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Abstract 
In order to  explore the advantages o f  multi-frequency ESE experiments, w e  have 

constructed a pulsed EPR spectrometer operating over a microwave frequency range o f  2-4 
GHz (S-band). Dramatic enhancement of electron spin echo envelope modulation (ESEEM) 
depth is observed for weakly coupled nuclei. Well-defined resonance peaks corresponding t o  
nearly pure NOR frequencies are observed for 14N in some nitroaromatic systems, at values 
of 6, near "exact cancellation" and more distant from the cancellation condition than had been 
predicted. In the case of nitrogen modulation in a copper(l1) complex with large g anisotropy, 
strong orientation selection is achieved at  S-band as well as X-band; the S-band spectrum is 
different and complementary. 

INTRODUCTION 

Electron spin echo envelope modulation (ESEEM) experiments have proven to be very 
useful in measuring weak hyperfine interactions in paramagnetic solids. While most ESE 
experiments have been performed a t  X-band (9 GHz), instances in which other frequency 
ranges are advantageous have been noted [I - 61. The advantages offered by 
employing higher frequencies include greater sensitivity, improved orientation selection in 
disordered anisotropic systems, and the ability to study systems with large zero-field splitting 
161. Frequencies below X-band have been demonstrated to be useful for direct determination 
of nuclear quadrupole couplings by reducing the nuclear Zeeman interaction enough to 
approach a cancellation of the nuclear hyperfine coupling by the nuclear Zeeman interaction 
in one of the electron spin manifolds [7 - 101. Lower frequencies also will be 
useful as part of a multi-frequency approach to ESEEM [I 11. Just as in cw EPR 1121, a 
multi-frequency approach will allow a more reliable determination of the spin Hamiltonian 
parameters. For systems where field-dependent terms dominate the nuclear spin Hamiltonian 
at X-band, a substantial improvement in the observed modulation depth is expected when 
ESEEM is performed a t  lower frequency (lower field). Also, lower frequencies should lead to 
better resolution in the sum peak, thus further improving the ability of ESEEM experiments to 
observe small structural differences. For such reasons, we constructed a broadband pulsed 
EPR spectrometer operating between 2 and 4 GHz, the S-band of microwave frequencies. We 
report here on the design and describe several recent applications of this spectrometer. 

EXPERIMENTAL 

A. Instrumentation 

A block diagram of the S-band ESE spectrometer is shown in Figure 1. The microwave 
bridge is very similar to a standard EPR bridge. The major differences are the fast PIN diode 
switches and the high power, pulsed TWT amplifier. The purpose of these components is to 
create the short, high power microwave pulses needed in the ESEEM experiment. The 
transistor oscillator (KDI Electronics, model no. CC-A24) serves as the microwave source, 
tunable from 2 to 4 GHz. The oscillator is followed by an isolator (UTE Microwave, model no. 
CT-3240-OT) to protect it from reflected microwave power. A -20dB directional coupler 
(Narda, model no. 4013C-20) diverts a small portion of the power to a frequency meter 
followed by a -1 0 dB directional coupler (Narda, model 401 3C-10) which diverts power into 
the reference arm. The remaining power is fed into a PIN diode switch (General Microwave, 

