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Role of the Geometry, Restricted Rotations and Solvents on the Computed
2,2'-Diphenyl-1-picrylhydrazyl Hyperfine Tensors
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The nuclear hyperfine tensor (A) components of the 2,2'-diphenyl-1-picrylhydrazyl neutral radical are computed
using the UBILYP hybrid density functional method. Solvent interactions via hydrogen bonding are found
to play a crucial role in the position of the two phenyl rings relative to the picryl moiety. Under these conditions,
the calculated isotropic hyperfine tensor components of the N; and N, hydrazyl backbone are within ~1.3
Gauss (G) of the experimental values determined by EPR and ENDOR spectroscopy. Just as important are
the effects of restricted rotations of the phenyl rings on these tensors. Rotational averaging using a
Maxwell—Boltzmann type distribution improves the agreement between theory and experiment to less than
1.0 G. In addition, rotational averaging of the twelve isotropic proton coupling constants has also been
performed. They come within 0.3 G of the experimental values. Thus, for the first time, all the nuclear hyperfine
tensor components of this large class of molecules are accurately calculated without resorting to post

Hartree—Fock techniques.

1. Introduction

The neutral free radical 2,2'-diphenyl-1-picrylhydrazyl (DP-
PH"), shown in Figure 1, was discovered approximately 80 years
ago.! Tt is a stable radical and has been used as a standard in
electron paramagnetic resonance (EPR) spectroscopy at X-band
(9 GHz)>3 and recently at higher frequencies (465 GHz).* It
has also gained popularity due to its ability to scavenge other
radicals.®

DPPH" was the first radical to exhibit hyperfine splittings in
an EPR spectrum.” It was later determined that its Ny and N,
atoms were inequivalent and their isotropic hyperfine splittings,
a*°("N) and a'*°('*N»), were different.’

The DPPH" spectral parameters were determined when it was
doped in single crystals? and in randomly oriented solids.!%-!1
The effects of different solvents on the DPPH" radical reactivity,
spin density distributions and nuclear hyperfine coupling
constants were first studied in 1963.'> Later, Valgimigli et al.
also investigated the kinetic solvent effects on the reactivity of
DPPH".13 To differentiate between the N; and N, atoms, they
followed the earlier suggestion of Deal and Koski® and
synthesized DPPH' with isotopically enriched ’Nj. They
monitored the magnitude of @*°(N;) and a'*°(N,) in different
solvents. The ratio of the a™*°('*N;)/a'*°('*N,)was found to vary
between 1.17 and 1.23.'3 Thus, it is important to understand
the mechanism by which the different solvents affect the
reactivity of DPPH" and the magnitude of its hyperfine coupling
constants.

All the nuclei of DPPH® are magnetically inequivalent. This
is due to its low C; molecular symmetry.'* However, because
of rotational and vibrational motions, some averaging is expected
to occur. In their seminal electron nuclear double resonance
(ENDOR) studies, Dalal et al. show that, even at —5 °C, the
phenyl protons appeared to be magnetically equivalent and the
picryl protons were inequivalent.!3~!7 Therefore, it was sug-
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gested that the phenyl groups may rapidly rotate and average
out the inequivalency of their protons.!” They also did not rule
out the fact that “A non symmetry position has a much smaller
effect on the hyperfine couplings of the phenyl protons as
compared to those of the picryl protons”.!” These results indicate
that rotational averaging must influence the appearance of the
ENDOR spectrum of this molecule.

Ideally, it is important to correlate the observed magnetic
properties and spin Hamiltonian parameters with those calculated
by a reliable computational method. A good agreement between
theory and experiment enables one to relate the radical’s
electronic structure and geometry to its bonding properties and
reactivity. Although the anisotropic nuclear hyperfine tensor
components of a particular nucleus can easily be computed at
the unrestricted Hartree—Fock (UHF) level,'8=20 the corre-
sponding isotropic hyperfine tensor component remains one of
the most difficult properties to calculate. The quality of the
calculated wave function must be very high, requiring post UHF
procedures such as multireference configuration interaction.!*~2!

