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Abstract: In this work we address the interpretation, via an ab initio integrated computational approach, of
continuous wave electron spin resonance (cw-ESR) spectra of p-(methylthio)phenyl nitronylnitroxide
(MTPNN) dissolved in toluene. Our approach is based on the determination of the spin Hamiltonian,
averaged with respect to fast vibrational motions, with magnetic tensor parameters (Zeeman and hyperfine
tensors) characterized by quantum mechanical density functional calculations. The system is then described
by a stochastic Liouville equation, with inclusion of diffusive rotational dynamics. Parametrization of diffusion
rotational tensor is provided by a hydrodynamic model. Cw-ESR spectra of MTPNN are simulated for a
wide range of temperatures (155—292 K) with minimal resorting to fitting procedures, proving that the
combination of sensitive ESR spectroscopy and sophisticated modeling can be highly helpful in providing
structural and dynamic information on molecular systems.

. Introduction than semiempirical methods. These latter were based on the
approaches introduced by McCondelind Stoné for the
calculations of the hyperfine coupling and the tensors,
respectively. Based on semiempirical parameters taking into
account separately the spin density on the SOMO and that due
to spin polarizatiort,the method for the evaluation of hyperfine
tensors has been an invaluable tool for understanding the
'correlation between the magnetic parameters of the spin
Hamiltonian, the spin distribution, the conformation of radicals,
the molecular properties in general. However, the reliability of
the method was very restricted, as limited to predictions inside
groups of similar radicals for which the same set of semiem-
pirical parameters were sound, and the parameters to be
calculated were only the SOMO spin densified/ithin these
limits the calculated hyperfine tensors were quite reliable.

On the other hand, the agreement between calculated and
experimental values fog tensors in general used to be much

Electron spin resonance (ESR) spectroscopy and theoretical
chemistry have been entangled since the beginning of ESR. On
the side of theoretical chemistry, the rich and detailed informa-
tion hidden in ESR spectra has been a challenge for physico-
chemical interpretations and computational models. On the other
hand, ESR spectroscopists have been always looking for better
tools helping in interpreting the spectra. The intrinsic resolution
of the ESR spectra, together with the unique role played by
paramagnetic probes in providing information on their environ-
ment, makes ESR, in principle, one of the most powerful
methods of investigation on the electron distribution in mol-
ecules, and on the properties of their environments. The tools
needed by ESR spectroscopists are from the world of quantum
mechanics calculations, as far as the parameters of the spin
Hamiltonian are concerned, and from the world of molecular
dynamics and statistical thermodynamics for the spectral line

shapes. (1) (a) Barone, VJ. Chem. Phys1994 101, 6834. (b) Barone, VJ. Chem.
. . . . Phys.1994 101, 10666. (c) Barone, VTheor. Chem. Acc995 91, 113.
The introduction of the density functional theory (DFT) was (d) Barone, V. InAdvances in Density Functional Thearart I;, Chong,
a turning point for the calculations of the spin Hamiltonian :3. P"tEd'F;eWgrld Sue\r)gﬁ Pubgshlggo(ioijoflri%%gore, 1995; Vol. 287. (e)
P . . mprota, R.; Barone, em. Re. X .
parameteré.Before_DFT, ap initio calculanon_s of the magnetic () (a) Fellér, D.; Davidson, E. R.. Chem. Phys1988 88, 5770. (b) Engels,
parameters of spin Hamiltonians were either prohibitively B.; Eriksson, L. A.; Lunell, SAdvances in Quantum Chemistricademic
. . . . . Press: San Diego, 1996; Vol. 27, p 297. (c) Perera, S. A.; Salemi, L. M.;
expensive already for medium-sized radiéals less reliable Bartlett, R. J.J. Chem. Phys1997 106, 4061. (d) Al Derzi, A. R. Fan,

S.; Bartlett, R. JJ. Phys. Chem. £003 107, 6656.
(3) (@) McConnell, H. MJ. Phys. Chem1963 39, 1910. (b) McConnell, H.

; Universitadi Napoli “Federico II". M. Proc. R. A. Welch Found. Conf. Chem. RE867, 11, 144,
Universitadegli Studi di Padova. ) . (4) (a)Stone, A. JProc. R. Soc. London, Ser.1863 271, 424. (b) Stone, A.
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worse. To this end, it should be noted that the recently achievedpresent work was the demand for simulations of ESR spectra
chances of calculating reliabigtensor principal values by DFT  of NIT in any regime of motion, not available up to today.

on one hand;® and to measure them by high-frequency ESR  |n the path towards new magnetic materials, the characteriza-
on the other one, has provided a new largely unexplored sourcetion of the electronic distributions and magnetic properties of
of information on molecular properties attainable by ESR isolated radicals is of primary interest. Theoretical predictions

analysis. of the spin distribution on the radicals by DFT calculations are
Today, the agreement between experimental and calculatednecessary in order to understand the radicatlical interactions
parameters of the spin Hamiltonian by DFT is outstandifg). in bulk and composite materials. On the other hand, the spin

