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The paper shows the possibilities of the complementary use of the density matrix formalism for the simulation of the
anisotropic EPR spectra and the DFT potential energy surface calculations to obtain a detailed picture of the motions of
radical molecules. The combined approach is illustrated by a comparative EPR study of three phosphorus derivatives of
barrelene. Three compounds were chosen as the model molecules for the observation of different temperature depend-
ent dynamics of radical fragment. Each molecule based on the same barrelene skeleton has a different set of substitu-
ents which by influencing the local chemical environment are likely to modify the internal dynamics. The temperature
dependent EPR spectra are simulated by means of the density matrix formalism and the geometry of radicals are calcu-
lated with DFT. The motion is described in terms of rotational barriers, DFT calculated energy profiles and hypotheti-
cal intramolecular distortions. These two approaches lead to a similar microscopic picture of the intramolecular radical

motion.

INTRODUCTION

The details of the molecular dynamics are essential
for the understanding of various complex chemical
phenomena. Whereas NMR is a well established
and a powerful tool in investigations of molecular
motion (Ishima & Torchia, 2000; Palmer, 2001),
the use of the EPR techniques for the study of the
motion in radicals is far less widespread.

The knowledge of the details of the motion in
radicals is of interest not only for highlighting the
dynamics itself but also for the comprehension of
motion-related changes in complex biological sys-
tems. In such systems, several paramagnetic spe-
cies subjected to internal dynamics are usually in-
volved. The use of EPR techniques allows one to
determine not only the rotational or exchange cor-
relation times 7 of the specific paramagnetic mole-
cule but also to obtain detailed information con-
cerning the type of motion the molecule under-
goes. A variety of biochemical problems such as
those concerning enzymes, where some paramag-
netic species may be transiently formed within the
catalytic cycle, or proteins, the dynamics of which
can be studied by the use of an external spin label,
can be investigated by EPR (Prisner, Rohrer &
MacMillan, 2001). It is well known that the mo-
tion of a nitroxide spin label bound to a protein is
hindered, depending on the specific position of the
spin label. Therefore, measurements of the spin
label related dynamics can help in obtaining de-

tailed information not only on the molecule itself,
but also on the surrounding protein backbone
(Borbat, Costa-Filho, Earle, Moscicki & Freed,
2001). EPR methods can also be used to character-
ize the protein-protein and protein-lipid interac-
tions by observing the changes in rotational diffu-
sion of the paramagnetic labels (Marsh, 2001).
Data concerning the dynamics of lipid molecules
can also be extracted from the EPR lineshape
analysis of a variety of lyotropic phases (Usova,
Persson & Westlund, 2000), if different complex
dynamics (internal reorientation, lateral diffusion)
are present.

Several models have been developed to interpret
the NMR and EPR lineshapes arising from dy-
namic phenomena. This can be achieved by the
use of the modified Bloch equations as long as one
is dealing with adiabatic exchange. Unfortunately,
these equations can not describe the non-adiabatic
exchange processes such the ones observed in sol-
ids. For such systems a more general density ma-
trix formalism is necessary.

The use of the density matrix techniques for the
interpretation of NMR and EPR lineshapes was
pioneered in several research groups (Kaplan,
1958a, b; Alexander, 1962a, b; Johnson, 1964) in
the early sixties. In 1965 Bintsh unified the theo-
ries developed by Kaplan, Alexander and Johnson
(Bintsch, 1969) by showing that in the case of
chemical exchange, a single NMR equation devel-
oped in Hilbert space that describes the exchange-
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Fig. 1 Schematic representation of the EPR spectra result-
ing from two conformations of the same radical. (a)
difference in the hyperfine coupling constants; (b) dif-
ference in the g values; (c) simultaneous presence of
both mechanisms.

related lineshape can be rewritten in the Liouville
space suggested by Fano (Fano, 1964). Simula-
tions of EPR spectra by solving the time dependent
stochastic Liouville equation were subsequently
used by several authors. Some attemps were made
to make a general computer simulation program,
but only an isotropic case allowing the simulation
of a lineshape from a multi-site exchange phenom-
ena in solution was fully developed (Heinzer,
1971). In the early stage of development, the limit-
ing factor to a wider use of density matrix tech-
niques was the numerical problem of diagonaliza-
tion of complex non-Hermitian matrices. Nowa-
days, the amazing acceleration in CPU perform-
ance allows one to overcome this limitation even
for very complicated spectral patterns.

