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The naphthalene radical cation generated from the corresponding neutral compound by UV- or X-irradiation
on H-ZSM-5 zeolite and in frozen CFg&lsolution has been studied by EPR, ENDOR, and ESEEM
spectroscopies. Thgand ring proton hyperfine (hf) tensors have been determined and are identical in the
two media, within experimental error. The isotropic hf couplings of the two sets of four equivalent protons
arela(l)| = 16.4 anda(2)| = 4.7 MHz (0.587 and 0.167 mT, respectively). Semiempirical calculations of
isotropic and dipolar hf couplings are found to be in good agreement with experiment. The hf tensors obtained
for the radical cation of naphthalemg-were analogous to those of the protonated compound, scaled by the
gyromagnetic ratioyn/yp. The nuclear quadrupole interaction (ngi) tensors of the deuterium nuclei were
also determined by ESEEM, being the only resolved method for the present ngi strength.

Introduction SCHEME 1: Proton Position Labeling and Molecular

. . . Coordinate System in the Naphthalene Radical Cation
In contrast to many other radical cations of aromatic

compounds, the cations benzenebiphenytt, and naphtha- 8 1
lene™ are difficult to stabilize and study in solution. However, 7 2
they can be prepared in rigid matrixes of certain halocarbons

or on surfaces of zeolites or silica geP The EPR (electron y 6 3
paramagnetic resonance) spectra from these disordered samples l 5 4
suffer from limited resolution. For biphenyl the higher

resolution of ENDOR (electron nuclear double resonance) x
spectroscopy has greatly facilitated investigations of the ring
proton hyperfine tensors in disordergd sofidén the present —0.10 mT, yielding the isotropic values above. The pseudoaxial
work on naphthalene in CFCl matrix and on H ZSM-5 symmetry of the tensors was suggested to be caused by rapid
zeolite, both ENDOR and ESEEM (electron spin echo envelope

modulation) spectroscopies are applied to increase the spectrafOtatlon of the radical around the symmetry axis, perpendlcular
resolution. to the molecular plane. However, a recent sfuafithe biphenyl

An EPR observation of surface-adsorbed naphthateae radical cation under simi_lar con_ditions showed that th_e tensors
silica gel has been reported previouljput no spectral ~ Were completely rhombic and in good agreement with those
interpretation was made. Hyperfine data of naphthafenave expected for a rigid structure. The naphthalene radical cation
been determined in two previous investigatfthdut with is of interest because of its simple structure, and a correct
different results. An investigation in boric acid glass by Owen analysis of its electronic properties is of fundamental importance.
and Vincow showed a spectrum of limited resolution. Analysis A reinvestigation by means of EPR, ENDOR, and ESEEM in
of the hyperfine (hf) tensors suggested isotropic contributions rigid matrixes is therefore warranted.
of a(1) = —0.54 anda(2) = —0.162 mT (-15.13 and—4.48 The EPR, ENDOR, and ESEEM spectra obtained in this work
MHz) for the two groups of equivalent protons 1,4,5,8 and g naphthalertg are explained mainly by the significant
2,3,6,7, respectively, see Sche_me 1. The absolute values alr%misotropy of the ring-proton hyperfine interactions as shown
close to those of the radical aniga(1)] = 0.495 anda(2)| = by computer simulations. Interpretation of spectra from dis-

0.185 mT (13.87 and—5.19 MHz);" as expected from the ordered solids (termed powders in the following) is commonl
pairing theorent! A combined EPR and ENDOR study by P . 9k y
hampered by broad and complex line shapes, in contrast to

Gerson and Qfhof naphthalere in frozen CFC} at 140 K - . .
solution spectra. Furthermore, in ENDOR, attention must also

reported the isotropic contributiorzg1) = —0.74 anda(2) = g ) : Y >
—0.187 mT 20.74 and-5.24 MHz, respectively). The small b€ paid to the orientational selectivity. The ENDOR signal
originates from a single position in the EPR spectrum, where

couplinga(2) is near the value of the negative ion. But the
ratio ofat(1)/a~(1) = —0.74/~0.495= 1.49 is somewhat larger ~ the EPR resonance condition is met only for a certain range of
orientations. If the powder EPR spectrum is dominated by a

than comparable alternant hydrocarb&n&or biphenyt the
ratio a*pard@ parais 0.632/0.546= 1.16. The observed spectra single anisotropic interaction, it is sometimes possible to resolve
portions that correspond to a single orientation. At these

were interpreted to be due to axially symmetric hf tengors
positions ENDOR spectra will be single-crystal-like.How-

