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The geometry of the 4,5-bis(trifluoromethyl)-1,3,2-dithiazolyl radical, predicted by full geometry optimization,

is found to be in very good agreement with that determined experimentally by electron diffraction. Post-SCF
configuration-interaction (Cl) computations must be performed to generate the weak transitions in the spectrum
which are responsible for its characteristic blue color. The energy barrier due to the rotation of thestwo CF
groups along their EC axes is estimated to be approximately 60 kcal/mol. Thus, they are not expected to
rotate freely at low temperatures and the k& atoms should be magnetically inequivalent. This is verified

by electron paramagnetic resonance (EPR) spectroscopy of the isolated radical in an Ar matrix at 12 K and
is the first experimental evidence of magnetic inequivalency in a main group inorganic cyclic complex. The
inhomogeneous broadening due to the magnetic inequivalency ¥ftieelarge enough to mask their hyperfine
splittings. The specific expressions that give rise to these magnetic inequivalencies in conjunction with the
and hyperfine tensors, as a function of the molecular orbital (MO) coefficients, are derived and are required
to fully comprehend and accurately simulate the EPR spectra. The magnitudes and signs of the MO coefficients
are independently estimated by computing its electronic structure using the B1LYP hybrid density functional
method. The simulation of the experimental EPR spectra followed by the comparison of the experimental

and computed spin Hamiltonian tensor components reveal that the compleXBag@und state. Its spin
Hamiltonian parameters are found to g = 2.0020,g,, = 2.0004,0,, = 2.0124,A.(*N) = 29.097 G,
Ay(MN) = 2.717 G, andA{1*N) = 2.246 G. The high intensity at the low magnetic field end of the EPR
spectrum is due to an extra “off-principal axes” resonance occurring imzheolecular plane.

I. Introduction and understood The total hyperfine tensor components of the
o ) ) ) 14N170, radical were computed by the ab initio multireference
Matrix-isolation techniques and electron paramagnetic reso- gingle and double excitation configuration-interaction (MRSD-
nance (EPR) spectroscopy have been used simultaneously 1@y method. The resonance field positions of the two spatially
determine the electronic spin distribution, ground-state sym- equivalent’0 atoms, obtained from these tensors, were shown
metry, and bonding properties of paramagnetic molecules and, e gifferent. The computed and experimental differences in
transients. Simulation of the EPR spectrum is usually required resonance field positions of the tW& atoms were compared
to determine most of the spin Hamiltonian tensor comporiefis. and found to be in excellent agreeméht.
If the isolated molecule is not linear then its spatially equivalent Due to the high order and alignment BNY0,, trapped in

atoms may not be magnetically equivalé@onsequently, the . . N ; X
expressions for the resonance positions used by the simulatior® single crystal of sodium nitrite, its EPR line widths were

program should include the effects of magnetic inequivalency. narrow. Therefore_, tlr;e extra hyperfine resonances due to the
. . 8 ) inequivalency of itst’O atoms were resolved and could be
In an EPR experiment, spatially equivalent atoms in a

lecul I el alent if th lated identified!! The next step was to show that magnetic inequiva-
molecule are only magnetically equivalent if they are relate lency could also be detected in randomly oriented paramagnetic
to one another by a center of inversion and resonate at the sam

tic field valu@ .M e val ) ticeable | %pecies such as those trapped in a matrix or a poWdEne
magnetic Tield valué.vagnetic inéquivalency IS noticeable in (n8-CeH3F3)V molecule was chosen to demonstrate this effect
the spectra of rigid glasses, powders, or single crystalhen

the principal axes of the nuclear hyperfine tensors are not alignedbecause of the large 25F) character in its singly occupied
) 9 )
with each other and those of the g tens&t11 This misalign- molecular orbital (SOMO). Thé®F hyperfine tensors were

. . . . predicted to be anisotropic and their principal axes were not
ment can only oceur if the r_nagnetlcally inequivalent atoms have expected to be aligned with each other. Indeed it was found
some degree of anisotropic charactet? o ) . that magnetic inequivalency of the three F centers must be taken

Recently, the observed effects of magnetic inequivalency in jnio account in order to properly simulate the experimental
an EPR experimetftwere thoroughly accounted for, explained,  spectra, This constitutes the first proof of magnetic inequiva-

lency in the EPR spectrum of a randomly oriented organome-
T Part of the special issue “Marilyn Jacox Festschrift”. This research is tallic complex?e’

dedicated to Dr. M. Jacox in recognition and appreciation of her long and . ) .
outstanding career. g P 9 The marked changes in th& hyperfine line shapes as the

* Corresponding author. E-mail: mattar@unb.ca. anisotropy increases indicates that the concept of magnetic
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inequivalency must, in principle, be invoked for complete NN
understanding and simulation of the EPR spectra of polyatomic \\EX\&\Q\\ Y
molecules® The (78-CsH3F3)V EPR spectrum also illustrates \\\\\%
. .. e . Rl - |
that, in addition to the symmetry and positions of the constituent 3\\5&\\%}\\
atoms, the degree of inequivalency also depends on the \“&%\\\&3
R

distribution and character of the net spin density in the vicinity
of the nuclei. While the three F atoms display magnetic ‘ |
inequivalency due to the 2p(F) character of the SOMO, the o
inequivalency of the three H atoms is not apparent because the
SOMO has very little 2p(C) or 2p(H) charactér.

One of the main objectives of this article is to demonstrate
that magnetic inequivalency may also exist in the EPR spectra
of stable radicals whose functional groups are not free to rotate.
The 4,5-bis(trifluoromethyl)-1,3,2-dithiazolyl radicdl)( here-
after referred to as (GRC.S:N, is chosen for this purpose. In
this case the effect of magnetic inequivalency is so dramatic
that it obscures some of the hyperfine structure.
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- I Figure 1. Schematic diagram of the matrix-isolation apparatus (not
’ Py drawn to scale). (a) APD DE202 expander head, (b) first cooling stage,

12 @ (c) second cooling stage {82 K), (d) oxygen-free-high-conductivity

copper (OFHC) rod used as sample holder for EPR experiments, (e)
inner vacuum shroud supporting expander head, and (f) outer vacuum
. . . shroud. The inner shroud moves vertically inside the outer shroud so
Due to their large size and close proximity to one another, ihat the matrix-isolated sample is lowered in to the EPR cavity (g)
the six1°F atoms are sterlcally hindered and are not expected compartment used for depostions and -WXsible spectroscopy (h)
to rotate freely at very low temperatures. In addition, the fluorine quartz tube used as a shroud for the OFHC rod, (i) gas inlet port, (j)
components of the SOMO are mainly %) in character. This vacuum port, (k) thermocouple inlet, (I) expander head He inlet valve,
results in six nonaligned hyperfine tensors that possess 2and (M) expander head outlet valve.
significant anisotropic components which, in turn, should lead o )
to magnetic inequivalency. Thus, magnetic inequivalency must conductivity copper (OFHC) flat rod, which acts as a cold
be invoked to interpret the EPR spectrum of §3E,S,N that trapping surface, was cooled to 12 K by means of an Air
is isolated in a rare gas matrix at cryogenic temperatures. ~ Products Displex system. A mixture of (§FC2SN and Ar
Section Il describes the experimental and computational 9as was directly condensed on the OFHC rod thus matrix-
details. In section I1I.A the (Cf.C,S;N geometry is optimized  isolating the radical. The base pressure of the systenrvges
and compared with the experimental gas-phase molecularx 1077 Torr, and the deposition time, depending on the type of
structure determined by electron diffraction. These computations €xperiment, ranged from 2 to 7 h.
also predict that the radical will display hindered rotation of its ~ The EPR spectra were recorded on a Varian E-4 spectrometer.
two CF; functional groups. Section IIl.B is an attempt to Its microwave bridge was modified to include a reference &rm,
properly interpret the radical's UVvis spectrum and, in and the microwave cavity was directly attached to the matrix-
particular, the origin of its blue color. Configuration- interaction isolation apparatus:13The radical, a gracious gift by Professor
(CI) computations of its ground and excited states are performed.J. Passmore, was stored in the absence of light at all times.
From these results, the eIeptronic state-to-state trgnsitions are Al calculations were performed on IBM RS/6000 worksta-
computed and the electronic absorption spectrum is generatedtions and personal computers using the HyperChem or Guas-
The similarities and differences between the experimental and 5janggé suite of programs. The PM3and B1LYP® methods
computed spectra are then discussed. In section Ill.C the\yere used to optimize the geometries, determine the electronic
computed values and theoretical expressions for the sSpingrcture, perform singly excited configuration-interaction com-
Hamiltonian tensor components, needed _for the Interpretation pytations and determine the first and second derivatives of the
of the experimental EPR spectra, are derived. In section II.D gnergy. The PM3 method is an improved and reparametrized
the results of the simulation of the experimental EPR spectra fo;m of the AM1 technique which, in turn, is known to give
are discussed. Finally, section IV is a summary of the conclu- yegyits that are closer to experiment than the CNDO and INDO

m

sions arrived at during this research. techniques’d The geometries were optimized by performing
I E . tal and C tational Detail computations at the BILYP SCF level. The optimization process
- EXpenmental and Lomputational Details was terminated when the sum of the energy gradients was less

