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ABSTRACT: A simple first-principles electronic structure computa-
tion, further qc (quantum chemistry) computation, of the methyl
radical gives three equal hf (hyperfine) couplings for the three protons
with the unpaired electron. The corresponding dipolar tensors were
notably rhombic and had different orientations and regular magnitude
components, as they should, but what the overall A-tensor was seen A

CH, CF,, SiH,

by the electron spin is a different story! The final g = (2.002993,
2.002993, 2.002231) tensor and the hf coupling results obtained in

vacuum, at the B3LYP/EPRIII level of theory clearly indicate that in

Rot. EPR
energy
1
ARENE

particular the above A = (—65.19, —65.19, 62.54) MHz tensor was

axial to a first approximation without considering any rotational

dynamics for the CHj;. This approximation was not applicable, however, for the trifluoromethyl CF; radical, a heavier and
nonplanar rotor with very anisotropic hf coupling, used here for comparison. Finally, a derivation is presented explaining why
there is actually no need for the CHj radicals to consider additional rotational dynamics in order for the electron to obtain an
axially symmetric hf (hyperfine) tensor by considering the simultaneous dipolar couplings of the three protons. An additional
consequence is an almost isotropic A-tensor for the electron spin of the CHj; radical. To the best of our knowledge, this point has
not been discussed in the literature before. The unexpected isotropy of the EPR parameters of CH; was solely attributed to the
rotational dynamics and was not clearly separated from the overall symmetry of the species. The present theoretical results
allowed a first explanation of the “forbidden” satellite lines in the CH; EPR spectrum. The satellites are a fingerprint of the radical
rotation, helping thus in distinguishing the CHj; reorientation from quantum rotation at very low temperatures.

B INTRODUCTION

In this work we attempt to simulate the EPR lineshapes of the
CH; radical with the magnetic parameters obtained from DFT
computations using the Gaussian software and compare with
the experimental EPR spectra obtained in several scientific
efforts concerning that simple but extremely interesting system.
In spite that the present quantum chemistry (qc) computation
is of the simplest kind, i.e., in vacuum, it agrees rather well with
the experimental spectra of CHj; in solid matrices, preserving
the relative magnitudes and the orientations of the relevant
anisotropic magnetic parameters. In particular, the g-tensor
electron Zeeman and the A-tensors of the protons’ hf
interaction with the electron spin were faithfully reproduced.
It is thus very interesting to notice first that the qc-
computation agrees with the theoretical predictions about the
hf coupling for methyl radical; see Figure 1. They confirm the
negative sign and the relative magnitude of the Fermi contact
term with respect to the dipolar tensor components and the
orientation with respect to the a >C*—H fragment. Such is also
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the case for the benzene ring protons and in general alpha
protons coupled to unpaired electrons on p- or z-orbital of the
neighboring carbons.

As seen in Figure 1, for the traceless part of the dipolar
interaction, one expects a max positive dipolar coupling of ca.
10 G along the direction of the proton, while along the
direction of the p, orbital the interaction is negligible. On the
other hand perpendicular to these directions, i.e., the p, orbital
and the C—H bond, a negative dipolar coupling of equal
magnitude to the C—H bond direction is approximately
expected.

Summing up further, the well-known spin polarization effect
seen graphically in Figure 2. In the a-state of the unpaired
electron, the coupled proton spin obtains a slight excess of j
electron spin polarization leading to negative sign to the Fermi
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Figure 1. Approximate theoretical predictions for the hf coupling of a
>C*p,-H fragment with the p, orbital in the carbon atom bound to an
alpha proton." ™ The isotropic Fermi contact interaction is negative
due to spin polarization, while the x- and y-components of the dipolar
interaction are equal and opposite in sign. The pure dipolar interaction
along the p, axis is insignificant in value.

bonding o, bonding o,
Figure 2. Spin polarization mechanism. The possible orientations of
the spins in the C—H bond in relation to the spin orientation of the p-
orbital of the C atom. The left configuration is slightly more stable.

contact term, see in the book from Carrington and
McLauchlan.”

The Gaussian output contains 3 hfc (hyperfine coupling)
anisotropic components, with different direction cosines for
each of them. In agreement with the qc-computations the hf
splitting is rhombic for each proton, and the three protons are
arranged around the p_-orbital symmetrically. The EPR
properties of the electron spin S = 1/2 doublet interacting
with the three protons must reflect this situation. Utilization of
the coupled nuclear spin representation leads to a simpler
lineshape computation, vide infra, at least the totally symmetric
nuclear quartet involved in the hf interaction must be overall
axially symmetric and diagonal in the molecular frame to
conform to the D; symmetry of the molecule.

The two additional, not fully symmetric, E-doublets in the
largest abelian C; group of the radical figure do not necessarily
need to be diagonal in the molecular frame, however. For the
planar CHj radical within C;, the doublets did not deviated
significantly from being diagonal in the molecular framework.
On the contrary the assumption of parallel axes of all the
nuclear spin multiplets for CF; will not account for the central
part of the experimental spectra, unless, as shown further in the
theoretical part, the two additional doublets mentioned above
are reoriented carefully. Of course, the powder EPR spectrum
of CHj; and in particular of CF; can always be reproduced by
numerical simulations assuming nonparallel although symme-
try-related directions of the principal axes for the three
anisotropic '’F hf interactions. This is different to the problem
that was encountered in the quantum rotation of methyl in Ar
where the nuclear spin couples to rotation, by Yamada and
Benetis et al.* A similar problem was more recently studied by
Lon Knight’s group,” while analyzing Ne matrix isolated H,*
and D," EPR results. In case of H,", for example, the EPR
spectrum clearly demonstrates quantum effect being a super-
position of a triplet (nuclear spin triplet I = 1) and an unsplit
electronic transition (nuclear spin I = 0). Thus, despite the
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quenched, three-dimensional free rotation, the nuclear spin
function of the molecular ion H," couples to the libration states
in order to obtain the overall antisymmetric “electronic-
libration-nuclear” wave function required by the Pauli principle.

A rotating beta-proton methyl fragment on the other hand
should behave as axially symmetric and almost as magnetically
isotropic; see Benetis and Dmitriev for the basic definitions of
methyl rotors.” Freed was the first to study in detail the
tunneling of such a rotating methyl fragment of a larger
molecular unit,” at least for low temperature.

In our case of static molecules the powder EPR simulations
do not need to account for the “nuclear spin—rotation”
coupling. In cases, such as CH; (planar molecule), SiH,, and
the CF; (pyramidal molecules), the experimental EPR results
will be obtained by attempting a reorganization of the nuclear
spins within the minimal C; symmetry. A particular aim is the
reproductions of the observation of Maruani et al.*” of CF; in
Kr and Xe.

It will accordingly be suggested that there is no need for
dynamical rotational averaging for previous interpretations of
the unexpected isotropy of the hf tensor of the CHj radical.
That is also probably why very few papers, except Kubota,'’
never observed any rhombic anisotropy in CH,.

It is not known in the literature any experimental rigid limit
rhombic powder spectrum of methyl. The paper by Kubota et
al.'’ is concerning a single crystal sample.

It is not then so strange that nobody ever observed what
Kubota’s et al.'’ data indicate, ie, a powder spectrum
resembling a rhombic hf- tensor accounting for the A-state
quartet. We exclude naturally the EPR satellites of “non-
rotating” methyls recently observed by us and other groups as
remnants of the powder spectrum resembling to a rhombic hf-
tensor, vide infra.

The system they study is probably not an intact free methyl.
Actually they rather observe a >C®-H fragment of a larger
species that contain the unpaired electron and minimal
motional degrees of freedom. In any case it seems necessary
to compare to the Kubota’s original interpretation since they
seem to record the EPR spectrum of a single motionless >C*-H
fragment and not the full CH;.

Most of the relevant articles show that the overall powder
EPR spectrum is axially symmetric according to the positions of
the three protons dictated by the D;/C;, symmetry. The
present computation of the accumulated hf coupling of the
three protons on the electron shows that beyond any doubt.
This result brings about a simple explanation for the unusual
isotropy of the EPR lineshape of methyl radical, not involving
the coupling to the radical rotation, thus changing the accepted
model which lasts from the article by Lee and Rogers'" in the
middle of the 1970s.

We consider this question important, in order to explain the
long-standing irregularity of methyl radical: a researcher always
recording an almost isotropic EPR lineshape. This will also raise
the question why some few groups, e.g., Kubota’s and to a
lesser extent Brustolon’s group 2 reports, involve orthorhombic
hf coupling.

A straightforward powder EPR simulation procedure of
methyl CH; radicals is to consider the interaction of the three
different protons separately one after the other applying
consecutive splitting of the electrons spin by the three protons
by convolution. In particular, the hfc of each H would differ at
most a single crystal orientations, giving 2 X 2 X 2 ESR lines,
quite different from a single H. Concerning also the situation of
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cryogenic temperatures, one should perform similar calcu-
lations and EPR simulations for CFj as a test of the method. A
simulated CF; spectrum is an example in EasySpin
documentation. The program is free software written by S.
Stoll in Matlab."* A comparison to the heavy radical CF;, which
cannot tunnel, would show the difference only at very low
temperatures. Notice, e.g., the computed over 25-fold greater
rotational frequencies of the CHj in the next section.

Two simpler alternative ways of the spectral simulation were
employed in the present work by consideration of an overall hf
coupling of the three protons with the electron from the
beginning.

(1) A superposition of the appropriately averaged quartet
and a doublet with the same parameters.

(2) A similar superposition of a quartet and two doublets,
further mentioned as the 1Q/2D method, with hf
parameters dictated by the radical symmetry.

The planar CH; was easily simulated by considering the
superposition of the spatially averaged quartet and the two
doublets separately, while the more anisotropic and pyramidal
CF; requires a more careful simultaneous superposition.

B THEORETICAL SECTION

Quantum Chemistry Computation of the Magnetic
Parameters. The Methyl CH; Radical. The B3LYP/EPR-III
method was used to run the methyl CH; and the
trifluoromethyl CF; radical optimizations in vacuum with
Gaussian 09 and to compute the g- and A-tensors.'* The basis
set—EPR-III, optimized for the computation of hyperfine
coupling constants by DFT methods, particularly B3LYP—is a
triple-{ basis set including diffuse functions, double d-
polarizations, and a single set of f-polarization functions; see
Table 1. Also in this case the s-part is improved to better
describe the nuclear region.