(1) = —0.82,A((1) = —0.58 mT andA(2) = —0.23,A(2) =
ever, naphthalene lacks a dominant anisotropic interaction,
TA part of this study was presented at the Royal Netherlands Academy as many free radicals dO, to enable observation of such Sing|e_

of Sciences’ Workshop on High-Frequency EPR and Electron Spin Echo

Spectroscopy, Amsterdam, 1993; Abstract p 8.
® Abstract published ifAdvance ACS Abstractddarch 1, 1997.

crystal-like ENDOR spectra. Instead, ENDOR spectra are made
up of a large number of superimposed orientations. Computer
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simulation can take into account the orientational selectivity and

predict the ENDOR spectrum at a specific position in the EPR {

spectrumt3 (a) (©
The two-pulse ESEEM theory involved in the simulations

of the time-domain signals assumes total excitation conditions

during the pulse periods of the echo experiments, which is

reasonable for the hard pulses used here. On the contrary, the

orientational distribution of the powder sample was treated ®)

carefully during the evolution period of the spins. Inclusion of

the quadrupolar interaction of the deuterated samples was shown

to be crucial for a faithful simulation of the ESEEM signals,

despite being 2 orders of magnitude smaller compared to m?'

the hfi. Relaxation effects were disregarded in both the ENDOR Figure 1. Comparison of experimental (a, ¢) and simulated (b, d)

and ESEEM simulations. powder EPR spectra of the naphthaldgeadical cation at 77 K: (a)
: ; in crushed CFGland (c) on H-ZSM-5 zeolite. A sharp line from
Experimental Section irradiated quartGi glassf i)s also present in (a), indicatec[i) by the arrow.
Naphthalendss (British drug house), naphthaledg{Aldrich, Calculated spectra employed the parameters of Table 1 and a line width
>98 atom % D), and the CFginatrix (Aldrich) were obtained ~ of 0.09 mT (Gaussian shape in (b) and Lorentzian shape in (d)).
commercially and used without further purification. The
H—ZSM-5 zeolite, Si/Al ratio 280, was provided by Prof. C. Theoretical Section

Rh Li l. les in C d usi
odes, Liverpool. Samples in CRGkere prepared using The EPR simulations were made with theory described

standard techniques. A small crystal of naphthalene; 0.8 . - . . .
mg, was placed at the bottom of a Suprasil quartz sample tube,.prev'OUSIy'ﬁ'16 The ENDOR simulation method is described

which was then transferred to a vacuum line and pumped to " refs 6 and 13. Orientational selecf[i_vity i_s taken into account
1075 Torr. The tip was then immersed in liquid Fr)litrogen, in the ENDOR theory. EPR_transmon _f|elds and ENDOR
degassed CFghdded through the vacuum line, and the tube fre.que_nmes are calculated to f!rst order with respect to electron
sealed. This produced a less than 1 mol % solute mixture. spin, 1.€., nonsegular hyperflng tgrms are discarded. The
Powder samples of the mixture were obtained by rapid freezing Hamiltonian used in the theory is given by

in liquid nitrogen prior to irradiation. Irradiation with X-rays

was carried out at 77 K for 10 min utilizing a Philips X-ray H = BgS+ Z{hAiS"‘ LLQil; — gB\BI} 1)

tube (tungsten anode) operating at 70 kV and 20 mA. However, '

