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Using the Diphosphanyl Radical as a Potential Spin Label: Effect of Motion

on the EPR Spectrum of an R'(R*)P—PR' Radical

Laurent Cataldo,® Cosmina Dutan,'™ Sushil K. Misra,*™ Sandra Loss,!*!
Hansjorg Griitzmacher,*'*! and Michel Geoffroy*!*!

Abstract: The EPR spectrum of the
novel radical Mes*(CH;)P—PMes*
(Mes*=2,4,6-(tBu);C¢H,) was mea-
sured in the temperature range 100-
300 K, and was found to be drastically
temperature dependent as a result of

the radical. To achieve this simulation,
an algorithm was developed by extend-
ing the well-known nitroxide slow-
motion simulation technique for the
coupling of one electron spin to two
nuclear spins. An additional dynamic

process responsible for the observed
line broadening was found to occur be-
tween 180 K and room temperature;
this broadening is consistent with an
exchange between two conformations.
The differences between the isotropic

the large anisotropy of the *'P hyper-
fine tensors. Below 180 K, a spectrum
of the liquid solution is accurately si-
mulated by calculating the spectral
modifications due to slow tumbling of

Introduction

The spin-labeling technique has been widely used in a large
variety of domains, for example, conformation of proteins,
fluidity and local order in membranes, and transition phases
in various materials.'! The technique is based on partial
averaging of the EPR tensors by molecular reorientation,
and allows the exploration of motion over an extremely
large range of reorientation. When studying the effect of
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3P couplings associated with the two
conformers are shown to be probably
due to an internal rotation about the

hosphorus
e P—P bond.

motion on the properties of a new chemical/biological
system, a paramagnetic probe should be chosen such that its
g tensor and hyperfine anisotropies conform well to the rele-
vant properties of the system, for example, the viscosity or
local order. An examination of the atomic dipolar hyperfine
constants reveals that *'P (natural abundance 100%, spin
(S) equal to '4) provides larger coupling anisotropy than
does the unpaired electron in an N—O zt* orbital in the ni-
troxide radical that is commonly used for spin-labeling ex-
periments. Localization of an unpaired electron in a phos-
phorus 3p orbital leads, indeed, to a dipolar splitting of
262 G whereas the "N dipolar coupling associated with an
electron totally confined in a nitrogen 2p orbital is only
40 G.! The main problem in using phosphorus radicals as
spin labels is their enhanced reactivity. As a consequence,
these compounds are not stable and rapidly disappear in so-
lution. During the last decade, considerable progress has
been made in the chemistry of low-coordinated phosphorus
compounds in that numerous stable diamagnetic molecules
containing a nonsaturated P=C

or P=N bond have been synthe-

sized.P! In this context, further

progress was accomplished re-

Mes* P> —P'

cently with the synthesis of a J ~Mes*
phosphorus analogue of hydra- Me O
zyl in our laboratory.! This di- 1
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phosphanyl radical (1) was found to be stable in solution
due to the presence of the sterically demanding aryl group
2,4,6-tri(tert-butyl)benzene, Mes*, which protects the dicoor-
dinated phosphorus atom efficiently. Therefore, it is possible
to study experimentally the effect of molecular tumbling on
the EPR spectra of a radical whose electron is delocalized
in a phosphorus—phosphorus m orbital. Exploiting this ap-
proach, a study of EPR spectra of 1 at various temperatures
is reported in the present work. The temperature depend-
ence of the spectrum was analyzed by simulating the EPR
signals as a function of the diffusion constant. No simulation
program for slow tumbling is available to date for a system
involving coupling of an electron spin with two nuclei, al-
though an algorithm is available to simulate spectra for reor-
ientation of radicals coupled with one nucleus, as developed
by Schneider and Freed for nitroxides,”! wherein one elec-
tron spin (S="'4) is coupled to one nucleus of arbitrary spin
value. Therefore, a major part of the present study has been
devoted to extending the nitroxide algorithm to accommo-
date the case of one electron spin coupled to two nuclei of
arbitrary spin value. The details of this extension are out-
lined in the slow-tumbling section (see Results).