Table 1. Computed Atomic Cartesian Coordinates and
Rotational Constants for the CH; Radical

atom X (A) Y (A) Z (A)
B¢ 0.000000 0.000000 0.000417
H(1) 0.000000 1.078501 —0.000833
H(2) —0.934010 —0.539251 —0.000833
H(3) 0.934010 —0.539251 —0.000833
rogation;l constants 287.5221312 287.4868166 143.7522364
GHz

The optimization converged fast and showed a planar and
totally symmetric CH; radical within the C;,/D; group and the
C—H distance 1.0785 A. Actually, the D, group is the
appropriate one for the planar geometry of the CHj species.

The g-tensor computation includes: relativistic mass
correction, diamagnetic correction, orbital Zeeman, and spin—
orbit coupling contribution, all summed to the tensor g =
(2.0029929, 2.0029930, and 2.0022307).

Two earlier density functional computations reported axially
symmetric g-tensor of the CHj radical in vacuum. The results
by Schreckenbach and Ziegler," g = 2.002228 and g,
2.003069, are very close to those computed in this work: g, =
2.002231 and g, = 2.002993. On the other hand, Vahtras et
al.'® applied the atomic mean-field approximation (AMFI) to
the spin—orbit interaction Hamiltonian in evaluating the
paramagnetic contribution to the electronic g-tensor, providing
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a different sets of parameters, ie, g = 2.00232 and g,
2.00279.

The transformation axes for the first proton were left-handed,
including an inversion, so the direction of one or three of the
axes had to be changed. In this particular case the x-axis was
changed; see further. The other two tensors were rotated
propertly.

The computed molecular model in Figure 3 shows that there
is full agreement with the expected tensor orientation shown in

Fﬁﬂ
L—LA

Figure 3. CHj radical in the xy-plane determined by the Gaussian. The
g- tensor in that reference system is diagonal and has the components
8 = &y = 2.0029930, g.. = 2.002231. The g-tensor is thus axial with
Ag =g — g =—7.62 % 107* and the g-factor value is 2.002739.

Figure 1. Take for example the proton nr. one that is bound
along the molecular y-axis. The y-axis is the direction along the
C—H bond that must have a positive DD-interaction value ca. +
10 G; the computed value 13.76 G. This is actually true as seen
by the direction cosine matrix that exchanges the molecular y-
and z-axes. Simultaneously the z-axis which has DD-interaction
value close to zero was computed to 0.476 G as it should.
Finally, the remaining x-axis perpendicular to y and z has the
appropriate negative value —10 G, computed to —14.23 G. The
Bruker WinEPR software and also the EasySpin software were
applied in the simulation procedure. The isotropic, Fermi
contact, coupling of each of the three protons was ay, =
—23.01966 G (1 Gauss = 2.802 MHz).

As in the case of ENDOR, at each proton the effect of the hf
coupling is simpler than the effect of the sampled couplings of
the rest of the protons and the magnetically active neighbors in
general. The anisotropic dipole—dipole couplings from the
electron to all three methyl protons are unique and have the
identical values as above. We suggest that the simultaneous hf
effect of these three protons on the electron can be computed
by assuming that the electron distribution is split equally to
them and therefore each contributes to the hf interaction by 1/
3.

Accordingly, we consider identical anisotropic parts of the hf
interaction but three different orientations of the corresponding
A- tensors; see Table 2.

As an example, for the first proton, we sum the above
traceless part of the anisotropic spin dipole couplings to the
Fermi contact part in order to obtain the total hf-interaction
tensor.

DOI: 10.1021/acs jpca.5b05648
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Table 2. Computed Isotropic (Fermi) and Anisotropic Spin Dipole Couplings in the Principal Axis System of the CH; Radical

atom MHz
isotropic hfi BC 80.26397
H(1,2,3) —64.51248
atom
H(1) All —39.884
A22 1334
A33 38.549
H(2) All —39.884
A22 1334
A33 38.549
H(3) All —39.884
A22 1334
A33 38.549

Gauss axes (directions cosines)”
28.64018
—23.01966
—14.231 1.0000 0.0000 0.0000
0.476 0.0000 0.0014 1.0000
13.755 0.0000 1.0000 —0.0014
—14.231 —0.5000 0.8660 0.0000
0.476 —0.0012 —0.0007 1.0000
13.755 0.8660 0.5000 0.0014
—14.231 0.5000 0.8660 0.0000
0.476 0.0012 —0.0007 1.0000
13.755 0.8660 —0.5000 —0.0014

“The transposes of the matrices are identified with the direction cosines and are further transformed to Euler angles.

For H(1) the anisotropic and traceless part of the hf tensor is
A© = (-14.231, 0.476, 13.755) Gauss.

The total hf tensor, including the Fermi contact term A;, =
—23.01966, is thus for the H(1) proton in the principal frame
A, = (=37.251, —22.544, —9.265) Gauss = (—104.4, —63.17,
—25.96) MHz. This tensor is very close to the expected one for
an alpha proton regarding the regular values of Figure 1, if the
components are rearranged as Al reguler X (Al,yy) A, Al‘xx)
Gauss. This particular orientation of this tensor in the
molecular frame is determined by the following direction
cosines.

1.000 0.000  0.000
R’; =10.000 0.0014 1.000
0.000 1.000 -—0.0014

with respect to the standard molecular frame of the Gaussian
computation shown in Figure 3.

The transpose matrices to the above ones obtained by the qc
(quantum chemistry) computations are further identified to the
direction cosines, as the qc relate the rows of these matrices to
the principal values of the hf interaction. In this case of a
symmetric transformation matrix, no doubt is raised with
respect to the correct definition of the direction cosines as
transpose or not.

Obviously this R’ transformation indicates that the y- and z-
components must be exchanged. This is equivalent to the Euler
angles R’; = (90.00, 89.92, —90.00) degrees, which means that
the principal frame of the hf tensor for the H(1) proton is
rotated by 90° (the exact value is 89.92°, obviously due to
numerical lack of accuracy or small planarity deviation) about
the negative x-axis. This is actually happening if one checks the
matrix A; in the following. However, an extra difficulty is
noticed in this transformation being an improper rotation
involving an extra inversion. Let then invert the direction of the
x-axis in the above rotation matrix R; and obtain

—1.000 0.000  0.000
R, =| 0.000 0.0014 1.000
0.000 1.000 -—-0.0014

The corresponding, new Euler angles obtained, R = (90.00,
90.08, —90.00) are almost identical as above, giving also the
same transformed tensor in the molecular frame seen in the
following.

This and similar computations in the following were
performed by a small in-house-made program which transforms

9388

the direction cosines in the equivalent but shorter representa-
tion of Euler angles and give a representation of each second
rank tensor in the molecular frame, here the standard frame
determined by Gaussian 09."*

The protons H(2) and H(3) have the same as the above
nominal traceless part A%, and total hf tensors components but
different orientations described simplest by the following
Eulers: R,= (90.00, 89.92, 150) degrees and R,y = (90.00,
90.00, —150) degrees, respectively.

These rotations refer to the frame shown in the above Figure
3 determined by the standard orientation of the radical as it was
computed by the Gaussian.

The Cartesian A, to A; Tensors. In the same, standard frame
of the quantum chemistry computation seen in Figure 3, the
three dipolar tensors of the protons can be represented as in
the following 3 X 3 matrices.

-37.251 0.0000 0.0000
A, =] 00000 —9.265044 —1.859 x 107> [Gauss
0.0000 —1.859 x 107>  —22.544

Eulers R’; = (90.00, 89.92, —90.00) for the left-handed; Rz
= (90.00, 90.08, —90.00).

—16.2611 12.11795  1.5495 x 1072
A, =| 1211795 —-30253  9.3747 x 107°
1.5495 X 107 9.3747 x 107> —22.198
Gauss
R, = (90.00, 89.92, 150.0) degrees and
A=
—~16.2611 —12.11795 —1.5495 X 10°*
—12.11795 —-30.253 9.3747 x 1073
—1.5495 x 107> 9.3747 x 107 —22.198

Gauss

R; = (90.00, 90.00, —150.0) degrees, respectively.

The above orientation data indicate a planar radical and
locates the three tensors in the molecular plane, with different
x, y-orientations for the three A tensors.

Adding the three A tensors in order to obtain the overall
contribution of all three protons:

DOI: 10.1021/acs jpca.5b05648
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—69.773  0.000 0.000
A, =] 0.000 —69.77 159 x 10 * |Gauss
0.000 1.59 X 10™* —66.939
One has to average the above values.
—23258  0.000 0.000
Ag=| 0000 -23257 529 x 10~ |Gauss
0.000 529 x107° —22.313

Based on this result, we obtain for the isotropic coupling: A;,
—22.943 G. This value is close to the experimental —23.37 G.
Of course the hf interaction of the C-13 with the electron
would be immediately axial and coinciding in direction with the
g-tensor and the above computed Ay, vide infra.

A simulation of the EPR powder of the rigid methyl radical is
shown in Figure 4, which is performed using the EasySpin

(@)

R

o |

(c)_L Jr( J[ —~

344 346 348 350 B, mT

Figure 4. Simulation of the EPR powder of the rigid methyl radical
using the EasySpin software.® Axially symmetrical A- and g-tensors
were assumed, g; = 2.002231, g,= 2.002993, and A = —62.54 MHz,
A} = —65.19 MHz. The individual lines were convoluted with
isotropic Lorentzians 0.015 mT wide. The high-temperature condition
was assumed fulfilled, ie., the populations of the A- and E-symmetry
states were equal. Here, (a) A-state quartet, (b) E-state doublet with
identical parameters as above, (c) superposition of the A- and E-state
spectra. Microwave resonance frequency, f.., = 9750.00 MHz. Insets

show details of the Mg = 1/2 and Mg = —1/2 hf component lineshape.

software. Axially symmetrical A- and g-tensors were assumed
based on the above qc-computations of the Ay and g-tensors.
The figure demonstrates a technique of the simulation of the
methyl radical EPR utilized in the present study. Figure 4a
presents the quartet attributable to the radical CH; A-state,
while a doublet in Figure 4b stands for the E-state radicals. Both
multiplets are simulated with equal EPR parameters. Figure 4c
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shows a superposition of the quartet and doublet with equal
weights expected in the high-temperature limit when all
rotation levels of the radical are equally populated.