Hybrid density functional (HDF) techniques have been very
successful in computing the electronic structure, optimal
geometries and vibrational frequencies of molecules with ground
states that may be approximated by a single determinant.?>?3
The UBILYP and PBEO HDFs have recently been used with
moderate basis sets such as, 6-31G*, EPR-II and EPR-III to
accurately compute the @*° values of organic free radicals
containing H, C, N, and O atoms.?*~28 The UBILYP and PBEO
HDFs also have the additional advantage of containing no
adjustable parameters

During the past few years, we have been able to accurately
compute the hyperfine coupling constants using the unrestricted-
Beck-1-parameter Lee—Yang—Parr (UB1LYP) HDF method
and the EPR-II basis sets of Barone.”” We found that the
accuracy remains essentially the same as the radicals increase
in size. Excellent results have been calculated in a range of
molecular sizes—from free radicals that contain only hydrogen,
carbon and oxygen, such as DTBN3? and TEMPONE,? to, more
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recently, larger inorganic species that include nitrogen, fluorine
and sulfur and copper.3!~33 These positive results have encour-
aged us to compute the DPPH" nitrogen and hydrogen isotropic
hyperfine coupling constants, a'*°(N)and a'*°(H). The computa-
tions are challenging and time-consuming, as DPPH" is a large
radical that contains 41 atoms. Due to the molecule’s inherent
nonrigid character, solvent—solute interactions are expected to
influence the relative orientation of its phenyl and picryl
functional groups. These, in turn, will affect its a"*°(N)and a'*°(H)
values. Consequently, meaningful and rigorous computations
for this radical, that explain the experimental spectra, must take
into account these solvent effects, phenyl ring rotations and
equivalency of the NO, groups of the picryl ring.

The first calculations of the electronic structure of DPPH*
were carried out in 1966 and used a Hiickel molecular orbital
(MO) method.** Due to the approximate semiempirical nature
of this method, no reliable correlations with the experimental
properties and spectra could be made. Gubanov et al. improved
on the previous calculations slightly by starting off with a
semiempirical self-consistent field (SCF) linear combination of
atomic orbital (LCAO) method.?> However, the calculations
were performed assuming that the DPPH" radical was planar.'!
No theoretical geometry optimizations were carried out and the
atomic coordinates were not taken from the existing X-ray single
crystal structure data.36—38

Significant effort and a large amount of research have been
spent in the calculation of A tensor components. Recently, g
tensors have also been accurately computed, using ab initio,
density functional, hybrid density functionals, and spectroscopy
oriented configuration interaction. Therefore, one is now in a
position calculate the magnitudes of all the spin Hamiltonian
tensor components. Recently, we have accurately determined
the effects of restricted rotations and solvents on the calculated
DPPH" g tensors.’® As a continuation, the present article deals
with the corresponding A tensor components. From both of these
g and A tensors, the effects of magnetically inequivalent DPPH*
atoms on its EPR and ENDOR spectra may be fully assessed
and calculated.

2. Experimental and Computational Details

The ORCA*® and GAUSSIAN 03*! programs were used for
the geometry optimizations, electronic structure, g and A tensor
computations. The radical was optimized in the gas phase and
also when interacting with a number of solvent molecules using
the PM3 method. Methanol is the smallest solvent molecule
that will dissolve DPPH". Thus, to minimize the computational
times, it was selected as the solvent of choice. A set of
supermolecules were formed by hydrogen bonding DPPH" with
one to six methanol molecules. They were individually geometry
optimized until the sum of the energy gradients was less than
0.0005 kcal A~1 mol~!. The resulting optimal geometries were
checked to ensure that they did not possess any imaginary
vibrational frequencies that are characteristic of saddle points
or transition states on the energy surfaces.

The optimized geometries were then used to compute the A
tensor components employing Barone’s EPR-II basis set and
the UBILYP HDF method.?*?4243 This will be hereafter
referred to as the UBILYP/EPR-II method. The EPR-II basis
set was chosen for the computation of the hyperfine A tensors
because of its very tight s functions.?