893 



894 R. B. CLARKSON eta/ .  

orclllator 

I Computer1 

:R 

Gated 
Integrator 

Figure 1. Block diagram of the S-band pulsed EPR spectrometer. [131 

model DM863BH) in order to create short, low power pulses. Next the microwave phase of 
these pulses can be shifted by 1 80° by a one-bit digital phase shifter (Vectronics Microwave, 
model DP613.OHS) and then they are amplified by a 1 kW TWT amplifier (Logimetrics, model 
A710/S). The TWT is driven as near to  saturation as possible and the power of the pulses is 
adjusted by the step attenuator (Weinschel, model AC117A-69-11 1 which follows the TWT. 
Now the pulses are ready to be fed through a 3-port circulator (UTE, model CT-3242-0) into 
a loop-gap [14] or bridged loop-gap I1 51 resonator structure placed between the poles 
of an electromagnet and accommodates the sample to be studied. Any power reflected from 
the resonator is then directed by the circulator into the bridge's detection elements. The power 
limiter (Miteq, model LIM-2040-20) serves to protect the low noise GaAs FET amplifier (Miteq, 
model AMF-48-2040-7-L) from the high power pulses. A second PIN diode switch is used to 
gate off the input to the GaAs FET during the pulses providing added protection for the GaAs 
FET and keeping the mixer (Watkins-Johnson, model WJ-M1 G) out of saturation during the 
pulses. Since the PIN diode switch is reflective in its off state, it is preceded by an isolator. 
For some experiments, a 2 to 4 GHz bandpass filter (K&L Microwave, model 
3H10-1000/4000-0/0) was placed after the second PIN diode switch to remove RF switching 
transients produced by the switch. The power and phase of the reference signal can be 
adjusted by an attenuator (Weinschel, model 910-20-1 1)  and a phase shifter (Narda, model 
37521, both continuously variable. The IF output of the mixer is boosted by two video 
amplifiers (Hewlett-Packard, model 461 A and Comlinear, model CLCl 00). The echo amplitude 
is averaged by a gated integrator (EG&G PARC, model 162 boxcar averager with two model 
166 gated integrators) whose output is then sampled and stored by a computer. 

The timing of the ESEEM experiment is controlled by three delay units (Figure 1 I .  Each 
repetition of the spin echo sequence is initiated by a clock signal from an IBM Data Acquisition 
and Control (DAC) adapter in an IBM PC. The clock signal triggers 3 Berkeley Nucleonic 
Corporation model 7030A digital delay generators (DDGs). The DDGs in turn control the pulse 
widths and the timing of the interval between pulses. The pulse widths are set manually with 
a knob on the front of each DDG. The DDGs are remotely programmed through a parallel 
interface on each generator connected to a Quatech PXB-721 parallel I/O card installed in the 
computer. Pulses produced by the DDGs are fed into the pulse programming module (PPM), 
which creates the appropriate signals for triggering the PIN switches, the phase modulator and 
the TWT grid control. 

The S-band pulsed spectrometer currently is capable of one-, two-, and three-pulse 
experiments with (0, n) phase cycling utilizing a one-bit digital phase shifter, although a two- 
bit shifter is now being installed that will permit (0, n/2, n, 3d2)  phase sequences. Detailed 
descriptions of the electronics and software can be found in references 1131 and 11 61. 
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6. Samples 

Perylene cation radicals were formed on the particle surfaces of powdered activated 
silica-alumina (Houdry M-46 catalyst), by a technique already described [17]. A similar 
approach, utilizing activated y-alumina in place of the silica-alumina, was  employed for the 
formation of meta-dinitrobenzene (m-DNB) radical anions. 

Solutions of 1 , 1 -diphenyl-2-picrylhydrazyl (DPPH) in toluene were prepared by dissolving 
the DPPH powder (Aldrich Chemical Co., 9 5 %  pure) in appropriate amounts of toluene (normal 
or d,, Fischer Scientific, A.C.S. certified). Solutions were placed in 4mm quartz tubes and 
thoroughly de-gassed by freeze-pump-thaw cycling before flame sealing. 

Bis(1 -phenyl-l,3-butanedionato)copper(ll) (Cu(benzac),) was  prepared by the method 
of Hon, et. al. 1181, except that  the final product was recrystallized twice from toluene. 
Solutions of Cu(benzac), with pyridine (Aldrich Chemical Co., 99 + %, spectrophotometric 
grade, gold label) in toluene (Fischer Scientific, A.C.S. certified) were prepared with 
concentrations of the  copper complex set a t  about 5 mM. The mixed solvent was  ca. 33% 
in pyridine (producing mainly the .2Py adduct) or ca. 5 mM (producing mainly the *Py adduct). 