However, the full theory given in the following identifies the
above summation of the hf tensors to the main part, i.e., to the
quartet Q of the symmetrized spin Hamiltonian in the C;
group, while in addition the hf parameters of the doublets are
recalculated to conform to the E-symmetry.

In spite that the gc-computation of the hf coupling was
performed using second-order perturbation,'” the above
summation of the hf interactions of each proton to a total
effect on the electron does not correspond exactly to the total
anisotropic hf Hamiltonian,

H = 1A, + L-A,-S + L-A,S 1)
because the nuclear part
3
V(h) = ) A,
i=1 2)

considered as a vector, consists of three different vectors
pointing at different directions.

As it will be shown further in the theoretical part, two
additional doublets of different hf strength and orientation
characteristics have to be simultaneously superimposed within
the appropriate symmetry group of the radical.

Furthermore, it will be shown that the orientation of the two
E-doublets in the molecular frame conforms to the planarity of
the radical.

Except for the two radicals treated here, i.e., the methyl CH,
and the trifluoromethyl CF;, some other hydrides of group IV
in the periodic table,"® such as the SiHj;, belonging also to the
same category, behaving almost as CHj. In particular the
assumed nonplanar SiH; radical demonstrates axially symmetric
EPR even at very low temperatures. The controversy about the
planarity vs EPR properties of the species may be resolved by
the proposed method in the present work.

The Trifluoromethyl CF; Radical. From the computed
structure in Table 3, the spatial parameters for the CF; radical

Table 3. Computed Atomic Cartesian Coordinates and
Rotational Constants in the CF; Radical

atom X (A) Y (A) z (A)
BC 0.000000 0.000000 0.324341
PE(1) 0.000000 1.259899 —0.072076
YE(2) —1.091104 —0.629949 —0.072076
PE(3) 1.091104 —0.629949 —0.072076
rotational constants (GHz) ~ 10.8002416  10.8002416 5.5860844

are obtained: C—F distance = 1.3208 A, F—C—F angle
111.4°. Obviously the radical is pyramidal (Figure S higher), in
contrast to the planar methyl radical.

The computed g-tensor for the CF; radical in vacuum by
including the relativistic mass correction, the diamagnetic
correction, and the orbital Zeeman and spin—orbit coupling
contributions result to g = (2.0042442, 2.0042458, 2.0016636),
givirslg a g-factor = 2.003384S and Ag = g, — g, = —2.2814 X
107,

The transformation axes for the A-tensor of the first fluorine
nucleus, Table 4, were not corresponding to proper rotation—
they included an inversion—so the sign of one or three axes

DOI: 10.1021/acs jpca.5b05648
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Figure 5. Higher: Optimized structure of CF; radical. Left: y-axis in the front. Right: z-axis in the front. Lower: The Gaussian computation standard
coordinate frame compared to the anisotropic hf interaction tensor of a fluorine atom. The relative direction of the y-component of the molecular
frame (green arrow) is seen vs the F-hf interaction tensor component (blue arrow).

Table 4. Computed Isotropic (Fermi) and Anisotropic Spin Dipole Couplings in the Principal Axis System of the CF; Radical®

atom MHz Gauss axes (directions cosines)
isotropic hfi BC 740.37920 264.18570
YE(1,2,3) 387.65397 138.32457
atom
Bc All —68.292 —24.368 0.9982 —0.0601 0.0000
A22 —68.292 —24.368 0.0601 0.9982 0.0000
A33 136.584 48.737 0.0000 0.0000 1.0000
YE(1) All —204.455 —72.955 0.0000 0.9631 0.2690
A22 —194.056 —69.244 1.0000 0.0000 0.0000
A33 398.511 142.199 0.0000 —0.2690 0.9631
PE(2) All —204.455 —72.955 0.8341 0.4816 —0.2690
A22 —194.056 —69.244 —0.5000 0.8660 0.0000
A33 398.511 142.199 0.2330 0.1345 0.9631
YE(3) All —204.455 —72.955 0.8341 —0.4816 0.2690
A22 —194.056 —69.244 0.5000 0.8660 0.0000
A33 398.511 142.199 —0.2330 0.1345 0.9631

“The transposes of the matrices are identified with the direction cosines and are further transformed to Euler angles.

have to be changed. Changing the sign of the x-axis of the first —24.368 0.000 0.000
fluorine, APC) =| 0000 —24368 0.000 |Gauss
0.000 0.9631 0.2690 0.000 0.000 48.737
Ry = [—1.000 0000  0.000

0000 —02690 0.9631 Eulers R(**C) = (3.45, 0.00, 0.00). degrees.

The hf parameters for the fluorine atoms are as follows:
The transformation Ry is now a proper transformation, and

obtaining the corresponding Euler angles, R = (0.000, 15.61, 69.08  0.000 0.000

—90.00), results in an identical hf-tensor in the molecular — _

frame. This orientation is depicted in Figure S lower, where the & 0.000 80933~ ~35741 Gauss

component A,, = —69.24 G of the F(1)-hf interaction is seen.
The hf Tensors in the Principal Frame. A(**C) = (—24.368,

—24.368, 48.737) + 264.18570 Gauss = (239.82, 239.82,

0.000 —55.741 264.93

Eulers R, = (180.0, 164.4, —90.00) degrees.

312.92) Gauss. A(F) = (=72.955, —69.244, 142.199) + Notice that the value 164.4 of the above beta Euler angle
138.32457 Gauss = (65.369, 69.080, 280.523) Gauss. agrees, in the sense of 180—164.4 = 15.6°, with the beta of the

For the carbon, the tensor is diagonal in the molecular frame. following two fluorine atoms.
9390 DOI: 10.1021/acs.jpca.5b05648
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77978 5.1357 48.280
5.1357 72.040 27.870 |Gauss
48.280 27.870 264.93

= (179.99, 15.61, 150.0) degrees.

77978 —5.1357
—5.1357  72.040
—48.280 27.870

A, =

Eulers R,
—48.280
27.870 |Gauss
264.93

Eulers Ry = (0.00508, 15.61332, 29.995) degrees.
An EPR simulation of the rigid CFj is shown in Figure 6. The
EasySpin software was employed using the above calculated

Ay

T v T v T v T T T 1
330 340 350 360 370

B. mT

v T v T v T v T v
290 300 310 320

Figure 6. EasySpin simulation of the EPR spectrum of the CFj; radical
using the parameters computed by the Gaussian and averaging the
dipolar interaction tensors of the three fluorine nuclei in the molecular
frame proposed in this work resulting in the totally symmetric A-
quartet of the C; system. Axial symmetry and the exact high-
temperature simulation accounted by the calculated parameters A; =
75 G, Ay = 264 G, g, = 2.004244, g = 2.001664, and f,,, = 9.27 GHz
was employed. The individual lines were assumed to be 0.1 mT wide
Lorentzians. The superimposed doublet was assumed to possess the
same parameters as the quartet.

axially symmetric g-tensor and an axially symmetric A-tensor
obtained as the arithmetic mean of the above A}, A,, and A,
results; see Table 4. The quartet and one doublet with the same
EPR parameters and the same integral intensities are
superimposed in the figure.

The same result as the simulation in Figure 6 was obtained
by summing the individual hf proton tensors in the molecular
frame. This corresponds using only an A-quartet and a doublet,
disregarding the reduced symmetry of the E-doublets.

The complete polycrystalline spectrum by Maruani et al.®
Figure 3, of the original paper, was calculated with ¢* = 87 G, ¢
=80 G, ¢ =263.5 G, and a line width of 7 G. In simulating the
EPR spectrum of the CF; radical, Maruani et al. took, indeed,
g1 = 2.0042, g = 2.0024 after Rogers and Kispert.'” When
trying the axial symmetry of the hf tensor, Maruani et al.® used
the effective value of the hyperfine coupling tensors parallel to
the symmetry axis: ¢,| = 2522 G. The angle between the
molecular symmetry axis and the plane perpendicular to each
C—F bond equals to 17.8°. Our computed value is ca. 16
degrees; see the above Euler angles R, Ry, and Ry; e.g, for the
R, = (ay, By, 71), observe that the ff; = 164.4 gives 180 — f3, =
15.6°. They relate this value to the actual principal values of the
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hyperfine coupling tensors for the fluorine atoms. Thus, ¢,! =
2522 G and a = 143.4 G bring about ¢* = ¢ = 83.35 G and ¢* =
263.5 G. In computing the axially symmetrical spectrum, the
authors also tried a line width equal to 4 G.

Except for that those attempts, Figure 6 is not giving identical
lineshapes to the experimental results for matrix-isolated CFj. It
will be shown further that just summing analytically and
averaging the three proton tensors in the molecular frame is
valid only for planar molecules. In fact this is a good way to
examine the planarity of similar systems. On the other hand the
experimental spectra differ significantly in the transitions next
to the outer ones, which are much more intense than the
simulated.

In comparing the calculated EPR spectrum of the rigid CF;
using vacuum DFT magnetic parameters to experiments of
trapped radicals, one has to account for effects which may
contribute essentially to their differences.

One of them is the matrix shifts, studied by Dmitriev and
Benetis,”’ of both the g- and A-tensors which are, possibly,
more pronounced for the pyramidal CF; molecule compared to
the plane CH; molecule. The second is the rotational effect on
the EPR parameters. Indeed, Maruani et al® found a large
temperature effect on the EPR lineshape of the CF; in solid K,
which was readily noticed already at as a low sample
temperature as 10 K.

Symmetrization. A theoretical attempt will be made to
compute analytically the hf tensors that correspond to the
single electron from the spin Hamiltonian, rearranging them to
a quartet and a two doublets in agreement with the basic C;
symmetry of the CX; species, with spin I = 1/2 for the X-
nucleus (H, F).

The numerical computation of the powder EPR considers
the three hf interactions and averages over all the orientations
of the corresponding tensors separately. The difference is that,
while we only need to simply superimpose the hf couplings of
the symmetry determined coupled representation interactions,
the numerical simulation of the EasySpin considers the
successive splitting of the electron resonance by convoluting
the three hf- coupled proton spectra one after the other.