The matrix-isolation apparatus used has been describedthan 0.0005 kcal/A mol. The uncertainties in the total energies
previously?~14 Its various components such as the cryogenic are approximately 1.0 kcal/mol, while those of the bond
expander head, vacuum shroud, and sample holder are schedistances are in the order of 0.01 A. Bond angles are accurate
matically illustrated in Figure 1. The oxygen-free-high- to within £2.5°.
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TABLE 1: Electron Diffraction and Computed Structural
Parameters of (CR),C,S;N

electron UB1LYP/
diffraction® PM3 |ApM3| 6-3lG(d) |ABlLYP‘

distance in
Angstroms
Ci=C; 1.324(14) 1.371 0.047 1.346 0.022
Ci—St 1.749(5) 1.741 0.008 1.763 0.014
N=-& 1.634(4) 1.693 0.059 1.685 0.051
Ci—Cu 1.481(6) 1.535 0.054 1509 0.028
Cu—Fu1 1.351 1.349
Cii—Fi2 1.351 1.341
Ci—Fi3 1.350 1.341
Cii—F° 1.330(3) 1.351 0.021 1.344 0.014
angles
Si—N-$S 117.3(9) 1159 14 113.42 3.88
N—$—C;¢ 96.5(12) 96.6 0.1 98.66 2.16

S,—C;=C*° 114.8(6) 1155 0.7 11463  0.17
C;=Cr—Cx 127.3(5) 1230 43 12695 0.15
tiltd 1.5(12) 00 15 0.0 1.5
Fi5-C1—C1—S; 17.6 17.4

2 From ref 28. Error limits are@values and include a possible scale ) ) ) )
error of 0.1% for bond length$.Represents the average experimental Figure 2. Orientation of the ring atoms in (GRC2S:N. Also shown

value.¢ Dependent parametétTilt angle betweerC; axis of CF group are the ring displacement vectors for thevibrational normal mode.
and the ring plane. The two CF groups reduce the overall symmetry fra@y, to C,. The

computed frequency, = 164 cnt,
The optimized geometries did not possess any imaginary

vibrational frequencies which are characteristic of transition in the bond distance and angles between the UBILYP, PM3

&
Y
i

kil
§

states or saddle points on the potential energy surface. and the electron diffraction results are 0.059 A and°4.3
) ) respectively. Thus one may conclude that the UB1LYP and PM3
IIl. Results and Discussion optimized geometries are in very good agreement with the

The (CR)C;SN radical is part of a family of cyclic experimental electron diffraction geometry. This is a necessary
compounds containing carbon, nitrogen and sulfur that are of prerequisite for the computation of the electronic and magnetic
interest as stable radicals. These radicals have novel propertieproperties of this molecule. In addition, the comparable per-
and potential utilityt®-24 For example, the iodine-doped hex- formance of the PM3 and B1LYP methods allows us to use the
agonal phase of 1,2,3,5-dithiadiazlyl radical is a charge-transfer PM3 method for the 2401 electronic structure computations
salt and acts as a molecular conduéfA comprehensive ~ necessary to construct the molecule’s potential energy surface
review of the EPR properties of of some of these compounds as its two CE groups are rotated (see later).
has been given by Preston and Sutclfffe. Both the electron diffraction data and the computed results

Sutcliffe was the first to prepare (§C>S:N by the reaction  indicate that the heterocyclic ring is essentially planar. The minor
of FsCC=CCF; with tetrasulfur dinitride. It was identified, in  deviation from planarity, found in the electron diffraction results,
the liquid phase, by EPR and cited as a potential spin piofle.  may be interpreted in terms of a planar equilibrium configuration
Later, it was prepared by the reduction of its corresponding with a small out-of-plane vibrational amplitude. Indeed, the
cation?® It is a thermally stable blue gas over a green computations show that the lowest frequency vibrational mode
paramagnetic liquid. In the solid state it dimerizes and is (v4~ 164 cn1), which involves a significant displacement of

diamagneti@?-2° the N atom, is an out-of-plane normal mode. The net displace-
A. Molecular Structure and Optimized Geometry. At- ment vectors on the ring atoms due to this normal mode

tempts to determine the solid-state molecular structure of vibration are shown in Figure 2.

(CR3)2CoSN by X-ray diffraction gave mixed results (ref 28, There is no experimental information regarding the orientation

Chapter 4). The unit cell consists of two molecules which form of the Ck groups with respect to one another and to the plane
a dimer. The two rings of the dimer are parallel and the of the CSNSC ring. The optimized geometry shows that both
intermolecular S-S distances are 3-13.2 A28 The individual the B3—C1—Cy—S; and the k3—Cy1—Cy1—S; dihedral angles

molecules exhibit rotational disorder, and the accurate analysisare 17.6. The two closest fluorine atoms, each situated on a
of the fine features of the crystal structure, such as its bond different Ck; group, avoid each other and the ring plane. Thus

distances and angles, was unsucceg&ful. the CK; groups, in principle, should not rotate freely along the
The gas-phase molecular structure was determined by electrorcarbor-carbon bonds. To determine the energy barrier of the
diffraction. No evidence for dimerization was obserééé’ uncorrelated independent rotation between the twedt&ups,

From the analysis of the radial distribution function, a prelimi- a series of PM3 computations were carried out where ong CF
nary structure was predicted where the radical has a planargroup was fixed while the other was rotated by 126
heterocyclic ring?®2° Possible deviations of the ring conforma- increments of 2.5 This procedure was repeated again after
tion from planarity were tested in a series of refinements. The rotating the first Ck group by 2.8. The whole process was
agreement between model and experiment improves marginallycontinued for a total of 4%« 49 computations in which both
for a slightly nonplanar ring structure with an out-of-plane angle, CF; groups were rotated the full range of 220’he energy
between the NS, and SC,C,S; planes, that is 15 A similar surface resulting from this process is depicted in Figure 3a. It
situation exists for the §H4SN radical3° The final refined shows two maxima where the height of the energy barrier is
molecular structure parameters are listed in Table 1. 58 kcal/mol. The highest energy occurs when two F atoms from
The PM3 and UBL1LYP optimized bond distances and angles different Ck; groups are nearest to one another and lie in the
of (CF3)2CoSN are given in Table 1. The largest differences plane of the ring. On the other hand, the minimum energy occurs
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4,5(Trifluoro-Methyl)-1,3,2-Dithiazolyl Radical B. Electronic Absorption Spectra. The electronic absorption
spectrum of (CE)2C,S:N, recorded in the visible region using

a 0.045 mol/L hexane solution, consists of two very weak and
broad bands in the visible region centered around 560 and 738
nm28 All other higher energy bands are in the ultraviolet region
of the spectrum and were determined using a 0.00354 mol/L
solution?® The presence of only two absorption bands in the
visible region imparts a blue color to the radical.

There have been previous attempts to rationalize the existence
of the weak absorptions in the visible region in terms of energy
differences between one-electron orbitals. For simplicity, com-
& putations using ab initio Hartred=ock STO-3G type basis sets
and semiempirical CNDO/2 techniques on the 1,3,2-dithiazol-
o8 2-yl (H2C,S;N) sister radical ) were performed. This was
o s P o 150 s based on the assumption that replacing the twe gBups by

Rotational Angle 6 H atoms should not significantly alter the appearance of the
spectrun?® All computations yielded a SOMO that is separated
4.5(Trifluoro-Mathyl)-1.3.2-Dithiazolyl Radical from its nearest orbitals by at least 2.5 eV resulting in energy

—— , gaps that are at least 20200 thf495 nm). These are too large

to adequately explain the red and yellow spectral absorption
bands responsible for the blue color. Thus, as expected, simple
energy differences between orbitals, obtained from the one-
electron molecular orbital energy diagrams, are not adequate
to explain the electronic absorption spectrum of these radicals.
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Figure 3. (a) The relative energy of (GRC.S:N, in kcal/mol, as a
function of the angle® and ¢. They represent the dihedral angles . .
formed by the $C; Ci; Fisand S C, Ca1 F2s atoms, respectively. (b) The experimental UVvis spectra may be properly accounted
The corresponding three-dimensional energy trajectory obtained by for by performing post SCF Cl computations. Semiempirical
plotting the minima of the energy surface. The trajectory illustrates PM3-CI calculations employing 67 Slater determinants were
the gearing effect of the two GRgroups which simultaneously avoid  ysed for (CF),C,S;N and 80 determinants for #8,S,N.