C. Spectroscopy 

Both two- and three- pulse (Hahn and stimulated) spin echo sequences were performed 
on all samples a t  various S-band frequencies. Temperatures were controlled by means of an 
APD helium flow cryostat fitted with a locally-constructed Dewar extension (silvered Pyrex) 
that allowed the loop-gap resonator assembly to  be inserted into the thermostatted flowing 
helium stream. A temperature of ca. 4 K  was reached with the helium flow rapid enough to  
force liquid helium over the resonator. At lower flow rates, with gaseous helium bathing the 
resonator, temperatures over the range from 280K to  ca. 8 K  could be controlled with this 
arrangement, which allowed for quick sample changing without warming the resonator. For 
analysis, ESEEM data can be transformed to  the frequency domain by means of a cosine 
Fourier transform algorithm that utilizes the frequency windowing approach of Mims [191. 
Simulation of the time domain data often is done by means of a theoretical model implemented 
in a computer program called NANGSEL. This program (developed by Professor J. B. Cornelius 
in this laboratory, at Albert Einstein College of Medicine, and a t  Principia College) employs a 
powder-average algorithm and provides for the inclusion of anisotropic g- and A-matrices for 
orientation-selected ESEEM analysis [201. 

EXPERIMENTAL RESULTS AND DISCUSSION 

A. Enhancement of modulation depth in perylene cation radical spectra 

A quantitative estimate of the degree to  which shallow modulation from a weakly 
coupled system a t  X-band (9 GHz) can be enhanced by going to  S-band (2-4 GHz) can be 
obtained by examining the analytical expression for the 2-pulse modulation function, which 
can be written for the S=1 /2 ,  1=1/2 case  with a spin Hamiltonian of the form, 
fi = g ~ ~ o ~ , - g , , 8 n H o i , + h A ~ , S , + h B f , ~ , ,  asshowninequation(1l.Thedepthof themodulation 
is governed by k, which has been aptly termed the  modulation depth parameter. When the 
nuclear Zeeman interaction is much larger than the hyperfine interaction, wn= w,= wa and 

Emod(r)=l -2k s in2(iw,r)s in2(h 2 p  r) 
where k = w ~ B 2 / w ~ w ~ ,  w,=g,,8Aolh 

W: = [ (:A + w,) + ( iB)  '1, w;=[ (;A -w,) + (i B) 21 
k = B2/w:. Since w, is proportional to the applied magnetic field and B is independent of field, 
k a  1/HO2. Thus, for this system, k is expected t o  be 9 times a s  large a t  3 GHz (S-band) than 
a t  9 GHz (X-band). 

Predictions of enhanced modulation depth a t  S-band were tested for the perylene radical 
cation formed on active silica-alumina surfaces. This species has been studied by ENDOR 
11 7,21 I, and the distant or matrix proton interactions have been identified with solvent and 
surface hydrogens. Figure 2 shows X- and S-band ESEEM patterns attributed to  these matrix 
protons, after normalization to remove the  decay function. At  both frequencies, r values were 
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Figure 2. 
Normalized echo envelope 
modulation from perylene( + 1 
radicals after removal of the 
echo decay function. 
(a) X-band ESEEM, 
(b) S-band ESEEM. 
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chosen to maximize proton modulation. A nine-fold enhancement of the modulation depth at 
S-band over X-band seen in the patterns is agrees with that predicted for a decrease in 
magnetic field (microwave frequency) by a factor of 1/3. All systems where weakly coupled 
nuclei are observed by two- or three-pulse echo sequences exhibit similar behavior, 