By the present method, one gains both an important
simplification for the EPR lineshape computation by immedi-
ately plotting the basic quartet and an important geometrical
characterization of the XY; radical systems isolated in low
temperature inert matrices. Namely, eventual diagonal and axial
doublets in certain systems may indicate planar XY; radicals.

Next is presented a comparison of EPR lineshape powder
simulations with the general numerical averaging vs a
superposition of the smaller pieces, a diagonal quarter and
two doublets, of the problem. Eventual theoretical development
of this part could even lead to a fully analytical solution of the
powder lineshape

The hf Spin Hamiltonian in the Coupled Nuclear C;
Representation. Starting with the total spin Hamiltonian for
methyl type radicals,

3
H=fBgS+8 ) Al
i=1

3
_'gNﬁNISJE: L

i=1

(€©)

The nuclear sum in the hf part of it
3
v(h) = ) A,
i=1
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is singled out attempting to symmetrize it within the minimal
C; group of the CH; and CF; molecules.

The followm% ansatz entalls a quartet Q hf interaction and
two doublets D) and D and the corresponding operators F
of the nuclear spin in the coupled representation.

V(hf) = A/L + A, L + Ayl

= QFY3/2) + DVEE(1/2) + DYFE)(1/2)
(4)

It is based in the symmetry reduction of the full rotation
group involving the irreducible A and E representations within
the C; group.

The result thus being, see Supporting Information (SI)
section S1,

1
Q= E(Al +A, + As)

(5a)
p'® = l[(A —A,) — (A, — A))]
S 2 2 3 (5b)
1
D = J[(A - A) - e(A; - AY)] (5¢)

where the variable & = exp(i27/3) is related to the period 27/3
of the C; rotation.

It is obvious that by introducing the quartet we recognize the
sum of the three hf-proton tensors in the molecular frame.
However, two additional complex doublets for the minimum C,
symmetry are found, for both CH; and CF;. Two are the
possible ways to avoid complex arithmetic: either use real
combinations of the E-states or go over to the D;/C;, groups
that have real characters. Both attempts give comparable results
as seen in SI, section S1.

It is observed that the above two doublet matrices are
complex conjugates.

Therefore, if they are added, actually averaged, a real doublet,
which in the CHj is in addition diagonal in the molecular
frame, is obtained. The other doublet is the imaginary part of
their combination.

The corresponding doublet for the CH; on the other hand
exchanges only the x- and y-axes! For the significance of this
observation, see further.

The diagonal isotropic Fermi contact part was added
afterward. The first doublet in the CH; case was as seen
diagonal in the molecular frame. Thus, the planarity is related
to the diagonal form of the hf tensor of the doublets, at least
one of them. The fact that the doublets may not be diagonal in
the molecular frame indicates that they are of the not totally
symmetric E-representation.

A computation of the quartet and the two doublets within
the C;, (pyramidal) and D; (planar) symmetry results to the
Hamiltonian following real nuclear multiplets in the coupled
representation.

-

1
E(Al +A,+A)

1
1D = E(AI +A, - 2A))

—L(A
_\/g "

D,

A,)
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In Supporting Information, section S1, the derivation of
these multiplets are given along with the corresponding C;
results.

Simulation CH; EPR Using C3/D; Multiplets. Using the
computed hyperfine tensors A;, A, and A; for the three
protons of CH; in Gauss units presented in the above quantum
chemistry section and applying MATHEMATICA, the
following final real doublets were obtained except for the
usual quartet Q obtained by summation of the proton hf
tensors in the molecular frame.

Both hf’s for the quartet and the first doublet of the CHj,
further down are very close to diagonal form, indicating
geometry close to planar.

The eigenvalues/diagonal of the quartet Q are (—23.2577,
—23.257, —22.313) Gauss, which actually do display axial
symmetry and relatively small, ca. 1 G, overall anisotropy.

The first doublet D, has eigenvalues (—30.0163, —16.0237,
—23.1352) Gauss and is diagonal, while the second doublet D,
has eigenvalues (—30.016, —16.0234, —23.0197) Gauss,
differing only slightly from the first one, but with orientation
differing significantly from the quartet.

In detail, the hf matrix for the first doublet in the molecular
frame is:

—30.0163 0.000 0.000
D, = 0.000 —16.0237  —0.00932177
0.000 —0.00932177  —23.1352

This doublet does not need diagonalization.
The second doublet spin Hamiltonian matrix in the
molecular frame is:

—23.0197 6.9963  0.00894609
D, = 6.9963 —23.0197 0.000
0.00894609  0.000 —23.0197

and has eigenvalues (—30.016, —16.0234, —23.0197) Gauss,
and eigenvectors,

—0.707107  0.707106 0.000904169
R(D,) =|-0.707107 —0.707106 —0.000904169
0.000 —0.00127869 0.999999

or equivalently the Euler angles R, = (—45.00, 0.00, —90.00)
degrees.

Both the hf doublets are thus given above in the plane of the
molecule.

It looks like here that the two doublets are very close to each
other and differ from the quartet.

Less trivial is the CF; case, where also both doublets are not
diagonal.

Employing the EasySpin software, we simulated the CHj
spectra in Figure 7. In the simulation of the quartet is seen that
the outer lines display an extra splitting due to the small
anisotropy of the hf interaction quartet tensor.

We further simulate in Figure 8 the spectra of the two E*-
doublets, which are very similar to each other. They should not
contribute to the EPR spectrum of the CH; quantum rotor at
very low temperatures. However, they are superimposed in
equal intensity to the quartet for higher temperatures. Once
more it is indicated that the apparent spectral anisotropy should
be very small at the lowest temperatures as the quartet hf
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J. Phys. Chem. A 2015, 119, 9385—9404


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b05648/suppl_file/jp5b05648_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b05648/suppl_file/jp5b05648_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b05648/suppl_file/jp5b05648_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.5b05648

The Journal of Physical Chemistry A

I v I I ! 1 I T v 1
324 326 328 330 332 334 336
B, mT

Figure 7. Simulation of the quartet EPR lineshape for the CHj radical.
Parameters: A, = —232577 G, A, = 0, A, =0, A, = —23257 G, A,
= 0.000053, A, = —22.313 G, isotropic g-factor =2.002320, Gaussian
individual line width AH = 0.05 mT, microwave resonance frequency,
fres = 927 GHz.

interaction has almost equal Cartesian parallel and perpendic-
ular components.

A superposition of the quartet and two doublets, Figure 7
and Figure 8, is shown in Figure 9.

The three different multiplets are normalized so that the
quartet intensity equals to the sum intensities of the two
doublets. One could believe that the intensity of the quartet
should equal to the intensity of each doublet. However, at high
temperatures, the hf multiplet sequence is 1:3:3:1. At those
temperatures the two doublets sum up to give a doublet with
integral intensity equal to the integral intensity of the quartet.
As a result, the net integral intensity of the two initial doublets
must equal to that of the quartet.

On the other hand, the computed A,, = =30 G component
in Figure 8, is smaller than the experimentally determined A, ?
= =34 G in N,O and —38 G in CO,, respectively. The
experimental A,,*® = —14.7 G splitting, fairly well matches the
computed A, = —16.1 G. Further adjustment to the parameters
of the experimental N,O spectra may be necessary. It seems,
e.g., that a smaller splitting related to the calculated —9.8 G also

emerges in the spectra. We actually found the third doublet
with the components separated by 8.9 G which is close to the
calculated 9.8 G; see the experimental spectra in Figures 10 and
11. Further details about the latter doublet are found in
Supporting Information (SI), section S2.

The lineshape of Figure 9 will be compared to Figure 10 and
Figure 11 where the experimental powder spectra of CHj; in the
N,O and CO, solid matrices are reproduced. Evidently the
“stopped” radical presented in Figure 9, restricted within the
matrix cage, cannot be considered completely motionless since
otherwise it violates the Heisenberg uncertainty principle. It is
assumed that it performs small angle libration, a kind of motion
also coupled to the total nuclear spin function through the
symmetry requirements of the overall molecular wave function,
as seen in Correnti et al.’

The simulation in Figure 10 is intended to explore how close
to the experimental is the theoretical lineshape, when the g-
tensor anisotropy and the line broadening are taken into
account. The simulation was based on the above derivation of
the quartet and doublets from the DFT computed A-tensors
but adopting the isotropic g-value from the experimental axially
symmetric g-tensor: g, = 2.00267 and g = 2.00229. Gaussian
lineshape with line width set to 0.1 mT, and microwave
frequency equal to 9.391 GHz were assumed. The relative
intensities of the doublets and the quartet were also adjusted to
simulate the experimental relative intensities.

Thus, the experimental results support the theoretically
obtained hf interaction parameters of the CH; radical,
represented by a sum of the A-symmetry quartet and two E-
symmetry doublets. Also, the present theory explains the weak
additional resonances in the EPR spectrum of CH; in N,O and
CO, matrices, and on the silica gel surface (Benetis and
Dmitriev™' ).

As the sample temperature is increased, the small amplitude
transitions (doublets) in the above figure disappeared, while the
J = 1 axially symmetric E-doublet superimposed on the two
inner quartet lines got stronger. See the spectra below and the
relevant discussion in Benetis and Dmitriev.”"

The effects of rotation are further discussed in greater detail.

A similar as the above simulation but within the D; symmetry
which contains all the transformations of a planar radical
species is given further. As seen it compares better to the
experimental data in Figures 10 and 11.

|

|

|
e
| l

124 e a8 30 12 1 136
B, mT

324 326 328 330 332 334 336

B, mT

Figure 8. Left panel: Simulation of the first doublet D;. The parameters used are: A,, = —30.0163 G, A,, = 0, A,, = 0, A,, = —16.0237 G, A, =
—0.009321977, A,, = —23.1352 G. Right panel: Simulation of the second doublet D,. The parameters used A,, = —23.0197 G, A,, = 6.9963, A,, =
0.00894609, A, = —23.0197 G, A,, = 0, A,, = —23.0197 G. The width AH = 0.05 mT is taken, the same as in the quartet. The isotropic g-factor =
2.002320 and microwave resonance frequency, f,., = 9.27 GHz, are assumed.
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Figure 9. Left panel: The simulated spectrum obtained as a superposition of the quartet, Figure 7, and two doublets, Figure 8. The total integral
intensity of doublets is equal to the integral intensity of the quartet. Right panel: Spectrum obtained for the same parameters except for adopting
axially symmetric g-tensor, g, = 2.00267 and g = 2.00229, and relative intensities of the quartet and doublets picked to bring the simulation closer to
the experimental CH; EPR in N,O matrix. The resonance frequency was set to f,., = 9391 MHz. This spectrum resembles the experimental spectra
of methyl radical in solid N,O and CO, with the contribution of the nonrotating”’ CH,. In that case we may assume that the radical performs
librations.