one anqther and the eleptro_n density in th_e ring plane. Also shown, as From the CI computations tretate-to-statenergy differences
dotted lines, are the projections of the trajectory on the three relevant were computed as well as the corres ding t ition dinol
angular and energy planes. p ponding transition dipole

moments (TDM) and oscillator strengths. They are listed for
when the F atoms are farthest apart and simultaneously avoidthg_th:e(_e l_?_W;St 2tra(1§15|tt|ons toft';]he (QEZSQN.an? I-bCizslet_
the electron density of the planar ring. This high energy barrier \r;h;z ?r:g Io?/vei*t : o:snit:?gr:nsi(teioprzg\grus Sémgzﬁl (;a:rglljezlsons,
inhibits a totally uncorrelated free rotation; however, it may be P : e,
. . } than 495 nm, the CI computations show that the lowest three
reduced if a synchronized and correlated rotation of the two : o )
CFs groups occurs. The energy barrier resulting from these “gear elec_tronlc transitions range from 985 to _573 nm. It is therefore
rotations” may be éstimated by following the minimum ener obvious that correlation effects play an important role in these
. y y ng . >nergy type of radicals and are essential in the proper description of
trajectory on the energy surface of Figure 3a. This trajectory, their electronic absorption spectra
as a function of the two rotation anglgsand¢, is shown in Th e )
' e lowest energy transition for (g)zC2S;N and HC,S;N
Figure 3b. In this figure the barrier now drops frae®b8 kcal/ gy ( 22 HCoS,

occurs at 984.6 and 955.0 nm respectively. These near-infrared
mol to 3.5 kcal/mol. The computed value of 3.5 kcal/mol for 15445 are weak since their largest TDM components-&ré
the correlated gear rotation energy barrier is very similar to the p Their wavelengths are out of the range of our Bausch and

experimental hindered rotation barrier of ethane (2.7 kcal/mol) | omp Spectronic 2000 spectrophotometer (26860 nm) and
and identical to those of propane (3.5 kcal/mol), and mono halo- they will not be considered further.

ethanes, CbX-CHj, (3.7 kcal/mol). Consequently it is safe to The next two transitions for (GJC>S:N occur at 573.3 and
assume that the two GEroups may undergo geared rotation 720.5 nm which is in very good agreement with the experimental

at ambient temperatures. Since we have used the semiempiricahands that lie at 560 and 738 nm. Table 2 shows that the
PM3 method (which is of moderate accuracy) to estimate theseoscillator strength, which is proportional to the electronic

energy barriers, one should be careful not to draw any further absorption intensity, is 3 times as large for the 720.5 nm
conclusions. Instead, one has to rely on the matrix-isolated EPRtransition as compared to the 573.3 nm transition. This is also
experiments to determine whether the ;@foups will have found to be true experimentalf§In contrast, the corresponding
enough energy to rotate in the temperature range ef6l2K H2CoSHN transitions lie around 588.5 and 543.3 nm. Itis obvious
(see later). in this case that the transition occurring around 588.5 nm has
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TABLE 2: Computed Electronic Transition Energies,2 Wavelengths, Dipole Moment Component8and Oscillator Strengths of
the (CF3),C,SN and H,C,S;N Radicals

oscillator

state uii transition E, A it (X) wis (Y) uis (2) strength
(CR3)2C2SN
X?2B 1.070
AZA 1.702 AA —XB 10 156.7 984.6 0.5508 -0.0090 0.0000 0.0014
AB 6.146 B — X?B 13878.9 720.5 0.0013 0.8896 0.0000 0.0052
B2A 3.995 BA — X?B 15138.4 660.6 0.0000 0.0000 0.0022 0.0000
B?B 3.820 BB — X°B 17 443.3 573.3 0.4294 —0.0041 0.0000 0.0015
H2CoS:N

X?B, 3.073
A?A, 3.111 KA — X?B; 10471.2 955.0 0.5120 0.0000 0.0000 0.0013
A%B, 0.541 B, — X?B; 16 992.4 588.5 0.0001 0.5408 0.0000 0.0015
A?A, 1.019 ARA; — X?B; 17 470.3 572.4 0.0000 0.0000 0.0000 0.0000
A%B; 1.185 B, — X?B; 18 406.0 543.3 0.4818 0.0000 0.0000 0.0020

aThe vertical excitation energids, are in cnt?, and the corresponding wavelengths are in nanomeét@ise state dipole momemt; and the
components of the transition dipole momeni$x), wit(y), anduir(2) are in debye® The listed ground state dipole moments, obtained by the PM3-
CI method, slightly differ from the corresponding ones, obtained using the UB1LYP method, in Table 5.

T T T T T T T T T

too high an energy when compared to the corresponding one
(720.5 nm) for (CE)2,CoS:N. Consequently, the SN @ Experimental T
electronic absorption intensity, where the trifluoro methyl groups r 1
in (CRs)2CoS:N are substituted by hydrogens to simplify the

computations, will not produce a transition in the yellow region
that is responsible for the (GRC.S:N blue color.

The CI computations indicate that (§FC,S;N has an
additional band in the visible region around 660 nm. However,
Table 2 indicates that its oscillator strength is zero and it is not =
expected to appear in the experimental spectrum. All the other | D) Simulated
transitions of higher energy occur in the UV region and thus
do not affect the color of (Gf,C.SN. In summary, one may

Relative Intensity

conclude that, at this level of Cl computations, one can account 32;5 ‘ 32;5 : 33;)5 : 33‘25 : 3;5
for the characteristic blue color of this compound reasonably M e Field /
well. agnetic Field /G.
C. Electron Paramagntic Resonance Spectroscopyl. Figure 4. (a) The EPR spectrum of (GEC:S;N, isolated in an Ar

: ) matrix at 12 K. The Ar: (CE)2C2S:N ratio is 230:1. Microwave power
Experimental EPR Spectrdhe (CF).Co5N in CFCI3 was incident on the sample: 300W. Modulation amplitude: 0.05 G.

found to.have. an 'SOtro_p'C EPR spe(?trum W_here the unpaired \jicrowave frequency: 9.2601 GHz. (b) Corresponding simulated
electron is split by the nitrogen atom into a tripté€® Each of spectrum using the effective spin Hamiltonian parameters listed in
the triplet lines is further split into a septet, as is expected from Tables 3 and 4.
six spatially equivalent fluorine centers that are rapidly rotating
compared to the EPR time scale and their hyperfine splitfhgé. is predicted to be 58 kcal/mol, this might not be the case.
The EPR spectral resolution was enhanced when the tem-Evidence that the two GFgroups are close and bulky enough
perature was lowered. This is expected, since at room to restrict their rotation at low temperatures should come from
temperature the radicatadical encounters, leading to spin isolating the radical in a matrix at cryogenic temperatures.
spin exchange broadening, are quite frequent and cause the line The EPR spectra resulting from the co-deposition of Ar and
widths to be broad. However, as the temperature drops, the(CFs),C,S;N at 12 K are given in Figure 4a. The spectra are
radical diffusion slows down and the spispin exchange rate  quite strong and display partially resolvedN hyperfine
decreases. Although this decreases the line widths and thesplittings similar to other compounds of its cl&4g7 It is
spectrum becomes well resolved, the rotational tumbling also characterized by inhomogeneously broadened resonances with
slows down and the line widths become dependent on thelarge line widths. Unlike its spectra in the liquid state or that of
nuclear magnetic quantum numb&€onsequently the relative  the CRCN,S; radical?*35there is no evidence for any resolved
intensities of the nitrogen hyperfine splittings no longer have a *°F hyperfine splittings.

1:1:1 intensity ratio. This is also true for the sevVér hyperfine In a set of matrix-isolation experiments the Ar: (§F,SN

lines with an original intensity ratio of 1:6:15:20:15:641. ratio was varied from 1500:1 to 230:1. The low radical
There have been no reported spectra forg}@mRSN in the concentration in the 1500:1 experiments ensure that any

solid state. These spectra may, in principle, be used to determinebroadening due to radicatadical dipole interactions is negli-

the anisotropic components of tige 1N hyperfine, and°F gible. The 230:1 experiments represent the other concentration

hyperfine tensor components. extreme but still ensure that a pair of radicals occupying large
A CF; radical that is isolated in a rare gas matrix will start vacancies are, on the average, not isolated as nearest neighbors

to rotate freely only a few degrees above 4.2%KRadicals, but, at least, as next-nearest neighbors. The EPR spectral line

such as CECN,S, which possess a freely rotating €fanctional shapes did not change as the §E,S,N concentration in the

group in the solid state, display a characteristic 1:3:3:1 fluorine matrix was increased indicating that it does not dimerize when
hyperfine splitting pattern resulting from its three spatially isolated in the matix. In addition, annealing the matrix by raising
equivalent®F nuclei2*35However, in the case of (GRCSN, its temperature to 20 K for 10 min and then recooling to 12.5
where the energy barrier for free rotation of the two;@Foups K did not alter the general features of the spectra. Thus,
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dimerization due to (C§.CoSN diffusion in the matrix is also

unlikely. To acertain that the EPR spectra were not due to a

dimeric species we have searched for the half-fighds = +2

transitions that are characteristic of a dimer. No such transitions

were detected even when the Ar:({JFE,SN ratio was 230:1.
This rules out any line width broadening due to dimerization
or aggregation of the radical.