The use of the density functional theory recently
proved to be a very useful tool for the calculations
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Fig. 2. Schematic representation of the potential energy
variation as a function of HP/C(9)C(12) angle with the
staggered and eclipsed conformations of barrele-
nephosphinyl radical.

of the geometry and the EPR parameters of para-
magnetic molecules (Barone, 1995; Nesse, 2001,
1997; Chentit, Sidorenkova, Choua, Geoffroy, El-
linger & Bernardinelli, 2001). In this paper we
show how the complementary use of the density
matrix technique for the simulation of the EPR
spectra together with quantum chemistry calcula-
tions can give a detailed picture of the motions of
radical molecules. Moreover, this approach can
help us to understand the influence of the molecu-
lar environment on intramolecular motions.

MOLECULAR MOTION
AND EPR LINESHAPE

A simplest model for the analysis proposed here
concerns a single radical trapped in the solid state
which can adopt two or more different conforma-
tions. When no chemical exchange is present (e.g.
frozen configuration at low temperature), the re-
corded spectrum of such a radical should be a su-
perposition of single spectra corresponding to
every considered conformation. In the simplest
case the differences between different sites can be
reflected in the spectrum in several ways (i) by the
difference in the hyperfine coupling constants
(Fig. 1a); (ii) by the difference in the g values
(Fig. 1b); (iil) by simultaneous appearance of both
factors (Fig. 1c). This latter case can lead to highly
complicated patterns, especially if a large number
of sites with similar values of g and hyperfine ten-
sors are present. If the molecule undergoes a
chemical exchange, every configurational site will
be occupied for a certain time (exchange correla-
tion time 7) and the corresponding EPR spectrum
will arise from the average tensor composed of
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single configurational tensors mixed together by
the appropriate exchange operators.

MODEL

The investigation of dynamic phenomena in radi-
cals presents some major difficulties. The main
ones are the low stability of radicals and the simul-
taneous presence of intra- and intermolecular mo-
tion. To overcome these difficulties some prelimi-
nary conditions are required: one single radical
undergoing a well specified motion must be cre-
ated on the selected molecule with the rigid back-
bone. In order to make the description sufficiently
detailed, the radical must be trapped in the solid
state. To bring together these conditions, our
choice was focused on the derivatives of barrelene.
Their perfect stability, high molecular symmetry
and relatively easy synthesis make the barrelene
derivatives molecules of choice for the study of the
intra-molecular motion. The easy inclusion of a
variety of substituents in 9 position makes possible
a handling of mobile fragment C-Y-X,, (where Y =
P, C, Ge, Si, As, X = H, D) which can easily be
made paramagnetic by the X-irradiation of the cor-
responding diamagnetic molecule. We restrict our
analysis to a set of simple model molecules which
served as a basis for the study of the approach de-
scribed above. In this paper, we present the results
obtained with radicals created on the phosphorus
derivatives of barrelene. It was already proved that
the irradiation of crystalline compounds containing
a P-H (P-D) bond leads to the homolytic scission
of this bond and formation of the corresponding
phosphorous-centered  radical  (Geoffroy &
Lucken, 1972). In order to study the internal hin-
dered rotation of the PH (PD) fragment around the
C-P bond, we have synthesised a series of barre-
lene derivatives with the PH, (PD,) fragment
bound to the sp’-carbon C(9) of the barrelene
skeleton. Radicals X = H (R1, R2, R3) or X =D
(R’1, R’2) used for this study were obtained by X-
irradiation (Scheme 2) of the corresponding
phosphines 1, 2 and 3 (Scheme 1).

