between the nitroxide hydroxyl moiety and the water

molecules, we consider the HB term described in Ref. [16],

whose parameters are assigned to reproduce the ab initio

potential energy surface (PES) of methanol/(water)n

aggregates (n = 1–3).

In line with our earlier studies [8, 17], we handle the

nitrogen out-of-plane displacement by using a harmonic

potential Uimp = kimph
2, where h is the \ONCC improper

dihedral angle. We assign kimp together with the parameters

of the torsional energy term corresponding to the dihedral

angle / ¼ \HbCNC: This allows us to reproduce accu-

rately the quantum PES as a function of (h, /) for the

IPENO–OH model nitroxide (see Supporting Information

for details).

We characterize the intrinsic flexibility of the DMPO–

OH five-membered ring thanks to the x phase of the ring

deformation, as proposed by Cremer and Pople [18].

Whatever the ring conformation [envelope (E) or twist

(T)], we denote by 3T4 (4T3) a conformation in which the

ring carbon 3 (4) is above the ring mean plane (see Fig. 1).

We define for DMPO–OH eight force field parameter sets

allowing us to generate trajectories corresponding to vari-

ous 3T4/4T3 equilibrium ratios in solution (from 1/99 to

97/3 %). Those sets, labeled T1–T8 like the corresponding

trajectories in solution, differ only by the torsional

parameters related to the \OCCC and \HbCCC ring

dihedral angles. Concerning the energetic results for the
3T4 and 4T3 conformers of DMPO–OH in gas phase, if we

Fig. 1 Spin trapping of the OH� hydroxyl and O��2 superoxide

radicals by the DMPO nitrone, and the corresponding EPR spectra for

the resulting adducts, namely DMPO–OOH (above) and DMPO–OH

(below)
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compare those derived from our force field approaches and

those obtained from B3LYP and MP2 quantum computa-

tions, we note that the T4 parameter set provides the best

agreement with quantum data. That force field predicts the
3T4/4T3 equilibrium ratio for DMPO–OH in solution to be

34/66 %.

2.2 Quantum computations of average hcc’s

For a monoradical, the aX isotropic hcc (corresponding to

the Fermi contact term) depends linearly on the qs
X elec-

tronic spin density evaluated at the X nucleus

aX ¼
8p
3

gelegX
n lX

n qX
s ð1Þ

where gn
X and ln

X are, respectively, the Landé g factor and

the Bohr magneton of the nucleus, and ge and le corre-

spond to the electron [19]. All quantum computations are

performed using the Gaussian 03 package of programs

[20], in which we incorporated locally the ESPF method

[21] allowing one to account for the electrostatic potential

generated by the solvent bulk on the extracted cluster

nuclei. The instantaneous hcc’s along the trajectories are

computed using the cheap PBE0/6-31?G(d) level of the-

ory, whose accuracy for our present purpose is equivalent

within about 0.5 Gauss on average to the much more

demanding CCSD/EPR-II level (see below).

The �aX hcc values of the solvated nitroxides are averaged

on statistical ensembles including 2000 structures extracted

each 1 ps along the trajectories. The sampling starts after an

equilibration period of 6 ns and goes on during 2 ns. We

check that a sampling interval of 1 ps leads to a set of

temporally uncorrelated nitroxide/water structures by sam-

pling each 5 fs two 50 ps trajectory segments of DMPO–OH

in solution along which the ring conformation corresponds

to a pure 3T4 or 4T3 one. The corresponding CaN
ðtÞ and

CaHb
ðtÞ autocorrelation functions were then computed:

whatever the trajectory and the hcc, the serial correlation

died usually after about 500 fs, insuring a 1 ps sampling

interval to be well suited for the present purpose.

3 Results and discussion

Except for the hcc’s (see above), all the statistical averages

and distribution functions discussed in that section are

computed along the last 6 ns segments of the 8 solvated

trajectories. Several details concerning these results are

provided as Supporting Information.

3.1 DMPO–OH conformations in solution

We compute the gx distribution functions corresponding to

the x phase characterizing the five-membered ring

conformation along the trajectories: they all present two

well-defined peaks at 85–95� and 255–275�, and a flat and

almost null minimum at 180�. Hence, a 3T4/4T3 conformer

equilibrium is observed along the trajectories. The equi-

librium populations (p3T4, p4T3) estimated by integrating

the gx profiles are summarized in Table 1.