The spectral line shapes were also found to be independen

of the orientation of the OFHC sample holder with respect to

the magnetic field. It indicates that the radical is not preferen-

tially oriented along a certain direction when isolated in the Ar

matrix. Consequently, the program used to simulate the radical’s

spectrum assumes that it is randomly oriented.

The spectrum in Figure 4a strongly suggests that there is no

free rotation of the radical’s two GFgroups. If unrestricted

rotations occur, then the six fluorine centers should be averaged

and rendered equivalent. This should result in a seventine
hyperfine structure superimposed on tfé resonances. When
rotations are not allowed, all six fluorines will be magnetically

inequivalent and will all resonate at different frequencies. These
resonances will cause a significant line broadening which may

prevent the resolution of thEF hyperfine splittings. To take
into account the effects of magnetic inequivalency, it is not
sufficient to simplyhomogeneouslgroaden the resonance line

shapes by increasing their line widths in the simulation program.

Since magnetic inequivalendgghomogeneouslroadens the

line shapes, the actual expressions for all the resonance field

positions must be properly modified in the simulation program.
This requires the rederivation of the molecular spin Hamiltonian
tensor components.

2. The g Tensor in Terms of the Molecular Orbital Coef-
ficients If the (CFs)2C2S:N geometry predicted by both electron
diffraction and calculations is still maintained in the Ar matrix,
then it hasC, symmetry and arorbitally nondegeneratéB
ground state. Its electronic configuration is 3@8b' and theg
tensor components are given83y13.36.37

gj = 90 T ZZ zg

G mng

l-_Xm,a(rq) | ‘Ek(rk) I-i (k) |Xn,o(rq’) D&n,a(rq') | LJ (k') |Xm,o(rq) 0 (1)
€(m) — €(n)

Here, yms(I'q) andyns(I'g) represent the occupied and virtual
spin—orbitals, respectively. Théc(ry) andL;(k) terms are the
spin—orbit coupling constant arjth orbital angular momentum
component of th&th atomic center. Thge term represents the
free electrorg factor and has a value of 2.0023. The symmetry-
adapted-linear-combination (SALC) of atomic orbitgig(I'y),
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leZ
0,9 T2y ——— 3)
£r0¢(29b) — ¢(nb)

whereZ; andZ, are given by eqs B2 and B3 in Appendix B.

Figure 5 shows that the computed 29b HOMO is antibonding
with respect to the nitrogen and sulfur atoms which, in turn,

re also antibonding with respect tq &d G. On the other

and, the ¢ and G atoms are bonding with respect to one
another and have partial double bond character. The unpaired
spin density is localized mainly on the(N), p«(S1), and R(S,)
atomic orbitals of the ring. Consequently, the predominant
coefficients in eqs B2 and B3 for the’® state arec;(29b) and
€4(29b). Furthermore, since the spiorbit coupling constants
Ec, &n, &F, and &s are 29.0, 76.0, 280.0, and 382.0 Tm
respectively?® then the main contribution to the deviation of
0zzfrom the value ofje will be due to the unpaired spin density
on the § and S atoms. The lowest excitedB state is
experimentally found to lie 13500 crh above the XB. It is
due to the promotion of an electron from the 27b mo to the
29b mo which rendersg,; > ge. The promotion of the 29b
electron to the unoccupied 30b leads to an excited state that is
approximately 48000 cmt higher than the ground state.
Therefore its contribution to thg,, tensor anisotropy may be
neglected. By substituting all the mo coefficients and spin
orbit coupling constants in eqs 3, B2, and B3, it is found that
0,z = 2.0133. This is in excellent agreement with most of the
gzztensor components for this family of compourti general,
the surrounding matrix tends to alter thevalues slightly and
so additional minor shifts ofl,; are expected.

The gy andgyy components have second-order contributions
due to the coupling witRA excited states. Thgx component

Xlx2
Gu=0et2y —— (4)
T me(29b) — e(na)

whereX; andX; are eqs B5 and B6. The (@EC,S;N molecule
is az-type radical and its HOMO contains very small amounts
of in-plane g and p atomic orbitals. Consequently, teg29b)
= 0.0042, c5(29b) = 0.0047, andcg(29b) = —0.0037 are
approximately 2 orders of magnitudes less than the correspond-
ing out-of-planec;(29b) = 0.5785 andc4(29b) = 0.4825
coefficients. This causes; andX; in egs 4, B5, and B6 to be
very small, and they tensor component is expected to be very
close to thege value?® This is also found to be the case for
most planar GS—N z-ring radicals** The present UB1LYP
computations predict g« value of 2.0030.

Thegy,y component is much more difficult to predict than the

generated using the molecular orientation in Figure 2, are listed 9zz and gxx components. It is given by

in Appendix A for the twal q irreducible representations of the
molecule. The symmetry-adapted sporbitals are then
Xmoll'y) = ¥n(Tg)o, 0= a,p @
The orbital angular momentum coupling of théBxground state
with other?B states will result i, anisotropy. However, only
those states lying in the range of 0 to approximately 50000tcm
above the ground state will make a significant contribution to

this anisotropy. TheE(ry) term in eq 1 rapidly decreases as
1/(ry)3. Consequently, it is justifiable to retain only the single

YlYZ
9y=0+2y ————
v nggbs(ng)— €(na)

whereY; andY; are also listed in Appendix B. The contributions
to the g,y anisotropy stem from the orbital coupling of type
atomic orbitals with the correspondinggrbitals in the HOMO.
There are at least four low lyingA states that can couple to
the X?B state in this fashion. Two of these involve the promotion
of an electron from filled orbitals to the HOMO, while two are
due to the excitation of the 29b electron to virtual unoccupied

(5)

center contributions in the matrix elements of eq 1. Using eqs molecular orbitals. Thus the fingly value is a result of delicate

1, 2, A1, and A2 from Appendix A, thg,; tensor component
is found to be

cancelations of positive and negative contributions from these
excited states. Consequenttyy is expected to be slightly less
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is only 1.1x 1073, Table 3 also shows thagdetermined from

the matrix-isolation experiment is in excellent agreement with

g's° observed in liquid CFGF-28with a difference of only 4.0

x 10~ Thus we can safely conclude that the g tensor

components determined from the UBL1LYP computations, the
EPR spectra of the matrix-isolated compound and that obtained
in liquid CFCk are all consistent with one another.

3. The Hyperfine Tensors in Terms of the Molecular Orbital
Coefficients a. The Isotropic Hyperfine Tensor Components.
The isotropic hyperfine coupling constants, determined from
the EPR spectra, are listed in Table 3. Due to the nodal plane
of the 29b HOMO, the ring N, S, and C isotropic hyperfine
coupling constants are proportional to the net spin density at
the nuclei and are exclusively due to core polarization. These
spin densities may be positive or negative and cannot be
computed using spin-restricted procedures. McConnell and
Chestnut have shown that this contribution, when using a
variationally antisymmetrized unrestricted wave function, takes

Figure 5. The (CR).C.S:N, three-dimensional isosurface of the singly
occupied 29b mo. The isosurface contour cutoff is 0.04%/laght 2
colored surfaces are positive while the darker ones are negative. Thethe fornt
ring resides in thegz plane.

TABLE 3: Calculated®and Experimental Principal g tensor aiso(') _ 8l } 5(r)S.0 ©6)
Components and Isotropic Hyperfine Coupling Constant&for )= 3h DZ ki) S
the (CF3)2C,S;N Moleculed

experimental UBILLYP UHF

which is proportional to the net spin density at fiienucleus.

