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EPR spectroscopy of quintet 4-amino-3,5-dichloropyridine-2,6-diyldinitrene

isolated in solid argon
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An EPR spectrum of solid Ar isolated quintet 4-amino-3,5-dichloropyridin-2,6-diyldini-
trene that formed by the photolysis of 4-amino-2,6-diazido-3,5-dichloropyridine at 15 K was
recorded. Using computer simulation based on numerical diagonalization of the quintet spin
Hamiltonian matrices, it was established that this EPR spectrum corresponds to a quintet spin
state with the magnetic parameters g = 2.0023, [Dy| = 0.2100 cm~!, and |E,| = 0.0560 cm~".
Owing to high resolution of the experimental spectrum, the zero-field splitting parameters of
the quintet intermediate were determined to an accuracy of at least 5+ 10~% cm~!. Calculations
of the fine-structure energy levels in external magnetic field and the dependences of the EPR
signal positions and intensities of the quintet dinitrene on the direction of external magnetic
field were performed for the first time. This allowed unambiguous assignment of all EPR lines

of quintet molecules having both in-principal-axis and off-principal-axis orientations.

Key words: azides, nitrenes, photolysis, matrix isolation, EPR, high-spin states.

Investigations of high-spin organic compounds are car-
ried out as part of a new avenue of research in modern
chemistry, namely, design of single-molecule organic
magnetic materials.!=3 The main body of information on
the structure and properties of high-spin molecules is ex-
tracted from EPR spectroscopy data. The role of this
method in chemistry of high-spin compounds is similar to
that played by NMR spectroscopy in traditional organic
chemistry. Elaboration of modern programs for computer
simulation of EPR spectra of high-spin compounds in the
late 1990s made it possible to determine the zero-field
splitting (ZFS) parameters*—7 by comparing the experi-
mental and calculated spectra.8—10 However, some prob-
lems concerning the interpretation of the EPR spectra of
such systems and the accuracy in determination of the
ZFS parameters from experimental spectra are still to be
solved.

The first problem is to identify the experimental EPR
spectra. The magnetic spin Hamiltonian of a high-spin
system includes two terms containing different operators
of the total spin, .5, of the system:

H = gBBS + SDS. (1)

The first term describes the Zeeman electron interac-
tion while the second term accounts for internal anisotro-
pic magnetic interactions between the unpaired electrons.
The tensor, D, of internal magnetic interactions in the

molecule is characterized by two scalar parameters D and
F and determines the fine-structure parameters. Typical-
ly, the D parameters of quintet nitrenes lie in the range
0.2—0.3 cm™!, so the energy of the Zeeman term in the
Hamiltonian (1) in the case of X-band measurements is
comparable (at high fields, 0.3 T < B < 1 T) or lower
(at B< 0.3 T) than the energy of intramolecular magnetic
interactions.! This leads to complex angular dependences
of the resonance magnetic fields and probabilities of in-
duced transitions. Therefore, the EPR spectra of high-
spin molecules randomly oriented in the solid phase should
exhibit extra signals of molecules with off-principal-axis
orientations. As a rule, itrs hard to distinguish between
the extra EPR lines and the signals of the molecules with
in-principal-axis orientations (the latter are usually con-
sidered as characteristic points of the spectrum).? So com-
prehensive studies of experimental EPR spectra of high-
spin nitrenes have not been carried out so far, although
certain features of the EPR spectra of model systems with
S = 2 were reported earlier.11:12

Another problem consists in that the available EPR
spectra of quintet dinitrenes were recorded in organic
glasses!:4:3.7=10 or in crystals of the starting azides at
T = 77 K.% The molecular environment can affect the
stabilized intermediates generated under such conditions
and thus change their structural and magnetic properties.
In addition, at this temperature (7= 77 K), molecules
can execute large-amplitude librations, which cause an
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effective distortion of the magnetic parameters determined
by the analysis of the EPR spectra based on the model of
"frozen" particles. Probably, because of this the EPR lines
of quintet molecules in organic glasses are rather broad
(up to 5—10 mT). The low spectral resolution precludes
the identification of closely spaced lines as well as the
lineshape and resonance magnetic field calculations dur-
ing computer simulation of EPR powder spectra.

