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As the Fourier transform of time-series data is known as the spectrum, the Fourier transform of the logarithm
of the time-series data is called the cepstrum of the data. When cepstral analysis is applied to free induction
decay signals of free radicals showing first-order EPR spectra, the identification of nuclear hyperfine coupling
constants becomes simple. In a systematic manner, we have examined how the technique of cepstral analysis
is affected by the presence of aliasing, noise, uncertainty in the time origin of the free induction decay, the
presence of second-order hyperfine couplings, and the applications of various apodization methods. This
technique was then applied to analyze the EPR spectrum of anthraquinone anion radical, and anion radicals
of porphycene and tetrapropyl-porphycene, and the hyperfine coupling constants thus obtained were compared
with published data. A good agreement was always found. We make a case for the usefulness of cepstral
analysis in determining the hyperfine coupling constants of complex EPR spectra of organic free radicals.

Introduction cepstral analysis can be a very effective aid in the analysis of
) . . complex hyperfine spectra obtained from photosynthetic model

Large organic free radicals, such as those found in photo- .o mnaunds such as the anion radicals of synthesized por-
synthetic model systems, often have very complex EPR SPECtraphycene§. As long as the EPR spectra are well-resolved,

with hundreds of hyperfine lines arising from the large number e hsira| analysis can provide recognizable patterns in an EPR
of magnetic nuclei interacting with the unpaired electron. gpectrym, thus allowing for the identification of the hyperfine

ENDOR spectroscopy is often used to measure the hyperfine o, hjings, as well as providing some information about the
couplings in such cases, but it requires special temperature a”dnumber of equivalent nuclei.

solvent conditions, and also determination of the number of | ihis paper, we first examine the effect of noise, nonuniform
equivalent nuclei by ENDOR is problematic. The EPR spectrum jine width, and aliasing on the cepstrum using simulated data.
is a convolution of all the hyperfine splittings and contains a \ya then analyze EPR spectra taken by both Fourier-transform
great deal of redundant information. When good resolution can epr and CW-EPR methods. The hyperfine coupling constants
be obtained in the EPR spectrum, it should be possible 10 gyained using the cepstral analysis are in agreement within 50
measure both t_he hyperfine cogplln_gs and the number of gq |4 (~2—4%) when compared to ENDOR-derived cou-
equivalent nuclei from the regularities in the shape of the EPR plings. The cepstral analysis is very effective without requiring

spectrum. S _ the special operating conditions needed for ENDOR.
One approach to the simplification of EPR spectra is to

use a pattern recognition method to identify the hyperfine Method
couplings and simplify the EPR spectrum. Such a method is
the cepstral analysis developed by Bogert €t lalwas first . . . ) S
applied to the analysis of earthquake datad later applied by C(;ngespondlng tnspin-1/2 nuclei and spin-1 nuclei is given
Kirmse? to EPR spectra. The naneepstrumis an anagram of as
the well-known termspectrum A cepstrum is somewhat m n
reminiscent of the spectrum from the ENDOR technique of y(t) = R(t) Coséwit)l‘l(l + 2 cos(2rvit)) (1)
special TRIPLE3 L L !

Pearson et dtried to use cepstral analysis on the EPR spectra . )
of substituted triarylaminium cation radicals and concluded that, When second-order shifts and nuclear spin-dependent re-
in practice, this technique was not very useful. We find, in 1axation effects are negligible. HeR{t) is the decay function

contrast, that when the basic axioms of the method are met,and is assumed to be same for all the nuclei, B the
coupling constant of a spin-1/2 nucleus, ang 8 that of a
* Corresponding author. Phone: 773-702-7864. Fax: 773-702-9646. _Spln-l m_JCIeus' Slnce such nuclei are Cfommonly encountere(_j
Email: j-norris@uchicago.edu. in organic free radicals, we have examined only these nuclei
ITate_\ Institute of Fundamental Research. here. Generalization to nuclei of any spin is easy and has been
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FIn |1+ 2 cos(Zvt)] = F In |sin(3zvt)| — F In |sin(zvt)|
=Z<§(a) — 2mvk)/k —
Zé(w — 6avl)/ 1 (5)