O 2.0020 2.0030 _ _ _
Oy 2.0004 1.9993 In Table 3 thea>(**N), computed using the UB1LYP hybrid

Oz 2.0124 2.0133 density functional, is found to be in excellent agreement with
D%E: (ot Gy T 0:0/3 %'8833 and within40.2 G of the experimental EPR val&&? This is
also(L4N) 11.300 11.280 28.249 another example of the ability of the UB1LYP method to predict
as(®g)), ai* (¥S,) 3.874 5.232 accurate Fermi contact terrts?3 On the other hand, the UHF
a:zzngl), aISiZ(()1:133CC2:) —1.626 —2.385 method overestimatezs(*4N) by more than twice the experi-
ZSOEIQFE))';SO((IQF;S) _(l)'gcl)g :g'ggs mental value or that computed by the UBI1LYP method. This
dso(lgFlZ): also(19F 1) 1.368 0.218 asserts that UHF techniques, even after projecting out quartet
aso(1%F,3), a1 ya) —0.852 —0.193 spin contaminants, are not suitable for estimating the Fermi
(@ *F)0] 0.690 0.676 —0.507 contact terms of doublet state radici®ue to their low natural

= Calculated using the EPR Ill basis sets for C, N, and F atoms. The abundance, the®(**C) anda**(**s) hyperfine splittings were
6-31G(df,p) basis set was used for sufftir®Isotropic hyperfine  not determined experimentally. However, the compua&e
coupling constants in gauss (G)The signs of the isotropic hyperfine (335,) and as9(33S,) are very similar to the experimental and

coupling constants were not experimentally determifiétkperimental . 4
g values determined by simulation of the EPR spectra of the matrix- computed ones of the K,S;N sister radicaf:

isolated speqie§.Assur_ned value! Experimental va_lue from_ ref_28. If the two CR; groups do not rotate, then the six fluorine
9 Corresponding experimental value for theG#S;N sister radicét is atoms do not lie in the ring plane and the molecule possesses
4.23G which is less than 0.5G of the present computed value. . . . . iso
three different pairs of spatially equivalef§E atoms. Theis>-
(*°F) of the pair that make a small dihedral angle with the ring

or greater thame. The difficulty in estimatinggyy arises from . . o
the fact that altehough the coefficients of ocgjpied molecular plane will be predominantly due to core polarization effects and

orbitals are quite realistic, those of the virtual orbitals are usually S xPected to have a negative value. In conFrast,amégF)
overestimated and lead to unrealistically diffuse orbitals. Thus, ©f the two other pairs that lie out of the ring plane have
for any estimation of excitation energies, thé@ and Y, additional major components due to the net spin density from
expressions in egs 5, B8, and B9 will certainly be inaccurate if their s character of the 29b SOMO. Consequently, there will
a single determinant procedure, such as UHF or UBILYP be three differentis°(1°F) values for the three fluorine pairs.
methods, is used. A minimum requirement for such computa- These values, computed via the UBILYP hybrid density
tions should be a multi-configuration self-consistent field functional method, are listed in Table 3 and indeed show the
(MCSCF) method that will generate realistic excited states. It above trend. Their average value is 0.676 G which is in excellent
may even be necessary to refine theensor computations by  agreement with the experimental value of 0.698°G.

a multireference configuration-interaction technique starting with Finally, the accuracy of the (GFC,S,N isotropic hyperfine

the MCSCF orbitals as the initial eigenfunctions. h
tensor components presented here are similar to those of

engrei n:grr::ggte@x ggg Ozz :jﬂg%}ﬁ?égF\’/?;g”;i?gg?mvtlj'gighne H,C>S:N*4 and other organic radicals that contain second row
p hoo Oyys ANAQzz P " atoms (C, N, O, F, etc4p4549

are given in Table 3. If one assumes that the compgjge-
1.9993 then the experiment@U= (g« + 9yy + 0,)/3 value b. The Anisotropic Hyperfine Tensor Components. For a
exactly matches the computed one. The difference between thishucleus, B, the anisotropic hyperfine tensor component takes
gyy value and that determined from the experimental spectrum the form:
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The resonance field positions used to simulate the EPR
spectrum of a randomly oriented molecule with aligned diagonal

Fij(B) 0, hyperfine, and quadrupole tensors have been derived previ-
T;(B) = 9B80\Bn| | Yn : Y, z Z ously36:50 The contribution due the Zeeman interaction and a
r*(B) rme=n single“N center with no quadrupolar interaction is
[@) H(E) D 1 2 2, 2, 2
2|1 E LKy gy %‘wn B= @[(hv — Km) + {(hw — Km)® — [¢5 + 75 + T3][1(l +
1) — m] 4+ 2m(2M — L)z,7, + 2[5 + 72} 7 (10)
e(n) — e(m)
Fs(B) where the symbols have already been defitédThe M and
Zéyai Wl &L, (K, —‘wn m denote the nitrogen electronic and nuclear magnetic quantum
A r’(B) numbers, respectively.
! (7 Although the molecule contains a pair of ring sulfur and
e(n) — e(m)

carbon atoms that are spatially equivalent, none can be totally
or magnetically equivalent because the molecule Gasym-
metry! Pairs of spatially equivalent atoms have the same
isotropic hyperfine components, but their anisotropic hyperfine
" tensor components and the directions of their principal axes are
may be limited to single-center integrals. Consequently not the same. This causes them to be magnetigally inequivalent
' ’ and to resonate at different resonance field positidfi#.these
F.(B) 1 differences are greater than the natural line widths extra lines
g ‘%D: BTD]MFU(BN%D (8) in the EPR spectrum are expecfédn the other hand, if they
r’(B) (B) are smaller than the line widths these extra lines may appear as

4
) ) _ _ shoulders or inhomogeneously broadened resondhées.
Using the SALCs in Appendix A and eq 7, one obtains eq B10  The T(335)) and T(33S,) tensors, in terms of their molecular

where all the symbols have been defined previod&hylf it is

assumed that the spitorbit effects are small, the second-order
contributions from excited states may be neglected. In addition
because of the 13(B) dependence, the matrix elements in eq 7

in Appendix B. orbital coefficients, are given by eqs B11 and B12 in Appendix
B. From eqgs B11l and B12, it is clear that tlig(33S;), T
T(N) :lﬁwu (3S1), TyA%3S1), and T(%3S,) have opposite signs to those of
SErN) the T(3Sy), T(3Sy), T,A33S,), and T,(33S,) and that their

) 5 principal axes are not collinear. Therefore, to fully explain and
4cy(29b) — 2c5(29b) 6c,(29b)(29b) 0 reproduce the resonance positions, intensities and line shapes,
6¢,(29b)c,(29D) [~2c5(29b) + 4c5(29b)] O both the isotropic and nine anisotropic components of each
0 0 [—2c5(29b)+ 2c5(29b)] hyperfine tensor must be computed accurately. A treatment

identical to that of HC,S,N** may also be applied to (GZC,S:N
(B10) to show in detail that the twé?S;, 33S, and two3C; and13C,
atoms are not magnetically equivalent.
To determine the total resonance field positions of the

tensor components are diagonal and the principal tensor axe$Pectrum the terms due to the hyperfine splittings from the six
are collinear with the molecular symmetry axes. One also F atoms must also be included in eq 10. Tables 3 and 4 indicate

predicts thafT,,(4N) and T,{*N) are negative whildy(*N) that the net spin_dgnsity is mostly N and S in characte_r and the
is positive. Thel%N anisotropic hyperfine tensor components 19F hyperfine splittings are small. Therefore, only the first term
computed using the UBLLYP method, are listed in Table 4 " in eq 7 will be used in determining the tensor anisotropies. These
Inspection shows that they are indeed diagonal. This is anisotropies will cause the SIx F atoms to be magnetlcal_ly
expected because the N atom lies on the molecDjaaxis inequivalent as seen from their anisotropic hyperfine matrix

The calculated diagonal dipolar hyperfine tensor components elements listed in Appendix B.

Ti(**N) in Table 4 are comparable in magnitude E(&N) in The matr_ixes in_gqs BI3B18 are _used _in generating the
Table 3. Since th&N total hyperfine tensor is given by resonance field positions required for simulating the (@E&:N
EPR spectrum. They also show that the principal tensor axes

1401y — AiSOr14 14 of the six1°F atoms are not collinear. As dictated by spatial
ACN) = a("N)oy + Ty ("N) ©) symmetry, the axes of the F anisotropic hyperfine tensors must
transform in pairs into one another via 280@tations about the
molecularz axis. It is important to note that the relative signs
of the computed®F hyperfine tensors in Table 4 and those in
eqs B13-B18 are the same implying that they are properly
derived. The changes in the resonance field positions due to
the six different!F centers are

But sincec,(29b) is much less thari(29b), it may be neglected
in eq B10. Therefore, to a first approximation, i hyperfine

then this leads to smafy,(*“N) and A.{**N) values. On the
other hand, botks°(**N) and T(**N) add leading to a large
Ax(3*N). The Aw(**N) is about 1 order of magnitude larger than
Ay(**N) and A.{**N). This leads to a highly anisotropic EPR
spectrum which exhibits “off-axis resonances” as will be
demonstrated later.