frozen samples showed evidence of being partially oriented and

were thoroughly crushed in a mortar (after irradiation) under Hyperfine,A;, quadrupolarQ, and nuclear Zeeman interactions,
liquid nitrogen to obtain a truly polycrystalline sample. Samples GiBnBli, of arbitrary relative magnitude and orientation can be
on H—ZSM-5 zeolite were prepared by loading about 0.3 g of treated. The quadrupolar tensor is not needed in the EPR and
zeolite into Suprasil quartz sample tubes, 0.d. 3 mm. The powderENDOR simulations of the present system, but it is essential
was dried in air at 160C for 30 min to remove most of the for ESEEM. The neglect of higher order hf terms is justified
adsorbed water and then at 400 or 6@for 12—24 h. The in both ENDOR and EPR since we are concerned with small
tubes were then covered and cooled to room temperature.hyperfine interactions (hfi) measured at high magnetic fields.
Immediately after cooling, a crystal of8 mg of naphthalene ~ The second-order correction for a single nucleus with $pin
was introduced on top of the powder, and the tube was is Of the order o”%/4ve.'t For a hyperfine coupling of 30 MHz
transferred to a vacuum line, pumped to a pressure of c& 10 at X-band this amounts to only 0.02 MHz . Another second-
Torr, and sealed. The sample was then heated in an oven aprder effect occurs when there are magnetically equivalent
150 °C, to let the naphthalene (mp 8C) diffuse into the nuclei. Cross terms may split the basic, first-order, ENDOR
powder. Heated samples gave negligible EPR signals beforefrequency into several transitions. In the present case the
X-ray irradiation or photoirradiation. Several samples were second-order splitting is too small to be resolved. The split/
prepared this way to ensure reproducibility of the experimental Shift can be calculated with a formula given by IwastkiThe
results. The possibility of dissolving naphthalene in a solvent most drastic effect in naphthalefieshould occur for the four
(e.g., cyclohexane) was avoided to prevent possible solventéquivalent protons 1,4,5,8 (see Table 1), where each first-order
interactions or background signals from solvent radicals. Pho- resonance line is shifted and split into four lines. The largest
toirradiation was performed at 77 K with a Bruker ER 202 UV  second-order splitting, which occurs for the hyperfine tensor
System equipped with a 180 W mercury |amp During pho_ Component of-7.9 MHz, is ca. 0.023 MHz. Since the line width
toirradiation the sample was rotated every 10 min to illuminate is 0.6 MHz, this splitting is not resolved.

the sample evenly. The total irradiation time was about 30 min. The ESEEM theory developed in our laboratory is based on
X-irradiated samples were irradiated as the GR@mples. EPR  the density matrix formalism and is described in refs 18 and
and ENDOR measurements were performed as in ref 6. Thel19. The simulation program incorporates all the usual interac-
microwave frequencies (in GHz) were as follows: in Figure 1, tions in the spin Hamiltonian, inclusive ngi tensors, practically
(a) 9.6012 and (c) 9.6033; in Figure 4, (a) 9.5774 and (c) 9.5603; without any approximation, but it disregards the effects of the
in Figures 5 and 6, 9.1126. All ENDOR and ESEEM spectra direct couplings between the nuclei. To obtain good agreement
were obtained at the center line of the corresponding EPR with the experimental spectra in the present case, it seemed that
spectra. ESEEM experiments were performed on a home-builttwo particular features of the interactions were important to
pulsed ESE spectrometer described previotfsi two-pulse include into the simulation: the nonaxial symmetry of the hfi
90°—180° sequence with 25 and 50 ns pulses was applied with tensors and the intramolecular relative orientation of all tensors.
a repetition time of 25 ms. Sample cooling in the ESEEM One consequence of this is an accurate calculation of the
experiments was performed with an Oxford ESR-9 He-flow orientation powder average. Some cases where it is important
cryostat. with an accurate powder averaging are discussed in ref 19 where

(d
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TABLE 1: g and Hyperfine Tensors Used in the EPR and
ENDOR Simulations of the Radical Cation of
Naphthalenehg on H-ZSM-5 Zeolite and in CFCl3 at 77 K
principal  principal direction cosines
tensor component  valuet X y z
g Ox 2.0028 1 0 0
gy 20024 0 1 0
g, 2.0025 0 0 1
A(1,4,5,8) A —24.1 1 0 0
A -7.9 0 1 0
A —-17.4 0 0 1
A(2,3,6,7% A -7.6 +0.2970 -0.9549 O
A 0.3 0.9549 +0.2970 O
A -6.7 0 0 1
a Hyperfine tensor values are in MHZDirection cosines are given
in the molecular coordinate system defined in Schente'he hyperfine
tensor indices correspond to the proton positions in Scheme 1.

Figure 2. EPR spectra of the naphthalene radical cation in G&CI

the conditions for the validity of approximate methods, e.g., 77 K for three different orientations of the quartz tube in the static
the spherical model, are given. magnetic field. The spectra were obtained prior to crushing of the
sample.