J A U k B The cepstrum given by eq 5 is again a series of peaks

UL J U separated by the coupling constamt But in contrast to eq 4,

5-10-5 0 5 10 15 20 =15 —10 -5 0 5 10 15 a pair of positive peaks is followed by a negative peak, which
MHz MHz is followed by another pair of positive peaks, and so on. In

general, for a spim-nucleus, the cepstrum consists dpdsitive
peaks, followed by one negative peak, and the pattern repeats.
So by identifying the pattern of the harmonics of a coupling
constant, the spin of the nucleus can be readily identified.
A B Figure 1 shows cepstra of spin-1/2 and spin-1 nuclei generated
from a synthesized free induction decay signal. The cepstral
peaks have finite width resulting from the limited frequency
bandwidth (governed by the Nyquist frequency) and the finite
number of data points in the time domain data. Nevertheless,
the fact that the line shape function of the EPR spectrum does
———— — T not appear in the cepstral peaks makes identification of line
0 1€ 20 30 4 50 0 10 20 30 40 S0 positions relatively easy.

MHz MHz Of considerable significance of a cepstrum is that the location
Figure 1. Comparison of EPR spectra with hyperfine coupling of 5 of one cepstral line and its harmonics solely depends on the
MHz to a spin-1/2 nucleus (A) and of 2.5 MHz to a spin-1 nucleus coupling constant of the particular nucleus and is independent
(B). A’ and B show the corresponding cepsira. The FIDs were generated o tha coupling constants of other nuclei, a direct consequence
using 2048 points with a sampling interval of 10 ns. of eq 2. The situation is quite different for CW EPR where the

Taking the logarithm of the absolute valueygf) we get position of each hyperfine line is a function of all the hyperfine
couplings and the number of magnetic nuclei. This property of

In v = In 1RO+ S In lcos-t) + the cepstrum is .5|r'n|Iar o ENDQR spectroscopy and is
YOI RO Z costmt)| particularly useful in identifying various coupling constants in

a simple and systematic way.

Potential Problems of Cepstral Analysis.(1) Aliasing or
Folding-Over. As the cepstrum contains many harmonics of the
which shows that all the coupled nuclei have been decoupled hyPerfine couplingv, some of them may be aliased, that is,
and each can be examined independently of the others. Fourier folded over”, to a frequencya, such thata = [2Nvny — v

z In |1+ 2 cos(2mt)| (2)
J

transformation of eq 2 generates the cepstrum as =< vny, Wherewyy is the Nyquist frequency arld is an integer.
Whether the folded-over peaks will appear in practice is
Fn ly®)| = FIn |R@)| + z,: In |cosrvt)| + dependent upon the intensity which is inversely proportional
. to the harmonic numbdcor | in egs 4 and 5. Figure 2A shows

the cepstrum of an EPR signal with a spin-1 coupling constant
Z Fln|1+2 COS(ZIVJt)' ©) of 15 MHz. One can identify the peaks at 15, 30, and 45 MHz
. that have the characteristic pattern of a spin-1 nucleus. There
The transform of the line shape functigt) will be nonzero ~ are, however, more lines with appreciable intensities. ilge
near zero frequency; except for nuclei with very small coupling for this spectrum was 50 MHz. Therefore, the fourth harmonic
constants, this zero frequency signal will not affect the rest of (k=4 in eq 5) of the cepstrum which should have appeared at
the cepstrum. The role @(t) will not be considered in further ~ 60 MHz is aliased to 40 MHz. In fact, the peaks at 40, 25, and