The three computed diagonal components are not equal

12 6 m(F)
because the molecule has (less than axdallymmetry. In the __ i 2 2 2
final analysis, the experimental and computed tdt*“N) AB(F) mzz_m; 98 \/{Axg:i) +&/£Fi) +'&Z£Fi)}
hyperfine tensor components are in very good agreement. (11)

Thus for a?B ground state the B1LYP computations predict
an EPR spectrum whose main features are three lines, separatetihe A'(F) parameters are related in pairs to one another
by approximatelyA,{**N) ~ 30 G. according to the equations
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TABLE 4: Calculated®? Anisotropic and Total Hyperfine Tensor Components for the (CF).C,S;N Molecule

T(*N) X y z

X 20.866 0.000 0.000
y 0.000 —10.293 0.000
z 0.000 0.00 —10.572

TFES)MT(3S) X y z

X 16.394 0.000 0.000
y 0.000 —8.903 +0.421

z 0.000 +0.421 —7.492

T(3CY/IT(ECy) X y z

X 0.723 —0.009 F0.012

y —0.009 —0.558 +0.118

z F0.012 +0.118 —0.169

T(13C11)/T(13C21) X y z

X —0.069 0.148 +0.004

y 0.148 —0.080 F0.070

z +0.004 F0.070 0.150
T(lgFu)/T(lngz) X Yy z

X 0.073 —0.659 F0.505

y —0.659 0.218 +0.606

z F0.505 +0.606 —0.291

T(lgFlz)/T(lngj_) X y z

X —0.425 —0.106 F0.158

y —0.106 —0.354 +0.379

z F0.158 +0.379 0.859
T(19F13)/T(19F23) X Yy V4

X —0.459 0.495 F0.052

y 0.495 0.014 +0.285

z F0.052 +0.285 0.447

AYN) X y z
X 32.146 0.000 0.000
(29.096) (0.000) (0.000)
y 0.000 0.987 0.000
(0.000) (2.674) (0.000)
z 0.000 0.000 0.708
(0.000) (0.000) (2.246)
AFPS)IA(PS,) X y z
X 20.268 0.000 0.000
y 0.000 —5.029 +0.421
z 0.000 +0.421 —3.618
ASCH)IA(RC) X y z
X —0.903 —0.009 F0.012
y —0.009 —2.184 +0.118
z F0.012 +0.118 —1.795
KBCM)/A(BCm) X y 4
X —0.575 0.148 +0.004
y 0.148 —0.586 F0.070
z +0.004 +0.070 —0.356
AlgFll)/A(lngz) X Yy z
X 1.586 —0.659 +0.505
y —0.659 1.731 +0.606
z +0.505 +0.606 1.222
KlgFlz)/A(lngj_) X y z
X 0.943 —0.106 F0.158
y —0.106 1.014 +0.379
z +0.158 +0.379 2.227
KlgFlz)/A(lgFgg) X y z
X -1.311 0.495 F0.052
y 0.495 —0.838 +0.285
z F0.052 +0.285 —0.405

2Values in gauss. Due to roundoff errors, the accuracy is estimated#@1845 G.P Values in parentheses are obtained from simulation of the

experimental EPR spectrum.

AL(F) = JU[8*(F) + To(F)lg,cos +
Ty(F)g,sing}sin 6 + T,,(F)g,cosb) (12)

AL(F) = é({ [T,(F)g,cosp + [a(F) +
T (Flgy,sing}sinb + T (F)g,£0s0)) (13)

ALF) = g({ [Tp(F),C0S6 + T, (F)g, sin ¢} sin 0 + [
(F) + T,(F)lg,c09)) (14)

AL(F) = é({ [8%(F) + To(F)]oCosp +
TXy(Fi)gyysin ¢}sin6 + T, (F)g,£0s6) (15)

AL(F) = é({ T,(F)g,cos6 + [a(F) +
Tyy(Fi)]gyysin ¢}sinf + TyZ(Fi)gZZcosG) (16)

and

A(F) = (A TkF)GL0s0 + T, F)g,sing) sin6 +

[a*(F) + T{F)]g.Los06) (17)

where in eqs 1217 F represents f1, Fi3, and F, and the
corresponding jFare Ry, F3, and s, respectively.

In these equation® and ¢ define the orientation of the
external magnetic field with respect to tlgy, gy, and g,

for the (GHsF3)V half-sandwich compleX® However, they were
relatively simpler because tlgetensor was axially symmetric.
Equations 12-17 clearly indicate thay'(F11) = Ay’ (F22), Ay'-
(F13) = Aj'(F29) and Ay'(F12) = Ay'(F21), wherei, j = x, y, z
Consequently the corresponding shifiB(F;) in eq 11 are not
equal. This renders all st atoms magnetically inequivalent.
From eqs 1217, it is easily seen that eq 11 reduces to

1/2 6 )
_ = is0, E
m =Z—1/2'21ml( |)a ( |)
AB(F) = ” (18)

when the anisotropic dipole componeiiisof the six F atoms
are set to zero. Only under these conditions is'®Remagnetic
equivalency restored.

D. Simulation and Interpretation of the EPR Spectra.The
EPR spectra in Figure 4a shows no signs of trapped. CH
radicals or*S nitrogen atoms that are commonly observed in
matrix-isolation EPR experiment3!® This is because no
ionization source such as a hot filament from a furnace, pressure
gauge, or ablating laser light was employed.

The spectrum of (C§,CoSN is similar to those of KHC,S;N

and benzodithiazolyl&"26-27This class of spectra is characterized
by anAw(N) component that is relatively larger than thg-
(N) andAz{N) hyperfine tensor componentSuch a situation
leads to three promineritN hyperfine resonances. The final
effective spin Hamiltonian parameters obtained by simulation
of the experimental spectrum and computed by the UB1LYP
technique are listed in Tables 3 and 4.

The procedure used to estimate thegdyy, 9z A«(**N), Ay

principal axes. Similar expressions have been derived previously(**N), andA,{**N) tensor components by simulation was similar
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Figure 6. The (CR)C.S:N simulated EPR spectrum. THE hyperfine
interactions are totally suppressed in order to clarify théensor
positions,*N hyperfine splittings, and the “off-principal axis” extra
resonance.

to that used fors8-CsHe)V and (75-CsHg)2V.12 Although this

is relatively straightforward, the simulation of the extra splittings
due to the six!°F centers is not trivial. Assuming that the
(CF5)2CS:N spectrum is due to randomly oriented species, then
egs 10-17 and B11-B18 dictate that the simulation involves
the adjustment of the isotrop@®® and anisotropidxx, Txy Txz

Tyy, Tyz and T, for all six fluorine atoms. Without resorting to
the SALC orbitals in Appendix A, the tensor elements in eqs
B13— B18 and the results of the UBLLYP hybrid density
functional computations in Tables 3 and 4 this would be an
almost impossible task.

The inspection of Tables 3 and 4 reveals that the fluorine

hyperfine tensors have no predominant components and must

all be included in the simulation. Thus we cannot reduce the
number of variables in the simulation of tH& hyperfine
splittings. An initial set of simulations were performed by
varying only theg tensor components and the nitrogen hyperfine

J. Phys. Chem. A, Vol. 104, No. 16, 2008727
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Figure 7. The plot of the low field*N hyperfine resonance field
positions as a function of the anglésand¢. The angléd is the angle
formed between the magnetic fiel, and the principad),; axis while

¢ is the angle between the projection®bn thexy plane and thej
principal axis. Arrow points to the resonance field position minimum.
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Figure 8. The (CR).C,SN simulated EPR spectrum when th#
hyperfine interactions are assumed to be magnetically equivalent and
purely isotropic,a°(*%F) = 0.690 G.

tensor. Once the simulated and experimental resonance fields

were within+2.0 G and the relative intensities agreed reason-

ably well, the simulated spectrum was further accurately adjusted3276 G due to an “off-principal axis” resonantExamination

by adding the effects of the six fluorine centers, in the form of

of earlier spectra of this class of compounds reveals that this

three pairs. Even upon the adoption of this procedure the feature appears in all spectra but has never been addressed. It

simulation is not trivial. For example, inspection of eqs-1Z
shows that the effect &s°(F) on thel%F splitting patterns also
depends on the anglésand ¢. It induces angular variations
that are comparable to those of the anisotropic dipdipole
componentdT;(F).

Figure 4 leaves no doubt that there is very good agreement p
between the experimental and simulated spectra. Thus one may’©SSess extra oft-

conclude that the (GRLCS:N is a z-type radical, hasC;
symmetry and &B ground state.

In light of the good agreement between the experimental an
simulated spectra, the effects of 1€ magnetic inequivalency

occurs when the resonance field positions possess one or more
extrema that are not coincident with a principal axihis is
illustrated in Figure 7 where the resonance field positions for
mi(**N) = —1 are plotted as a function of the angiesnd¢.