The effects of the methanol solvent, without forming a
supermolecule, were also investigated using Tomasi’s polarized
continuum method (PCM) method that is abbreviated as
(UB1LYP-PCM/EPR-II).3%4445 In this technique, implemented
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Figure 1. Atomic numbering of 2,2'-diphenyl-1-picrylhydrazyl radical.
For simplicity, only the N and H atoms have been labeled. Hydrogen
atoms adopt their numbering from the adjacent (parent) carbon atoms.

by the GAUSSIAN 03 program, the molecule is located in a
solvent cavity, constructed from a series of interlocking spheres,
using the methanol dielectric constant, ¢ = 32.63. The COSMO
method*® was employed when performing calculations with the
ORCA program.

The EPR spectra were recorded using a modified Varian E104
continuous wave (CW) spectrometer.3>47~4% The spectrometer
utilized a DR/TE(;, dielectric resonator instead of a regular
TE¢, cavity.*® This increases its sensitivity by a factor of 25
and allows the use of very small modulation amplitudes, which
are essential in resolving narrow hyperfine splittings. The
magnetic field was modulated by a 50 kHz sine wave and the
second harmonic of the EPR signal was detected. The spectra
were digitized via a National Instruments ATMIO16E10 data
acquisition board. The magnetic field was measured using a Bell
640 differential Gauss meter. The microwave power was
monitored with an HP 432C digital power meter equipped with
an HP 478A thermistor power head.

The DPPH’ radical was purchased from Eastman Organic
Chemicals Inc. To maximize the resolution of the DPPH"
hyperfine splittings, a 0.3 mM solution in benzene-ds was
prepared and purged with oxygen-free dry nitrogen gas for 15
min before the spectra was recorded.

3. Results and Discussion

3.1. Optimal Gas Phase Geometry and Electronic Ground
State. Partial optimization of the DPPH" radical was performed
while keeping the backbone of the phenyl and picryl rings
planar. The optimized geometry, shown in Figure 1, is nonplanar
and very close to that determined by X-ray crystallography.
The largest difference between the computed and experimental
geometries is approximately 10 degrees. It involves the torsion
angle between the p-NO; picryl group and its ring plane. This
is not surprising because the gas phase results do not take into
account the packing effects that could occur in the experimental
X-ray structure.

The nonplanar DPPH" radical has one unpaired electron and
a 2A, ground state. Because of it is C; symmetry, all its atoms
are spatially and magnetically inequivalent.!* The unpaired
electron density, although mainly located on the central nitrogen
atoms, is nevertheless delocalized over the entire molecule.
Assuming no rotational averaging, the nuclear hyperfine interac-
tions from the twelve 'H and five '“N naturally occurring
inequivalent isotopes generate

12 5
l‘l [21('H,)) + 1]]" [21("“N) + 1]= 995,328

EPR lines, as shown in Figure 2. These enormous numbers of
closely spaced lines overlap with each other causing inhomo-
geneous line shape broadening and partially resolved spectra.
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Figure 2. Second derivative electron paramagnetic resonance of 0.3
mM DPPH'’ in benzene-ds saturated with dry oxygen-free nitrogen gas.
Conditions: frequency 9.0362 GHz, power 73 uW, modulation ampli-
tude 0.063 G, modulation frequency 50 KHz, time constant 0.016 s,
scan speed 0.1G/s and number of averages 100.
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Figure 3. Three-dimensional plot of the DPPH" singly occupied
molecular orbital (SOMO) in the vicinity of the No,—N;—C, atoms.
The yellow surfaces indicate positive lobes, and the gray surfaces signify
negative lobes. The 2p orbital components of the N, N, and C, atoms
are indicated by the arrows.

o

While rotational averaging along certain bonds is possible and
reduces the number of EPR lines, they are still too numerous
to be adequately assigned.

Figure 3 shows the singly occupied molecular orbital (SOMO)
in the vicinity of the N;—N; hydrazyl moiety. The Lowdin bond
orders between the N, and the phenyl rings are 1.05 and 1.09.%°
This indicates that they are essentially single bonds and, barring
any other steric influence, free rotation of the phenyl rings may
occur. However, the bond between N and C; of the picryl ring
has an order of 1.50. This partial double bond character would
infer that free rotation of the picryl ring is doubtful. The N;—N;
bond order is 1.45% and very close to that of the N;—C; bond.
Thus, the N,—N;—C, fragment has partial double bond character
spanning its three centers.