Both the vibrational averaging of the parameterand the density depends strongly on the interaction with the environment
interactions of the probe with the environm@rg are taken  that can be very complex in a composite material.
into account, thereby providing a set of tailored parameters that Nowadays the improved methods in calculations of spin
can be used confidently for further calculations. It should be density distributiong tensors, and other magnetic parameters
noted that this approach is a step forward with respect to the on one hand and of the ESR line shapes on the other one make
traditional starting point, i.e., the use of a set of experimental it possible to build a new and exciting tool that allows extraction
hyperfine andy tensors generally obtained for a different system, of straightforward physicochemical information from the ESR
and extrapolated to the case of interest. spectra. Here, we will show that for a prototypical nitronyl-
The other challenging experimental/theoretical match, ESR hitroxide radical p-(methylthio)phenyl nitronylnitroxide,
spectral profile versus molecular dynamics, has a long history MTPNN)!” in a simple environment as a toluene solution,
too. The two limits of essentially fixed molecular orientation, ~starting simply from the structural formula of the radical and
as in a crystal, and of rapidly rotating probes in solutions of the physical parameters of the solvent, it is possible to calculate
low viscosity (Redfield limit}3 have been overcome by methods ESR spectra showing afterward an exceptionally good agreement
based on the stochastic Liouville approach, allowing the With the experimental ones, from room temperature to a
simulation of spectra in any géme of motion and in any type ~ temperature very near to the glassy transition. This is done by
of orienting potentiat* Due to the largely diffuse interest for ~ integrating a DFT evaluation of geometry and magnetic
the applications involving nitroxide spin probes in biological Parameters of the radical in its environment with a stochastic
systems, the simulation programs allowing the combined effects Liouville approach for the calculation of the spectral profile.
of motions of different rates have been written for this type of We point out the difference between this approach and the

probes, taking into account the hyperfine coupling with a single traditional spectra simulation. As the dynamical properties of
nitrogen nucleus. the radical depend on the diffusion tensor, that in turn depends

ESR spectroscopy is an essential tool in material science also?" the minimum energy conformation of the radical, a back

In particular, the search of new materials with tailored magnetic ang forlth ﬁ"ith dlmprO\t/mg the agreemc;a_nt tiftvrﬁ en egper;me dr_ltal
properties has intensified in recent years. In this field the most and calculaled spectrum improves directly the understanding

popular stable radicals are nitronylnitroxide (NIT) free radicals. of tr;e ph;/slcoc?;m|ca(;'pr(7p?frt|ets (t); the systetrn.tMoreover',t:]he
They exhibit a large variety of magnetic behavior: paramagnet- ]E:orshorrrg)z_a lon o th N ral_ 'Eﬁ-ta efctr? N rga?n: Ic e_zlnsors, Yt\{l a
ism down to very low temperature, ferromagnetism, antiferro- unrt r?rl Iris r?tn' er re '?\t' Ily Ob t\im?‘ ti' A Z'.mlﬁrnpqrg:ﬁ nt
magnetisn¥> Moreover, the nitronylnitoxides have also been ienta: gt? ne rf:hg ensiﬁ t?]SOV ? ce ¢ the i Icarf?n viro d €
known as bidentate ligands for various transition and rare-earth eraction co oning the values ot the hyperfine an
. . éensors, and the effects of the latter values on the positions and

metal ions. Ferromagnetic ground states have been observe . .

. . - shapes of the ESR lines. The self-consistency of the method
also in these complexé&For these particular magnetic proper- ) .
. . . . .. correlates all the parameters that arise from a precise model of
ties NIT radicals are particularly appealing as molecular units

. . o the radical in its environment. A disagreement between the
for composite new materials. One of the driving forces of the . . .
calculated and experimental spectra requires therefore a different

(6) (2) Neese, FJ. Chem. Phys2001, 115 11080, (b) Ditchield, RMol. hypothesis on the nature of the radical/environment system.

Phys.1974 27, 789. (c) Cheesman, J. R.; Trucks, G. W.; Keith, T. A.; On the contrary, in spectra simulation the two steps of
Frisch, M. J.J. Chem. Phys1998 104, 5497.

(7) Malkina, O. L.; Vaara, J.; Schimmelpfenning, J. B.; Munzarova, M. L.; gue;smg the magnetic pa_lrameters and of SlmUIatl_ng the_SpeCtral
© I}\</Ialkin, M %; Kabpp, gl- 'J\A«J-I?m- (c:)h?_mASG)QOQP 12/% 9820h§. o profile are completely disentangled. The best fit provides a
aupp, M.; Reviakine, R.; Malkina, O. L.; Arbuznikov, A.; Schimmelpfen- . .
ning, G.: Malkin, V. G.J.'Comput, Cher2002, 23, 794. pumber of partlal!y uncorrelated pargmeters that can bfe vglrled
(9) Ciofini, I.; Adamo, C.; Barone, VJ. Chem. Phys2004 121, 6710. independently, without any substantial fallout on the reliability
(10) (a) Barone, V.; Subra, R. Chem. Phys1996 104, 2630. (b) Jolibois, F; f th hol del
Cadet, A.; Grand, R.; Subra, R.; Barone, V.; RegaJNam. Chem. Soc. of the whole model|.
é%‘)’,g %ggkilfgg-z(gzl;s%grone, V.; Carbonniere, P.; Pouchan].@hem. We believe, therefore, that the ESR spectral calculation
(11) (a) Nillson, J. A.; Eriksson, L. A.; Laaksonen, Mol. Phys 2001, 99, method introduced here below represents a fundamental step
247. (b) Nonella, M.; Mathias, G.; Tavan, ®.Phys. Chem. 2003 107, ; ; A ;
8638. (c) Asher, J. R.; Doltsinis, N. L.; Kaupp, M.Magn. Reson. Chem In p”tt'”_g tOgether Fhe beSt_Up t_o date quantum mechanical (QM)
2005 43, S237. calculations of spin Hamiltonian parameters and methods of

(12) (a) Pavone, M.; Benzi, C.; De Angelis, F.; Barone,Ghem. Phys. Lett
2004 395, 120. (b) Pavone, M.; Cimino, P.; De Angelis, F.; Barone,JV.
Am. Chem. So006 128 4338. (c) Pavone, M.; Sillampa, A.; Cimino, (16) (a) Awaga, K.; Inabe, T.; Okayama, T.; Maruyama,Mol. Cryst. Lig.