B. Nuclear quadrupole couplings in DPPH 

For a quadrupolar nucleus such as 14N ( I  = 1 1 in systems where the hyperfine coupling 
to nitrogen is dominated by an isotropic interaction, it sometimes is possible to observe nearly 
pure nuclear quadrupole resonance (NOR) transition frequencies in the ESEEM. This is an 
important application of pulsed EPR, for it makes possible the observation of NOR transition 
frequencies from paramagnetic species in which the enhanced nuclear relaxation due to effects 
from the paramagnetic electron may prohibit the direct measurement of the NOR spectrum. 
It also offers a more sensitive spectroscopic approach, thus permitting the study of systems 
too dilute for conventional NOR studies, such as biological samples. Two studies have 
considered this NOR contribution to the ESEEM pattern from solid solutions of DPPH, one a t  
X-band [23], and one a t  X- and C-band (4.6 GHz) [51. In the latter study, the theory of which 
they subsequently published in more detail [241, Flanagan and Singel suggest that the 
observation in ESEEM of narrow linewidth resonances corresponding to nearly pure NOR 
frequencies occurs when B, = AiS,/2g#,,, where B, is the applied Zeeman field, and A,, is the 
isotropic hyperfine coupling. At this equivalence point, "exact cancellation" of the hyperfine 
and Zeeman fields is envisioned, resulting in an effective field of zero at the nucleus. As in 
other zero-field resonance experiments, this results in substantial narrowing of surviving 
resonance lines. Making use of 14N NMR data on DPPH [251, one can use this cancellation 
condition to predict that the equivalence point (Be,, = 0) for the ortho and para NOz nitrogens 
in DPPH should occur at a field value where the microwave resonance frequency is in the 
range 5.0  - 5.9 GHz. 

How far from the exact cancellation field will we still expect to see narrow resonances 
corresponding to nearly pure NOR frequencies? Flanagan and Singel [241 suggest that if A is 
the deviation from exact cancellation, that the NOR frequencies will be observed if I A I c 
4R/3, where = Ah,,, and I? = K/v,, K = %e2q0. To test this model, we obtained ESEEM 
from frozen solutions of DPPH in toluene a t  3.0 GHz (1078 Gauss), where no NOR frequencies 
from either ortho or para NO2 nitrogens should be seen (6 2 1.3, 4R/3 = 1.1 1, and a t  4.02 
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Figure 3. 

Cosine FT of 
3-pulse ESEEM 
from DPPH in 
toluene a t  3.0 GHz, 
1078 G, 5K. 
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GHz (1437 Gauss), where sharp transitions from ortho NO, and possibly from para NO, 
nitrogens are predicted (bonho = 0.49, 4R/3 = 0.84). Figure 3 shows a cosine FT of the 
ESEEM pattern obtained at 3.0 GHz from a stimulated echo sequence. The sharp pair of 
frequencies a t  0.68 and 0.87 MHz, which are also seen a t  4.02 GHz and are insensitive to B,, 
are attributed to the v. and v, NOR transitions from ortho NO, nitrogens. The 1.86 MHz line 
is assigned to the AM, = 2 transition of 14N, in the nuclear manifold in which exact 
cancellation does not occur, and shifts with 8, in accord with predictions that its frequency 
should be approximately A,,o + 2vn. The resonance at 4.5 MHz is due to matrix protons. 
Based on this assignment of v,, v., the quadrupole parameters for ortho nitrogens in DPPH are 
calculated to be K = 0.26*0.02 MHz, and I] = 0.35-+0.02, and Ak,(14N,,,J = 1.19 MHz. 
Singel recently reported values of K = 0.28 MHz, r ]  = 0.37 and Aka = 1.1 2 MHz for this 
system from C-band measurements [26], a t  Zeeman field strengths very near that predicted 
for "exact cancellation". The excellent agreement of our calculated quadrupole parameters 
and Ako with those of Singel give support to our spectral assignments, and suggest that nearly 
pure NOR frequencies can be seen in ESEEM patterns a t  microwave frequencies considerably 
below the low-field limit of the effect suggested by Flanagan and Singel. 

C. Cu(benzac)*-pyridine adducts 

Cu(ll) 8-ketoenolates are prototypical metal complexes which have been widely 
studied by EPR, UV-VIS, and X-ray crystallography as well as other forms of spectroscopy. 
For this reason, they provide excellent frames of reference (though not necessarily model 
compounds) for studies of other metal complexes such as metalloproteins which are not yet 
well characterized. Since the Cu(ll) 8-ketoenolates are so well characterized they make ideal 
test subjects for developing new experimental methods of characterization. 