Inspection of the SOMO in Figure 3 shows & bonding
character between N; and Cj, and it is antibonding between the
2p(N)) and 2p(N;) atomic orbitals. The N;—C; bond is twisted
but still maintains some double bond character. The net spin
density from all electrons at N; is greater than that at N, as
indicated by the larger value of its hyperfine coupling constant,
aiso(l4N 1)'

3.2. Calculation of the Nitrogen Nuclear Hyperfine Cou-
pling Constants. The experimental and computed hyperfine
coupling constants, using the UBILYP method with the EPR-
II basis set, are listed in Table 1. The computations were carried
out in the gas phase and with a variety of solvents, using
UBI1LYP-PCM/EPR-II. These structures were geometry opti-
mized, employing the PM3 approximation, to an energy
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TABLE 1: N; and N, Isotropic Hyperfine Coupling
Constants® in Different Solvents

solvent a*°(*N))  a*°("N,)  AE’  dielectric const
Experimental Values®
CCly 9.77 7.94
DMSO 9.30 8.10
methanol 9.54 8.10
acetonitrile 9.80 7.94
benzene 9.77 7.94
ethanol 9.55 8.11
Computed Values/UBILYP
gas phase 11.23 6.64
PCM/CCl4 10.93 6.59 6.67 2.23
PCM/DMSO 10.50 7.11 3.78 46.70
PCM/methanol 10.20 7.27 —7.54 32.63
PCM/acetonitrile 10.50 7.11 9.37 36.64
PCM/benzene 10.93 6.86 5.36 2.25
PCM/ethanol 10.22 7.24 —2.41 24.53
DPPH'-(MeOH), 9.36 6.80 —5.04 32.63
DPPH'-(MeOH), 8.41 7.52 —7.69 32.63
DPPH'-(MeOH); 9.64 6.86 —10.75 32.63
DPPH'-(MeOH), 9.38 8.21 —12.58 32.63
DPPH'-(MeOH), 9.49 8.61 —15.40 32.63

“Values in G. ?Total energy change due to solvation or
hydrogen bonding in kcal/mol ¢ From Valgimigli et al.'?

Figure 4. Supermolecule formed by DPPH" hydrogen bonding with
four methanol molecules, DPPH'—(MeOH),. Hydrogen bonding be-
tween H atoms of the methanol hydroxyl groups and the two o-picryl
NO, oxygens are indicated by dashed lines.

minimum. The resultant geometry was then used in a BILYP
calculation to determine the hyperfine tensor components for
each atom.

Table 1 shows that the influence of solvents on a*°(!*N) and
a*°(*N,), when computed by the PCM method. These effects
are small and are scattered within the computational error range.
This agrees with the data previously published by Valgimigli
et al.!13 However, the table also indicates that the calculated
a*°("N) and a*°(**N;), values come as close as 0.7 G (in
ethanol) and as far as 1.3 G (in carbon tetrachloride) to their
experimental counter

One of the main deficiencies of the PCM model is its inability
to describe hydrogen bonding. Consequently, it has recently been
shown that taking into account the direct interaction of the
solvent molecules with radicals, via hydrogen bonding, results
in improved calculated hyperfine and g tensors.’>>! Accordingly,
the effects of methanol as a solvent were also investigated by
constructing a supermolecule made up of DPPH" and a number
of hydrogen bonded methanols. These results are listed in the
last five rows of Table 1. They indicate that it takes at least
four methanol molecules to hydrogen bond with the radical and
position the three DPPH" rings appropriately. This configuration,
DPPH'—(MeOH)., is illustrated in Figure 4 and results in
a*°(N;) and a*°(*N,) values that are the closest to the
experimental ones. The differences between the experimental
and computed values are less than 0.16 G.
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Figure 5. Optimized geometry as a result of adding two extra
methanols to form DPPH'—(MeOH)s. Note that the two extra methanol
hydroxyl H atoms interact with the picryl p-NO, oxygens. For clarity,
the first four methanols, originally shown in Figure 4, are green.