P.; Crescenzi, O.; Barone, \J. Phys. Chem. B006 110, 16189. Cryst 1993 232 79. (b) Caneschi, A.; Chiesi, P.; David, L.; Ferraro, F.;
(13) Slichter, C. PPrinciples of Magnetic Resonanclarper & Row: New Gatteschi, D.; Sessoli, Rnorg. Chem 1993 32, 1445. (c) Caneschi, A;

York, 1963. Ferraro, F.; Gatteschi, D.; Le Lirzin, A.; Novak, M.; Rentschler, E.; Sessoli,
(14) Moro, G.; Freed, J. H. lharge-Scale Eigeralue ProblemsCullum, J., R. Adv. Mater. 1995 7, 476. (d) Gorini, L.; Caneschi, A.; Menichetti, S.

Willoughby, R., Eds.; Mathematical Studies Series, Vol. 127; Elsevier: New Synlett2006 6, 948. (e) Caneschi, A.; David, L.; Ferraro, F.; Gatteschi,

York, 1986. Schneider, D. J.; Freed, J. Adv. Chem. Phys1989 73 D.; Fabretti, A. C.Inorg. Chim. Actal995 235, 159.

487. (17) Pillet, S.; Souhassou, M.; Pontillon, Y.; Caneschi, A.; Gatteschi, D.;
(15) Osiecki, J. H.; Ullman, E. K. Am. Chem. Sod.968 90, 1078. Lecomte, CNew J. Chem2001, 25, 131.
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simulations of spectral profile, making ESR spectroscopy a still
more powerful tool in several research fields.

The paper is organized as follows. After the experimental
details, in section Il we recall the molecular structure of the
system under investigation, we present the SLE and the
computational approach employed to calculate ESR spectra.
Results are presented in section IV together with some general
conclusions.

Il. Experimental Details

MTPNN was a kind gift from Gatteschi's group. A description of 14
the synthesis of MTPNN can be found in refs 16 d and e. The cw-ESR
sample was prepared dissolving MTPNN in toluene to a concentration 23”“““---
of 1 x 1074 M. About 100uL of solution were introduced into a high-
quality quartz tube. The tube was connected to a vacuum line, and
oxygen in the toluene solution was fully removed by several freeze-
and-thaw cycles. Eventually, the tube was sealed under vacuum. Cw-
ESR spectra were recorded at the X-band frequency (about 9.7 GHz)
using a Bruker ELEXSYS instrument equipped with a high-quality On the other side, the employment of NIT radicals in cw-
dielectric resonator, a cryostat Oxford CF935, and a variable-temper- ESR esperiments is relatively recent, and it appears to be of
ature unit Oxford ITC 4. Temperature was lowered in steps of 10 K- relevance for their significant stability and variety of magnetic
from 292 K down to 155 K, and the system was stabilized at €ach panavior, mostly in the context of material science. NIT free
temperature at lea& h before the measurement. Instrumental acquisi- radicals are particularly appealing as molecular units for
tion parameters such as microwave power and amplitude modulation . . . .

composite new materials, and ESR is the tool of election to

were carefully chosen to avoid saturation effects and spectral line shape ' . L
distortion monitor structural and dynamical characteristics. However, the

Microwave frequency was measured for each spectrum using apresence of the couplln.g of the ynpalred electron ,W'th two
5342A HP frequency counter, and DPPH was used as a standard foritrogen nuclei makes this probe different from nitroxides, and
g-value calibration. The experimengvalue determination was done ~ SPecific simulation programs of ESR spectra of NIT in any
by taking the inflection point of the center line of the ESR spectrum. régime of motion are not available up to today. They are

approached in this work for the first time.
lll. Modeling and Interpretation We shall considerp-(methylthio)phenyl nitronylnitroxide
(MTPNN) as a prototype NIT radical. A schematic overview

. . . L Lo . of the molecule is shown in Figure 1, which illustrates the
netic probes in ESR studies are nitroxide derivatives, which have - . :
chemical structure of the paramagnetic probe stressing the

been extensively used for characterization of structural and . . :
. : . . coupling of the unpaired electron with twéN. The molecule
dynamic behavior of isotropic and ordered phases and complex.

molecular system¥ 2! with particular emphasis on biological Lii(;r_latrjae%telrlz?uby anitroxylnitroxide group linked to a methyl-
macromoleculed!?2 They are widely employed in cw-ESR, phenyl group.

pulsed ESR or ENDOR spectra. As probes or spin labels they lll.B. AD Initio Integrat_ed _Computgtlona_l Approach. We .
. S . present here some qualitative considerations on the foundation
are employed extensively to obtain information on structural

and dynamic properties of biomolecules, micelles, and mem- .Of an ab ir_litio integrated computational approach (ICA) to the
braneg! In particular, measurements performed on proteins via interpretation of cw-ESR spectra of free radictiShe calcula-

site-directed spin labeling (SDSL) are highly informati¢d@hey tion of ESR o'bservables can in pnnup!e be based on the
. . ._complete solution of the Schdinger equation for the system
are well-characterized systems, both in terms of magnetic

. - . - made of a paramagnetic proBe explicit solvent molecules.
properties A andg tensors) and dynamical properties (rotational . W " o
e . . . The system can be described by a “complete” Hamiltonian
diffusion). The development of simulation programs of their

cw-ESR spectra in the presence of several relaxation processe's_i({r‘} {Rd{da}), which can be written in the form

due to motions in different dynamical ranges (see, for example, (. 0 _

the slowly relaxing local structure model, SRLS) has led to a H(dri} Rk}i{ Aa}) = Horond{1i AR + N

number of applications in liquids, liquid crystalline phases, Horobe-sonvenf{ i} {Rid {do}) + Hsonen({Aed) (1)
composite materials, and biological systelfi2!