337G
300G
138G
16.1G
89G
98G
—T T T T —T T T T T 1 T T T T T T T T T 1
331 332 333 334 335 336 337 338 339 340 331 332 333 334 33 336 337 33 389 340
B, mT B, mT

Figure 10. Left panel: Simulated EPR spectrum of CHj in solid N,O for the C; — symmetry hf parameters. The microwave resonance frequency was
fres = 9391 MHz. The spectrum was obtained after Figure 9, except that (i) axially symmetric g-tensor was used and (ii) the lines were broadened
after the superhyperfine interaction was taken into account. Right panel: Experimental EPR spectrum of the CHj radical trapped in solid N,O.
Microwave resonance frequency, f.., = 9391 MHz. The sample temperature during recording was 8.7 K. The substrate temperature during
deposition was 17 K.

Apart the simulation in Figure 10, one could see only two —30.0163 12.118 0.0154951
small intensity doublets in the spectrum of Figure 12, the D, =| 12118 —16.0237 —0.00932177
second one being split by 8.3 G which is close to the smallest 00154951 —0.00932177 —23.1352
8.9 G splitting for CH; in N,O. Figure 13 simulates

. . . . (left-handed)
experimental CHj spectra obtained in N,O and CO, matrices.
Only the N,O matrix is mentioned in the figure caption of
Figure 13 since the g-tensor components are selected to fit the Eigenvalues = (—37.0126, —9.02738, —23.1351) Gauss
simulation of the N,O experiment. However, the radical
simulation in vacuum is performed, and therefore, the result is eigenvectors
applicable for comparison between these two matrices. The —0.866025 0.5000 0.00130283
37.0 G splitting nearly coincides with the largest 38 G doublet _ 0.5000 0.866025 —0.00002306

splitting observed for CH; in CO,.

Higher than Cs, Planar D; Symmetry. While that quartet
was identical as in the C; symmetry, the new D5 doublets used
were given by Eulers R(D,) = (178.99, 179.92, 28.99) degrees

0.00113982 —0.000631444  0.999999
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Figure 11. Left panel: CHj in solid N,O, A,, = —34.0 G. Right panel: CHj; in solid CO,. A,

o
-

30.0K
mT
L L L I
3317 334.0 336.3 338.7
=—14.7 G, A,, = —38.3 G. In both spectra, the A, pair

of weak lines turned out to be unresolved because it was superimposed on the two much stronger central axially symmetric transitions. Hence, we

estimate A, & 23 G.

—35.1382 —6.9963  —0.00894609
D, = —6.9963 —10.9023  —0.0161458
—0.00894609 —0.0161458  —23.2197

Eigenvalues = (—37.0122, —9.0276, —23.2197) Gauss

eigenvectors
—0.965925 —0.258819 —0.00092945S
=1 —0.258818 0.965926  —0.000935747
—0.00113997 0.000663302 0.999999

Eulers R(D,) = (45.19, 179.91, —149.81) degrees.

The above Euler angles show that both doublets are
practically in the plane of the radical.

Simulation of CF; EPR Using C3/C;, Multiplets. The hf
interaction tensors A;, A ,, and A 3, of the three fluorine atoms
of the CF; radical with the unpaired electron, respectively, in
Gauss were given in the above computational quantum
chemistry section.

The hf matrix for the quartet (F = 3/2) in the molecular
frame is, in Gauss,

75.012 0.000 0.000
0.000  75.0044  0.00005
0.000 0.0000533 264.934

Q:

where obviously the eigenvanlues are (75.012, 75.0044,
264.934) Gauss, as is seen in the simulation of Figure 14.
The quartet here, as in methyl, is found to be axial conforming
to the axial symmetry of the pyramidal C;/C;, species.
However, in this case compared to methyl, the parallel z-
component deviates strongly from the perpendicular hf
components, giving strong axial anisotropy characteristics to
the spectrum.

The aim of the present theory was primarily the powder
spectra simulation of radical species of the simple C; symmetry
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with quenched motion. Instead of considering separately the hf
couplings of the three protons with the symmetry related
principal axes in, e.g, CHj, the hf coupling from the electron
point of view was considered. It is just a rewriting of a static
spin Hamiltonian using the coupled nuclear spin representation
within the C; symmetry and the superposition of the
corresponding EPR lineshapes, assuming temperature deter-
mined probabilities for the classical rotational conditions for
CF;, see Tables 1 and 3.

However, paying special attention to the doublets that deal
with the excited rotational states, always active for CF;, the
simulation in Figure 15, was performed.

In Figure 15, a comparison of the theoretical C;, EPR spectra
of CF, is given with the experimental spectra by Maruani et al.*
Although the new Cs, result is closer to the Maruani’s
experiment, obviously, some part of the new theory is still
inadequate to retrieve the exact experimental results for CF;.

The improvement of this part of the theory is currently in
progress and is going to lead to simpler and less time-
consuming powder simulation than the straightforward
successive splitting of the electron resonance by the three
protons. Additional spectral defects depend on the inaccuracy
of the theoretically computed values of the parameters.

It seems, e.g,, that the 75 G component of the quartet tensor
is somewhat smaller. An attempt to involve the g-tensor
anisotropy did not help as seen in Figure 15 in spite of some
additional improvements of the symmetry applied in the
parameters computation.

Higher than C;, Pyramidal C3, Symmetry. The parameters
used in the simulations of Figures 15 and 16c were the same as
above for the quartet, while the doublets were found to be as
following within the C;, group.

135359 5.13574  48.2798
D, =|5.13574 141289 —27.8704 |(left-handed)
482798 —27.8704 138.324
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Figure 12. Simulation of the EPR spectrum of the CH; radical within
the D; symmetry. The g- tensor was assumed to be isotropic. (a)
Superposition of the quartet and two doublets. (b) The quartet. (c)
The doublet 1. The two doublets yielded nearly identical simulated
powders. The quartet parameters were kept the same as above.
Doublet 1: A,, = —30.0163 G, A, = 12.118 G, A, = 0.0154951 G, 4,,
= —16.0237 G, A,, = —0.00932177 G, A,, = —23.1352 G. Doublet 2:
The parameters used are A, = —35.1382 G, A,, = —6.9963 G, A,, =
—0.00894609 G, A, = —10.9023 G, A,, = —0.0161458 G, A, =
—23.2197 G. The isotropic g-factor was 2.002320, while Gaussian 0.5
G wide lineshapes were applied to the individual transitions. The
microwave resonance frequency was f,. = 9.27 GHz. The three
different multiplets were normalized so that the quartet intensity was
equal to the sum intensities of the two doublets.

37.0G

83G

T T T T M 1 1
335 336 337 338 339 340

B, mT

T M 1 1 M T
331 332 333 334

Figure 13. Simulated EPR spectrum of CHj in solid N,O. The
microwave resonance frequency was f,., = 9391 MHz. The spectrum
was obtained after Figure 12a, except that in addition, the axially
symmetric g-tensor: g, = 2.00267 and g = 2.00229 was assumed. Also,
additional line broadening by the assumed superhyperfine interaction
was added through Gaussian line width 0.1 mT. The relative intensities
of the doublets and the quartet were changed to match the
experimental relative intensities.
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Figure 14. Totally symmetric A-quartet of the rigid CF; radical. The
EPR parameters: A, = 75012 G, A,, =0, A,, = 0, A, = 75.044 G, A,,
= 0.00005 G, A,, = 264934 G; isotropic g — factor =2.002320;
Gaussian individual line width AH = 0.4 mT; microwave resonance
frequency, f.., = 9.27 GHz. Exact diagonalization was applied in the

spectral simulation.

133.187 —2.96512 —27.8744
D, =|-296512 143459 —48273
—27.8744 —48273 138324

To check the EasySpin for the possibility of two A-tensors
attributed to one molecule, the spectrum of the doublets were
considered through a system of one electron coupled to the
two fluorine nuclei with the g- and A-tensors using the
calculated D; and D, doublets. In Figure 15b is shown the
spectrum of the two doublets, and finally in Figure 15c the
superposition of the two doublets with the quartet is shown
rendering an improved CF; EPR lineshape simulation. This
way to handle with the problem of non planar radicals is
currently under further consideration and will be presented in
our next work. The hypothesis is that, at low temperatures, the
heavy trifluoromethyl CF; radical rotational states are to be
considered in the intermediate thermodynamical limit between
(i) the nuclear spin coupled to the rotation states and (ii)
considered separately. However, this does not apply to the
much lighter protons of the CH; and SiHj radicals, which are
strongly coupled to the radical rotation state.

For convenience we repeat the approximately diagonal
quartet (75.012, 75.0044, 264.934) Gauss, and using the
above two doublets D, and D, in Gauss, as they were computed
earlier in this section:

A general EasySpin simulation of the experimental spectra is
given in Figure 16a, where a numerically simulated powder
spectrum for rigid CF;, considers explicitly the separate hf
interactions of the three fluorine F nuclei, with the
corresponding symmetry related principal axes for each of
them.