Results and Discussion

EPR Line Shape. The EPR spectrum of UV-irradiated Exp
naphthalendag on H—ZSM-5 zeolite at 77 K is shown in Figure
1c. This spectrum is due to naphthaleneand could be
simulated (Figure 1d) using the parameters shown in Table 1.
The molecular coordinate system and the atomic positions are
shown in Scheme 1. The spectral line shape is caused mainly
by the hyperfine anisotropy of the ring protons. The hf
parameters were obtained from the ENDOR and ESEEM results
discussed in separate sections below. The relative directions
of the principal axes were taken from theoretical predictions of 0.5mT
the tensors also discussed separately. The anisotropy M the Figure 3. Comparison of experimental (upper) and simulated (lower)
tensor used (see Table 1) is close to that calculated by Owenpowder EPR spectra of the naphthaleleadical cation at 77 K in
and Vincow using the theory of Stor®. Inclusion of g CFCk. The simulation employed the hf tensors of Table 4 gitehsors
anisotropy was necessary to reproduce the relative intensitiesof Table 1 and a line width of 0.075 mT (Gaussian shape).

of the lines. .The isotropic parg = 2.0026+ 0.0003, can be TABLE 2: Observed and Calculated Dipolar Hyperfine

compared with the calculated value of 2.002954. Couplings in MHz of the Naphthalenehs Radical Cation
At 77 K the spectrum appears to be at the rigid limit. No

line shape changes, apart from a slight line broadening, were

principal dipolar hf coupling

observed when the temperature was lowered to 4 K. Above __Proton component obsd (this study) calcd
temperatures of 220 K small spectral changes were observed, 1,4,5,8 Tx —~7.66 -7.30
perhaps caused by motion of the molecule on the surface. Ty 8.59 9.92
X-irradiated samples produced identical but stronger EPR signals Tz —0.4 —2.63

) : 2,3,6,7 Ta —2.89 -2.92
(not shown) from the cation. The cation was remarkably stable T, 4.97 5 28
on the surface and persisted up to room temperature (RT). T. —2.06 —2.37

Samples stored several days at RT still showed EPR signals 2 Corresponding direction cosines are defined in TabfeQbserved
from the cation of appreciable strength. A reasonable conclusion, | frozen, crushed CFGMmatrix at 77 K and on HZSM—5 zeolite at

is that the diffusion of naphthalerfein the zeolite must be 77 ang 116 KcCalculation based on McConnell's theory.32 Carbon
restricted, or it would be difficult to explain the high stability.  7—spin density calculated with RHF/INDECI theory.

We have found no spectroscopic information on whether the

cation is located on the exterior surface or in the interior of the tional dependence when rotated in the spectrometer magnet, as
zeolite framework. However, the restricted diffusion is easier exemplified in Figure 2. Repeated attempts to obtain polycrys-
to explain whether the cation is located in the interior rather talline samples without crushing failed. Most likely, the
than on the exterior surface. Also, recent results obtained by microcrystallites were too large or not entirely disordered to
X-ray diffraction on neutral naphthalene in+tZSM-5 zeolite produce a truly polycrystalline spectrum. After crushing, the
have given detailed information on the adsorption %itén the EPR spectrum was insensitive to the sample orientation. Thus,
zeolite 10-membered oxygen rings form a set of straight, parallel in CFCk attention must be paid to ensure that truly disordered
channels intersected by a set of zigzag channels. The naphsamples are obtained. The orientation effect in GHGis
thalene molecules were found to adsorb preferentially at the previously been observed for benzengX-ray-irradiated
channel intersections in the interior. Possibly the radical cations benzene/CFG) by Iwasaki et aP2 and for acetorteé (y-ray-

are stabilized near these positions. irradiated acetone/CFg)lby Shida et af® To our knowledge,