discussion. 10 MHz, marked with @, have the right intensities as required
Spin-1/2 NucleiSince the logarithm of the absolute value of by the harmonics 4, 5, and 6, respectively. In order to minimize
a cosine function is given as the aliasing, the Nyquist frequencyn{) can be increased by
extending the frequency range of the frequency domain signal
In |cosx| = —In 2 + cos X — (cos X)/2 + (cos &)/3 — ... by zero filling. This was done in the following way. The FID
signal corresponding to Figure 2A was first Fourier transformed
we see that to the frequency domain in a window covering fronb0 to
+50 MHz. Then zeroes were added at one end of the spectrum
FIn [cosmt)| = to extend the spectral window to 200 MHz (frorb0 to +150

—In 25(0) + Z( — 1S (w — 27kn))/Kk (4) MHz). The FID signal was reconstructed by an inverse Fourier
transform, and the cepstrum was generated from this FID (Figure
2B). In this way, vny Was increased to 100 MHz, and as

which shows, except for the peak at zero frequency, a series ofexpected, the peaks corresponding to harmonics 4, 5, and 6
peaks with alternating signs and decreasing magnitude, eachdisappeared, as the aliasing corresponding to those frequencies
separated by the coupling constamt 2 was removed. The remaining small peaks are aliases from
Spin-1 Nuclei.Expressing 1+ 2 cos(zvt) as (sin(3vt))/ frequencies higher than 100 MHz. Figure 2C shows the cepstrum
sin(zvt), we find when the spectral window was increased to 400 MHz agd
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® ratio of an FID signal on the cepstra. The left panel shows the EPR
spectra with a hyperfine coupling to a spin-1 nucleus. These spectra
——— were obtained by the Fourier transform of a synthesized FID signal,
0 5 10 15 20 25 30 35 40 45 50 to which noise of various magnitudes was added. The maximum

magnitude of the noise-free FID was 1. White noise, in the form of
uniform random deviates betweerl.0 and 1.0, was multiplied by a

MHz
Figure 2. An example of aliasing of a cepstrum with a hyperfine

coupling of about 15 MHz to a spin-1 nucleus. The spectral window
of (A) was—50 to+50 MHz, and Nyquist frequencyty was 50 MHz.

The aliased peaks corresponding to the fourth, fifth, and sixth harmonics

positive numbef < 1 and added to this FID signal. The resulting FID
signal with noise is designated to have a signal-to-noise ratiofof 1/
The signal-to-noise ratio of the synthesized FID was the following:

are marked with ®. These aliased peaks were removed in (B) where (A) no noise, (B) 50, (C) 20, (D) 10, (E) 1.4. The right panel shows

the spectral window was increasectt@00 MHz, andvyy to 100 MHz.

the corresponding cepstrum. For all these cepstra, the threshold was
set to 0.00001.

Appearance of aliased peaks in (B), marked wii®,avere removed
in (C) where the spectral window was increasedH#00 MHz and
vny t0 200 MHz. (C) has an aliased peak, marked witl®a of

considerably lower intensity, compared to those in (A) and (B). peak. The result is that the height of the cepstral peaks does
not follow the expected pattern and their phases change. As

) . ~_ thenoise increases, lower and lower harmonics are affected and
to 200 MHz. Here the aliased peaks show broadening which is eyentually no noticeable cepstral peak can be seen.

probably due to round-off error.

(2) Effect of Noiself y + Ay is the signal plus the noise
amplitude of the FID and the signal-to-noise ratio is greater
than 1, as in Figure 3, the logarithm|gf+ Ay| can be expanded
as

In order to reduce the noise amplitude in thgy/l# Ay, and
consequently, in the resulting cepstrum, we have adopted the
following method. We choose a suitable small positive number,
T, and call it the threshold. If the magnitude yfs less than
T, this magnitude is then set fb. This way only the noise
(and the signal) of the FID of magnitude at least equal to
T, can contribute to the cepstrum. Since the threshold removes
the signal along with the noise, this process affects the cepstral
line shapes. Figure 4 shows the effect of increasing the thres-
hold on the cepstrum of a noise-free FID from a spin-1 nucleus
of coupling constant of about 2.5 MHz. With the increase
in the value of the threshold, the line width of the cepstral
peaks increases, the effect being greater on the higher

showing that the relative noise increases as the signal-to-noiseharmonics.