For convenient comparison of the simulations, we provide in
Figure 16 the spectra obtained for the CF; radical in rigid state
with symmetry-related principal axes of the three 'F; see
Figure 15. The spectra were generated using a free EasySpin
example “trifluoromethyl; CF; radical in gas matrix at low
temperature”. In this example, the method of calculation was
chosen as the second-order perturbation and further changing
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Figure 15. (a) Simulation of the rigid CF; within the C; group (b and
c) compared to Maruani’s result (a). Only the central part of the
spectrum is shown. The spectrum in red is the simulation with the
conditions described in b and c¢ below, while that in black is the
Maruani’s experiment. Unfortunately, the correspondence between the
simulation and experiment is not well. The situation cannot be
improved by the line width change. (b) Two doublets simulated
through a system of one electron coupled to the two fluorine atoms
with equal g-tensor and different A-tensors. The computed A-tensors
of the D, and D, doublets were shown above in this section. The g-
tensor was taken as g = (2.0042442, 2.0042458, 2.0016636) as it was
also computed in the section about the trifluoromethyl CF; radical
section. The individual lines are Gaussian with width equal 0.4 mT. (c)
Superposition of the two doublets and one quartet, with the computed
hf values given in this section.

the method by “matrix” to exact diagonalization.”” The second-
order computation is also given in Figure 16b for completeness.

B EXPERIMENTAL SECTION

It is obvious from the qc- computations that the hf splitting for
each proton in CHj radical is rhombic, as expected, Figure 1,
but there are three protons and they are situated around the p,-
orbital symmetrically. This arrangement changes the situation
for the electron spin, radically. The resulting cumulative hf
tensor from the electron point of view should become overall
axial. Indeed, the methyl radical is a rather symmetric molecule.
The significance of that there is no need for rotational
averaging, as it is regularly claimed in the literature, for that.
The 3-fold symmetry for the A-tensor of the unpaired electron
becomes clear from the result obtained when the proton
tensors are summed up in the 3D space, in spite to the rhombic
appearance of their A-tensors. The conventional superposition
of the doublets in Figure 17 does not show this improvement.
The computed isotropic component, —22.95 G, seems to be
somewhat smaller than the experimental for the freely rotating
radical, —23.37 G, taken from both the article by Davis et al,”
and our estimate based on the data for matrix isolated methyl
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Figure 16. (a) Exact computation for the CF; for randomly oriented
radicals by the EasySpin software. Each "F nucleus has hf principal
value A,, = 80 G, A, = 87 G, A, = 262 G, and axially symmetric g-
tensor in the molecular frame (the parallel-direction along the 3-fold
symmetry axis), g, = 2.0024, g; = 2.0042. The individual line is
Gaussian of 4 G width. The microwave resonance frequency was 9.27
GHz. “A” principal angles: (0, 8, 0), (0, §, 27/3), (0, , — 2x/3),
where f = —17.8°, as it was suggested by Prof. Anders Lund.** (b)
Second-order computation for the CF; radical with the same
parameters as in (a) by the EasySpin software. Only the condition
exact computation to second order approximation has been employed.
(c) Superposition of the two combined doublets with the quartet in

the wide scan mode.

radical, Dmitriev and Benetis.”’ A more systematic comparison
with experimental data available from the literature is discussed
further. One should keep in mind that the present qc
computations are performed for the radicals in vacuum. On
the other hand, a more systematic computation series with
different basis sets and quantum methods is outside the scope
of the present work.

The parallel and perpendicular components of the A-tensor
in vacuum were computed to Ahhe"r = —22.32 G and AT =
—23.27 G, respectively. Thus, inequality LA{*| < |AT* is in
good agreement with our experimental data for CHj; in solid
gas matrices of linear molecules (Benetis and Dmitriev”"**).

Moreover, the experimental AT? values are slightly smaller
compared to the theoretical, which may be explained by the
matrix effect on the hyperfine coupling which becomes stronger
for matrix isolation going from N, to CO, solids. However, the
theoretical perpendicular component seems to be under-
estimated obtaining values smaller than the experimental
ones. Accordingly, the theoretical isotropic coupling estimated
as ARr = [(A*" + 241°7)/3] = —22.95 G, is smaller
compared to the values measured for the Ne, Ar, and H,
matrices with the weakest radical—matrix interaction (see Table
5) and hence the smallest matrix shifts. Interestingly, the extent
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(a) |
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Figure 17. Simulated EPR spectrum of the methyl radical A-symmetry
quartet. The figure shows the gradual change in the lineshape as the
modulus of the matrix shift |5g, | increases. The EPR parameters used
in the simulation are taken equal to the theoretically predicted values,
ie, (a) g, = 0%. (b) 5g, = —0.009%, while other parameters remain
as before. (c) 8g, = —0.018%, while other parameters still correspond
to the computed values in vacuum. (d) Experimental spectrum, for
CH; trapped in solid CO at 4.2 K, Dmitriev and Zhitnikov.”® The
Bruker WinEPR software was applied in the simulation.

of the A-tensor axial anisotrozpy for methyl radical in vacuum is
estimated by Dmitriev et al.”* to AAf = Ay -4 =149 G
This is somewhat larger in modulus compared to the qc-
computation AA™® = —22.320 — (—=23.266) = 0.946 G, which,
again, underestimates A, .

Note the negative AA in solid Ar and Kr and the positive Ag
in Ar. The reason proposed in Dmitriev** was based on the fast
radical rotation about the in-plane axes. The negative Ag in Kr
was suggested to originate from matrix effect on the g-tensor

components which is particularly large in solid Kr (Table 6). All
of the other anisotropies are in general positive for the A-tensor
and negative for the g-tensor, except for beryl matrix which,
thereby, presents one of the challenging issues.

The theoretical g-tensor anisotropy, Ag = g — g, = —7.62 X
107 is of the same order as the experimental in Table §, i.e.,
|—4.93 X 1074, for the mostly motionless CH; in CO, matrix.
Accounting for the CHj librations in matrices would, evidently,
bring closer the above two values. However, one should also
study the matrix effect on the g- and A-tensor components, in
particular if the matrix affects the g differently than g,, and
similarly differences of matrix effects on A compared to A,.
From the experimental data, this fact is more obvious with such
matrices as solid Kr or Xe, having outer electrons weakly
coupled with the nucleus.

Solid Gas Matrix Experiments. An experimental and a
simulated spectrum of CF; are presented in Figure 15. The
experimental spectrum was obtained by photolysis of CF;l in a
noble gas matrix**® probably by McDowell et al. in Vancouver
many years ago.’ It would be interesting to record a new
experimental spectrum, showing the outer transitions with
overall distance ca. 80 mT that are missing (Figure 18). We are
currently in process of completing this task.

It is also of great interest to assess the calculated methyl
radical isotropic g-factor. One could see from the literature no
consent about the isotropic g-factor of the CHj radical in
various matrices. Evidently, the discrepancy owes to the
inaccuracy in the magnetic field correction needed because of
the fact that the NMR gage is shifted from the center of the
magnet poles occupied by a microwave cavity.

Another way of obtaining accurate magnetic field is to record
a spectrum of an EPR probe with exactly known g-factor
simultaneously with the studied spectrum. However, it is not an
easy task to find a probe with well-known g-factor to the fifth
digit to be employed at such a low temperatures. Stesmans et
al” used S = 1/2 g (42 K) = 1.99869 Si:P marker sample.
Table 7 presents some data on the g-factor of CHj in several
solid gas matrices. For our experiments, the magnetic field was
well calibrated using the electron cyclotron resonance line
position in magnetic field equal to “g” = 1.99987(12).

We calibrated our magnetic field with two NMR probes: one
in the center of the magnet poles and another in the shifted
position standard to our experiments. In the calibration
measurements, the microwave cavity was removed from the
magnet. It turned out in further experiments that the electron

cyclotron resonance line positions was at almost exactly “¢” =

Table S. Spin Hamiltonian Parameters for the A-Line Transition of the CH; Radical Trapped in Low Temperature Matrices”

parameters

matrix A Ay Ao AA g g Ziso Ag (107%)
Ne 2.333(5)

Ar 2.313(5)

Kr 2.300(5)

H, 2.324(7)

N, 2.350(2) 2.252(4) 2.317(5) 0.099(3) 2.00262(12) 2.00225(12) 2.00250(12) 3.70(25)
Cco 2.343(5) 2.233(5) 2.306(7) 0.110(6) 2.00263(12) 2.00220(12) 2.00249(12) 4.14(25)
N,0 2.333(4) 2.198(4) 2.288(4) 0.135(3) 2.00267(12) 2.00229(12) 2.00254(12) 3.84(42)
CO, 2.339(6) 2.197(2) 2.292(4) 0.142(6) 2.00264(12) 2.00215(12) 2.00248(12) 4.93(30)

“The principal axes of the A- and g-tensors are assumed to coincide. The hyperfine splitting is measured in mT; AA = A — A, and Ag=g — g,.

Each hfc component is represented by its modulus.
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Table 6. A- and g-Tensor Anisotropies in Various Solid Gas Matrices”

N,
(+0.099, —3.7 x 107
(+0.065, —1 x 1074)¢
silica gel
(+0.07, =3 x 1074/

Cco
(+0.110, —4.1 x 10747
(+0.105, —4 x 107%)¢
zeolite
(+0.11, —4 x 1074
(+0.14, =9 x 107%)%

matrix Ar Kr
(A4, Ag) (-0.01, +3 x 107" (=0.016, =3 x 107%)°
(-0.021, + 3 x 107%)°
matrix N,O CO,
(+0.135, —3.8 x 10714 (+0.142, —4.9 x 10794
(+0.146, =5 x 107%)¢
matrix beryl sodium acetate trihydrate

(—0.038, +2.6 x 107*)" (+0.07, )’

“Compare to the computed AA = +0.0946 mT, Ag = —7.62 X 10~* for the methyl in vacuum. AA = A — A}, Ag = g — gi. PPopov et a

1'37

“Dmitriev, Y. A. Low Temp. Phys. 2008, 34, 75—77. “Dmitriev et al.>* “Kiljunen, T., et al. J. Phys. Chem. A. 2010, 114, 4770. 7 Shiga, T.; Lund, A. J.
Phys. Chem. 1973, 77, 453. #Danilczuk, M. Nukleonika 2008, 50, SS1. " Andersson, L. O. Phys. Chem. Minerals 2008, 10.1007/500269-008-0245-3.

iRogers, M. T,; Kispert, L. D. J. Chem. Phys. 1967, 46, 221-223.
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Figure 18. EPR spectrum of CF; radical in the complex [(CF;),CF
J,C°C,F; isolated in glassy matrix of hexafluoropropylene trimer
measured at 77 by Allayarov et al*’ The experimental spectra in (a’,
b’) were simulated as were observed (a, a’) before and (b, b’) after
800 min UV photolysis at 77 K. The stick diagram of die CF; radical is
shown in spectrum b’.