35
Figure 1. Structure ofp-(methylthio)phenyl nitronylnitroxide (MTPNN).

IIILA. Molecular System. Commonly employed paramag-

where probe and solvent terms are separated. Hamiltonian
(18) Borbat, P. P.; Costa-Filho A. J.; Earle, K. A.; Moscicki, J. K.; Freed, 3. H. H({ri},{R«}.{dq}) contains i) electronic coordinatey'i} of the

Science2001, 291, 266. paramagnetic probe (where indiesuns on all probe electrons),
(19) Meirovitch, E.; Igner, D.; Igner, D.; Moro, G.; Freed, J.HChem. Phys. .. . .
1982 77, 3915. (i) nuclear coordinate§Ry} (where indexk runs on all

(20) (a) Polimeno, A.; Freed, J. B. Phys. Chenil995 99, 10995. (b) Polimeno, _\i i H i ;
A Freed. 3 HAdy. Chem. Phy<1993 83, 89, p-vibrational nuclear coordinates) aniii X coordinates{qq},

(21) Liang, Z.; Lou, Y.; Freed, J. H.; Columbus, L.; Hubbell, W.L.Phys. in which we include all degrees of freedom of all solvent
Chem. B2004 108 17649. i i ;

(22) (a) Luckhurst, G. R. Iispin Labeling Theory and ApplicationsBerliner, mOqumeS’ each labeled ny indexThe basic ObJQCt of St_Udy_’
L. J., Ed.; Academic Press: New York, 1976; pp £3B1. (b) Meier, P.; to which any spectroscopic observable can be linked, is given
Blume, A.; Ohmes, E.; Neugebauer, F. A.; Kothe,Blochemistry1982 ; FEN ) ; B :
21, 526. (c) Mbius, K.; Savitsky, A.; Wegener, Ch.; Plato, M.; Fuchs, by the density matrixo({ri} { R} {do}.t), which in turn is

M.; Schnegg, A.; Dubinskii, A. A.; Grigor'ev, I. A.; Kin, M.; Duchie D.;
Zimmermann, H.; Steinhoff H.-Magn. Reson. Cher2005 43, S4-S19. (23) Barone V.; Polimeno, APhys. Chem. Chem. Phy2006 8, 4609.
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obtained from the Liouville equation

SAUr AR a0 = —IIAQr} R Lo,

pri AR {a.} 0]
=—-Ldr}{Rd {ab) pAr I AR,
{a.}.0) (2)

Solving eq 2 in time-for instance via an ab initio molecular
dynamics schemeallows in principle the direct evaluation of
p({ri} {R}.{a.},t) and hence calculation of any molecular
property. However, significant approximations are possible,
which are basically rooted in time-scale separation. The nuclear
coordinatesR {Ryg} can be separated into fast-probe
vibrational coordinateR.s; and slow-probe coordinates, i.e.,
intermolecular rotation degrees of freedom and, if required,
intramolecular “soft” torsional degrees of freedoRgiow,

relaxing at least in a picoseconds time scale. Then the probe,

Hamiltonian is averaged on)(femtoseconds and subpico-
seconds dynamics, pertaining to the probe of electronic coor-
dinates andii) picoseconds dynamics, pertaining to the probe
of internal vibrational degrees of freedom. The averaging on
the electron coordinates is the usual implicit procedure for
obtaining a spin Hamiltonian from the complete Hamiltonian
of the radical. In the frame of BorrOppenheimer approxima-
tion, the averaging on the picosecond dynamics of nuclear
coordinates allows introduction of the effect of the vibrational
motions into the calculation of magnetic parameters, that can
be very relevant in some cas¥€dn this way a probe Hamil-

tonian is obtained that is characterized by magnetic tensors. By

taking into account only the electron Zeeman and the hyperfine
interactions, for a probe with one unpaired electronldmaiclei
we can define an averaged magnetic Hamiltom@Rsiow,{ Jo} ):

. Pe .
H(Rslowv{ QQ}) = gBO'g(Rslow{ qa} )S+
Vezin 'An(RsIowv{ QG})é + |:|probe—solven(Rslowv{ qa}) +
n

|:|solven({ qa} ) (3)

The first term is the Zeeman interaction depending upon
the g(Rsiow{0a}) tensor, external magnetic fiel8, and
electron spin momentum operat8r the second term is the
hyperfine interaction of thenth nucleus and the unpaired
electron, defined with respect to hyperfine ten&gRsiow{ do} )

and nuclear spin momentum operatty. Additional terms are
HprobHo|\,en(Rs|ow,{ g«}) for accounting interactions between the
probe and the medium which do not affect directly the magnetic
properties (e.g., solvation energy) afghven({ qa} ) for solvent-
related terms. Here, tensogéRsiow{ do}) and An(Rsiows{ da})

are diagonal in local (molecular) frames GRFAoperatorg,,
Sare defined in the laboratory or inertial frame (LF). An explicit
dependence is left in the magnetic tensor definition from slow-

Finally, the dependence upon solvent or bath coordinates can
be treated at a classical mechanical level, either by solving
explicitly the Newtonian dynamics of the explicit s} or
by adopting standard statistical thermodynamics argument. This
is formally equivalent to averaging the density matrix with
respect to solvent variabl§XRsiowt) = [(Rsiow{ dot 1) gy -

The modified time evolution equation fgi(Rsowt) can ef-
ficiently be interpreted within the framework of explicit
stochastic modeling according to the so-called stochastic
Liouville equation (SLE) formalism, defined by the direct
inclusion of motional dynamics in the form of stochastic
(Fokker—Planck/diffusive) operators in the Liouvillean govern-
ing the time evolution of the systéfn

%ﬁ(RSbW’t) = _i[H(Rslow)’ ia(Rslowvt)] - 1,:‘:Z)(Rslow't)
= _I:(Rslow):a(Rslowvt) (4)

where the effective Hamiltonian, averaged with respect to the
solvent coordinates, is

. Be . . R
H(Rslow) = gBO'g(Rslow)'S + Yezl n'An(Rslow)'S (5)
n

andg(Rsiow), An(Rsiow) are now averaged tensors with respect
to solvent coordinates, whilis the stochastic (FokkeiPlanck

or Smoluchowski) operator modeling the dependence of the
reduced density matrix on relaxing processes described by
stochastic coordinat&Rsiow.