In this work we used an alternative approach, which
makes it possible to significantly reduce the effects of the
factors mentioned above. Isolation of intermediates in
solid argon (substance of low polarizability containing no
magnetic nuclei and weakly interacting with other mole-
cules) at 7'< 30 K provides a unique high spectral resolu-
tion of the hyperfine structure of the EPR spectra of dou-
blet radicals (<0.1 mT)!3 and makes it possible to sub-
stantially enhance the resolution of the EPR spectra of
high-spin nitrenes, as was recently shown taking a septet
intermediate as an example.14

The aim of this work was to determine the parameters
of the D tensor from the EPR spectral parameters of quin-
tet dinitrenes isolated in solid argon, to identify the ex-
perimental spectra using computer simulation of EPR
powder spectra, and to determine the angular dependenc-
es of the resonance magnetic fields and corresponding
transition intensities. We studied the paramagnetic prod-
ucts of photolysis of diazide 1 in frozen 2-methyltetra-
hydrofuran solutions at 77 K (Scheme 1), namely, a tri-
plet nitrene 2 and a quintet dinitrene 3.9 The latter has an
unusual EPR spectrum characteristic of only the quintet
molecules with high asymmetry of the D tensor, |E|/|Dgl =
1/3. A feature of these molecules consists in that even
minor changes in the angle q between the nitrene C—N
bonds (see Scheme 1) may lead to substantial changes in
the |E,|/|Dy| ratio and, as a consequence, the EPR spectra.?

Scheme 1
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In this work we for the first time recorded a high-
resolution EPR spectrum of quintet intermediate 3 isolat-
ed in solid argon. By comparing the experimental EPR
spectrum with the calculated EPR powder spectra the
parameters of the D tensor were determined with high
accuracy. The assignment of spectral components done
for the first time revealed a number of extra lines corre-
sponding to off-principal-axis molecular orientations rel-
ative to the direction of external magnetic field.

Experimental

The base unit of the experimental setup for cryogenic mea-
surements and the procedure for EPR measurements were de-
scribed in detail elsewhere.15:16 Thin argon films were grown by
vacuum co-condensation of two gas beams (argon and diazide
1) on the substrate of a helium cryostate cooled to 15 K. The
molecular beams were co-deposited on the lower end of a flat
sapphire rod from two spatially separated nozzles. The diazide
molecules were generated by sublimation of diazide powder
placed in a quartz tube heated to ~110°C with an external
heater. The heating regime of the diazide-containing tube was
chosen preliminarily and provided an optimum deposition rate
(~10'2 molecule min—!). The diazide film growth rate was deter-
mined from the interferogram of a He—Ne laser bean reflected
from the surface of the growing film. The argon flow rate was
chosen in such a manner that the Ar : 1 ratio be (1500—3000) :
1. The samples were at most 150 um thick. After sample prepa-
ration the lower end of the sapphire rod was lowered to the
center of the EPR spectrometer cavity.

EPR spectra were recorded with an X-band spectrometer
(Radiopan). A window in the cavity permitted on-site photolysis
of the sample at 15 K. Impurity paramagnetic centers present in
the sapphire rod show a number of narrow EPR lines. The EPR
spectrum of the pure sapphire rod was recorded preliminarily;
the corresponding lines are given in grey in the experimental
spectrum (Fig. 1, spectrum 7).

Samples were UV photolyzed at 266 nm (fourth harmonic of
a Nd—YAG laser operating at a repetition frequency of 10 Hz)
and at 337 nm (using a N, laser operating at a repetition fre-
quency of 1000 Hz). The average laser power was at most 10 mW
cm2,

Diazide 1 was synthesized following a known procedure.!”
Computer simulation of EPR spectra was carried out using the
FEasySpin program package based on the exact numerical diago-
nalization of the spin Hamiltonian (1).18