2.0000 which is expected for low density plasma. This result
verifies the accuracy of our field calibration.

B RESULTS AND DISCUSSION

Comparison with Experimental Data. The theoretical
results are further compared to experiments available in the
literature. Obviously, one could not expect to obtain accurate
experimental EPR anisotropic parameters from gaseous methyl
radicals due to the inevitable effect of the rotational averaging
of the anisotropy. That is why the only way of analyzing the
theoretical results is to compare to measurements of matrix-
isolated methyl radicals. The present qc computations of the A-
and g-tensor components of the methyl radical in vacuum
allows, for the first time, elucidating matrix effect on the EPR
parameters.

The matrix shifts data listed in Table 8 are calculated based
on the results for matrices consisting of linear molecules (Table
5), obtained by Benetis and Dmitriev.”"** One could
immediately observe almost no matrix effect on the g-tensor
parallel component which yields a shift 1 order of magnitude
below that of the perpendicular component, Table 8. As a
result, the parallel g-tensor component stays close to the free
electron g-factor value even for the trapped CHj radical. As
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opposed to &g, the perpendicular g-tensor component does
show appreciable matrix effect whose value, however, is almost
identical for all four matrices and is hard to be linked to certain
matrix properties.

On the other hand, the A-tensor components gradually
decrease as the interaction between the CHj; radical and the
matrix molecules grows (Benetis and Dmitriev”"**). It is worth
noting that the &g, shift is negative. This effect is expected
when the spin—orbit coupling between the unpaired electron
and the impurity states of the valence electrons of the matrix
molecules is taken into account.

The large g-tensor anisotropy of the free methyl radical,
Agiee = ) — gL = —7.62 X 10™* results in unsplit and largest in
amplitude outer Mg = —3/2 component, compared to the other
hf transitions. For the trapped radical, the decreased dg, and
the unchanged &g bring about a reduced g-tensor anisotropy
with consequence an unsplit and strongest in amplitude inner
Mg = —1/2, instead of the My = —3/2 component. This effect is
observed in almost all matrices studied so far, where anisotropy
is visible. In Figure 17 is shown a gradual change in the shape of
the A-line quartet as the matrix shift —dg, grows in magnitude
from 0 to 0.018% which is characteristic of CH; in matrices of
linear molecules, e.g, N,, CO, N,O, and CO,. The A-tensor
components and g are set equal to the values computed for
methyl radical in vacuum.

In general Figure 17 testifies a good correlation between the
theoretical and experimental results for the EPR lineshape of
methyl radical. A similar comparison between the theory and
experiment for the EPR of CF; radical is not as “comfortable”.
The fact of the matter is that literature does not provide
experimental data with sufficient resolution or signal-to-noise
ratio for a reasonable variety of matrices to allow any
assumption about the matrix effect on the EPR parameters of
the trapped radical. Moreover, available experimental spectra
are rather different in several lineshape features, a matter which
is clearly seen from comparison of Figures 15 and 18.

In the latter case, Allayarov et al.*’ reported axially symmetric
A- and g-tensors with Ay = 25.15 mT, A; = 9.1 mT and g, =
1.9996, g, = 2.0056. The stick diagram in Figure 18 shows only
the A-symmetry quartet. However, the E-symmetry doublet
should also contribute to the EPR spectrum of this classical
rotor already for much lower temperatures than 77 K; see
Rogers and Kispert.'"” While the spectrum symmetry evident
from Figure 18 verifies the axial parameters, the simulation
should be repeated to take into account a contribution from the
second-order doublet.
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Table 7. g-Factors for Several Solid Gas Matrices According to Relevant Literature Data™”

matrix Ne Ar
g-factor 2.002526 (13)° 2.002322(56)°
2.0022¢
2.002110°
2.00203(8)"
matrix CO N,
g-factor 2.00249 (12)° 2.00250(12)°
2.00217(~10) 2.00217(~10)Y
matrix zeolite vycor glass
g-factor 2.0026™, 20028 2.0024(1)"
2.00317(~10)™
2.0026"
2.0029°
matrix Xe feldspar
g-factor 2.0020(1)° 2.00427(~10)*

rhombic g-tensor!

“Compare to the computed g-factor = 2.002739 for methyl in vacuum in the present work. “In case of the axially symmetric g-tensor, g, =

H, Kr CH,
2.002516(60)° 2.001655(36)° 2.00317(~10)"
2.00266(8) 2.001282¢ 2.00242(8)"

N,O CO, silica gel
2.00254(12)° 2.00248(12)° 2.0026(2)*
2.00213(~10Y 2.0026(3)’
beryl methane hydrate liquid methane
2.002541 2.0024(5)" 2.00255°

[(2g, +

gH)/ 3]. “Present study for the sample temperatures, 4.2 K, in Ne, 42—26 K, in Ar, 42 K, in H,, 42— 32 K, in Kr. The magnetic field was well-

« »

calibrated using the electron cyclotron resonance line position in magnetic field equal to “g” = 1.99987(12). Clrelh, M,, et al. Chem. Phys. Lett. 1982,

92, 223. “Popov et al.”’

fen, C. K. Phys. Rev. 1958, 112, 1169. #Kiljunen, T. J. Chem Phys. 2009, 130, 164504. "Morehouse, R. J. Chem Phys. 1966,

45, 1751. ‘Dmitriev et al.** Kiljunen, T, et al. J. Phys. Chem. A. 2010, 114, 4770. “Shiga, T.; Lund, A. J. Phys. Chem. 1973, 77, 453. 'Stesmans et al. 2

"Danilczuk, M. Nukleonika 2005, 50, SS1.

"Noble, G. A, et al. J. Phys. Chem. 1967, 71, 4326. °Shiotani, M., et al. J. Phys. Chem. 1975, 79, 2669

(abnormal radicals). ¥Fuijimoto, M., et al. Science. 1966, 154, 381. YAndersson, L. O. Phys. Chem. Minerals 2008, 10.1007/s00269-008-0245-3.

"Takeya, K. Appl. Radiat. Isotopes 2005, 62, 371. “Fessenden, R. W.; Schuler, R. H. J. Chem. Phys. 1963, 39, 2147. Jackel and Gordy.18

Am. Mineral. 1994, 79, 221.

“Petrov, L J.

Table 8. Relative Matrix Shifts of the EPR Parameters of the
CH,; Trapped in Matrices of Linear Solid Gas Molecules”

matrix 04y 0A, og) og)

N, 0.897 1.008 0.0009 —0.0186
CcO 0.046 0.707 —0.0015 —0.0181
N,O —1.522 —0.003 0.0029 —0.0161
C,0 —-1.567 0.005 —0.0040 —-0.0176

“The relative shifts are defined as 6P,% = 100(PM — Pfe¢) /Pl where P
=g A;i=1, |, M=N, CO, N,O, and CO,.

B DISCUSSION

The anisotropy of the a-proton to a 7-carbon in Figure 1 of the
present work appears to be similar to the figure of the malonic
acid 7-electron radical showing the principal values and the
dlrectlons for a-'H dipolar hyperfine coupling tensor 1n Lund
et al.” This is very similar to the work by Kubota et al,,'” a rare
report of orthorhombic hfs for CHj, applyi ing also in our
experimentally observed nonrotating satellites”' and in Kiljunen
et al. work; see Table 6. The question is if this effect could be
enhanced in CD;COONa-3D,0.

The present comparison of CH; with CF; EPR simulations is
necessary for showing the applicability of the 1Q/2D (one
quartet two doublets) method in similar systems. In the article
by Benetis and Dmitriev, it was stated that classical behavior of
the spin—rotation coupling applies in the CF; radical. As
explained there, the CHj; in Ar matrix has very little residual
anisotropy due to quantum effects, while those effects might
not occur for CF; due to the ca. 25-fold greater moment of
inertia about its C; axis. It is therefore questionable if it is
correct to superimpose separate spatial averages of the axially
symmetric A-quartet and the two E-doublets within the C;
symmetry for the '"F hfs. It seems, however, that the
straightforward simulation with applying sequential interaction
of nearly axial hfs proton tensors with nonparallel axes agrees
quite well with experimental spectra of CF; in Kr in Maruani et
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al.*” However, the simultaneous spatial averaging of the 1Q/

2D method within the Cs, group is presently closest to the
experimental spectrum so far (Figures 15 and 16) but is further
studied by appropriate new programming.

‘We mention here also the Arxiv version of a paper by Shkrob
et al.”” devoted to the radicals in irradiated ionic liquids. Among
other radicals, they present EPR spectra of the CF; radical in
various polycrystalline solids. Figures 4 and 5 of that work are
of particular interest. In Figure 4b, one could see the results
obtained in radiolysis and photolysis experiments which testify
the axial symmetry of the EPR lineshapes. Shkrob et al.*" stress
that their matrices provide rather rigid EPR with a small
average. The powder spectrum of trifluoromethyl in the Figure
48 in Shkrob et al.”” was simulated using the hfcc parameters
obtained from DFT calculation, while isotropic g-tensors were
assumed for all of the radicals. Figure 4S in Shkrob et al.*’
shows in no means a spectrum with axially symmetrical A-
tensor. However, one wonders if this is a simplification, like the
isotropic g-tensor or the DFT calculation, suggesting the A-
tensor axial symmetry. The authors provide, namely, no result
of the DFT calculation of the CF; radical. These data are
announced to be in the appendix of their article, while no
appendix could be found. So the reader cannot be sure about
whether the axial symmetry of the hf follows exactly from the
DFT calculation or this is only simplification.