It clearly shows that the resonance field positid(®,¢)
principal axis minimum around 3275 G (when
0 ~ 40°—60° and ¢ = 0°). The overall effect, even when
obscured by extra interactions (Figure 4a) is to render the

gresonances at low magnetic field (3275 G) more intense than

the corresponding ones at high field (3335 G). Only by

may now be systematically analyzed. The hypothetical Spectrumsuppressing the interfering effects of magnetic inequivalency

in Figure 6 is generated using tg@nd nitrogen hyperfine tensor

due to the fluorine atoms is this extra line fully resolved and

components obtained by simulation (Tables 3 and 4). The extradetected (Figure 6). The theoretical EPR spectrum in Figure 8

splittings due to the siX°F atoms are set to zero in order to
clarify the hyperfine interactions due to the nitrogen atom. The
spectrum shows three sets of lines situated.atgyy, andg,»
Each of these resonances is further split into three line&gy
(3N), Ap(**N), and A,(1*N), respectively.

depicts the effect of adding the six fluorine atoms which are
assumed to be freely rotating with an average splittingais?
(*F)0= 0.690 G. The resulting seven line splittings of each
resonance with intensity ratios of 1:6:15:20:15:6:1 broadens the
spectrum. However the fluorine splittings are still well resolved

An unusual feature in Figure 6 is an extra intense line around and do not resemble the experimental spectrum in Figure 4a.
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Relative Intensity

3240 3260 3300 3320 3340

Magnetic Field /G

3280 3360

Figure 9. The (CFR).C;S;N EPR spectrum generated by assuming that
the'°F hyperfine interactions are due to three magnetically inequivalent
pairs that are purely isotropic. The thi@®€(*F) values are 1.513, 1.368,
and—0.852 G.

TABLE 5: Net Charges and Dipole Moments of
(CF3)2C2S:N and H,C,S:N

net charge

atom (CR)2L2S:N H2CSN
N —0.492 —0.517
5,S 0.472 0.394
C,C —0.293 —0.291
C11,C1 0.395
Fi1,F22 —0.081
F]_g, Fo1 —0.099
Fi3,Fs —0.148
Hi 0.156
dipole 0.705 3.335

a Electric dipole moment in debye.

The next stage is to assume that the twg Gfoups are not

Mattar and Stephens

method. The (CE.CoSN has a smaller negative charge on the
nitrogen and larger positive charges on the sulfur atoms. While
both (CR),C,SN and HC,S;N have approximately the same
charges on the ring carbon atoms, the six fluorine atoms from
the two Ck groups are negatively charged and electron
withdrawing. This causes the (@EC,S;N to have a signifi-
cantly smaller electric dipole moment compared tgCh$,N.

The smaller dipole moment of (GRC,S;N (0.705 D) is
probably the main reason it does not dimerize or aggregate in
the gas phase and in the Ar matrix.

Finally we would like to note that the photolysis of
(CR3)2C,oS:N, when isolated in an Ar matrix at 12 K, does not
produce any new paramagnetic species or show any appreciable
loss of intensity. This is contrary to its reported behavior in the
gas phase or in solution where it readily decompdgdhe
stability of (CFs)2C2S:N in the matrix may be due the cage effect
as a result of its total isolation in a tight Ar vacancy. Thus,
even if the molecule is photolytically excited to a dissociative
excited state, it is prevented from physically breaking up in a
reasonable time frame. It would thus revert back to its original
ground state via a nonradiative decay.

IV. Summary and Conclusions

In previous articles it has been shown that magnetic inequiva-
lency exists in small molecules aligned in single crysthind
in randomly oriented matrix€’s. This study demonstrates that
magnetic inequivalency also exists when randomly oriented
molecules possess functional groups that do not freely rotate.

There is very good agreement between the 3J&FS,N
experimental geometry obtained by electron diffraction and those
determined via geometry optimization using the PM3 and
BI1LYP hybrid density functional methods.

free to rotate at these cryogenic temperatures. As a result there Configuration-interaction computations properly generate the

will be three sets of three distinct pairs of fluorine atoms. They
will generate three lines each with an intensity ratio of 1:2:1.
Their [@s° (1%F)0values are taken from Table 3 to be 1.513,
1.368, and—0.852 G. When no anisotropic fluorine hyperfine

weak transitions in the electronic absorption spectrum that are
responsible for the characteristic blue color of §EE,S;N. The
calculation of the HC,S,N electronic transitions does not
reproduce the (GLC,S;N experimental UV-vis spectra, thus,

components are included, the EPR spectrum in Figure 9 is using the HC,SN as a substitute for the (GEC,SN radical

produced. Here it is seen that, compared to the spectrum in
Figure 8, the overall broadening has further increased but some

of the fluorine hyperfine interactions are still resolved. Only
after including the full effect of the magnetic inequivalency of
the six fluorine atoms and all the anisotropig'°F) components
from Table 4 is the spectrum in Figure 4b produced.

Thus, if an accurate simulation of an EPR spectrum is
required, the effects of magnetic inequivalency due to nuclei
with anisotropic hyperfine splittings must be fully taken into

account as they drastically change the appearance of the spectr%

is not a good approximation.

The (CR)2C2S:N radical does not dimerize or aggregate when
isolated in an Ar matrix even when the matrix temperature is
raised to 60 K for 10 min. This may be due to its small electric
dipole moment in comparison to that of€&S,;N. Furthermore,
the monomeric (C§2C,S:N radical is randomly oriented in the
Ar matrix.

Simulating the experimental EPR spectrum is necessary
ecause two unusual effects occur. The first is the inhomoge-

The EPR spectrum of the compound was also measured ateq5 hroadening due to the magnetic inequivalency of the six

different temperatures up to 60 K with no marked change in 195 atoms. The second is the existence of extra *

line shapes. Above 65 K the Ar matrix started to soften and

evaporate as indicated by the rise in the internal pressure of the

matrix-isolation apparatus. At 80 K the matrix was lost and the

off-principal
axes” lines which greatly increase the intensity of the EPR
spectrum at the lower field end.

EPR spectrum disappeared. Thus one may also conclude that The correlation of the derived, computed and experimentally

the two Ck groups do not freely rotate in the temperature range
of 12—60 K in an Ar matrix.

determined spin Hamiltonian parameters proves that, in an Ar
matrix at cryogenic temperatures, the molecule & ground

Table 5 lists the net charges and electric dipole moments of state andC, symmetry. Its ring has-type spin density that is

(CR3)2CoSN and HCoSN, computed using the UBLLYP

situated mainly on its SNS moiety.
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The large’®F magnetic moment of the six fluorine atoms cy(mb
causes their s and p character in the SOMO (albeit very small) ¥'m(0) = ¢;(Mb)p(N) + c,(mb)p,(N) + —{5(51) -
to induce large inequivalency effects in its solid-state EPR ‘/_
spectrum. It is also the reason for the significa®(*%F) C,( C5(
hyperfine splittings in liquid CFGI?® (S} + T{px(sl) +p(SH} + T{py(sﬂ +

Because of the “cage effect”, the matrix-isolated {E,S;N
radical is stable toward photolysis. Cs(mb c,(mb)

RS} + NG {pz(Sl) PAS)} + NG
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methyl-1,3,2-dithiazol-2-yl radical. | also thank Dr. R. Sam- p(C)} + 7/ {pLC) — pLC} + —— NG S(Cn)
mynaiken for his help with the initial matrix-isolation experi-

ment. sCot + 2™ e + pCony + T

—={s(C) —

y(Cll) +

V2 V2
Appendix A. Symmetry Adapted Linear Combinations of C14(Mb) Cy5(mb 3
Atomic Orbitals for the (CF 3),C,S,N and H,C,S,N p(Cop)} + \/— —=APACy) — pLC)} + 7 {S(Fn)

Radicals
(mb (mb
The symmetry adapted linear combinations of atomic orbitals (Fop)} + C16 {px(Fll) + pFp)} + ﬂ—{py(Fll) +

of (CR),C.S;N are needed for the derivation of the spin V2 V2
Hamiltonian parameters. For the mth molecular orbital they are (mb (mb
o Bz} + BT{DZ(FU) PF2} + 197{3(59 -
Pr(@) = cy(ma)s(N) + c(ma)p(N) + 7{ S(Sy) + M (b
( ) ( S(FZI) + Czci/— {px(F12) + px(FZI)} + Z:LT{ y(FlZ) +
S} += SARS) ~pS) + = 7 n(s) - mb) (
o) BF} + - b () ~ PP} + C”T{s(aa) -
(S} + 67{ PAS) + PAS)} + =S + o b
(e (e (o} + “T{px@) + R(Fd} + T{ R(Fid +
<0+ X p0) - pie + ey -
v2 V2 B F} + N0 ) — pAF} (A2
2 Z\" 1 Z\' 2
R(C} +¥{pz(cl) +p(Co} +%{s(cn> + y V2
Here, the molecular orbital coefficients may be positive or
S(Cz} + %{px(cn) P(Cad} + i(f “UACH—  negaive
Cr(ma C15(Ma) The HCSN radical ha<C,, symmetry and its corresponding
B(Ca} + 7{ PUCw) + PAC} + =R £ [ et e e
(ma) (ma)
F)) + 29 F )+ F
. v Tz TR 2 2T = ey + ety + C“‘(f (st8) +
py(F)} + 1i/— {pz(Fll) + pAF0)} + NT{S(FH) + c4(maj) 5(
SF) + ”T{pmz) P(F} + CZlT{py(Flz) S N i o
(S} + +5(C)} + —{ p(C,) +
C(ma Co(ma V2 V2
P(F0)} + —{pz(':u) +pAF)} + {S(Fla) +
(f (f PAC} + % P(C) ~ (G} + @{sﬂ) +
S(F} + 2“f pFr) — PF} + 27{ p(Fid — sHy} (A3)
(ma
26
() + R ) B ) Hn(8) ~ i)+~ 2AR(C) -

and P(Cy)} (A4)
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Pulby) = cx(mbyp(N) + %{px(sl) + (S} +
(may)
%;a? {P(C) + p(C)} (A5)
_ Cy(mb,)
nlb) = i N) + 7 ZE((S) ~ s} +
2
&(mby) c,(mby)

72{ PAS) ~ PASI) +* ZAR(S) + RS} +
S0 e — s + 22000 — pic +
\/— 2. \/— Z 1 ya 2.

mb,,
°7(f2 oAm0a) (e + niCa + (f S0 ) — sH) (A6)

In going fromCy,, symmetry toC, symmetry, the Aand A

irreducible representations combine to form the A irreducible
representation. Similarly, the;and B irreducible representa-

tions combine to form the B representation.