approaches 1. Consequently, on taking the logarithm, not only  The thresholding may affect the phases of the cepstral peaks
does the signal amplitude decrease, but also the relative noiseas well if the coupling constant is small. For proper identi-
amplitude increases with the decrease of the signal amplitude.fication of signal intensities with correct phases in the frequency
Thus, even though the noise amplitude of the FID is constant domain, the free induction decay oscillations should be recor-
over the whole of the recorded signal, the noise in the logarithm ded over many cycles. The FID of smaller coupling constants
of the FID becomes nonuniform. This effect on the signal-to- has fewer oscillations in a given period of time compared to
noise ratio of the logarithm of the signal is most noticeable those of coupling constants of larger value. Consequently
where the FID signal goes through zero. Figure 3 shows the the “tail” of the FID is more important for the phase of the
effect of decreasing the signal-to-noise ratio of a simulated FID signal associated with small coupling constants than for the
and the resulting cepstrum. Note that the increase of noise affectdarger coupling constants. Thresholding may remove much
the higher harmonics more than the lower ones. Even thoughof the signal information from the tail of the FID. The result
the cepstral peak corresponding to the third harmonic was moreis that the cepstral peaks for the smaller coupling constants seem
intense than the second peak, the deterioration of the signal-to be affected more than the peaks corresponding to larger
to-noise of the third peak was more than that of the second coupling constants.

In(ly + Ayl) = In(|y|-‘1 + %") =Inly + In(‘l + AVVD

Ay LAY | 1 AY3
=In +’———(—V) +-(—>’) —‘

AY _1qe. thaﬂA—yy| >1

when—1 <
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Figure 4. Examples showing the effect of thresholding on the cepstra
of a spin-1 nucleus. The FID signal was noise-free, and its maximum
value was 1. The threshold was set to 0.001 in (A), 0.002 in (B), 0.005
in (C), 0.01 in (D), 0.05 in (E), and 0.10 in (F).
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(3) Effect of the Time Origin of the FIDf the time origin of
the FID signal is not correct, the effect in the cepstrum may be
understood from the expression of|tost)|. Replacingt by
t + At, we see that

In |cost + wAt)| = —In 2 + cos 2t + wAt) —
(cos 4t + wAt))/2 + (cos 6t + wAt))/3 ... (6)

If wAt happens to be exactly equal 42, eq 6 becomes

In |sinwt] = —In 2 — cos 2vt — (cos 4wt)/4 —
(cos @t)/3— ... (7)

which shows thaall the peaks in the cepstrum will be negative.
If At exhibits a small deviation from zero, its effect will be

J. Phys. Chem. A, Vol. 111, No. 21, 200%653
In |y, ()] = In [t] + In [y(t)] )
Thus

Finly,®l=FIn|t| + FIn |y(t)] (10)
which shows that the cepstrumwft) is a superposition of the
cepstra ofy(t) andt. The cepstrum dfwill change the intensities

of the cepstral peaks gft) to a certain extent. In practice this
does not cause so much distortion as to make the identification
of peaks difficult.