The EPR spectrum of X-irradiated frozen solution of naph- the orientation effect is unique to CRH@imong the halocarbons
thalene in CFG is presented in Figure 1a. The sample had used in EPR investigations. The amount of order/disorder seems
been crushed under liquid nitrogen to obtain a proper polycrys-to depend on, among other things, type of solute, solute
talline matrix. Prior to crushing the samples showed orienta- concentration, and freezing speed. For benzene, if frozen slowly
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TABLE 3: Observed and Calculated Isotropic Hyperfine Couplings in MHz for the Radical lons of Naphthalenehg

radical cation

obsd obsd obsd calcd! calcd calcct radical anion

(this study) (ref 8) (ref 9) (hfc = —77.70x) (hfc = — 72.60,) (hfc = 1514o,) obsd (ref 10)
1,4,5,8 —16.44 —20.74 —15.13 —16.44 —15.36 —-16.21 —13.87
2,3,6,7 —4.66 —5.24 —4.48 —4.39 —4.10 —2.87 —-5.19

aObserved in frozen, crushed CR@hatrix at 77 K and on HZSM—5 zeolite at 77 and 116 K.Observed in frozen CFgmatrix at 140 K&
¢ The hfc observed in frozen boric acid gldsé.Calculated with the McConnell equation. Carbon p-spin densitalculated with RHF/INDG-CI
theory.© Proton s-spin density, calculated with UHF/INDO theory.The hfc observed when naphthalene is reduced with K in dimethoxyethane.

TABLE 4: Hyperfine and Quadrupolar Tensors in MHz
Used in the ESEEM Simulations for the Radical Cation of ()
Naphthaleneds in CFCl3 at 28 K

Euler angles,deg

proton tensor principal components o By b)
1,458 (groupl) A —-3.70 —-1.21 -—2.67 0 0 O
Q 0.025 —0.0125 —0.0125 0 0 O
2,6 (group 1) A 0084 -1.17 -—1.03 727 180 O

Q 0.045 —0.0225 —0.0225 60 180 O —— L  — !

3,7(groupll) A 0.084 —1.17 -1.03 107.3 180 O 0 5 10 15 20 25 30MHz

Q 0.045 —0.0225 —0.0225 120 180 O

a Euler angles are given with reference to the molecular coordinate
system defined in Scheme 1.

at certain concentrations, it is even possible to grow transparent,
single-crystal-like samples.

The spectrum obtained in crushed CE@l similar to that S T
measured in the zeolite sample but is slightly better resolved. 0 2 4 6 8 MHz
The simulation in Figure 1b was performed using the same ENDOR Frequency

parameters as in Figure 1d but with a Gaussian instead ofFigure 4. Experimental (a, ¢) and simulated (b) powder ENDOR
Lorentzian line shape; see the figure caption. In line with the spectra of (a) naphthalerg: at 116 K on H-ZSM-5 zeolite and (c)
results obtained on bipher§the naphthalene cation has similar naphthalenal™ at 108 K in CFC4. The region in (a) of the intense
parameters on the zeolite and in CECI mbatr_lx I(ljne a}t] 14.55 MII_—|z h?shbeen excluddgd. IIEEI;EOR spec_tra'l:_vvere
: : obtained at the center line of the corresponding spectra in Figures
Analogqqs studies of naphthaledg* in CFCk and H-ZSM-5 1c and 3. The simulation employed the parameters of Table 1. The
gave additional support for the hf argitensor parameters  EpR weight functiors (Lorentzian shape) and the ENDOR convolution

employed for the protonated compound. EPR spectra from bothfunction t (Gaussian shape), see ref 13, had line widths of 0.07 mT
samples were similar but only partly resolved as shown in Figure and 1.0 MHz, respectively.