Appendix B. Explicit g and Hyperfine Tensor
Components of the (CR).C,S;N Radical in Terms of its
Molecular Orbital Coefficients

The g tensor components may be derived as a function of
the molecular orbital coefficients by using egs 1, 2, Al, and

A2. Accordingly, theg,, tensor component is

lez
0,=0t2) ———— (B1)
n=29¢(29b) — ¢(nb)
where

= —i{ §y[c,(29b),(nb) —
&4 c,(29b);(nb) — c5(29b)c,(nb)]+ &-[cy(29b)cy(nb) —
Cy(29b)cg(nb)] + ¢,4(29b)c,4(Nb) — €,5(29b)c, ,(Nb)]+
&e[C15(29b)c,(nb) — ¢, (29b)c, (Nb)] + Cc,((29b)c,,(Nb) —
C,1(29b)c,4(nb) + ¢,,(29b)c,5(Nb) — c,-(29b),5(Nb)]} (B2)

c,(29b),(nb)] +

and
Z, = —i{c,(29b),(nb) — c,(29b),(nb) + c,(29b)(nb) —
c5(29b)c,(nb) + c4(29b)cy(nNb) — c4(29b)cy(nb) +
C,(29b)c,5(nb) — ¢,5(29b), ,(Nb) + ¢,¢(29b)c, (nb) —
¢, A29b)c,4(nb) + €,o(29b)c,,(Nb) — ¢,,(29b)c,(Nb) +
C24(29b)Co5(nb) — Cy5(29b)c,5(nb)} (B3)

Similarly the gy« component is given by
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XX,
S B4
O n¢Z§tf(29b)— €(na) (B4
where
X, = —i{&u[c(29b),(na) + £4[c,(29b)cg(na) —
Cs(29b)g(na)] + &[cy(29b)c, ((na) — ¢,((29b)cy(na)] +

C15(29b)c,,(na) —
C15(29b)c; A(na)] + €54(29b)c,5(Na) —
Co5(29b)c,6(na) — Cy¢(29b)c,¢(na)} (BS)

C;4(29b)c,5(na)] + &e[c; (29b)c,g(na) —
C,5(29b)c,,(na) +

and

X, = i{ c,(29b)c,(na) + c5(29b)cy(na) — c5(29b)ey(na) +
Co(29b)c; ((na) — ¢,((29b)cy(na) + ¢,4(29b)c, [(na) —
€,4(29b)c,4(na) + ¢, (29b)x,4(na) —

C,1(29b)c,,(Na) — C,(29b)c,,(Na) + C,5(29b)c,¢(na) —
C6(29b),5(na)} (B6)

C15(29b)c;(na) +

Finally the g,, component takes the form

Y1Y2
Oy=0t2 ) ———— (B7)
wZrore (29b) — €(na)

where

—i{ £ycy(29b)c,(na) + Edc,(29b),(na) —
Cs(29b)c,(na)] + &[cg(29b), o(na) — ¢,((29b)c,(na)] +
Co(29b)c, 4(na) — ¢,4(29b)c, (Na)] + &Ll c,¢(29b)c, 5(Na) —
C15(29b)c, ((na)] + c,o(29b)c,,(na) —

C24(29b),4(Na) — C,(29b),,(na)]} (BS)

C(29b)c,(na) +

and

Y, = —i{c;(29b)c,(na) + ¢,(29b)g(na) — c5(29b)c,(na) +
C5(29b);o(na) — ¢,o(29b)cy(na) + ¢,,(29b), (na) —
C4(29b)c,,(na) + c,(29b)c, (&) —
C,o(29b)c,,(Na) — C,,(29b)c,4(na) + ¢,4(29b)c,4(na) —
C6(29b),,(na)} (BY)

C15(29b)c,g(na) +

The hyperfine tensor components, in terms of the molecular
orbital coefficients, are obtained from eqs 7 and 8 and the SALC
orbitals of Appendix A. For thé*N atom they are
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4c%(29b) — 2c3(29b) 6c,(29b)c,(29b) 0
T('N) = %H@ 6C,(29b)c,(29b)  [—2c%(29b)+ 4c(29b)] O (B10)
N) 7o 0 [—2¢2(29b) + 4c3(29b)]

and for the two?3S centers they take the form

1[9PonB

2c5(29b) — 2c(29b) — c5(29b) 3c,(29b)c5(29b)

T,(29b)c(29b)

T(Ps) = 513, L[20«(29b)s(29D) [—c2(29b)+ 2c3(29b) — c2(29b)] 3c5(29b)cs(29b)
o(S) 3c,(29b)c,(29b) 2(29b).(29b) [—c2(29b) — c3(29b) + 2¢X(29b)]
(B11)
and
o f 2¢5(29b) — c3(29b) — c3(29b) 3c,(29b)g(29b) —3¢,(29b)(29b)
T(*s) =é 2 3¢,(29b)g(29b) [—c2(29b)+ 24(29b) — cX(29b)] —3c5(29b)G(29b)
o —3¢,(29b)(29b) —3¢5(29b)(29b) [—Ca(29b) — cX(29b)+ 2c3(29b)]
For the six magnetically inequivaleMtF nuclei they are (812)
?ﬁg B
TR Z% rs(NF)ND
p
2¢24(29b) — 2¢2(29b) — c34(29b) 3c,4(29b); (29b) 3,4(29b)c,(29b)
3c,4(29b)c,(29b) [—cis(29b) + 2¢3,(29b) — ¢3(29b)] 3C,(29b)c,¢(29D) (B13)
3c,(29b)c, 4(29b) Z,/(29b)c,4(29b) [—c24(29b) — cZ(29b)+ 2¢24(29b)]
s
10 - YA
P
2¢2(29b) — 2 (29b) — c24(29b) 3c,(29b)c, (29b) —3c,4(29b)c,4(29b)
3c,4(29b)c, (29b) [—Ci(29b) + 2¢7(29b) — C75(29b)] —3c1(29b)c;(29b) (B14)
—3c,4(29b)c,5(29D) —3C,A(29b)c,(29D) [—ci(29b)+ c7(29b)+ 2¢34(29b)]
T(F) = %%D
p
2C529b) — C5,(29b) — C5,(29b) 3¢,(29b),,(29b) T,(29b)c,(29D)
30,4(29b),,(29b) [—C55(29b)+ 2¢5,(29b) — €3(29b)] 3¢,(29b)c,,(29b) (B15)
3c,(29b)c,,(29b) 3c,,(29b)c,(29b) [—c2(29b) — c2,(29b)+ 2¢5,(29b)]
?ﬁg B
TR Z% rs(NF)ND
p
2C529b) — €5,(29b) — C5,(29b) 3C,(29b),,(29b) —3C,(29b),A(29b)
3,(29b)c,,(29b) [~C55(29b)+ 2¢5,(29b) — €5,(29b)] —3c,;(29b)c,,(29b) (B16)
—3Cy0(29b)c,,(29b) —3C5(29b)c,,(29b) [—c24(29b) — c2,(29b)+ 2¢2,(29b)]
8IS
e = {3
p
265,(29b) — C5(29b) — C54(29b) 3¢,4(29b)c,5(29b) ,,(29b)c,(29b)
30,4(29b)c,5(29b) [—C54(29b) + 2C54(29b) — C5(29b)] 3C,5(29b),4(29b) (B17)
3,4(29b),((29b) T,5(29b)c,(29b) [~C54(29b) — C5(29b) + 2C54(29b)]
and
?ﬁg
T2 :% rs(’;‘;‘;ND
2654(2%)— C55(29b) — C5¢(29hb) 3C,4(29b)c,5(29b) —3C,4(29b)c,4(29b)
3¢,,(29b)C,(29b) [—C54(29b)+ 2¢3(29b) — C34(29b)] —3C,5(29b)c,e(29b) (B18)
—30,(29b)c,4(29b) —30,5(29b)c,4(29b) [~C54(29b) — C35(29b)+ 2c54(29b)]
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