(5) Effect of Second-Order Couplings and Nonuniform Line
Width. The FID of a system in which second-order hyperfine
interactions are present will not be represented by eq 1. Nor
will the line shape function be represented by a single function
R(t). Thus the assumptions of cepstral analysis will no longer
hold in such systems. However, when the second-order effects
are small, they are not resolved from the first-order lines. The
observable effect in such a situation is that the line positions
are slightly shifted from the first-order positions and also the
width of the outer lines of the spectrum may be more than that
of the inner lines. Nuclear spin-dependent relaxation mecha-
nisms also generally make the outer lines broader. In order to
see the effect of these on the cepstrum, we have simulated a
FID with couplings to three equivalent spin-1/2 nuclei (Figure
5). The frequencies of the two outer lines of the quartet pattern
have been changed as well as the line widths. It is seen that
both the intensities and phases of the harmonics in the cepstrum
are affected and changing the frequency of the outer lines has
a more adverse effect than changing the line widths. The limited
success of Pearson etakith the cepstral analysis may be due
to the presence of the second-order couplings and low signal-
to-noise ratio of the EPR spectrum.

In summary, the identification of the harmonic frequencies
will always be useful for precise determination of the coupling
constants, but their peak height and phase (alternating positive
or negative peaks) may not always be detected with adequate
precision. From an experimental cepstrum, starting from the zero
frequency, one may choose the very first peak and generate all
of its harmonics from a synthesized FID. Comparing with the
peaks of the experimental cepstrum, one then strikes out the
possible harmonics present in the experimental cepstrum. Then
the next higher frequency peak is chosen and its synthesized
cepstrum is generated, so as to strike out its harmonics in the
experimental spectrum. While generating the synthesized cep-

more noticeable on the higher harmonics. Such a nonzero valueStrum, the spin of the nucleus may be chosen to be either 1/2

of At will result when the starting timeé:,= 0, of the FID signal
is not accurately known.

(4) Effect of Deriative Signals in the Frequency Domain.
The expression for the FID as given by eq 1 is applicable

when the signal is recorded in a time-resolved EPR spectro-

meter not using field modulation or when the Oth derivative
absorption spectrum in the frequency domain is trans-
formed to the time domain by inverse Fourier transform. A
Oth derivative absorption profile may be obtained by num-
erical integration of the first derivative EPR signal as
typically provided by magnetic field modulation. How-
ever, numerical integration is unnecessary for application
of cepstral analysis. Le¥(w) be the Fourier transform of
y(t) and Y'(w) = dY(w)/dw be the experimental spectrum.
Since

yit) = F Y (0) = —ity() ®)

or 1, so as to match any observed phase of the peaks in the
experimental cepstrum. In this process, much like the sieve of
Eratosthenes, some possible coupling constants are identified.
Then knowing the chemical formula, the observed spectral width
of the EPR spectrum, the experimental EPR spectrum, and/or
the FID, the right combination of nuclei and the their coupling
constants can be established for the best match.

Experimental

The anion radical of anthraquinone radical was prepared
photolytically in a solution of 2-butanol/KOH. The free induc-
tion decay was recorded by a time-resolved EPR spectrofnéter.
The anion radicals of free base porphyceneREl) and
tetrapropyl-porphycene @RC2) in tetrahydrofuran solution
were generated by reduction with sodium metal. The CW EPR
spectra were recorded in an X-band Bruker model ESP-300 EPR
spectrometer using 100 kHz magnetic field modulation.
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Figure 5. Effect of second-order hyperfine interactions on the cepstra. TABLE 1: Hyperfine Coupling Constants of Porphycene
The left-hand panel shows the EPR spectra with the hyperfine coupling Anion Radical

to three equivalent spin-1/2 nuclei. The right panel shows the
corresponding cepstra. The spectra were characterized by four vari-

cepstral  coupling constant number type coupling constant

ables: {1, f2, k1, k2), wherefl is the separation between the inner peak  determinedfrom of ~ of  from ENDOR,
two Iine(s andf2 is th)at of the outer two I?nes, arid andk2 are the designation cepstrum, MHz nuclei nuclei MHz*
free induction decay rate constant for the inner two lineskinid that aa 0.5 2 H +0.53

of the outer two lines. The units ¢1 andf2 are MHz, whereas those ag 2.0 4 N —2.00