An important aspect of the chemistry of Cu(ll) 8-ketoenolates is their capacity to act 
as Lewis acids forming adducts with a variety of Lewis bases such as water, ethanol, and 
pyridine. Generally these adducts are not amenable to analysis by X-ray crystallography 
because the adducts are too unstable to be isolated from solution. On the other hand, some 
structural information can be deduced from the anisotropic spin Hamiltonian parameters 
obtained from EPR studies of frozen solutions. Unfortunately, the information acquired from 
such EPR spectra is usually limited to the parameters which determine the electronic Zeeman, 
copper electron-nuclear hyperfine and copper electric quadrupole terms in the Hamiltonian. A 
much more detailed structural picture can be pieced together if ligand hyperfine and 
quadrupole couplings are available but the small spectral splittings associated with such 
interactions are usually obscured by inhomogeneous line broadening. 
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Several investigations have been successful in determining ligand spin Hamiltonian 
parameters applying orientation-selective ENDOR and ESEEM techniques. Kirste and van 
Willigen have determined hyperfine matrices for the CH and CH, protons of 
bis(acetylacetonato)copper(ll) (Cu(acac),) and several of its adducts with ENDOR and electron- 
nuclear-nuclear triple resonance [271. Similarly Henderson, Hurst, and Kreilick have 
determined the proton hyperfine matrices for polycrystalline samples of Cu(acac1, with 
orientation selective ENDOR [281. More recently, Cornelius and co-workers has examined an 
adduct of bis(1 -phenyl-l,3-butanedionato)copper(ll) (Cu(benzac),) with pyridine by ESEEM at 
X-band in an effort to determine the nitrogen hyperfine and 14N quadrupole coupling 
parameters 120,291. Here we report S-band ESEEM measurements on this system. 

Time domain ESEEM spectra were recorded from samples with equimolar concentration 
of Cu(benzac), and pyridine and from samples with a large excess of pyridine (solutions in 
33% pyridine, 67% toluene by volume). Samples prepared with d,-pyridine and d,-toluene 
were also examined, Two pulse spectra on the samples prepared with protiated solvents 
show a small splitting of the proton "sum" peak (the peak located at approximately twice the 
proton Larmor frequency). This splitting varies considerably with field. In addition to possible 
orientation selection effects, the sum peak will in general exhibit field sensitivity, since the 
structure-sensitive frequency of the peak maximum, v,, = (A + 2vJ, where A is the 
frequency shift associated with AisQ, Sum peak resolution of small structural differences thus 
can be enhanced at lower Zeeman fields, where shifts of v,, will be proportionately greater, 
since the contribution of v, is reduced relative to A. Figure 4(a) shows a frequency domain 
representation of the two pulse ESEEM spectrum taken from the parallel (low field) region of 
the EPR spectrum where the proton sum peak splitting is the largest. In Figure 4(b),  the 
frequency domain spectrum obtained from the perpendicular region reveals that the sum peak 
splitting in this region is much smaller. The spectra from samples prepared with deuterated 
solvents show only deep modulation near the free deuterium Larmor frequency. 
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Figure 4. Cosine FT of 2-pulse ESEEM from Cu(benzac), - pyridine (1:l) in toluene at 4.01 
GHz, 5K. (a) B, = 1045 Gauss (gpardlsJ, (b) €3, = 1450 Gauss (gperpendicular). 

At S-band, as at X-band, strong orientation selection is evident. Only the spectra taken 
in the parallel region of the EPR spectrum from samples with equimolar concentrations of 
Cu(benzac), and pyridine yielded spectra with well defined features aside from matrix peaks. 
A three pulse ESEEM pattern recorded near the low field edge (magnetic field orientations near 
the Cu-Py line) of the EPR spectrum is shown in Figure 5. 

In these patterns, the most prominent features are two peaks centered close to 1 MHz. 
Simulations with nitrogen hyperfine and quadrupole coupling parameters previously derived 
from orientation-selected X-band ESEEM data of the same complex in ca. 30% pyridine 1201 
produced one prominent peak, at ca. 1 .O MHz. Simulations with NANGSEL showed this peak 
to contain (be sensitive to) the rhombic component (r]e2qQ) of the nitrogen quadrupole 
coupling matrix, but not to t h e  axial component or the asymmetry parameter alone, as 
illustrated in Figure 6. 
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Figure 5. 