Results and Discussion

Generation of stabilized quintet 4-amino-3,5-dichloro-
pyridin-2,6-diyldinitrene in solid argon. Quintet radicals 3
are products of two-step photolysis of the starting diazide
1, which involves generation of trpilet radical 2 as inter-
mediate stage (see Scheme 1). Earlier studies!? revealed
additional channels of photodissociation of quintet radi-
cals and generation of doublet and singlet species during
the photolysis of these systems. Based on this, we prelim-
inary chose the photolysis conditions that provided gen-
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Fig. 1. Experimental EPR spectrum of products of photolysis of
diazide 1 in argom matrix at 15 K (/) (lines of paramagnetic
centers in the sapphire rod used as a substrate are given in grey
and asterisked; lines of trpilet intermediate product 2 are denot-
ed by "T"; photolysis also produces a doublet radical (R) having
a line centred at the g-factor of free electron g,), and calculated
EPR spectra of quintet radical with the ZFS parameters deter-
mined for intermediate 3 in frozen organic solvent
Dq =0.202 cm~! and Eq =0.0664 cm~! (2) and with optimum
parameters Dy = 0.2100 cm~! and E; = —0.0560 cm~! (3).
Vertical grey labels show positions of the lines in the experimen-
tal spectrum, which were used for optimizatio of the ZFS pa-
rameters of the quintet radical (see text). Obtained at a micro-
wave ratiation frequency of 8.910 GHz.

eration of a maximum amount of quintet radicals. First,
the sample was irradiated at 266 nm until a maximum
intensity of the EPR lines of trpilet radicals and then
irradiated again at 337 nm until a maximum intensity of
the EPR lines of the quintet radicals. The EPR spectrum
of the products of photolysis of diazide 1 is shown in
Fig. 1. The signal of the substrate (sapphire rod) is shown
in gray. The first stage of photolysis results in (i) trpilet
radicals showing two lines at 670 and 688 mT (denoted as
"T" in the spectrum) as the major product and (ii) quintet
radicals showing very weak signals as the minor product.
In the second stage of photolysis the intensities of these
lines considerably increase, whereas the line intensities of
the trpilet radicals decrease by a factor of 2 to 3. Pro-
longed photolysis at 337 nm causes a slow decrease in the
intensities of the EPR lines of the quintet and trpilet
species and a monotonic increase in the intensity of the
line denoted by "R" throughout the photolysis. The kinet-
ic behavior of this line differs from the changes in the line
intensities in the spectra of the trpilet and quintet radi-
cals. The EPR spectrum of the radicals producing the "R"
line exhibits a single line of width 2 mT centred around
the g-factor of free electron. This is the sole spectral line
with this type of kinetic behavior. Therefore, we assume
this is a signal of by-products of photolysis of the starting
diazide, namely, the doublet radicals with unresolved hy-

perfine structure. Based on the different kinetic behavior
of the EPR lines of the doublet, trpilet, and quintet radi-
cals, we recorded nine lines corresponding to the stabi-
lized quintet intermediate. Owing to high spectral resolu-
tion the positions of the main lines were determined to an
accuracy of at least 0.5 mT. No significant changes in the
shape and positions of the lines corresponding to the tri-
plet and quintet radicals were observed in the temperature
range 7—30 K. It follows that these species show no high
librational or rotational mobility in solid argon. .

Determination of the parameters of the tensor D of
quintet intermediate 3. The parameters, D, and £, of the
tensor of magnetic interactions were determined by com-
paring the experimental EPR spectrum with the simulat-
ed powder spectra calculated based on the exact solutions
of the secular equation for the spin Hamiltonian (1) for
the system with § = 2.

The values used as the starting approximation, Dy =
0.202 cm~! and E, = 0.0664 cm~!, were obtained in a
study? of the EPR spectrum of radical 3 in frozen solu-
tion. Individual lines were assumed to be Gaussians with
the widths varied from 0.1 to 1 mT. The EPR spectrum of
the quntet species with these fine-structure parameters is
shown in Fig. 1. Comparison of this spectrum with the
experimental one shows that positions of the resonance
lines differ appreciably. The shape of certain lines also
differs to such a great extent that these distinctions can
not be described by varying individual linewidths. To ob-
tain an optimum theoretical spectrum, we varied the pa-
rameters Dq and Eq to minimize the functional, R, of the
root-mean-square deviation of the experimental resonance
magnetic fields from calculated values:

n
R= ‘/% X (HES = HPP?, b))
k

where n = 6 is the number of evaluated lines in the spec-
trum under study. Positions of these lines are shown in
Fig. 1. Three spectral lines at the resonance fields near
310, 658, and 688 mT overlap with the lines of the doublet
and trpilet radicals. Therefore, they were not included in
the functional (2).