This is a general scheme, which can allow for additional
considerations and further approximations. First, the average
with respect to picoseconds dynamic processes is carried on,
in practice, together with the average with respect to solvent
coordinates to allow the QM evaluation of magnetic tensors
corrected for solvent effects. Second, time-separation techniques
can also be applied to treat approximately relatively faster
relaxing coordinates included in the relevant Rgtw, such as
restricted (local) torsional motions. Third, complex solvent
environments, such as for example highly viscous fluids, can
be described by an augmented set of stochastic coordinates, to
be included irRgjon, Which describes slow relaxing local solvent
structures?

In the case of MTPNN, we adopt the following hypotheses.
We neglect explicit coupling with nuclei other thafN, and
we consider a planar geometry for the molecule. This is
equivalent, in many cases, to renouncing accurate description
of any superhyperfine structure or inhomogeneous broadening
in the spectra resulting from coupling with hydrogen nuclei.
Estimates of inhomogeneous broadening line widths can be
obtained from calculated values Af, tensors.

Although at least two relevant internal degrees of freedom
(i.e. dihedral angles) can be identified between theg&Hgroup
and the phenyl ring and between the two rings, the former
motion affects very slightly the magnetic parameters, and

probe coordinates (e.g. geometrical dependence upon rotation)yerefore it can be neglected, whereas we may assume that the
and solvent coordinates. The averaged density matrix becomeggcqng angle is affected by localized librations around the planar

P(Rsiow{ o} 1) = B({ri} {Ri} {do} Yy ruse @nd the corre-
sponding Liouville equation, in the hypothesis of no residual
dynamic effect of averaging with respect to subpicoseconds
processes, can be simply written as in eq 2 W{Rsiow{ da})
instead ofA({ri} { R} {0}).

15868 J. AM. CHEM. SOC. = VOL. 128, NO. 49, 2006

conformation (see next section). To simplify our methodology
we shall not consider explicitly the coupling with this relatively
soft degree of freedom which will be addressed elsewtfere.

(24) Barone V.; Polimeno, A. Manuscript in preparation.
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The final set of stochastic relevant coordinates is therefore
restricted to the set of orientational coordind®eg, = 2; these
are described in terms of a simple formulation for a diffusive
rotator, characterized by a diffusion tenddr The diffusion
tensor is determined by the shape of the molecule, deriving from
the minimum energy conformations obtained from the QM
calculations. Our choice is formalized by adopting the following
simple form for24
I'=J(Q)-D-IQ) (6)

where J(Q) is the angular momentum operator for body
rotation?® The Boltzmann distribution (equilibrium solution) is
simply Peq = 1/872 By defining J(Q) and D in the MF, a
convenient form of eq 6 is obtained which is directly written in
terms of the diffusion tensor principal values.

We can summarize the ICA applied to MTPNN as follows.

Modeling based on the SLE approach requires the characteriza-

tion of magnetic parameters (e.g. hyperfine ¥ nuclei and

Zeeman tensors). Integration among (1) evaluation of magnetic

tensor parameters via QM calculation, with corrections based
on averaging of fast motions, (2) explicit modeling of slow

motional processes via stochastic treatment, and (3) evaluation
of ESR spectra via SLE is the basic strategy behind a sound ab

initio approach to interpretation of ESR data. Notice that shape-
dependent dissipative parameters (e.g., rotational diffusion

tensor) included in stochastic models can be obtained via a

simple but effective hydrodynamic model.

Once the effective Liouvillean is defined, the direct calcula-
tion of the cw-ESR signal is possible without resorting to a
complete solution of the SLE. Rather one can evaluate the
spectral density from the expressib#®

(o — wg) = }T{Re} i — wg) + L] YoPefd (7)

where the Liouvilleanl acts on a starting vector which is
defined as proportional to thecomponent of the electron spin
operatorS; in the present case one has

lPeiT= (11,1745, ® 1, ® 1,Pi2
wherel; = I, = 1; herePeq is the Boltzmann distribution in
Q-spacepw is the sweep frequency, ang = goSeBo/h = yeBo,
wherego = T,(g)/3. Basic parameters for the direct evaluation
of eq 7 are therefore the following: principal values and
orientation of hyperfine tensor for the twdN nuclei A; and
Ao, principal values and orientation of Zeeman tengoand
finally the knowledge of the rotational diffusion tensbris
required, for the specific solvent (toluene).

The system geometry is summarized in Figure 2. A set of
Euler anglex2 defines the relative orientation of a molecular
frame (MF), fixed rigidly on the nitroxide ring, with respect to
the LF; the local magnetic frames are in turn defined with
respect to MF by proper sets of Euler angles.