3.3. Nature of DPPH"—Solvent Interactions. Valgimigli et
al. studied the reactivity and net spin density distribution of
DPPH' in various solvents by EPR spectroscopy.'? Except for
tert-butyl alcohol, the reactivity was found to be independent
of the solvent. Several theories were put forward to explain these
observations. However, the authors felt that none was totally
satisfactory.!3 The geometry optimized [DPPH"—(methanol),]
supermolecules computed in this study may be used to shed
additional light on the nature of these DPPH"—solvent interactions.

As an example, Figure 4 depicts the interaction of DPPH*
with four methanol molecules. These interactions are mainly
with the outer surface of the DPPH" and do not directly involve
the sterically protected N; and N, atoms embedded within the
core of the radical. Instead, each methanol hydroxyl group forms
two hydrogen bonds with DPPH". The hydroxyl hydrogens
interact primarily with an oxygen atom of the two picryl 0-NO,
groups. The corresponding methanol hydroxyl oxygens form
bonds with the phenyl hydrogen atoms. Figure 4 also shows
that, in the absence of dynamical perturbants, these
methanol —DPPH" interactions play a key role in orienting the
two phenyl and picryl groups with respect to each other. The
interaction of more than four methanol molecules with the DP-
PH’ radical does not significantly influence the orientation of
the three DPPH’ rings. For example, the extra hydrogen bonds
due to two extra methanols are formed with the DPPH® p-NO,
group, as shown in Figure 5. In turn, these extra interactions
have very little influence on the positioning of the phenyl and
picryl groups with respect to one another. Consequently, this
results in very small differences between the computed a*°('*Ny)
and a*°(!*N,) values of structures DPPH'—(MeOH); and
DPPH'—(MeOH)s, given in Table 1. The complex and periph-
eral nature of these interactions justifies why no direct correla-
tion has been made between the type of solvent and DPPH*
reactivity.!3

The absence of appreciable interactions of the solvent with
N, and N, atoms, where the unpaired electrons mainly resides,
explains why DPPH" is a persistent radical. If DPPH* was planar,
its 2p.(N;) and 2p.(N») orbitals would be exposed and more
reactive. It would be short-lived with a lifetime that is
comparable to z-type planar aromatic radicals, such as unsub-
stituted semiquinones.>?

3.4. Effects of Restricted Rotations on the Nuclear Hy-
perfine Coupling Constants. The static model of the DPPH*
considered so far has given very good results for the computed
as°("*Ny)and a*°(1*N,). However, to add realism to this model,
one should take into account rotational averaging when
possible.’*3* Such dynamical effects have been considered and
yield excellent results for small organic radicals.>>~>7
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The effects of restricted rotations on the g tensor components
of DPPH" have been investigated, and the resulting computed
g tensor components are in very good agreement with those
determined experimentally.3 As a continuation of this research,
the effects of restricted rotations on the hyperfine tensor
components are investigated.

As discussed in section 3.1, the single bonds, C;—N; and
C13—N,, formed between the two phenyl and hydrazyl groups
will allow these rings to rotate. Nevertheless due to steric
hindrance, the phenyl ring rotations will be somewhat restricted.
A series of computations were performed to investigate the effect
of these restricted rotations on the values of the hyperfine
tensors. The N;—N,—C7—Cy dihedral angle, @275, was fixed
at 0° and the rest of the molecule was geometry optimized to
attain a minimum energy conformation. This total energy,
Eror(gpi278), was noted and the hyperfine tensor components
were computed at this newly optimized geometry. The angle,
@i278, Was then increased by 5° and the whole process was
repeated. This procedure was performed a total of 36 times
where 1,73 varied between 0° and 175°. The Maxwell —Boltzmann
distribution was used, in conjunction with Etor(@i273), to find
the probability, p(¢i273), that the molecule exists in a certain
conformation with a specific angle, ¢275. It takes the form