To further analyze the structure of DMPO–OH in

solution, we also compute the g2D(h,/) 2D distribution

functions. For the T1 trajectory (p3T4 & 1 %), g2D(h,/) is

centered around (165�, 85�), whereas it is centered around

(175�, 45�) for T8 (p3T4 = 97 %). Hence, Hb is almost

axial along T1, while it is equatorial along T8. For the

remaining trajectories, g2D(h,/) appears to be the average

of T1 and T8, weighted by the p3T4 and p4T3 values.

Concerning \ONCC, its distribution functions correspond

to Gaussian profiles centered around 170–175�, with

almost negligible contributions for h\ 150� and h[ 210�,

similar to the case of the PROXYL and DMPO–OOH

nitroxides we recently investigated [2, 8].

Lastly, the number of solvated DMPO–OH structures

involving an intramolecular COH � � �ON HB is estimated

from the distribution functions corrresponding to the RH���O
distance between the hydroxyl hydrogen atom and

the nitroxide oxygen one (along our trajectories, these

functions are all characterized by a sharp peak around

3.8–3.9 Å). Assuming that a HB exists for RH���O\2:5 Å,

the integration of these distribution functions exhibits that

such an intramolecular HB is observed at most in 0.3 % of

the structures for each trajectory.

In conclusion, the DMPO–OH structure in an aqueous

medium involves a fast interconversion process between

Table 1 Average hcc values from the solvated DMPO–OH MD

trajectories (labeled T1–T8)

Trajectory p3T4 �aHb �aN

0 20.1 [18.6] 3.7 14.4 [15.1] 2.9

T1 0.5 20.6 [19.0] 3.9 14.6 [15.2] 2.9

T2 1.4 19.9 [18.4] 3.6 14.4 [15.0] 3.0

T3 7.8 18.9 [17.5] 3.5 14.2 [14.9] 2.8

T4 34.1 15.5 [14.2] 2.6 13.9 [14.5] 2.8

T5 40.2 14.8 [13.6] 2.5 14.0 [14.6] 2.8

T6 71.5 11.4 [10.5] 1.9 13.6 [14.2] 2.7

T7 89.7 9.4 [8.6] 1.7 13.6 [14.2] 2.8

T8 96.7 8.0 [7.3] 1.3 13.6 [14.1] 2.8

100 7.8 [7.1] 1.2 13.4 [14.0] 2.8

p3T4: 3T4-like conformer population values in percent along each

trajectory. All �aX hcc values are in Gauss, as estimated from PBE0/6-

31?G(d) computations (in squarebrackets, CCSD/EPR-II extrapo-

lated values and, in italic, the dSð�aXÞ solvent contribution). For

p3T4 = 0/100 %: extrapolated hcc values based on linear regressions

of the trajectory averages
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two major conformations of the five-membered ring

(3T4 and 4T3), and do not present any intramolecular

COH � � �ON HB.

3.2 DMPO–OH hcc’s in solution

Table 1 shows the �aN and �aHb hcc average values obtained

from our QM/MM//MD protocol. Together with �aHc values

corresponding to the c1-hydrogen, they are plotted as a

function of p3T4 in Fig. 2. The root mean square deviations

corresponding to �aN and �aHb are between 5 and 6 Gauss.

Since the 2000 nitroxide/water extracted structures are

temporally uncorrelated, the uncertainty affecting the

average hcc’s is about 0.2 Gauss. The c2-hydrogen hcc

values are always ±0.1 Gauss and are not further discussed.

Nitrogen, and b- and c1-hydrogen hcc values depend

linearly on p3T4: the corresponding correlation coefficients

are all greater than 0.96. Hence, the magnitude of the

DMPO–OH spin densities in aqueous solution is intimately

related to the properties of the 3T4/4T3 equilibrium. The

strongest dependence on this ratio concerns �aHb ; whereas a

much weaker dependence is observed for �aN and �aHc

(variation of 12 Gauss for �aHb and of 1 Gauss for �aN and

�aHc ; as p3T4 increases from 0 to 100 %).