I1I.C. Evaluation of Structural Parameters and Magnetic
Tensors. The g tensor can be dissected into three main
contributions?—°

g= ge13+ AgRMC+ AgGC+ AgOZ/SOC (8)

wherege is the free electron valugg{ = 2.002319) and; is
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Figure 2. Reference frames employed in the stochastic Liouville equation.

the 3 x 3 unit matrix. AQRMC and AgCC are first-order
contributions, which take into account relativistic mass (RMC)
and gauge (GC) corrections, respectively. The last term,
AgPZ39€ is a second-order contribution arising from the
coupling of the orbital Zeeman (OZ) and the sporbit coupling
(SOC) operators. The SOC term is a true two-electron operator,
but here it will be approximated by a one-electron operator
involving adjusted effective nuclear chargé€ghis approxima-
tion has been proven to work fairly well in the case of light
atoms, providing results close to those obtained using more
refined expressions for the SOC operddn our general
procedure, spin-unrestricted calculations provide the zero-order
Kohn—Sham (KS) orbitals, and the magnetic field dependence
is taken into account using the coupled perturbed KS formalism
described by Neese, but including the GIAO apprdashblution

of the coupled perturbed KS equation (CP-KS) leads to the
determination of the OZ/SOC contribution.

The second term is the hyperfine interaction contribution
which, in turn, contains the so-called Fermi-contact interaction
(an isotropic term), which is related to the spin density at the
corresponding nucleus by?’

8 Y%
An,O = _gr*ﬁn (9)
Y%

. > P @10 g, 0

v

and an anisotropic contribution, which can be derived from the

(25) (a) Favro, L. DPhys. Re. 196Q 119 53. (b) P. S. Hubbar@hys. Re.

1972 A6, 2421. (c) Fixman, M.; Rider, KI. Chem. Physl969 51, 2429.
(26) Koseki, S.; Schmidt, M. W.; Gordon, M. &.Phys. Chenl992 96, 10768.
(27) Fermi, E.Z. Phys 1930 60, 320.
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Figure 3. Dependence of the two nitrogen (N1 and N13) isotropic hyperfine coupling constants emlithedral angle.

classical expression of interacting dipdfes

ge o—f -5 2
A= g_grﬂnzpy,v [l ~(Men Oij = Binilkn) 19,0
°w (10)

A tensor components are usually given in gauss (¥ ®.1
mT); to convert data to MHz one has to multiply by 2.8025.
All the computations have been performed by the G03
packagé® using the parameter-free PBEO functicand the
6-314+G(d,p) basis sett Solvent effects on energies and

angle (hereafter), which has an energy minimum fer~ 0°

and a significant barrier for ~ 90° (about 7 and 5 kcal/mol in
gas-phase and toluene, respectively). At the same time, the
magnetic tensors show a significant dependence on this dihedral
angle. For purposes of illustration the trends of the isotropic
part of the hyperfine tensor and tlgg, component are shown

in Figures 3 and 4, respectively. It is noteworthy that the
variation ofg is dominated by itgj. component directed along
the NO bond.

In view of the very low polarity of toluene we expect quite
small solvent effects for botg and hyperfine tensors, and this

magnetic tensors have been evaluated by the latest implementaexpectation is confirmed by explicit PCM computations, which

tion of the so-called polarizable continuum model (PCRJhis

lead to differences between gas phase and toluene solution never

computational approach has been validated in a number ofexceeding 0.00004 ppm and 0.10 G doand hyperfine tensors,

studies of magnetic properties of free radicals in non-protic
solvents®3

A full geometry optimization of MTPNN in the gas phase
leads to a nearly planar arrangement in which all the structural

respectively. It seems, therefore, quite justified to use, in the
following dynamical treatment, averaged values of magnetic
tensors computed in the gas phase, g@.= 2.00683,g,y =
2.01142,g,, = 2.00226 and?qxx = Aoxx = 18.2,A1yy = Aoy

parameters are close to those reported in a previous study for= 1.997,A;,, = Ay, = 1.743. Euler angles, specifying the

related nitronylnitroxided? except for a slight nonplanarity of
the nitronylnitroxide ring, related to the steric hindrance of the

relative orientation of magnetic tensors with respect to the
molecular frame MF, which is chosen by definition as the

four methyl groups. Since the general agreement with available molecule-fixed frame, which diagonalize the rotational diffusion

experimental dafd is satisfactory and no unexpected trends are

found, we do not discuss structural aspects in detail. Then, a

relaxed scan around the €C€8-S18-C19 dihedral angle
(Figure 1) results in a quite small energy barrier for the
perpendicular orientation of the ring and the methyl group (about

2 kcal/mol in gas phase). In any case, the dependence of

magnetic tensors on this dihedral angle is completely negligible.
The situation is more involved for the NIC2—C3—C4 dihedral

(28) Frosch, R. A.; Foley, H. MPhys. Re. 1952 88, 1337.

(29) Frisch, M. J.; et alGaussian03Revision C.02; Gaussian, Inc.: Pittsburgh,
PA, 2003.

(30) Adamo, C.; Barone, VJ. Chem. Phys1999 10, 6158.

(31) Franci, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.-H.;
DeFree, D. J.; Pople, J..Al. Chem. Physl982 77, 3654.

(32) (a) Cossi, M.; Scalmani, G.; Rega, N.; Barone, JVChem. Phys2002
117, 43. (b) Scalmani, G.; Barone, V.; Kudin, K. N.; Pomelli, C. S;
Scuseria, G. E.; Frisch, M. Theor. Chem. Ac004 111, 90. (c) Tomasi,
J.; Mennucci, B.; Cammi, RChem. Re. 2005 105, 2999.

(33) (a) Barone, VChem. Phys. Letl996 262 201. (b) Rega, N.; Cossi, M.;
Barone, V.J. Chem. Physl996 105, 11060. (c) Tedeschi, A. M.; D’Errico,
G.; Busi, E.; Basosi, R.; Barone, \Phys. Chem. Chem. Phy2002 4,

2180.