Scheme 1

This particular choice was adopted in order to
highlight the influence of the molecular environ-
ment on the possible motion that the rotating

paramagnetic fragment will undergo. The triben-
zobarrelene 1 (commonly called triptycene) has a
totally symmetric backbone with a C; threefold
axis. This symmetry was broken in compound 2
where one of the benzene rings was substituted by
two phenyls bound to the C(11)-C(12) double
bond in order to increase the possible interaction
between the rotating PH fragment and the
neighbouring benzene ring. The total suppression
of the steric constraint was achieved in compound
3 where the presence of an ethylenic bond modi-
fies the symmetry from the ternary C; threefold
axis symmetry (1) to the planar symmetry (3).

The phosphinyl radical is characterized by a
large anisotropic hyperfine coupling T, ~ 800
MHz and an isotropic coupling Aj, close to 300
MHz. According to the ab-initio calculations made
on the phosphinyl radical (Bhat et al., 1994;
Ramakrishnan, Jouaiti, Geoffroy & Bernardinelli,
1996), the C-P and P-H bonds form an angle of
90° with the phosphorus P, orbital containing the
single electron (Scheme 2).

The schematic energy profile for selected values
of the C(9)PH/PC(9)C(19) dihedral angle 3, calcu-
lated by DFT for the barrelenephosphinyl radical
is shown in Fig. 2. The staggered conformation (a)
corresponds to the minimum energy, whereas the
maximum energy is reached with the eclipsed con-
formation (b).

R—P. X-rays R—CI: 0
X g ‘ 90°
X X
Scheme 2

METHODS

The synthesis and single crystal growth of
phosphines 1, 2 and 3 and the experimental details
of the EPR studies of corresponding radicals were
described elsewhere (Brynda, Berclaz & Geoffroy,
2000; Brynda, Berclaz, Geoffroy & Bernardinelli,
1998, Brynda, Geoffroy & Bernardinelli, 1999).
The variable temperature spectra were recorded in
the temperature range from 40 to 300 K. For each
spectrum obtained at a given temperature, the pa-
rameters such as the populations of every site and
the correlations times were fitted by comparison
with simulated spectra obtained by means of the
density matrix formalism. An ensemble of these
parameters was used for the calculations of the ro-
tational barriers. These calculations were carried
out by estimating the temperature dependent corre-
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Fig. 3 DFT calculated variation of the potential energy
of the phosphinyl radicals as a function of the
HP/C(9)C(12) dihedral angle: (a) R1; (b) R2, circles
correspond to the energy profile obtained after15° ro-
tation of the benzene ring around the C(12)-C(19)
bond; (c) R3.

lation times 7 at variable temperature and plotting
the Arrhenius plot 7 =f{1/7).

Quantum chemistry calculations

The DFT calculations were performed with the
Gaussian98 package (Gaussian 98, Revision A.7,
1998) using B-3LYP exchange-correlation func-
tional with 3-21G* basis set. The geometry of the
radicals were optimised by partial (R1,R2) or total
(R3) relaxation of the structure. The main geomet-
ric features for the optimised structures are pre-
sented in Table 1. The calculated geometry (except
for the radical fragment C-P-H) is very close to
that obtained from the crystal structure.

Simulations

The experimental spectra at variable temperature
were simulated using the density matrix formalism
in Liouville space. The lineshape I(w) for the ani-
sotropic spectrum is obtained as the real part of the
trace of p .

I(w) =Re[rr(. -5)]=Re[rr(. )],

where

Table 1 Selected bond lengths and bond angles
calculated by DFT for R1, R2 and R3

CPH angle PH bond CP bond

length [A] length [A]
RI 95.5° 1.43 1.88
R2 96.3° 1.41 1.88
R3 95.4° 1.43 1.87

pt =il, [UAU-iw-1]'P

A contains the line positions, the exchange pa-
rameters and the line widths expressed in terms of
1/T, and can be diagonalized once for a given
simulation. The calculation of the spectra is then
reduced to the inversion of a single diagonal ma-
trix and can be easily performed for all the range
of frequencies w.