Cosine FT of 3-pulse ESEEM 
from Cu(benzad2-pyridine (1 :1) 
in toluene at 4.01 GHz, 
1045 Gauss (gpww.lloll, 5K. 
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Furthermore, the single peak proves to bifurcate with adjustment of the nitrogen 
hyperfine coupling parameters (both isotropic and anisotropic). Parameters obtained by fitting 
the two prominent peaks in the S-band ESEEM spectra of the Cu(benzac),.Py complex is 
gx = 2.067, 2.062, 2.302; A ( C U ) ~ , ~ , ~  = 25, 25, 492 MHz; electron-nitrogen distance 
='!?4A; a(N)iso = -0.5 MHz; e2qQ = 4.4 MHz; Q = 0.30. These parameters must be 
regarded as preliminary; further S-band ESEEM work on both the .Py and .2Py species with 
both isotopes of nitrogen is underway to confirm our initial interpretation and refine the 
parameters. 

D. m-Dinitrobenzene radicals on y-alumina 

For a paramagnetic system of isotropic g-tensor interacting with a nucleus of I 2 1, if 
the super-hyperfine interaction is also isotropic, the Hamiltonian will include terms that can 
give modulations, 

where A is the isotropic super-hyperfine constant of the nucleus, B, the external static 
fin = AS01 - q,,&B,*I + 1-P.I (2) 
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magnetic field vector, S and I are usual electron and nuclear spin vectors, and P nuclear 
quadrupole tensor. The electron spin S has two orientations in external magnetic field. Thus 
Eqn. (21 can be rewritten as 

where U is a unit vector along the direction of static magnetic field. The magnitudes 
(energies) of the two electron spin manifolds will move in opposite directions as the external 
magnetic field increases. This implies that for quadrupolar nuclei ( I  2 1 I, an external magnetic 
field of magnitude B, can be chosen such that the nuclear Zeeman interaction cancels the 
super-hyperfine interaction in one of the two electron spin states. The ensuing nuclear energy 
levels, in the electron spin manifold in which the cancellation occurs, correspond to the pure 
nuclear quadrupole states, 

This permits a direct observation of the NOR transitions, the frequencies of which can be used 
to calculate the quadrupole parameters (e2q0 and 01. Recently Cosgrove and Singel 18,101 
have studied this phenomenon in the m-DNB radical generated on y-alumina, and performed 
X-band (8-1 1 GHzI and C-band (4-6 GHzI ESEEM experiments in an attempt to realize "exact 
cancellation". Their work suggested that the equivalence Zeeman field (B, = A,0/2gJ3n) lies 
lower than those spanned by their experiments. Utilizing S-band frequencies and fields, we 
have more nearly achieved experimental realization of the "exact cancellation" condition in this 
system, and direct observations of nearly pure nitrogen nuclear quadrupole transitions have 
been made from the Fourier transformed ESEEM spectra. S-band ESEEM also has proved 
sensitive to the surface effects of y-alumina on the NOR parameters of the remote nitrogen 
atom in m-DNB radicals. 

Three-pulse ESEEM experiments were performed a t  four different microwave 
frequencies from 2 to 4 GHz: 3.85, 3.24, 3.01, and 2.81 GHz. The frequency-domain 
spectra, obtained by cosine Fourier transformation with zero-filling, are shown in Figure 7. In 
the 3.85 GHz experiment, both 14N and 15N enriched mefa-dinitrobenzene samples were 
studied, in an effort to differentiate the hyperfine and nuclear quadrupole interactions. A 
thorough static magnetic field (B,) and r-effect survey also was done on 14N samples at this 
excitation frequency: there is no obvious r-suppression effect observed in three-pulse ESEEM 
experiments a t  excitation microwave frequencies under 4 GHz, which suggests that nuclear 
quadrupole coupling terms dominate the modulation pattern. The X-band cw-EPR spectrum 
of m-DNB radical adsorbed on y-alumina spans a field range of ca. 75 gauss, and the ESE 
signal was observable in the entire field range. The pattern of nuclear frequency modulation 
does not show any noticeable change in this range although the spin echo intensity may vary 

fin = U*I(fA/2 - c&BJ + I*P*I (3) 

Z2:n = 1.P.I (4) 

Figure 7. 
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(bI 3.24 GHz 
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depending on where the static magnetic field center is set. A single nitrogen modulation 
frequency was observed when a 16N sample was used: compared to 14N, the "N modulation 
is shallow. 