Experimental Section

The synthesis of radical 1 was performed by reduction of the phosphoni-
um salt [Mes*(Me)P=PMes*]|CSO;F; with tetrakis(dimethylamino)ethy-
lene as described in ref. [4]. The resulting yellow-orange crystals were
dissolved in THF. The solution was then degassed by several freeze-
pump-thaw cycles. EPR spectra were recorded on a Bruker 200 spec-
trometer (9 GHz, 100 kHz field modulation) equipped with a ER-4111
variable-temperature attachment.

The g and hyperfine tensors of 1 were determined from single-crystal
EPR measurements. The sample used was a diphosphane Mes*(Me)P—
P(Me)Mes* crystal, grown in the presence of 1.

The slow-motion spectra were simulated by using an extension of the
program by Schneider and Freed (SF hereafter) previously written for ni-
troxide spin labels.”! Following the SF procedure, one uses the parameter
input program LBLL, followed by the program EPRLL for spectral cal-
culation. The spectrum is finally calculated by the program TDLL, which
processes the Lanczos tridiagonal matrix generated by EPRLL.*” (The
details are the same as those described in the SF procedure, to which ref-
erence should be made.) The simulations were carried out on a PC and
visualized with the Microcal Origin 6.0 software.

Results

EPR tensors: For each orientation of the doped single crys-
tal of diphosphane with respect to the direction of the exter-
nal magnetic field, the spectrum was observed to be com-
posed of two subspectra (A and B), each exhibiting a hyper-
fine interaction with two nuclei of spin '/, consistent with
the presence of the R(R’)P—PR’ species. Analysis of the an-
gular variation of the spectra in three perpendicular planes
related to the morphology of the diphosphane crystal, led to
two sets of tensors (set {A} and set {B}). The eigenvalues
calculated for set {A} are practically equal to those of set
{B} and are reported in Table 1. They indicate that, in the di-
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Table 1. Principal values®”! of the EPR tensors for 1 trapped in a single
crystal of diphosphane.

g tensor P! coupling tensor P2 coupling tensor
[gauss] [gauss]

2.0022 +0.0002 1.8+24 116.4+1.9

2.0062 +0.0002 12.8+1.7 122.3+0.3

2.0155+0.0002 252.8+1.8 180.1+1.1

[a] The differences in the values obtained for sets {A} and {B} are indicat-
ed by +.

phosphane crystal, radical 1 occupies two magnetically in-
equivalent orientations dictated by the symmetry of the host
crystal.

From Table 1, the average value for g is found to be
2.0079. The hyperfine interactions consist of Fermi contact
and dipolar coupling. By assuming that all eigenvalues of
the hyperfine tensor are positive, the following are estimat-
ed to be its various components: isotropic coupling con-
stants A;,(P')=89.1 and A,,(P?)=139.6 G; anisotropic cou-
pling constants 7,=—87.3, 7,=—76.3, and 7,=163.6 G for P!
and 7,=-23.2, 1;=—17.3, and 1,=40.5 G for P* (P' =dicoor-
dinate phosphorus, P?=tricoordinate phosphorus).

EPR spectra were simulated at various temperatures
(vide infra) by using the EPR tensors obtained for site A in
the experimental reference frame, as listed in Table 2.

Table 2. EPR tensors for 1 (site A, experimental reference frame).

g tensor *'P! hyperfine tensor

[gauss]
10.06, 26.50, —7.04

26.50, 243.60, —31.91
—7.04, —31.91, 12.69

3'P? hyperfine tensor
[gauss]

121.65, 2.78, 0.37

2.78, 161.39, —30.33
0.37, —30.33, 134.89

2.0157, 0.0000, —0.0006
—0.0000, 2.0024, 0.0012
—0.0060, 0.0012, 2.0061

Temperature dependence of EPR spectra: As shown in
Figure 1, the EPR spectra obtained for a solution of 1 in
THF are strongly temperature dependent between 100 and
300 K. In this range, all modifications to the spectrum are
reversible. However, 1 decomposes when it is kept above
room temperature for extended periods of time.