3 for the matrix sample. No orientational dependence of the
spectrum in CFGlcould be detected, perhaps due to the limited protons. The matching lines below; are too weak to be
resolution. A simulation made with the parameters from the detected, which is confirmed by the simulation in Figure 4b.
protonated compound, but with hf tensors scaled by the The lines fromA are located at 18.5 and 10.6 MHz and actually
gyromagnetic ratioyn/yp = 6.51 (see Table 4), is also shown overlap with lines near 18 and 11 MHz from the 2,3,6,7 protons.
in Figure 3. The fit with the experimental spectrum is quite Observation of ENDOR lines frorm-protons in powders may
reasonable. be difficult since the signals may extend over a too large spectral
Powder ENDOR Simulations and Line Assignment. The region to be detectable. But, compared to a typicallR-H,
ENDOR spectrum of naphthalemg~"/H—ZSM-5 is presented  fragment, thex-protons of the naphthalene cation radical have
in Figure 4a. The region of the strong matrigroton line at reduced hf couplings, due to the delocalization of the unpaired
14.55 MHz has been excluded. Lines outside this zone ares-electron on the ring system. The smaller spread in frequencies
caused by intensity buildup corresponding to principal values facilitates detection of ENDOR signals.
of the ring proton hyperfine tensors. The ENDOR signals were  The hyperfine tensors of the 2,3,6,7 protons are nearly axially
acquired in the center of the EPR spectrum, a region where it symmetric (see Table 1) and produce lines at 18.3, 17.9 (and
is possible to observe contributions from all principal directions 14.7 MHz which overlaps with the matrix line), with corre-
simultaneously. Interestingly, the line positions in the spectrum sponding lines belowy. The individual lines are not resolved
match closely those obtained for naphthatef@FCk at 140 due to the excessive broadening. A series of simulations were
K by Gerson and Qif,although the relative intensities are performed, with hf parameters of the type predicted theoretically,
different. to fit both the EPR and ENDOR as well as the ESEEM spectra.
In agreement with the observations made on biphériyg If the parameters were to fit the EPR spectrum, the line shape
lines are symmetrically placed around the proton Larmor at 11 and 18 MHz in the ENDOR spectrum could only be
frequency, neary == Ai/2 MHz. From calculations (see below), reproduced assuming overlapping lines from several compo-
the hf tensors of the 1,4,5,8 protons are expected to be of thenents. The simulation in Figure 4b employed the parameters
o-proton type with three principal components close tcap.5 in Table 1. The theory is given in ref 13. Matrix protons were
a, and 1.%, alongy, z, and x, respectively. Here is the excluded in the simulation. The intensity distribution is
isotropic hf coupling. Lines from all three principal directions predicted fairly well in the calculated spectrum. Since relaxation
are observable, where the lines at 26.5 and 23.2 MHz are theand instrumental effects are neglected, a perfect fit might not
high-frequency lines of thA, andA, components of the 1,4,5,8 be possible. Individual and anisotropic line widths may be
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needed to improve the fit. For example the resonance at 26.5
MHz appears to be much broader than the other lines.

The assignment of the ENDOR lines made above also gave
the best agreement with the two experimental EPR spectra
(Figure 1), as well as with simple theoretical predictions of the
hyperfine tensors, as discussed separately. A special detail of
the EPR spectra are the five lines, including the center and the
two outermost lines, which are separated by roughly 0.86 mT
(24.1 MHz). The pattern could be reproduced by a hyperfine
component of 0.86 mT from a principal direction common to
four protons. The line at 26.5 MHz in the ENDOR spectra
corresponds to the high-frequency component of this hf splitting.
The splitting can be attributed to the hf component alargj .
the four protons 1,4,5,8. To fit experimental spectra the
component close ta must be directed along as expected.

An ENDOR study of naphthaleng+/CFCk gave additional
support for the above assignment of the ENDOR signals. While
the EPR spectrum in Figure 3 is only partly resolved, the
ENDOR spectrum in Figure 4c shows several resolved lines.
In the region near the deuterium Larmor frequengy= 2.23
MHz, the lines originating from ring protons are found. The
observed positions are the same as for the naphthalete-
ZSM-5 sample scaled with the gyromagnetic ratig/yp =
6.51. Note also the sharp line at 4.1 MHz, confirming the
presence of the corresponding but broad line at 26.5 MHz in
Figure 4a. ENDOR lines belowp are faint or not observed
because frequencies below approximately 2 MHz are difficult . 1 .

1 " 1 M L
to detect experimentally. Investigations of naphthalegiét 0 1 2 3 4 5

CFCk could only be performed on partly oriented samples since 7 (us)
the crushed samples could not fit into the ENDOR quartz _ _ )
envelope Dewar. These spectra (not shown) gave lines atFigure 5. (a, b) Comparison of experimental (broken lines) and

: : : -+ simulated (solid lines) time-domain powder ESEEM spectra of the
2§mgl>gmately the same frequencies as the polycrystalline Zeomenaphthalenaia radical cation at 28 K in CFGI Both simulations

employed the hf parameters of Table 4. In the simulation in (a) the
Time-Resolved and Fourier-Transformed ESEEM Spec- nuclear quadrupolar couplings were zero. In the simulation in (b) the

tra. Two-pulse ESEEM measurements were performed on quadrupolar tensors of Table 4 were used. The individual tensors were
naphthalenels™ in CFCk and on H-ZSM-5. Deuterated oriented so tha®, was parallel to the corresponding carbateuterium
instead of protonated naphthalene was used to avoid overlap o ond. The exponential decay has been removed in both experimental
modulations from matri%°F nuclei which lie close to the single curves.