(34) (a) di Matteo A.; Adamo, C.; Cossi, M.; Rey, P.; Barone Chem. Phys.
Lett 1999 310 159. (b) Adamo, C.; di Matteo, A.; Rey, P.; Barone,V.
Phys. Chem. A999 103 3481.
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tensor are given in the next section.

III.D. Evaluation of Rotation Diffusion Tensor. Let us
briefly summarize the overall procedure, in its simplest imple-
mentation, to estimate diffusion properties of molecular systems,
with internal degrees of freedom, based on a hydrodynamic
approach® We may start from a simplified view of the molecule
under investigation as an ensembldéNdfagments, each formed
by spheres representing atoms or groups of atoms, immersed
in a homogeneous isotropic fluid of known viscosity. Let us
assume that theth fragment is composed biN; spheres
(extended atoms) and that the torsional angjlelefines the
relative orientation of fragmentsandi+1. We denote byu;
the unitary vector for the corresponding bond. A totaNof-

1 torsional angles/bonds are present, and each fragmemt has
atoms. For convenience, eagfpoints from an atom in fragment

i to an atom in fragmerit-1 for i =» and points from an atom

in fragmenti+1 to an atom in fragmentfor i < ».

(35) (a) Moro, GChem. Phys1987, 118 167. (b) Moro, GChem. Phys1987,
118 181.
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Figure 4. Dependence of thgw component on the dihedral angle.

Notice that the definition of the MF in a flexible system is Drr Drr Dy
somewhat arbitrary, and can be essentially left to convenience D= DtT’R Dgr Dri| = ke T =1 (12)
arguments. For sake of simplicity we may assume that MF is DY, D& Dy

fixed on generic fragment.

By definition, in the MF, atoms of fragment have only and neglecting off-diagonal couplings, an estimate of the
translational and rotational motions, whereas atoms of all other rotational diffusion tensor is given iyrr= D, which depends
fragments have additional internal rotational motions. Let us directly on the atomic coordinates, temperature, and the solvent
now associate the set of coordinatBs €2, ), which describe viscosity.
the translational, rotational, and internal torsional motions  Inthe case of MTPNN dependence of the molecular geometry
respectively, with the generalized velociti®s = (W,w,9) upon two relevant torsional angles does not affect substantially
including the molecule translational velocity, angular velocity the overall steric hindrance (cf. Figure 5). Therefore, dependence
around an inertial frame, and associated torsional momenta. InOf D upon torsional angles is neglected altogether.
the presence of constraints in and among fragments, the ASSuming a completely planar geometry, we can write the
generalized forc&, made of forcab, torqueN, and the internal diffusional tensor (already diagonalized in the MF) in the form
torquesN™, is related to the generalized velocities through the D,(-D N D(Md where D(T) = keT/5(T) IS the translational
friction tensorZ, via the relatiorF = —EV, while in the absence diffusional coefficient of a sphere or radiesat temperaturd

of constraints a similar relation hold for each single extended ggggéfrya V%'i?r??/gi:;;nsgr (()j elr;egréd;ngocl)snl?j/ on_tgzzrrslglicular
. . . i _ i f Ixx — U. y Uyy — .
atom between its velocity and the force acting offy it; —&v;, 10, andd,, = 1.072 x 10% m-2,

i . . . .
wheref; is the force acting ojth atom ofith fragment (1= j ~ Apgolute determination of the rotational diffusion tensor is

= ) etc. Constrained and unconstrained forces and velocities gigficy|t within the limitations of the present coarse-grained
can be related via geometric considerations by the relakons  approach, which describes the molecules as macroscopic objects
= Af andV = Bv, whereA andB are matrices depending on  immersed in a continuous fluid. Rather, it is convenient to refer

the molecular geometry and one can show easily by inspectionthe temperature dependence to a standard state by defining
thatA = B It follows that= = B"£B. For a system of linearly

connected fragments it is relatively simple to evaluate matrix Ty T

B as a function of atomic positions'. D(T) = D(Ty)- T
By assuming now a form for the friction tensor of noncon- °

strained atoms,£, one can calculate the friction for the \where

constrained atomsz. We may assume for simplicity the

simplest model for noninteracting spheres in a fluid, namely _ ke To

that matrix§ has only diagonal blocks of the for&{T)1; where D(To) = RCn'n(TO)

&(T) is the translational friction of a sphere of radiRs at

temperaturel and given by the Stokes lai(T) = CRy(T)z, is the translational diffusion coefficient for a sphere of radius

and C depends on hydrodynamic boundary conditions. The once for all as an adjustable parameter. Taking as reference
system friction is then given & = &(T)BYB. The diffusion temperaturély = 292 K for which#(To) = 595 uPa s36 the

tensor (which can be conveniently partitioned in translation,
rotational, internal and mixed blocks) can now be obtained as (36) 2issael, M. J.; Dalaouti, N. K.; Dymond, J. kit J. Thermophys200q

. . 21, 291. (b) Barlow, A. J.; Lamb, J.; Matheson, ARIoc. R. Soc. London,
the inverse of the friction tens®r Ser. A1966 292, 322.
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Figure 6. Experimental (full line) and simulated (dashed line) cw-ESR

spectra of MTPNN in toluene in the temperature range-128 K.

Figure 5. Sterical hindrance of MTPNN upon variation of torsional angles.

Finally, eq 7 can be converted in matrix/vector form, and
standard algorithms for tridiagonalization and direct evaluation
best agreement (see below) with experimental data has beerof spectral densities in continuous fraction form can be
achieved by choosin®(To) = 1.498 x 108 m?s L, employed, such as Lanczos or conjugate gradient.