RESULTS AND DISCUSSION

The comparison of the experimental and simulated
variable temperature spectra allowed us to deter-
mine a set of exchange parameters 7; and site po-
pulations P; for every temperature. This led us to
the experimental rotation barriers which were
compared with those calculated by DFT (Fig. 3).
As an example, the temperature dependence of
the experimental EPR spectrum of R’1 is shown in
Fig. 4a together with the spectra (Fig. 4b) simu-
lated by density matrix formalism and the corre-
sponding correlations times t. At 110 K, the spec-
trum exhibits a set of 3 doublets showing a hyper-
fine coupling to a *'P nucleus, corresponding to
three staggered conformations (I,J,K) of the same
phosphinyl radical, trapped in 3 directions sepa-
rated by an angle of 120°, as predicted by the mo-
lecular symmetry of triptycene. Increasing the
temperature from 110 to 170 K is accompanied by
the increase of the line width of three sets of dou-
blets. Between 170 and 190 K the three compo-
nents of the spectrum can no more be distin-
guished due to the significant broadening of the
spectral lines. Finally, above 180 K a single dou-
blet whose width narrows with increasing tem-
perature appears. The corresponding spectra were
simulated by assuming that the three sites (I, J, K)
were equally populated. The number of parameters
to adjust in the simulation is reduced to one, since
the populations of three sites and corresponding
correlations times are the same for each site: P; =
P;= Py and 7;; = 7 = ¢ As expected, the calcu-
lated energy profile for the triptycene is totally
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Fig. 4 Experimental (a) and simulated (b) variable temperature spectra of R’1 with corresponding temperatures and correlation

times.

symmetric and consists of three minima corre-
sponding to three staggered conformations of the
phosphinyl radical. The energy barrier calculated
from the Arrhenius plot is 2.7 kcal/mole. The DFT
calculations give the slightly lower rotational bar-
rier of 1.7 kcal/mole.

The situation is less obvious in R’2 where the
potential curve calculated with DFT shows three
quasi equivalent minima separated by slightly dif-
ferent rotational barriers. Surprisingly, the experi-
mental spectra at 77 K exhibits only two doublets
of inequivalent intensity. The additional doublet
corresponding to the third site, suggested by the
DFT calculations, is not observed at this tempera-

Fig. 5 Schematic representation of the potential energy
variation of R’2 as a function of the HP/C(9)C(12) di-
hedral angle. Experimental rotation barriers: AE;y =
2.46 [kcal/mol]; AE;y = 2.37 [kcal/mol]; AEyy = 2.74
[kcal/mol].

ture. That implies that at this temperature the third
hypothetical site remains unoccupied. This is en-
tirely confirmed by the simulations of the experi-
mental spectra at low temperatures. Whereas only
two sites must be considered to reproduce the
measured lineshape of frozen configurations at
low temperature, the simulation of the spectra at
higher temperature requires the introduction of the
third site with the population governed by the
Boltzmann distribution. It then becomes obvious
that the third position is not populated at low tem-
perature when the motion is frozen, but its popula-
tion grows as the temperature is raised. The
change in the populations of three sites is also ac-

AT

(0} P
N

Fig. 6 Schematic representation of the potential energy
variation of R’3 as a function of the HP/C(9)C(12) di-
hedral angle. Experimental rotation barrier: AEpp =
0.51 [kcal/mol];
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Fig. 7 Schematic representation of the distorsion of the geometry of R2 with the variation of the HP/C(9)C(12) torsional an-

gle.

companied by exchange phenomena between three
conformations. This is illustrated in Fig. 5. At first,
exchange only occurs between sites L and M
which have the same populations. With increasing
temperature, the third site N starts to participate in
the exchange process. The experimental rotational
barriers are similar for the jumps between sites L
and M and between sites L and N but a higher bar-
rier for the jump between sites M and N are ob-
served. This effect (which was not shown by the
DFT calculations on the model structure R2), led
us to consider that the benzene ring bound to
C(12) carbon is not totally rigid but can undergo a
slight reorientation which could result in a steric
constraint between a proton bound to the phospho-
rus and this benzene ring. To verify this hypothesis
we have performed a set of DFT calculations on
R2 by rotating the plane of the benzene ring bound
to the C(12) of 15° around the C(12)-C(19) bond.
This curve (plain circles line Fig. 3b) shows
clearly an important increase in the energy barrier
at this position and suggests that a slight reorienta-
tion of the benzene ring occurs in the crystal ma-
trix.