We estimate classically the solvent influence on the

hcc’s by computing the solvent contribution dSð�aXÞ ¼
�aX � �an

X; where �an
X is the hcc mean value derived from the

above-mentioned statistical ensembles, from which the

water molecules are discarded. For the nitrogen and oxygen

nuclei, dSð�aXÞ is positive (between 1 and 4 Gauss): the

solvent is thus responsible for an increase of the corre-

sponding hcc’s. On the contrary, the solvent contribution

for �aHc is negligible (between -0.1 and 0.2 Gauss).

The reliability of our PBE0 hcc computations is checked

by evaluating the daX
quantum quantum uncertainty as in our

previous works [2, 8]. Based on the (h, /) hcc contours in

gas phase corresponding to the MENO–OH model radical

and on the (h, /) 2D distributions computed from the sol-

vated trajectories, we interpolate both the CCSD/EPR-II and

PBE0/6-31?G(d) hcc’s in gas phase using a bicubic inter-

polation scheme. The difference between the latter two hcc

sets provides daX
quantum, which allow us to extrapolate the

expected CCSD/EPR-II hcc’s of DMPO–OH in solution

(Cf. Table 1). Compared to PBE0 values, the CCSD ones

are larger (N) and weaker (Hb) by about 1 Gauss. However,

the linear dependence of extrapolated CCSD hcc’s on p3T4,

and thus on the 3T4/4T3 equilibrium ratio, is preserved.

Figure 2 shows that a 3T4/4T3 equilibrium ratio close to

40/60 % leads to nitrogen and b-hydrogen hcc values in

good agreement with the experimental data. In that case, aN

and aHb are close, about 14–15 Gauss, and the c1-hydrogen

hcc is weak, smaller than 0.6 Gauss (experimentally, both

aN and aHb are around 15 Gauss, and no aHc splitting is

reported [11]). Concerning the energetic results (Cf. Sup-

porting Information), the best agreement between force

field and quantum predictions concerning both 3T4-like and
4T3-like conformers of DMPO–OH in gas phase is

observed for the T4 force field parameter set, which leads

to a 3T4/4T3 equilibrium ratio in solution of 34/66 %. This

therefore demonstrates the strong internal consistency of

our QM/MM//MD combined approach.

4 Conclusion

The present results are in line with those we reported

previously for DMPO–OOH, except for the magnitude of

Fig. 2 Hcc values versus p3T4 population. Up nitrogen (empty
diamonds) and b-hydrogen (plain diamonds) hcc’s; down c1-hydrogen

hcc’s. Lines linear regression fits
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the b-hydrogen hcc, which appears to be 3 to 4 Gauss

larger for DMPO–OH than for the two DMPO–OOH

conformer families, and whatever the p3T4 value (see

results of Ref. [8]). We may also note that, whatever p3T4,

the c1-hydrogen hcc is twice smaller in the case of DMPO–

OH than for DMPO–OOH (respectively, 0.6 and 1.2 Gauss

for a 1:1 3T4/4T3 ratio, for instance). While c-hydrogen

atoms are responsible for an alternate linewidth in DMPO–

OOH EPR spectrum, they are completely silent in the

DMPO–OH one.

In agreement with the well-established experimental

interpretation, and with our previous theoretical results

concerning DMPO–OOH, our computations clearly show

that there is no unique (i.e., long-lived) DMPO–OH struc-

ture in aqueous solution from which the spectromagnetic

properties originate. We should rather consider an equilib-

rium between 3T4-like and 4T3-like conformations of the

DMPO–OH five-membered ring. Accordingly, the apparent

hcc’s of DMPO–OH obtained from its EPR spectrum can

be interpreted as the 1:1 averages of the hcc’s of the pure
3T4 and 4T3 conformers (in a fast exchange process).

This work establishes firmly the reliability of the sim-

ulation protocol we set up to get quantitative estimates of

flexible nitroxide hcc’s in an aqueous medium. It represents

thus an accurate and robust theoretical approach, which can

be used at the earlier stage of development of new chal-

lenging spin traps to study their corresponding nitroxide

spin adducts.
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