Finally, we would like to discuss the sample preparation of
both the CH; vs the CF; radicals, related to the above
differences in the EPR lineshape of CF; reported by different
groups. All groups used certain kind of irradiation: X-irradiation
of trifluoroacetamide crystal by Kalyanaraman and Kispert;®'
UV-irradiation of CF;l in rare gases, Maruani et al;® 1-MeV
electron bombardment of trifluoroacetamid crystal, Rogers and
Kispert;'” photolysis of [(CF;),CF], C,Fs radicals in a
hexafluoropropylene trimer matrix in Allayarov et al;*’
photolysis of hexafluoroacetone adsorbed on 13X zeolite in
Svejda;‘?’2 and y-irradiation of CF, in solid Xe, Florin et al.** In
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Figure 19. EPR lineshape of the CH; radical versus the correlation time of the radical rotation around the 3-fold symmetry axis.
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resonance frequency was f,., = 9391 MHz. The parameters were those used in the previous simulation in Figure 10, left panel. However, the rigid
spectrum in this figure is a superposition of the quartet and the doublets with totally equal intensities obtained by double integration.

all experiments, except that by Florin et al.,, the CF; radical is
expected to be the one and only dissociation product mobile
enough to leave a matrix cage.

However, CF; is a rather heavy particle with atomic mass 69
being almost 5 times larger than that of CH;. One may suggest
that it immediately loses its kinetic energy and is trapped
nearby the starting point; i.e., the defect site formed after the
dissociation. Indeed, Kalyanaraman and Kispert’' performed
computations based on the parent crystal structure and found
that CF; initially migrates 1.4 A and then relaxes to near its
original molecular position. In that case, the free molecule
approximation for CF; can be applied depending on how far
from its original position the radical is trapped, i.e., on whether
the radical surrounding is regular enough. It is well-known that,
even for CH,, different experimental techniques (deposition
and irradiation) yield somewhat different results when
considering the hindrance of the rotation. This may be the
reason for the large anisotropy in Maruani’s experiment.”

The Effect of Rotation. Since the EasySpin “chili” function
accounting for the molecular rotation did not work properly
with the Cartesian 3 X 3 hf tensor format, the CH,/CF,
simulations of the rotating molecules were reconsidered using
the diagonal elements (eigenvalues) of the A- tensors and the
corresponding Euler angles in the alternative input format
allowed by EasySpin. Simulated spectra using these Euler angles
were obtained, visualizing how the EPR lineshapes of the “non-
rotating-radical” doublets transform into a single E-symmetry
doublet as the rotation starts and increases in rate.

To our understanding, the opposite temperature behavior of
the weak and the strong doublet transitions, as presented in the
discussion about Figure 10, gives a hint about the origin of the
weak doublet (nonrotating-radical) transitions. The temper-
ature dependence may be explained by one of the following
mechanisms, or by their combination.

The rigid spectrum in Figure 19 is a superposition of the
quartet and the doublet with equal intensities obtained by
double integration. Evidently, the quartet, which is axially
symmetric, shows no change in the lineshape by the rotation
about the 3-fold axis. For this reason, the two outer lines are
not shown in the simulation of the rotating radical. On the one
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hand, the simulation suggests that, indeed, the intensity of the
weak additional resonances decreases, while the two main inner
lines increase when the rotation goes faster. On the other hand,
the weak resonances, in the simulation, change resonance
position in the magnetic field with increasing rotation rate.
Notice also some unusual characteristics, such as the
asymmetric arrangement about the allowed transitions, and
the disappearance of the satellites for higher temperatures, an
indication of decreasing influence of quantum effects.” This is
also observed experimentally for temperatures higher than 10 K
in Buscarino et al.,** Figure 2, and to 30 K in our Figure 11.

This important difference may suggest that the first
mechanism which is based on disregarding rotation and
accepting instead that libration do governs the relative
intensities of the weak and main inner lines.”® First at low
enough temperatures, the CHj; radicals perform librations,
which after the Knight’ case of molecular hydrogen positive
ions, are suggested to be of A and E-symmetry, thus giving rise
to the simulated spectrum depicted in Figure 10, left panel.

With increasing temperature, a fraction of the radicals start to
rotate. The EPR simulation for the CHj radical performing fast
rotation about the 3-fold axis shows no weak resonances. In
particular, as the temperature further increases, the fraction of
the rotating radicals increases while the librating radicals’
fraction drops. As a consequence, the two main inner lines
gradually increase, while the weak resonances disappear.

The temperature-dependent weak transition intensities may
be attributed to a gradual change of the rate of the radical
rotation around the 3-fold axis. This assumption was verified by
simulating the EPR spectra for the axially symmetrical rotation
of the CHj at different rates; see Figure 19.

A similar response of the radical rotation to the CF;
spectrum, in particular the correct transformation of the
quartet into the mere doublet recorded in the experiment by
Maruani et al,® was also obtained preliminarily by the present
work.

Comparing CH; to CF; EPR Simulations. The general
EasySpin simulation in Figure 16a, where the numerically
simulated powder spectrum of the rigid CF; was considered
taking into account explicitly the separate hf interactions for the
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three fluorine '°F nuclei, matches rather well the experimental
lineshape by Maruani et al.* The same standard approach was
tested for the CHj radical in Figure 20. Comparing this figure

| iy

T T 1
340 342 344

B, mT

I 1 1
334 336 338

Figure 20. Simulated EPR spectrum of the rigid CH; radical obtained
by considering three proton 'H nuclei separately interacting with the
unpaired electron. The nuclei have the corresponding symmetry
related principal axes for each of them. Each nucleus has hf principal
values A, = —104.4 MHz, A, = —63.7 MHz, and A,, = —25.96 MHz,
with Euler angles R,z = (90.00, 90.08, —90.00), R,= (90.00, 89.92,
150), and R; = (90.00, 90.00, —150), respectively, in the principal
molecular frame (the parallel-direction along the 3-fold symmetry axis)
and isotropic g-factor = 2.002320. The individual lines were Gaussians
of 0.15 G width. The microwave resonance frequency was 9.5 GHz.
Second-order perturbation in the computation of the spectrum was
applied using the EasySpin “perturb2” function, because, surprisingly,
the “matrix” routine of EasySpin gave unexpectedly “noisy” spectrum
with a great deal of nonaveraged resonances(!).

to both the simulation by superimposed multiplets and the
experimental result, Figure 4 and Figure 17, one deduces that
the independent nuclei approach is by no means applicable to
the CH; EPR lineshape simulation.

Such different results for the two trapped radicals, CH; and
CF;, deserve special attention. Actually rotation, as studied
above, will not be relevant considering the disagreement of the
numerical powder simulations of the three separate hf
interactions compared to our new 1Q/2D method. More
study is necessary in the proposed special powder average
computation of CF;, but it can be left out for the moment. The
light CH; molecule is a quantum particle, while the heavier CF;
is a classical particle. The interaction between a guest molecule
with the matrix shifts the rotational energy levels of the
molecule inversely proportionally to the molecule inertia, to
first approximation.

Thus, the shift of the small rotational inertia for a quantum
particle is insignificant, and the rotational level sequence is only
slightly changed.

On the contrary, for classical molecules with large moment of
inertia, the rotational parameters are considerably shifted from
the theoretical vacaum values. Furthermore, in the classical
case, the moment of inertia becomes less and less relevant for
the rotary behavior as the temperature increases. The diftusion
constant is instead coming into consideration as the
reorientation, so-called tumbling, is ruling the rotational
motion. It is in addition known, from previous EPR studies
of methyl radical®*®*” that the “radical-matrix” interaction of
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CH; in the E-symmetry rotational states is significantly larger
than for the radical in the A-symmetry states.

In case of the trapped CF; this effect may lead to
considerably different effective inertia I ¢ for different rotational
levels and even to mixing of these levels. One may speculate, in
this case, that an EPR spectral analysis should suggest either
uncoupled nuclear spin and molecular rotational states or
should account for the symmetry of the matrix surroundings
when considering symmetry transformations of the molecule. It
is worth noting, that the applicability of the new 1Q/2D (one
quartet-two doublets) simulation to a given CX; for planar
molecules in a given matrix would, in addition be a measure of
the molecular rotational state “quantumness” vs “guest-host”
interaction.

An indirect support for the above suggestion comes from
SiH; radical. The literature evidence axially symmetrical EPR
for this pyramidal (like CF;) radical with small inertia about the
central atom, trapped in various matrices.”*~**

B CONCLUSIONS

Comparing the simulation of the EPR spectra of the trapped
CH; and CF; radicals, it is suggested that, while the matrix
effect on the quantum CHj rotor is just a perturbation, it may
(depending on a matrix used) break the coupling between the
CF; nuclear spin- and quantum rotational states, thus crucially
rearranging the CF; EPR lineshape.

The quantum chemistry computation of the EPR parameters
of CX; (X = H, F) radicals in vacuum undertaken in the present
study gives magnetic parameter in satisfactory agreement with
the experimental ones in the case of planar CHj radical and also
in the pyramidal CF; radical. The remaining disagreement in
the hf interaction parameters is most probably due to the
matrix effect on the radical which is beyond the aim of the
present study. The simulated lineshape by considering the hf
interaction from the point of view of the electron spin is still
requiring additional effort in order to reproduce the
experimental spectra of the pyramidal CF; radical. The
analytical derivation reducing the three hf interactions of the
proton/fluorine atoms to a quartet and two doublets, 1Q/2D,
reveals immediately the main low temperature quantum
spectrum but requires a proper superposition for the nonplanar
case. However, additional experimental EPR study and
simulation of systems such as SiHj can adapt the method in
order to separate the cases where similar radicals are planar or
not. The axial symmetry of the A-tensors of the A-lines and the
g-tensors which follow from the present computation were also
stressed. The conclusions in an early comprehensive work by
Maruani et al® on the trifluoromethyl radical are almost
identical with the basic arguments of the present study. In
particular they indicate that the above radical at 4.2 K is not
rotating, nor inverting as we also indicate. They observe the
extreme sidebands that are important for the accurate
determination of the hf-parameters as we also do. They also
verify partly our conclusions that the tensors are axial, although
they state that they did not expected that fact. However,
considering the minimal overall C; symmetry of the radical, our
meaning is that this symmetry should be expected for the hf
interaction of the C-13 and for the unpaired electron
interaction with the A-proton quartet, even if the contributing
hf protons interaction do not need to have the same D;/C;,
symmetry. However, the hf interactions with the two E-
symmetry protons in CH; and the fluorine doublets in CF; are
allowed to be nondiagonal. We finish with their citation “..the
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splitting of the “degenerate” peaks in the experimental
spectrum, as well as the nearly axial symmetry of the tensors
obtained for the CF; radical... are not fully understood”.
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