and double proton Larmor frequencies. The pulses were chosersyy. The simulation employed axially symmetric quadrupolar
sufficiently long to suppress modulations fréff nuclei in the couplings with principal component3; = 0.025 andQg =
matrix. The results on the zeolite were not satisfactory due to _g 9125 MHz (deuteriums 1,4,5,8) a = 0.045 andQ =
fast relaxation of the signal. The short phase memory time —g 0225 MHz (deuteriums 2,3,6,7). The individual tensors
a”oWed Only a feW |n|t|a| mOdu|a'[IOI’lS to be reCOI'ded were Oriented (o) th@” was para"el to the Corresponding
The cation prepared in the matrix gave a much stronger signal carbon-deuterium bond. This shows that the directions of the
of longer duration (Figure 5). The modulation pattern observed hfi and the ngi tensors do not coincide in thgplane. This
is due to the hf and quadrupolar couplings of the deuterium geometrical factor turns out to be important for a faithful
nuclei. The simulations in Figure 5a,b were performed with hf ESEEM simulation. The fit is quite reasonable and corroborates
parameters from the protonated compound, scaled with thethe assignment of the hf parameters in Tables 1 and 4 to
gyromagnetic ratioyn/yp = 6.51. In the simulation of Figure  naphthalene.
5a quadrupolar couplings were not included which gave an  Fast Fourier transformed (FFT) ESEEM spectra were partially
approximate fit with the experimental spectrum. Several ngi used to check the quality of the time-domain results. The overall
tensors, 16100 times smaller than the hfi, were checked decay of the experimental signals was removed numerically prior
systematically by eye comparison of simulated and experimentalto FFT treatment of the signal. A KaiseBessel filtet* was
time-domain signals. The initial parameters used were obtainedused prior to FT of the time-domain signal, as well. The poorly
by the above-discussed EPR line shape and the ENDORresolved FT spectra (cf. Figure 6), could not be used alone,
simulations. The initial orientation of the ngi tensor was guessed however, to extract the nqi parameters.
by simple electrostatics appropriate to quadrupole interactions The ngi tensors of the present system were not determined
in magnetisn?* The ESEEM modulations obtained without to the same degree of accuracy as the hf tensor, since the
including the quadrupolar interaction were rather good during ESEEM was the only method here able to resolve the small
the first 2.5us of the recorded experimental time-domain signal quadrupolar interaction of the deuterons. The accuracy depends
of 5.0 us duration. The intensity and the periodicity of the solely on the ESEEM fitting method used here, and seems to
second half of the signal could not be reproduced, however, be quite good, despite that according to ref 25 1 order of
without considering the quadrupole interaction. The results of magnitude of hfi could not affect the time signal significantly
the fitting are given in Table 4. Experimental and simulated enough to detect any difference. The sensitivity of the time-
spectra including the quadrupolar parameters are given in Figureresolved signal to the quadrupole interaction strengths was here
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T i T —T the intensity of the beats but not their frequency was affected,
f ; Lo : however. Concluding, it should not be possible to obtain
detectable experimental effects of this kind unless the magnitude
""" of the g tensor anisotropy of the radical is 5-fold the one given
(a)
above.
..... Semiempirical MO Calculations. The geometry of naph-
thalene™ was optimized with the RHF/PM3 meth®dvailable
in the MOPAC v6.00 program package. A simple single-point
g RHF/INDOH-CI3! calculation was performed to compute the
mr-electron spin density distribution in the SOMO. The calcu-
| lated spin densitiegs 458= 0.212 andp, 36,7= 0.057 are close
to the values measured for the radical arfign,,ss= 0.209
andpz367= 0.079 in accordance with the pairing theor&m.
S T Experimental and calculated isotropic hyperfine couplings are
. compared in Table 3. Our experimental values are in closer
agreement with the results obtained by Owen and Viridban
with those reported by Gerson and Qi@alculated values were
Co estimated with two methods. (1) With the McConnell equation
(b) a = Qpj, using the INDO calculated-spin densities and two
P different values of the consta@. The value—72.6 MHz is
the value applied for benzeridn CFCk.22 Apparently, this is
too small for both biphenyt ¢ and naphthaleng, and a value
of —77.7 MHz gave better agreement with the present experi-
mental couplings. (2) The unpaired s-electron spin densities at
the protons were calculated with UHF/INDO and the hyperfine
couplings estimated using a proportionality constant of 1514
MHz (54 mT).
; c : The dipolar interaction between a ring proton and the unpaired
S LA S A I S e s-electron spin density at each carbon was computed following
i i : i the treatment by McConnell and StrathdéeThe calculated
Y 5 10 dipolar hyperfine coupling tensors of the protons, presented in
Frequency (MHz) Table 2, were computed using the INDO estimated spin
densities. The contributions from all carbon atoms to a specific
Figure 6. Fast-Fourier-transformed ESEEM spectra of the time-domain dipolar tensor were added after a transformation of the
signals in Figure 5a,b. In the simulations (solid lines) the quadrupolar components to a common system of coordinates. The computed