The suppression of the steric constraint due to
one of the benzene rings on the barrelene skeleton
in compound 3 results in a significant lowering of
the rotational barrier above this position observed
in the radical R3. The experimental spectrum at 40
K exhibits only a pair of doublets of doublets
which exhibit a hyperfine coupling with *'P and 'H
nuclei. All the 8 lines are of equal intensity and
correspond to two staggered conformations of the
PH fragment (Fig 6). A careful analysis of the
spectra between 40 and 300 K suggests that only
these two configurational sites are occupied in this
temperature range. This hypothesis is confirmed
by the simulation of the temperature dependent

spectra. The spectrum can be easily simulated over
the whole temperatures range using the simple two
sites model with equal population of two sites.
Moreover, the inclusion of the third hypothetic site
corresponding to the staggered conformation Q,
even with very small population, drastically modi-
fies the simulated spectrum which becomes very
different from the measured one. The schematic
energy profile (Fig. 6) shows only a small energy
difference between sites O and P but a higher en-
ergy barrier between sites P and Q. This is in
agreement with the experimentally observed ex-
change mechanism, where a simple jump between
two sites occurs whereas the third hypothetic site
remains unoccupied even at high temperature.

The decomposition of the hyperfine tensors at
low and room temperature into anisotropic and
isotropic parts permits the extraction of the phos-
phorus isotropic coupling constants A4, at both
temperatures. Surprisingly, the *'P 4, values at 40
K and at 300 K are not the same. The difference
that appears between the traces of *'P tensors
measured at 77 K and at room temperature
amounts to 28 MHz. To elucidate this difference,
which was also observed in R1 (30 MHz) and R2
(26 MHz), we performed a set of additional DFT
calculations on the dibenzobarrelene radical R3
with total relaxation of the molecule geometry by
varying the HPC(9)/PC(9)C(12) ¢ dihedral angle.
The obtained geometrical features show clearly
that the rotational motion of the P-H fragment is
accompanied by a small distortion of the geometry
of the dibenzobarrelene skeleton. As shown in the
Fig. 7 both the PC(9)C(12) valence angle and the
dihedral angle between two planes containing ben-
zene rings of dibenzobarrelene are modified by
jumps between two sites. This suggests that the
small change in the chemical environment of the
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C-P-H fragment could be responsible for the ob-
served difference in the isotropic hyperfine cou-
pling constant 4, at low and at room temperature.

CONCLUSIONS AND PERSPECTIVES

In this paper, we have shown that the complemen-
tary use of density matrix techniques for the simu-
lation of the variable temperature EPR spectra
combined with quantum chemistry calculations to
obtain the rotational barriers and the geometry of
radical molecules, can give a detailed and quantita-
tive picture of the motion in radicals. Moreover,
such phenomena as the impact of the chemical en-
vironment (e.g. steric constraints, modification of
local structure) on the molecular motions can be
investigated using this approach. The use of the
optimisation algorithms which permit the extrac-
tion of parameters such as correlations times or
exchange constants by means of the automated
procedures (Rockenbauer, Szabo-Planka, Arkosi
& Korecz, 2001; Rockenbauer, 1999; Soulié, Ber-
claz & Geoffroy, 1996) seems to be a promising
method for the study of molecular motion in com-
plex biological systems. The possibility of com-
bining the density matrix formalism with the opti-
misation program in order to extract the exchange
parameters by automatically fitting the experimen-
tal spectra is currently under investigation.
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