Simulation of EPR spectra recorded at various tempera-
tures

Slow tumbling: The slow-motion spectra simulated in this
paper are based on the theory described by Freed,® and
were calculated by using an extension of the algorithm de-
veloped by Schneider and Freed to treat the case of a radi-
cal characterized by an electron spin of '/, coupled to a nu-
cleus with an arbitrary spin value (7).”!

Briefly, the algorithm solves the stochastic Liouville equa-
tion to calculate the time evolution of the relevant density
matrix from which the unsaturated, high-field, frequency-
swept spectrum can be calculated, as shown in Equation (1):
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fixed). For an arbitrary orienta-
tion, as is the case here, all five
irreducible spherical tensor op-
erators of second order are re-
\‘} quired. However, those of the
| order (2, +1), also required
here, are not listed in SF and

3000 3200 3400 3600 3800 3000 3200 3400 3600 3800

3000

3200 3400 3600 3800  were therefore added.

Extension of the starting vector
to include two nuclear spins and
i their projections while maintain-
' ing the time-reversal invariance:
In the high-field approximation
and slow motional limits, as de-

scribed in SF, the starting

3000 8200 3400 3600 3800 3000 3200 3400 3600 3800

3000

3200 3400 3600 3800 vector was extended to have

the following form, shown in
[ Equation (2):

| |LMK';1,0:p1,q1:p5.q5 >
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Figure 1. Experimental EPR spectra (all the axes represent the intensity of the magnetic field in gauss) ob-
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+(=1)M|L—MK';1,0;
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tained with a solution of radical 1 in THF at various temperatures: spectra a)-i) correspond to 100, 160, 165,

170, 180, 220, 245, 275, and 300 K, respectively.

Ho-on) = (3 )IF=iL) + ilw-0n)] 1) (1)

in which w is the sweep frequency (w,=gugBy/h), where B,
is the intensity of the external magnetic field, g = (g +&,,+
8yy)/3, ug is the Bohr magneton, and 7 is the Planck constant
divided by 2x; L is the Liouville superoperator (LSO) asso-
ciated with the orientation-dependent spin Hamiltonian; I
is the “symmetrized” diffusion operator used to model the
classical reorientational motion; i is the imaginary number;
and [ is the identity operator. In addition, |v) is the starting
vector, which includes both the electron and nuclear spin
operators for the allowed EPR transitions and the equilibri-
um probability distribution function for the orientation of
the radicals.

The most significant steps that we made in the extension
of this algorithm are as follows.

Inclusion of the hyperfine interaction with the second nu-
cleus, and its Zeeman interaction: The values of the hyper-
fine-tensor components for the two nuclei, as determined
here in our laboratory, were entered to be used in the sub-
routine MATRLL in the source code for calculation of the
relevant matrix elements. No transformations from the prin-
cipal axes systems were therefore made to the director
frame (space fixed) and then to the diffusion frame (body
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in which, p'=M,—M; and ¢'=
M;+ M/, where M, and M, are
the nuclear magnetic quantum numbers in the two states in-
volved in the EPR transition and the integers L, M, and K
characterize the Wigner rotation functions. (The numbers
1,0 stand for quantities corresponding to p’,q’ for the elec-
tron spin.) In writing this equation, the symmetry of the
matrix elements of the LSO under the simultaneous reversal
of the signs of the electronic magnetic quantum number (M)
and those of the pi,p} indices for the two nuclei, has been
taken into account to preserve the time-reversal invariance.
The two most important parameters are the parallel (d_.)
and perpendicular (d,,) components of the rotational diffu-
sion tensor. The parallel component is related to the correla-
tion time for the motion of the spin probe about the symme-
try axis of the diffusion tensor, whereas the perpendicular
component is related to the motion perpendicular to the
symmetry axis. In an isotropic situation the two components
become equal to each other (d).