The calculated optimum spectrum (see Fig. 1) corre-
sponds to the minimum value R = 0.33 mT attained using
the quintet species parameters Dy = 0.2100 cm~! and
E,= —0.0560 cm~! (negative sign for E, was chosen with
allowance for the known properties of the D tensor of this
kind of species!). The accuracy in determination of the
D, and E, values was determined using the plots shown in
Fig. 2. The functional value R = 0.60 mT was chosen as
the critical value at which the positions of the lines in the
experimental and calculated spectra differ by more
than the corresponding linewidths. The accuracy in de-
termination thus obtained was +0.0005 for D, and
+0.0002 cm~! for £,
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Fig. 2. The functional, R(D,), of the root-mean-square devia-
tion of the positions of six lines in the calculated EPR spectrum
from those of experimental spectral lines near the optimum values
of the ZFS parameters at Eq = 0.0560 cm~! and R(Eq) at
Dy = 0.02100 cm~!. The horizontal line show the value of the
functional R, which exceeds the linewidths in the experimental
spectrum.

Analysis of the EPR spectrum of quintet intermediate 3
in solid argon. Identification of lines in the EPR spectrum
corresponding to the spin Hamiltonian (1) is a complicat-
ed task. This is mainly due to two reasons.

One of them is related to specific features of the reso-
nance magnetic field distribution function for a sample
containing randomly oriented species. Assuming a 6-func-
tion-like individual lineshape, the distribution density
function for a particular transition has the form:

2n n
o(H) = 4L [ do[sin 6dS(H — H(8))W (6, ), (3)
To o

where ¢ and 6 are the Euler angles characterizing the
mutual arrangement of the principal axes of the tensor D*
in the laboratory system of coordinates where the external
magnetic field is parallel to the Z~ axis, W(0,0) is the
transition probability, and H(6,¢) is the resonance field
position. The function p(H) differs from zero on a finite
segment of H values [H i, Hpal, is discontinuous at the
points H,;, and H,,,, and has extra singularities??-2! at

| 9H@O9) _, _1 2H®0) _

, ——2~=0.
sin® 00 sin®  d¢ )

In the vicinity of these points a small interval of mag-
netic fields AH corresponds to a large solid angle AQ,
which provides a peak intensity in the function p(H). The
experimental EPR spectrum represents a derivative of the
distribution function dp(H)/dH. Therefore, the EPR lines
appear at singular points. Positions of the resonance EPR
lines are determined by the conditions (4) where
do/dH — « (see Ref. 20). This condition is always met at
in-principal-axis orientations of the magnetic field, where
the H vector is parallel to one of the principal axes X, Y,
and Z of the D tensor (EPR linesat H|| Z, H| Xand H || ¥
are denoted as z;, x;, and y;, respectively). In addition,
singularities of the type (4) of the distribution function
p(H) may appear at other magnetic field orientations rel-
ative to the axes of the D tensor. These are the so-called
extra lines. The possibility for these lines to appear in the
EPR spectra of quintet radicals was predicted in the course
of analysis of the spin Hamiltonian (1) for S = 2. 12

The second problem in the identification of the EPR
spectra of such species is to calculate the probability,
W(6,0), of the transition between different fine-structure
levels in external magnetic field. When the Zeeman term
in the spin Hamiltonian (1) is not predominant, the eigen-
value of the electron spin projection (m) is not a good
characteristic of the energy levels, i.e., the wave function
of each state is a superposition of several eigenfunction of
the projection m,. Therefore, even for the allowed transi-
tions with Amg = %1 the transition probability varies over
a wide range depending on the resonance field and orien-
tation of the tensor D relative to the direction of the vector
H. Transition probability calculations require determina-
tion of the resonance magnetic field, the eigenfunctions
of the Hamiltonian (1), and the squared matrix element
of the perturbation induced by the microwave field. Based
on the considerations mentioned above, we performed
spectral analysis and identification of the observed EPR
lines.