of k1 andk2 are arbitrary. (A) 10, 30, 30, 30; (B) 10, 30, 10, 30; (C) ac 25 4 H —2.65
10, 29.5, 30, 30; (D) 10, 29.5, 10, 30; (E) 10, 29, 30, 30; (F) 10, 29, ap 4.0 4 H —4.10
10, 30. Note that (A) corresponds to no second-order hyperfine ae 4.6

interaction. The synthesized FID signals were noise-free. The spectrum & 5.0 4 H —5.05

and cepstrum pairs here show that changing the line pc_)sitions_ has _much aRef 11.
more adverse effect on the cepstrum than the change in the line widths.
cepstrum corresponding to 2.8 MHz coupling to a proton is

Applications of Cepstral Analysis.(1) Anthraguinone Anion generated and shown in Figure 6B. By comparing the two
Radical. The anion radical of anthraquinone is a simple free synthesized cepstra with the experimental one, we see that three
radical with two sets of 4 equivalent protons. The hyperfine peaks are matching reasonably well and the coupling constants
couplings of these two sets are in the ratio of 1:2 in this solvent were determined in this case of accidental degeneracy between
and it should present a challenge to cepstral analysis. A cepstrunthe two coupling constants. The finding, that the magnitude of
was generated from the quadrature free induction decay obtainedne coupling constant is two times that of the other, is consistent
after az/2 microwave pulse. with the CW spectrum of the radical showing 13 hyperfine lines.

The cepstrum of anthraquinone anion radical is shown in  (2) Porphycene Anion Radical3he first derivative EPR
Figure 6A. Two positive peaks are clearly identified at 1.4 and absorption spectra of #/#C1 and HPC2 anion radicals are
2.8 MHz, and another peak around 4.2 MHz is not so clearly shown in Figure 7. They consist of a large number of lines with
seen. By seeing the two positive peaks at 1.4 and 2.8 MHz, few identifying features to enable one to recognize any but the
one may be tempted to assign the 1.4 MHz coupling to a spin-1 smallest hyperfine coupling constant. From the structure of
nucleus. However, since the radical has two groups of 4 H,PC1, we expect hyperfine couplings from 2 equivalent
equivalent protons, we assigned the peak at 1.4 MHz to oneprotons, 4 nearly equivalent nitrogens, and three groups of 4
group of 4 equivalent protons. The cepstrum was generated forequivalent protons.
a proton hyperfine coupling constant of 1.4 MHz and is shown  The cepstrum of BPC1 is shown in Figure 8G. Since all the
in Figure 6C. This shows that the second cepstral peak of this cepstral peaks are positive, identification of nuclei from the
coupling will be negative and its intensity will be half of the pattern of the peaks is impossible. We chose the peak position
first peak. So the positive peak of Figure 6A at 2.8 MHz is a only to mark the coupling constants and their harmonics. We
superposition of the second harmonic of 1.4 MHz coupling and first chose the peak corresponding to the smallest coupling
the first harmonic of a 2.8 MHz coupling. This is because the constantas, and generated its cepstrum assuming it to be a
two groups of nuclei have the same number of protons. The proton coupling (Figure 8A). It appears that the first three peaks



Simplification of Complex EPR Spectra J. Phys. Chem. A, Vol. 111, No. 21, 200¥655

I 1 1 1 ) 1) 1 T L] i 1 U T T 1 T T T 1 T U 1
-25-20 -15 =10 -5 0 5 10 15 20 25 —25 -20 ~15 -10 -5 0 5 1 1$ 20 25
MHz MHz

Figure 7. EPR spectra of porphycene anion radical (A) and tetrapropyl-porphycene anion radical (B) at 240 K. The center of the spectra at 0 MHz
corresponds to the Zeeman field of 3242 G!)(And (B) are spectra simulated using the hyperfine coupling constants determined from their
cepstra. No attempt was made to optimize the coupling constants to improve the matching of the simulated spectra with the experimental spectra.
The accuracy of the coupling constants obtained from the cepstral analysis was within 0.05 MHz. In the simulation reportégimaScielual!
variations in the coupling constants needed to reproduce the experimental spectrum was less than this magnitude.