Simulation of exchange-broadened spectra: The program
required for this part of the simulation uses the general line-
shape equation for intramolecular exchange between two
sites, as reported by Heinzer.’)! The EPR spectrum is calcu-
lated in the Liouville space by summing the elements of the
0~ ¥ vector (o= density matrix). In addition to the transition
values, the program takes into account the populations of
the two conformers, the intrinsic relaxation terms 7,”!, and
the rate constants k;;.
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Comparison of simulated spectra with experimental spectra:
As seen from Figure 2, the EPR tensors determined from
single-crystal experiments lead to a very satisfactory simula-
tion of the frozen-solution spectrum. "’

) i b)
a i ;\

Ny e
\ f/ \\f

3000 3200 3400 3600 3800 3000 3200 3400 3600 3800
B/G B/G

Figure 2. a) Frozen-solution spectrum recorded at 100 K. b) Spectrum si-
mulated with the EPR tensors given in Table 2.

Between 100 and 150 K the experimental spectrum is
almost unaffected by temperature. In the temperature range
150-160 K, close to the melting point of the sample, the
spectrum exhibits some modifications but as several phases
probably coexist in the sample, the resulting spectrum is
hard to simulate. At 160 K, the experimental spectrum
(Figure 1) is composed of seven lines, which are approxi-
mately reproduced in the spectrum simulated with the pro-
gram described in the slow-tumbling section (see Results).
Above 165 K, the sample is likely to be homogeneous and
its viscosity allows the irregularly shaped radical to tumble
freely. As shown in Figure 1 at 170 K, the spectrum is com-
posed of a triplet of doublets. A good simulation of this pat-
tern can be obtained by assuming an isotropic reorientation
of the radical with a diffusion rate, d, equal to 0.175x10° s
(Figure 3). Increasing the temperature causes the external
doublets to coalesce progressively. The simulation of the
spectrum representing this process is performed by increas-
ing the diffusion constant (e.g., d=0.2x10°s™" for the spec-
trum recorded at 175 K, Figure 3). For a d value of 0.3 x
10°s™ four lines are present in the simulated spectrum in
good agreement with the spectrum recorded at 180 K. How-
ever, whereas additional increases in d cause only a narrow-
ing of the line width of the four signals, several drastic modi-
fications affect the experimental spectrum between 185 and
300 K. It is worth noting that the two *'P isotropic coupling
constants estimated from the room-temperature data do not
correspond to the average value calculated from the single-
crystal hyperfine tensors with the values A,,(P*)=88 and
A;o(P") =139 G. Furthermore, the broadening of the central
signal is not consistent with the hyperfine structure due to
the presence of two equivalent *'P nuclei.

Discussion
The tensors determined from the single-crystal measure-

ments agree with those of the frozen-solution spectrum.
Using them, a good simulation of the spectra observed be-
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Figure 3. Simulation of the slow-tumbling spectra (all the axes represent
the magnetic flux density in gauss) as a function of the diffusion constant.
Spectra a)-g) correspond to d=0.1x10° (160 K), 0.175x10° (170 K), 0.2 x
10° (175 K), 0.3x10° (180 K), 0.6x10°, 1.0x 10°, and 5.0x10° s™', respec-
tively.

tween 160 and 180 K is obtained. The variations in the EPR
spectra of 1 clearly illustrate the dependence of the spectra
on tumbling for a diffusion rate varying between 0.1x 10’
and 0.3x10° s™'. These variations do not only affect the line
width of the signals but also the number of EPR lines. They
confirm that, in this range, the sensitivity to the motion of
the phosphorus-containing radical is considerably larger
than that for a nitroxide radical (see Supporting Informa-
tion).