Figure 3 shows the calculated energy levels for the in-
principal-axis orientations of the D tensor relative to ex-
ternal magnetic field (H|| X, H| ¥, H| Z) and the reso-
nance magnetic fields determined by diagonalization of
the spin Hamiltonian (1). Thick lines correspond to the
most probable transitions. Thin lines correspond to the
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Fig. 3. Fine-structure energy levels of quintet dinitrene 3 plotted
vs. magnetic field for three in-principal-axis orientations of ex-
ternal magnetic field H | X (a), H| Y (b), and H || Z (c). Vertical
lines denote transitions at a microwave ratiation frequency of
8.910 GHz. The forbidden transitions are given in grey; the
calculated powder EPR spectrum (see Fig. 1, spectrum 3) is
denoted by "d"; the extra lines are denoted by "A".

transitions that are five to seven orders of magnitude less
probable compared to the former group, thus being al-
most forbidden. The EPR line assignment based on these
considerations demonstrates that only six of the nine ex-
perimentally observed lines correspond to the transitions
for the in-principal-axis orientations (two EPR lines for
each orientation). The transition number for the in-prin-
cipal-axis orientations increases with an increase in the
magnetic field. Since one has D, ~hv for our experimental
conditions, this numbering scheme differs from the com-
monly accepted one?! for the quintet molecules charac-
terized by the parameters D, << hv. Three lines at 359, 658,
and 688 mT should be treated as extra lines. Analysis of
the angular dependences of the resonance fields H(0,0)
showed that conditions (4) are met when the H vector lies
in the zy (¢ = p/2) and zx (¢ = 0) planes; the correspond-
ing plots are shown in Fig. 4. For one transition there is a
singularity (d6/dH) = « at 6 = 40° in the zx plane
(see Fig. 4, point zx;). The other two extra lines are in the
zy plane at 6 = 30 and 60° (denoted as zy; and zy,, respec-
tively). The plots in Fig. 4 also make it possible to under-
stand why the transitions y; and y, are most intense in the
EPR spectrum. For these lines, the condition dq/dH — «
is met for a wide range of the angles 6 (from 90 to 60°),
which corresponds to a large number of molecular orien-
tations corresponding to these resonance magnetic fields.
At the same time the allowed transitions y; and z3 (at high
magnetic fields of 930 and 990 mT) do not meet this
condition, thus having very low intensities and being ex-
perimentally undetectable.

The results obtained and analysis of experimental data
indicate that the EPR spectrum of quintet dinitrene 3

Y—90

60
0T
30

Z— 0

30
0
60

X—-90

B/mT

200 400 600 800

Fig. 4. Positions of resonance magnetic fields plotted vs. angle 6
at ¢ = n/2 (in the zy plane, a) and ¢ = 0 (in the zx plane, b) for
various transitions, where 6 and ¢ are the Euler angles between
the principal axes of the tensor D and the direction of external
magnetic field. In the limiting cases (6 = 0 and 6 = r/2) this
corresponds to the direction of magnetic field along the X, Y, and
Z axes of the tensor D (in-principal-axis orientations). Calculat-
ed for the spectrum with optimum parameters Dq =0.2100 cm™!
and Eq = —0.0560 cm~!. The linewidths are proportional to the
relative transition probabilities. The calculated powder spectrum
(see Fig. 1, spectrum 3) is denoted by "c¢". Dashed lines denote
the resolved transitions for the in-principal-axis orientations,
three solid vertical lines denote the extra spectral lines arising at
off-principal-axis orientations.

isolated in solid argon matrix at cryogenic temperatures
shows a unique high spectral resolution, which makes it
possible to determine the ZFS parameters to an accuracy
of at least 5-10~* cm~!. The simulated EPR spectrum
correctly reproduces all lines in the experimental spec-
trum. The assignment of the spectral components shows
that three out of nine observed lines of randomly oriented
species are the extra lines corresponding to molecules
having off-principal-axis orientations. The parameters of
the D tensor determined in this work will be used for
analysis of the spin cluster with § = 2 containing two
spatially separated, magnetically interacting mtrene groups
with the total spin S = 1, the elgentensors Dl and Dz and
the dipole-dipole interaction tensor Dl » (see Ref. 5)

D=1/6[D,(S= 1)+ Dy(s= 1)1+ 1/3D, , 5)

to determine the interrelation between the magnetic and
structural parameters of the quintet intermediate.
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