vy * T
| A , AL E
M F M v v | 1 1 1 L) U 1
[ 0 2.5 5 75 10 125 15
L l 1 D MHz
Y hal i T * Figure 9. Comparison of cepstra of porphycene anion radieat)
l c and tetrapropyl-porphycene anion radical-+¢). The cepstra were
h_ . T 1 Y ) generated from the corresponding EPR spectra shown in Figure 7.
l B was not known if this should be a nitrogen coupling. The fifth
. e i —1 A - peak of the cepstrum with its intensity does not correspond to
1, A any harmonics of the earlier coupling constants. So it was chosen
1 A Ayt to be another coupling constamg. In this way we found six
possible coupling constants of whidn, ag, and ac were
; T T T T T 1 unambiguously identified (see Table 1).
° 25 s JHSZ 1o 125 s If & is the hyperfine coupling constant of a nucleus of spin

Figure 8. Cepstral analysis of the EPR spectrum of porphycene anion li, the spectral width-the separation between the two outermost
radical. _(G) _shows that cepstrum generated from the CW EPR spectrumgne;_lzn _||t.s I_EI_I;R S?ﬁ Ctl‘u)1("|°lWI|: b de 3\/?‘(:'”? r}d rth[f] toiﬁlrWIdth Wllllin
shown in Figure 7(A). (A), (B), (C), (D), (E), and (F) show various € 2izgl. us the expecte 0 € ee coupling

simulated cepstra whose hyperfine couplings were identified from (G), constantsaa, as, andac is at least 19 MHz, assuming that all
as described in the text. three were due to proton nuclei. It was, therefore, not necessary

to look for cepstral peaks with coupling constants greater than,
of the cepstrum are the three harmonicsf The fourth peak say, 7 MHz, since the total spectral width would be too large
was taken to be another coupling constaagt, At this stage it to correspond to the observed width. Then we simulated the
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TABLE 2: Hyperfine Coupling Constants of derived coupling constants of,FAC1 and four coupling con-
Tetrapropyl-porphycene Anion Radical stants of HPC2. Even though the coupling constaat of
cepstral  coupling constant number type coupling constant H,PC2 matches very well with the ENDOR data, our inability
peak determined from  of of from ENDOR, to choose betweea: andar is largely due to the poor signal-
designation cepstrum, MHz  nuclei nuclei MHz# to-noise ratio of the spectrum. The root-mean-square error in
an 0.5 2 H +0.48 the coupling constants measured from the cepstral peaks versus
as 1.96 4 N —1.98 ENDOR was only 0.08 MHz for HPC1 and 0.21 MHz for
ac 2.45 4 H —2.53 H,PC2 usingae as the fifth coupling and 0.05 MHz usirag
a 299 8 H +2.95 as the fifth coupling.
ae 3.96 4 H
ar 4.45 —4.41
aRef 12. Conclusion

Cepstral analysis has been useful in the analysis of complex
EPR spectra of porphycene radical anions. Because of the finite
signal-to-noise ratio, the cepstra alone do not offer enough
information to make a complete analysis. However, when
combined with the chemical structure, simulation of the EPR
spectrum and simulation of the FID, cepstral analysis with
thresholding is shown to be a powerful method of determining
the hyperfine coupling constants and the number of equivalent
nuclei. This technique will not replace ENDOR, patrticularly
since well-resolved hyperfine splittings are required in the EPR
spectrum. Nevertheless, it is a valuable adjunct to ENDOR,

hen an ENDOR spectrometer is not available, when the

onditions for a measurable ENDOR response cannot be
achieved, or when additional information about the numbers of
equivalent nuclei is needed.

