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Abstract

This communication reports on post-processing of continuous wave EPR spectra by a digital convolution with filter functions that are
subjected to differentiation or the Kramers–Krönig transform analytically. In case of differentiation, such a procedure improves spectral
resolution in the higher harmonics enhancing the relative amplitude of sharp spectral features over the broad lines. At the same time
high-frequency noise is suppressed through filtering. These features are illustrated on an example of a Lorentzian filter function that
has a principal advantage of adding a known magnitude of homogeneous broadening to the spectral shapes. Such spectral distortion
could be easily and accurately accounted for in the consequent least-squares data modeling. Application examples include calculation
of higher harmonics from pure absorption echo-detected EPR spectra and resolving small hyperfine coupling that are unnoticeable in
conventional first derivative EPR spectra. Another example involves speedy and automatic separation of fast and broad slow-motion
components from spin-label EPR spectra without explicit simulation of the slow motion spectrum. The method is illustrated on examples
of X-band EPR spectra of partially aggregated membrane peptides.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

One common experimental problem of site-directed
spin-labeling continuous wave (CW) EPR experiments is
the presence of multiple spectral components such as a
fast-motion component that would overlap with the rest
of the spectrum. The former component could be present
for some undesirable reasons related to the sample prepa-
ration including residual free label that was not removed
by dialysis and/or contamination from a denatured pro-
tein. In other studies the balance between the fast motion
and immobilized components is of specific interest as an
indication of two conformational states. Examples include
protein folding and equilibrium between aggregated and

monomer viral peptides in lipid bilayers. In both cases
accurate separation of spectral components is highly desir-
able but difficult, especially for only partially resolved lines.
The latter often requires rigorous simulations and least-
squares optimization of spectral shapes corresponding to
multiple species.

It is well-documented that resolution of CW EPR spec-
troscopy could be improved by the use of higher harmonics
detected experimentally by phase-sensitive detection or ob-
tained at the post-processing stage (e.g. see [1] and refer-
ences therein). One could find the post-processing
approach to be more convenient in practice as it does not
require any new hardware and can be used for any digitized
spectra. For this purpose Hyde and coworkers developed a
pseudomodulation—a computer-based strategy for resolu-
tion enhancement [1–3]. In brief, this strategy is based on
computer simulations of the effect of a sinusoidal magnetic
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field modulation on EPR spectra. Modulation amplitude
could be varied and higher harmonics are calculated even
if only the first harmonic has been originally measured
[1]. Subtraction and addition of various amounts of even
harmonics to the original spectrum resulted in the resolu-
tion enhancement [1]. In their studies Hyde and coworkers
arrived to several practical conclusions. Among those was
the observation that addition of harmonics greater than
the second is not worthwhile as it adds considerable
amount of noise.

Indeed, because of noise considerations, only the first
harmonics of the resonance signal are typically detected
and displayed in CW EPR although second-derivative dis-
plays have been used to improve resolution between par-
tially-resolved spectral components of spin probes
partitioned between aqueous and hydrocarbon phases of
micelles [4]. In some cases echo-detected field-swept EPR
spectra are differentiated digitally in order to obtain a more
convenient for an EPR spectroscopist first-derivative dis-
play (e.g. [5]). Digital differentiation of experimental spec-
tra could be achieved by using the above-mentioned
pseudomodulation technique [1] or, by applying various
differentiation filters (e.g. see [6] and reference therein).

Although the software for digital differentiation of CW
EPR spectra is easily available, literature survey shows that
this approach has been rarely employed for calculating har-
monics higher than the second. One reason for this is that
the digital differentiation enhances high-frequency contri-
butions leading to an increase in noise level. The high-fre-
quency noise could be suppressed by increasing the
amplitude of magnetic field modulation (either at the
experimental or the post-processing stages) but this comes
at the cost of distorting CW EPR line shapes. For first
derivative EPR spectra exhibited by spin labels in fast mo-
tion limit such distortions could be accurately accounted
for through spectral simulations using the model of Robin-
son and coworkers [7,8]. More recently, Nielsen et al. ana-
lyzed resolution-enhancing effects of magnetic field
modulation through solving Bloch equations [9]. The Rob-
inson model has been also applied for analyzing EPR
oximetry data from probes exhibiting spectra of Lorentzian
shape [10,11].

Here another strategy for digital differentiation EPR
and other spectroscopic signals is presented. Rather than
simulating effects of sinusoidal field modulation, differenti-
ation of digitized spectra is replaced by a convolution with
a filter function of a chosen derivative form. Such a proce-
dure improves spectral resolution in the higher harmonics
that enhance relative amplitude of sharp spectral features
over the broad lines. At the same time raising high-fre-
quency noise is suppressed through filtering. These features
are illustrated on an example of a Lorentzian filter function
that has a principal advantage of adding a known magni-
tude of homogeneous broadening to the spectral shapes.
Such spectral distortion could be easily and accurately ac-
counted for in the consequent least-squares data modeling.
Moreover, existing convolution-based fitting EPR software

[12] could be utilized for all the spectral manipulations.
Application examples include calculation of higher har-
monics from pure absorption echo-detected EPR spectra
and resolving small hyperfine coupling that are unnotice-
able in conventional first derivative EPR spectra. Another
example involves resolving overlapping spin-label EPR
spectra from slow (broad) and fast (sharp) spectral compo-
nents. It is shown that the fast component could be
digitally filtered out in a higher harmonic display, least-
squares simulated to determine all the parameters, and pre-
cisely back-calculated as it should appear in the normal
first-derivative display before any filtering. Such a
procedure leads to fast and automatic separation of sharp
spectral component without explicit simulation of the slow
motion spectrum. The method is illustrated on examples of
X-band EPR spectra of partially aggregated membrane
peptides.

2. Theory and methods

Post-processing of digital signals usually involves filter-
ing that could be easily accomplished in frequency domain
by multiplying Fourier transform image P(x) of the signal
p(B) by a window function F(x)

IðxÞ ¼ PðxÞ � F ðxÞ ð1Þ
yielding the filtered signal I(x). The window F(x) could be
chosen to suppress undesirable frequencies and/or to select
the signals occurring only within specific frequency window
[13]. In the field domain Eq. (1) corresponds to a convolu-
tion integral

IðBÞ ¼
Z

pðB� B0Þf ðBÞdb ¼ pðBÞ � f ðBÞ; ð2Þ

where � is the convolution symbol.
One useful property of the convolution integral is that

differentiation of the filtered signal I(B) requires taking
derivative of only one of the functions in the right-hand
part of Eq. (2)

I 0ðBÞ ¼ p0ðBÞ � f ðBÞ ¼ pðBÞ � f 0ðBÞ: ð3Þ
Thus, instead of differentiating the signal p(B) and then fil-
tering the noise one could differentiate the filter function
f(B) instead. Advantage of the latter is that such a differen-
tiation could be easily carried for the filter function in the
analytical form.

While many filter functions f(B) could be applied for dif-
ferentiation of EPR spectra using Eq. (3), let us consider
the case of a Lorentzian filter

f ðBÞ ¼ 2A
p

DB2
1=2

DB2
1=2 þ 4ðB0 � BÞ2

; ð4Þ

where A is the value of the Lorentzian line integral, B0 is
the center of the line, and DB1/2 is the width at half-height.
It is easy to show that convolution of two Lorentzian func-
tions f1(B) and f2(B) with corresponding widths DB1,1/2 and
DB2,1/2 yields a Lorentzian function with width
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