Increasing the diffusion rate to above 0.3x10°s™! does
not change the number and positions of the lines, it only
causes a decrease in their line widths. However, additional
transitions appear in the experimental spectrum above
180 K. Between 200 and 220 K, six lines are clearly detected.
Above 245 K, the two low-field lines, as well as the two
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high-field lines, coalesce with each other. At higher temper-
atures, the two central lines begin to merge. The observation
that the slow-tumbling simulation cannot reproduce the ex-
perimental temperature dependence of the spectrum above
185 K reveals that an additional dynamic phenomenon is
present above this temperature. The associated spectral
modifications are likely to be due to an exchange between
two conformations. They suggest that, above 185K, 1 can
adopt a second conformation of slightly higher energy. The
effect of this dynamic process on the spectrum can be calcu-
lated by using the simulation program mentioned in the sec-
tion on simulation of exchange-broadened spectra (see Re-
sults). Each conformation is characterized by its own iso-
tropic coupling constants and populations. The isotropic
constants of the lower energy structure (conformation C1)
are those determined by the single-crystal measurements:
Aio(P) =88, A,,(P)=139 G. The coupling constants of the
second conformation (C2) were determined by fitting the si-
mulated spectra to the experimental spectra. As shown in
Figure 4, a satisfactory simulation was achieved by using the
following constants for the second conformation: A;,(P')=
110 and A,,(P?)=50 G, and by adjusting the exchange rate
constant (k) for the spectra recorded at 200, 225, 245, and
300 K.

a) [\ ﬂ b) ] {/

3000 3200 3400 3600 3800 3000 3200 3400 3600 3800

o @ ’,ﬂ

3000 3200 3400 3600 3800 3000 3200 3400 3600 3800

Figure 4. Simulation of the spectra (all the axes represent the intensity of
the magnetic field in gauss) resulting from exchange between conforma-
tions C1 and C2 as a function of the rate constant. Spectra a)-d) corre-
spond to k=0.176x 10* (220K), 1.06 x 10* (245 K), 2.64 x 10® (275 K), and
7.92x10%s™! (300 K), respectively.

These values can be attributed to a temperature-depend-
ent internal rotation about the P—P bond. At low tempera-
tures, below 185 K, the dihedral angle () between the spin-
carrying p m orbital of the dicoordinated phosphorus (P')
and the lone-pair containing orbital of the pyramidal, tri-
coordinated phosphorus (P?), as shown in Figure 5, is small
and leads to conjugation between these two atoms. The
rather large A, value for P? reflects the non-negligible s
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character of this latter orbital
(p,=139/4752=0.029,"  p, = ‘ 5y
0.15). At temperatures above Ve B

185K, a second conformation 6\ @

of 1 appears with a larger dihe- 0 \Mes
dral angle between the p m or-
bital (P') and the sp” orbital
(P?). The resulting decrease in
conjugation causes a decrease
in the P? spin density (o,=50/
4857=0.010) while the increase in the spin localization on
P! leads to an increase of the isotropic coupling constant
through an internal spin polarization mechanism (A;,(P")
passes from 88 to 110 G). The existence of this second con-
formation is probably associated with the presence of the
cumbersome Mes* substituents, which are expected to give
rise to strong sterical interactions. The activation energy E,
for the exchange between conformations C1 and C2 can be
estimated from an Arrhenius plot (see Supporting Informa-
tion); E, is found to be close to 6 kcalmol™', a value which
is slightly higher than that measured for the rotation barrier
of the ‘PH group around the C—P bond in the phosphinyl
radical Tript-PH (Tript = triptycene).!

Figure 5. Definition of the di-
hedral angle ¢ [°].

Conclusion

The study presented here shows that the EPR spectrum of
the diphosphanyl radical (1) is very sensitive to its rotational
reorientation, as a result of the large anisotropy of the *'P
coupling tensors. This radical can therefore be potentially
used as a spin label as drastic modifications of the spectrum
occur when the diffusion parameter varies between 0.1 x 10°
and 0.6 x 10’ s™*. This favorable property is, however, compli-
cated by the temperature dependence of the internal rota-
tion around the P—P bond on the signal pattern. An impor-
tant conclusion from the findings in this work is that not
only the stability of phosphorus-centred radicals like 1 has
to be enhanced, they also have to be sufficiently rigid to
make them applicable as spin labels. Further investigations
are in progress in our laboratory to achieve these goals.
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