A four-line pattern is observed from "N-containing samples at all four excitation 
frequencies. The four peaks are due to remote nitrogen (#2) as identified in reference 1101. 
At 3.01 GHz, the nuclear modulation frequencies are 0.229,0.8, 1.029, and 1.653 MHz. At 
2.81 and 3.24 GHz, the first three peaks share the same frequency values with the spectrum 
obtained at 3.01 GHz, while the frequency of the fourth peak changes. We assign the first 
three peaks as pure NOR transitions from one electron spin manifold, v, = 0.229, v., = 0.8, 
and v,~ = 1.029 MHz; and v' = 1.653 MHz is a nuclear transition from another electron spin 
manifold. 

A comparison of 14N and 15N modulation patterns demonstrates that the hyperfine 
coupling of the distant nitrogen is very close to isotropic, with a value of A,,, between 0.60 
and 0.67 MHz for 14N. The relatively large uncertainty in this value is due to the weak and 
somewhat broad character of the frequency domain peak for "N. The measurement allows 
us to predict that for distant 14N in m-DNB, B, = Ais,/2gJ3n at a value of ca. 980 Gauss, which 
at g = 2 requires a microwave frequency of 2.7 GHz. Thus, we are almost exactly at  the 
predicted value for "exact cancellation" a t  the lowest of our microwave frequency 
measurements. As in S-band studies of DPPH discussed in Section B., the nearly pure NOR 
frequencies are observed over a range of field values. The NOR parameters thus calculated 
are given in Table 1. 

Table 1. NQR Parameters for m-DNB on y-alumina 

Radical Data Analyzed A:." MHzl 2aQ MHzl n 

Freshly-made Cosine FT 1.243 0.36 
Time-domain 0.65 1.245 0.36 
simulation 

ca. 1 year Cosine FT 1.219 0.37 
Time-domain 0.65 1.220 0.37 
simulation 

In his paper on an EPR investigation of m-DNB on y-alumina, Flockhart et. a1.1301 first 
observed the increase of EPR signal intensity as a function of contact time following the 
introduction of a m-DNB/benzene solution onto the alumina surface. We observed a similar 
increase and, moreover, continue to observe it over several days. If we use a more extended 
time frame of, say, a year, we can also see the three cw-EPR peaks becoming broader. With 
the help of ESEEM spectroscopy we observe a corresponding change in the modulation 
frequencies from the remote NO, nitrogen atom during the same time period of a year. This 
change is mainly reflected in a slight alteration of the nuclear quadrupole coupling constants, 
e2qQ and r ]  (see Table 1). Among the possible mechanisms that copuld account for this 
change with time in the NOR parameters, two are: (1) increasing spin density on the distant 
nitrogen, and (2) a surface structure change. The first mechanism is very unlikely since 
virtually no change in the magnitude of A,,, for the distant nitrogen is observed with time. If 
there were an increase in the spin density at  the remote nitro group, we almost certainly 
would have observed an increase in A,,,. Furthermore, Cheng and Brown 1311 measured 
the NOR parameters for m-DNB radicals in liquid phase. The values they report are: e2q0 = 
1.232 MHz and r]=0.36. It is likely that the differences between their NOR parameters and 
those observed in this study are due primarily to the differences in environment between m- 
DNB radicals in isotropic solution and adsorbed on an alumina surface, which is known to 
produce significant electric field gradients on adsorbed radicals 1321. The large magnitude 
of the shifts in NOR parameters between solution and surface, here attributed to surface 
effects, would seem to point to modifications of the surface environment of m-DNB radicals 
with time as a more likely mechanism to account for changes in the NOR parameters. S-band 
ESEEM from radicals like m-DNB thus seems to hold promise as a very sensitive technique to 
follow weak surface interactions. 
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