interaction is included only in trace b. The dashed trace corresponds ~. . . . .
to the experimental signal. A KaiseBessel filtet* was used prior to direction cosines are given in Table 1. The tensor for the 1,4,5,8

FFT of the time-domain signals. The FFT spectra were created after Protons is in good agreement with experiment, resembling a
the determination of the parameters by using the time-domain signal. typical o-proton tensor. Predicted tensors of 2,3,6,7 protons
lack this a-proton character, as do the experimental tensors.
better than 10%, meaning that observable change of theThe principal directions in the molecular plane are also rotated
spectrum was produced for a quadrupolar magnitude changefrom the directions parallel and perpendicular to theHChond.
10% at most. This is expected, due to relatively larger contributions in the
The quadrupolar interactions obtained here agree reasonablycalculation from neighboring carbons.
well with values measured by Kurreck, Kirste, and LubitZ )
on quadrupolar couplings of-€D bonds in deuterated neutral ~ €onclusions
aromatic radicals dissolved in liquid crystals. The investigated The analysis of the powder EPR line shape of naphthatene
species all had similar quadrupolar couplings. For 2-chlorophe- was made possible by the simultaneous use of ENDOR and
nalenyldg the valueQ,,= 0.087+ 0.002 MHz directed along ~ESEEM spectroscopies. Detection of powder ENDOR lines
the C-D bond and an asymmetry paramefes (Qux — Qyy)/ from anisotropiax-protons in naphthaleriewas possible partly
Qzz= 0.08+ 0.04 (i.e., a nearly axially symmetri@ tensor) thanks to the smaller hf tensors compared to those of a typical
were reported. Her@, Qyy, andQ,; are the principal values = R—C—H, fragment. Similar observations could be expected
of the quadrupole coupling tensor in eq 1. The definition of in other organic radicals with delocalized unpaireélectrons
the asymmetry parameter assum®@s| < |Qyl < |Qz. and anisotropic proton hf tensors. Indeed some observations
Differences in the simulated modulations due toghensor are known such as in benzeng biphenyt* 8 perylenet 3335
anisotropy were visible by the present thedtyThe g tensor the tyrosyl radicaf®3” andp-benzoquinone .38 The detection
anisotropy amounts here to 1.59 MHz, at the present field of and analysis of the ENDOR and ESEEM powder signals were
3250 G, which is well over the magnitude of the quadrupolar further simplified and refined by isotopic substitution of the
interactions. Still this magnitude is small with respect to the protons by deuterons. Undesirable overlap with signals from
hfi and should not affect the nuclear modulations as directly as the matrix was also avoided this way. Observed ESEEM
the hyperfine interaction. The effects of théensor anisotropy ~ modulations from deuterated naphthatengere analyzed, and
are usually disregarded in the classical ESEEM theory of Mims  the hf and quadrupolar couplings of the ring deuteriums were
and Dikano?® Neither are explicit formulas including nonaxial ~ obtained. This suggests that ESEEM can actually be used in
hf interaction known to the authors. Anisotropy is important investigations of free-radical structures in powders, as shown
for z-radicals, in particular for the-protons. The simulated  previously in a few case¥:3” A common application of
time-domain signals witlg anisotropy included showed en- ESEEM is otherwise to investigate intermolecular hf couplings
hanced homogeneous decay at the last half of the signal. Onlyoriginating from interactions with surrounding nucti.
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