( ETOT(‘P1278))
exp| — —————

P @) = ( KL ) (1)

Eror(@1275)
z exp|— T
P1278=0

and was then used to find the averaged hyperfine tensor
components via the mean value expression,

175
z P(@1278)A(P1275)
$1278=0
@, 0= e @)

> P@i)

P1278=0

In the case of the isotropic hyperfine coupling constants eq 2
becomes

175
z P((P1273)aiso((l’1z78)
@iSODZ $1278=0 — (3)
> P@i)

P1278=0

Figure 6 shows a*°(14N}), a**°(*N,) and the corresponding
probabilities, p(¢1273), obtained from eq 1 as a function of the
dihedral angle, @1273. Inspection of Figure 6 shows that a'°('*N,)
varies over a larger range than *°('*N). This is reasonable
because Ny, is directly bonded to both phenyl rings and is most
affected by their rotations.

The averaged values, [4"*°("*N)Cand [4*°('*N;)[] as a result
of the rotation ranging from 0° to 175° and determined from
eqs 1 and 3, at T = 303.18 K, are represented by the two
horizontal lines in the figure. Table 2 provides a comparison
between the DPPH" a'*°(!*N)) and a*°('*N,) values calculated
by this rotational averaging method, and the previously known
experimental values. As there are no experimental gas phase
data for DPPH", the data used for comparison were taken from
DPPH" in benzene. Benzene was chosen because it is nonpolar
and its dielectric constant is ¢ = 2.247. According to the Onsager
model, the perturbation of the solute by the solvent generates a
reaction field, "R, given by>8
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R= 2(e — 1);73 @)
Qe+ Da)

where zi is the molecular dipole moment and ay is the solvent
cavity radius. Of all the common solvents used to solvate
DPPH", benzene has an ¢ that is one of the closest to unity.
Thus from eq 4 it will also have one of the smallest perturbing
effects.

Table 2 lists the @*°('"*N;) and a'*°("*N,) computed with the
PCM method. The deviations of the computed values from the
experimental ones are given in brackets. Here it is seen that the
differences for a*°(1*N;) and a*°(*N,) are 1.16 and 1.08 G,
respectively, which is outside our self-imposed acceptable limits
(1.0 G) for these calculations. However, with rotational averag-
ing, the differences drop to +0.17 and —0.79 G. This is a
marked improvement, indicating that some rotational averaging
is a plausible assumption.

It is worth commenting that in Figure 6 the values of a*°(**Ny)
and a*°("*N,) change abruptly around 115—120°. This is
common and a direct consequence of performing a relaxed scan
where one internal coordinate is fixed and all others are allowed
to change. In this region, the phenyl groups slip by one another
and the molecule drops into an energy minimum. The geometry
adjusts accordingly and, in turn, the a*°('*N}) and a"*°('*N>)
change sharply.

Although the agreement between the experimental and
computed [&5°("*N)Cand [d"°('*N,)[lis very good, correlation
of the experimental and computed proton isotropic hyperfine
coupling constants, a*°('H), is much more difficult. This is due
to the fact that there are twelve protons and the range of their
a*°('H) values is very small. The DPPH" radical has C,
symmetry and is not linear, thus in principle, all its a'*°('H)
values should be different.!* In practice, the differentiation
between all these protons is limited by the spectral resolution
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Figure 6. Plot of ¢*°(**N;) and a"*°(**N,) points as a function of phenyl
ring rotation angle, ¢ 275. Superimposed on the a*°(*N;) and a*°('*N,)
curves is the probability plot, p(¢1273). The y-axis on the left represents
the @™ scale in Gauss, and that on the right shows the p(¢127s) range.
The horizontal lines represent the rotationally averaged hyperfine
coupling constants,[4*°(**N)[dnd [4"*°(**N,)[dbtained from eq 3.