The relative orientation of the magnetic frames Gk gan
now be given explicitly, in terms of sets of Euler angles; the
relative orientation of GF with respect to MF is given @y = The series of experimental spectra are compared with the
(0°,45°,89) while AjF and AF are rotations of2x; = (17°, outcomes of eq 4. Magnetic and diffusion tensors principal
—84°, 81°) and Qa, = (—164°, —81°, 66°), respectively. A values and orientation have been taken from QM calculations,
slightly asymmetric disposition of & and AF is due to according to the computational approaches described in the
molecular distortion of the minimized conformation from previous sections. The only adjustable parameters, valid for the
perfectly planar geometry and averaging. entire set of spectra, are the reference translational diffusion

III.E. Computational Evaluation of SLE. Once the mag- coefficient,D(Tog) = 1.498 x 108 m? s71, and an inhomoge-
netic and dissipative parameters are known, the numericalneous broadening constant which has been taken equal to 4.7
evaluation of eq 7 is carried out, adopting standard tech- G for T > 190 K, 2.8 G for 190 K< T < 170 K, and 0 G for
nigues. The computational implementation has been presentedl’ < 170 K. Inhomogeneous broadening is required in order to
in detail elsewheré? It is essentially based on a standard linear account for residual line width resulting from superhyperfine
algebraic formulation of the resolvent in terms of matrices/ coupling with hydrogen nuclei, which are not accounted for
vectors by projecting the Liouvilleah and the starting vector  explicitly in the simplified Hamiltonian defined in eq 5. Notice
|v[on a suitable basis set that in our case can be initially defined that it is feasible i} on the basis of the evaluation of coupling
as the direct product of spin operators of the two nuclei and the constants resulting from the QM calculation, to estimate
unpaired electron and of normalized Wigner rotation matrices coupling terms for all hydrogen atoms anid) (via a partial
which correspond to the rotational degrees of freedom. Matrix averaging of an extended SLE which include super-hyperfine
elements of the stochastic Liouvillean are determined algebra-coupling to evaluate the inhomogeneous broadening constant
ically, employing symmetry arguments to reduce the matrix and its weak temperature dependeffce.
dimension exactly. Approximate techniques, based on pruning The spectra are then calculated without further adjustments
schemes of the complete basis set, can also be emplbyed. of temperature-dependent fitted parameters. In Figure 6, we

IV. Results and Discussion
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Table 1. Measured Values of g§*® for Four Temperatures then approached by a classical mechanical treatment within the
K e estimated erfor framework of the stochastic Liouville equation. A stoch-
292 200681 £0.0001 as.tlc.operatoﬂ“ is built up in terms_ of the diffusion tensor
280 2.00727 10.0002 principal values, based on the previously calculated molecular
230 2.00695 +0.0002 geometry and solvent thermodynamic properties. The spectral
210 2.00720 +0.0002 profile is then obtained by numerical integration of the Liouville
equation.

The excellent agreement between calculated and experimental
spectra shows that the ICA can start a new page in the field of
ESR spectra interpretation. This procedure has been applied here
to a radical in a single phase, but with magnetic interactions
more complex than those typical of a nitroxide spin probe. The
success of this method when applied to more challenging
systems can be foreseen, as it is based on the link between (1)
sophisticated QM calculations of molecular properties giving
o . amazingly reliable magnetic parameters tailored for each
temperature ¢o = 2.00681) matches perfectly the predicted environment of the probes and (2) refined stochastic models

theoretical value, obtained as one-third of the trace ofghe for their reorientational motions in any dynamicaime and
tensor,gi¥ = 2.00686. On the other hand the measuged o X yay
. L . orienting potential symmetry.
values are independent of the temperature inside the experi- - L . .
As in the applications to complex systems (biological systems,
mental error, see Table 1. . ; ; -
composite materials) one must take into account different phases

On the other side, the overall very satisfactory agreement of . . . oo .
. .~ _embedding the radical or motions in different dynamical ranges
the spectra band-shape, particularly at low temperatures, is a

A . . . L or both; otherwise, the results obtained by the traditional
convincing proof that the simplified dynamic modeling imple- simulation approach are doomed to a substantial ambiguity, as
mented in the SLE through the purely rotational stochastic PP guty,

e - . . the number of adjustable parameters increases beyond the limit
diffusive operator’, eq 6, and the hydrodynamic calculation . .
. PR . . e of a trustable unique set. On the other hand in the ICA, a self-
of the rotational diffusion tensor, section II.C, is sufficient to

. . . ..~ consistent model for each molecular environment of the radical
describe the main slow relaxation processes. In our opinion, .
P . is used, where all the relevant parameters are entangled and no
the above results show the potentialities of an integrated . . e .
. - . one can be changed independently. The higher reliability of this
computational approach and the validity of the assumptions

made in the specific application. In particular, the complete approach is evident.

Hamiltonian of a radical interacting with the solvent molecules  Acknowledgment. This work was supported by the Italian
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extracted, with magnetic parameters averaged on the electron N . .

and fast vibrational nuclear motions, and corrected for solvent matfenal Is available free of charge via the Intemet at
effects. The minimum energy conformations of the molecule hitp://pubs.acs.org.

are evaluated. In the second step, the motions in solution areJA065475Q

compare the experimental (full line) and simulated (dashed line)
cw-ESR spectra of MTPNN in toluene in the temperature range
155-292 K. Since experimental spectra at different temperatures
have been measured at slightly varying frequenaigsn Figure

6 spectra are reported relative to their respective central field,
Bo, for the reader’s convenience, i.e., implementing eq 7 as such.
Notice however that no adjustment is required in the absolute
position of the spectra. In fact the measured valugy@ft room
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