The anthraquinone and the porphycene radical anions inves-
tigated here provide a good test of cepstral analysis. They have
no (or small) second-order shifts and nearly equal line widths,
and they match the assumptions underlying cepstral analysis.
Nevertheless, the spectra are not highly resolved, the weaker
lines in some cases are lost in the noise, and several of the
coupling constants are multiples of each other. Even under the
worst conditions, the cepstra provided six possible hyperfine
couplings, five of which agreed with the values obtained from
ENDOR. Simulations of EPR spectra, the FID, and the cepstra
allowed the assignment of the possible couplings to sets of
protons and nitrogens in the radical, along with the numbers of
equivalent nuclei involved.

Conditions for recording the EPR spectra to be used in

e cepstral analysis are less stringent than in ENDOR where
the solvent, the temperature, and the microwave power
often need to be carefully optimized to record a useful ENDOR

spectrum. We expect cepstral analysis to be a valuable aid
in the interpretation of resolvable EPR spectra of organic

radicals when the underlying assumptions of cepstral analysis
are met.

EPR spectrum with various combination of coupling constants
and equivalent sets of nuclei. By visual comparison of simulated
yi(t) andY'(w) with their observed profiles, the possible set of
coupling constants was identified. It should be pointed out here
that, sinceap is exactly twiceag, the cepstral peak corresponding
to ap was initially thought to be the second harmoniagfand
was not considered in the simulation. But this way no satisfac-
tory simulation was possible, armg was assumed to represent
a genuine coupling. From similar observatioaswas chosen
andag was rejected. A good simulation could be achieved with
the values shown in Table 1. The accuracy of the coupling
constants measured from the cepstral peaks is better than 0.0
MHz. Better accuracy requires observation of the harmonics.
The simulated first derivative CW EPR spectrum oP&1 is
shown in Figure 7A

The cepstrum of HPC2 has even fewer identifying features
than that of HPC1. We assumed that the coupling constants of
the nuclei in the ring of HPC2 should be very similar to those
of H,PCL1. Since one ring proton was replaced by the propyl
chain, one proton coupling constant should be absent com-
pared to HPCL1. In Figure 9 the cepstra obPIC1 and HPC2
are superimposed to look for any difference in coupling constant.
The values of the coupling constants of the ring protons and
the nitrogen nuclei were measured from the cepstrum,Bid2
by comparing the respective peaks with those gPE1l. We
did not have any knowledge of which proton hyperfine coupling
constant in HPC1 would be absent inJRC2 because of propyl
substitutions in the latter. So simulations were done assuming
every possibility. But no simulation consisting of only the ring th
protons and the nitrogens would reproduce the observed
spectrum. Only after the inclusion of couplings due to the
methylene protons of the four propyl chains, which are close
to the ring, could a good match be obtained. However, this way
we identified two coupling constantag andag (see Table 2),
both of which produced simulated spectra visually indistinguish-
able from the experimental spectrum within the noise level.
Using a set of 8 equivalent protons and its coupling constant to
be ag or ar, we could obtain simulategli(t) and Y'(w) that Acknowledgment. H.L. is most grateful for his collabora-
matched very well with their respective experimental profiles. tions with Professor E. Vogel. The authors are all appreciative
On comparison with the coupling constants from END@R, of the availability of CW EPR spectra of the porphycenes
was seen to represent the true coupling constant. In the absencpreviously reportetl-12and thank Mr. K. Hasharoni for provid-
of ENDOR data, a rigorous least-square fit of the experimental ing the CW EPR spectra appropriate for cepstral analysis. This
spectrum with the simulated signal could be used to chooseresearch was supported by the U.S. Department of Energy,
betweerag andar. We did not attempt to do this, as this would Office of Basic Energy Sciences, Division of Chemical Sciences,
be outside the main objective of the present work. The coupling under Grant DE-FG02-96ER14675 to J.R.N.
constantag was used in the simulated spectrum in Figuré.7B
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