TABLE 2: Rotationally Averaged N; and N, Isotropic
Hyperfine Coupling Constants®

aiso(l4Nl) aisn(l4N2)
exp/benzene” 9.77 7.94
PCM/benzene 10.93 (+1.16) 6.86 (—1.08)
rotationally averaged 9.94 (+0.17) 7.15 (—0.79)

@ Values in G. ” From Valgimigli et al.'3
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TABLE 3: Absolute Values of Rotationally Averaged
Proton Hyperfine Coupling Constants®

[diso("H)O calculated experimental®
@iso('H,7)0 0.42 0.67
miso(lHS)D 0.86 0.75
@iso('H,6)0 0.87 0.75
@ise('H, )0 0.91 1.0
@iso('Hy) O 0.97 1.0
miso(lHls)D 1.04 1.0
miso(lHlS)D 1.07 1.0
@io('H.)0 1.24 1.0
@iso('Hy)0 1.86 1.9
miso(lHlO)D 1.95 1.9
@io('Hy)0 2.07 2.0
&o('Hg)O 2.09 2.0

@Values in G. ®Experimental values of DPPH" in mineral
oil.15-17

and the inherent line widths. In addition, rotational averaging
will also be a contributing factor. Rotational averaging of the
twelve isotropic proton coupling constants has been performed.
The resulting [4'°('H)Oare listed in Table 3. In this table one
attempts to order the calculated [4°('H)Ovalues in ascending
order and tentatively assign the corresponding experimental
values. It is comforting that the magnitude of these computed
and experimental [4"°('H)Ovalues are all in the range 0—2.0
G. Assuming that the groupings of the twelve protons are
correct, the maximum difference between the rotationally
averaged and experimental values is 0.25 G. Although this is
excellent numerical accuracy, further pulsed and solid state
ENDOR experiments are needed to unequivocally assign the
total hyperfine tensor components from which the corresponding
a*°("H) values can be determined.

4. Summary and Conclusions

The DPPH’ geometry obtained by optimization, and shown
in Figure 1, is found to be nonplanar and close to that determined
by X-ray crystallography. The electronic structure calculations
reveal that a large portion of unpaired electron is situated on
the central N and N, atoms. However, the rest of its spin density
is delocalized over the entire molecule. Figure 3 further shows
that the SOMO has partial 7z double bond character spanning
its N», Ny, and C; atoms.

The DPPH" hyperfine coupling constants are calculated using
hybrid density functionals and the EPR-II double-¢ basis sets.
The net spin density at N; is calculated to be greater than that
at N,. This corroborates the experimental finding that a°(1*N))is
greater than a*°('*Ny).

The calculations were initially performed while considering
the molecule in a gas phase, and then solvent effects were
introduced. In the case of methanol, solvent interactions were
estimated in three ways: the first and second were using the
PCM and COSMO methods and the third was to geometry
optimize the DPPH" molecule when it is hydrogen bonded to
an increasing number of methanol molecules, ranging from 1
to 6. The interactions of the first four methanol molecules with
the picryl ortho-nitro groups of DPPH" have an important effect
on the orientation of the two phenyl rings with respect to the
picryl group. The interaction of extra methanol molecules with
DPPH' does not appreciably influence the orientation of the three
rings and the hyperfine coupling constants. The lack of direct
interactions between the solvent molecules and the N;=N;
functional group, where the unpaired electron is mainly located,
explains why DPPH" is a stable radical.
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The effects of restricted rotations, along the N»-phenyl single
bonds, on the hyperfine coupling constants have been investi-
gated, and the resulting averaged [@°("*Nj)(and [&'°('*N)0]
are in very good agreement with the experimental values. For
example, rotational averaging of a*°('*N;) and a'*°('*N,) drops
the difference between the theory and experiment to +0.17 and
—0.79 G, respectively. This significant improvement suggests
that rotational averaging is a reasonable assumption.

In the case of the twelve hydrogen atoms, the computed and
experimental value of the rotationally [4"*°('H)(all lie in the
range 0—2.0 G. The accuracy of the calculations is excellent
where the maximum difference between the rotationally aver-
aged and experimental values is only 0.25 G.

Overall, the computations in this paper are in very good
agreement with experiment. This proves that the hybrid density
functional electronic structure results depict a realistic picture
of the magnetic properties, structure, and spin density distribu-
tion of this large 41-atom molecule.
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