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Abstract
Fast fourier transform (FFT) has been used for simulation of EPR spectra. The author applied it to simulate
spin traps and free radicals multi-frequency EPR spectra. The simulated EPR spectra results are discussed and
compared with each other. Two methods are introduced to simulate EPR spectra at other frequencies besides X-
band (~9.0 G Hz). The simple modified program provided here can simulate almost all the common spin traps
and free radicals of organic and drug molecules.
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Introduction

The invention of the computer algorithm known as the Fast Fourier Transform (FFT) in the mid-1960s opened
up the possibility of a wider usage of the Fourier Transform (FT) in computational physics and many other
areas of physics, mathematics, and chemistry. Fast fourier transform is a multi grid algorithm to compute the
fourier transform of a function. It performs like N*log(N) (compare with N*N for the brute forward algorithm).
Every simulated spin trap or free radical EPR spectrum data is represented as a complex number with a "real"
part (called re) and an "imaginary" part (called im). For the simulated organic free radical EPR spectrum data,
the "imaginary" component of the data is zero, and the "real" value represents the strength of the spin trap or
the free radical EPR signal. The entire waveform is an array of such complex numbers. The size of this array
MUST be a power of two for the FFT algorithm to work. The author refers the interested reader to the literature
[1,2].

Electron spin resonance spectroscopy (ESR) represents one of the most versatile and useful techniques for the
study of spin traps and free radicals. The ESR spectroscopies also provide structural information on the
configuration and conformation of transition free radicals in solution [3]. Detailed EPR theory, spin trap and free
radical spin Hamiltonian equation have been presented and discussed previously in the reference [1]; the author
will not repeat this introduction and discussion here.
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Belford and Clarkson [4] have introduced the Multi-frequency EPR and mentioned that the low-frequency (<9
GHz) EPR experiments may lead to increased spectral resolution or enhance features due to "forbidden"
transitions. High-frequency (>35 GHz) experiments also may in enhanced resolution or allow for more accurate
determinations of zero-filed splittings in high-spin systems. Different frequency EPR spectrometers have been
used to measure EPR spectra of some non-heme and copper proteins [5,6,7,8,9]. Recent papers reported that
high-frequency EPR spectroscopies have been used for detecting or characterizing spin traps or radicals
[10,11,12]. One question may be asked: what do the EPR spectra of spin traps and free radicals at different
frequencies look like? The simulation of spin traps and free radicals at different frequencies is also very
interesting. Several papers have reported that high spin species (S = 1, 3/2, 2 etc.) with low D values (D < 0.3
cm-1, which corresponding to the frequency of X-band) also appear multiple EPR signals near g ~ 2
[13,14,15,16,17]. EPR experiments are usually carried out at X-band (~9.5 GHz) because of the good
concentration sensitivity and ready availablity of this method [10]. To identify the measured EPR signals around
g ~ 2, the multi-frequency EPR spectra measurements are necessary if the free radical and high spin species
with low D value or anisotropic spin 1/2 systems [4,6,18] co-exist in the systems. To raise the resolution of
overlaping EPR species with slightly different g values, high-frequency EPR measurements are also necessary
[10,11,12].

In this poster, the author will provide two methods to simulate spin traps and free radicals EPR spectra at
different frequencies (~1.5 G Hz for S-band, ~3.0 G Hz for L-band, ~9.0 G Hz for X-band, ~25 G Hz for K-band,
~35 G Hz for Q-band, ~95 G Hz for W-band, ~250 GHz for G-band, and 373 G Hz for "Z" band metioned in the
references [19,20,21]). The basic idea can also be known from the author's recent published paper [19,20,21].
The simulated EPR spectra results are compared and discussed here.

Calculation

The program is modified from the reference [2]. The inputs include frequency, g value, scan range, splitting
parameters, widths, and size of array (M=11 for example).

In the cited reference [3], different kinds of alkyl radical are given and their coupling constants are also
provided. These radicals include methyl, ethyl, isopropyl, t-butyl, cycloakyl, bicycloalky ,a-haloalkyl, a-oxygen
substituted alkyl, alkenyl, and allylic radicals. For spin traps, there are lots of data published in some papers
[22,23] and can be searched from the internet. For example, one can search spin trap of .OC(CH3)3 at the page
of http://alfred.niehs.nih.gov/LMB/stdb/. The searching result with 100 examples has been found by current
date, which has been saved to local directory with the file of occh33.htm. The simulated EPR spectra for DMPO *
. OC(CH3)3 in QA BHD + catalase can be seen in the following.

Results and discussion

Two methods can be used to simulate EPR spectra at different frequencies: one is a direct method, which is
straight forward; the other is indirect method, in which one needs to adjust the values of some parameters. As
mentioned in the reference [20], any frequency EPR spectrum can be simulated at X-band, which is convient
and familiar to most people, and the X-axis scale need to be reduced by a factor, which is the ratio of frequency
at X-band (9.3 G Hz) over frequency at desired band. The scan rang and the splitting parameters need to be
multiplied by a certain factor {frequency at X-band (9.3 G Hz) over frequency at desired band}. Figure 1 shows
that the simulated EPR spectra at X-band with different widths have different resultion, the smaller width, the
higher resolution (see the top two graphs in Figure 1). The simulated EPR spectrum at S-band can be obtained
from the simulated EPR spectrum at X-band, but one needs to expand the splitting parameters by a factor of 6.2
(9.3/1.5) from aN = 14.5 G to 89.9 G, aH = 15.70 G to 97.34 G, and expands the scan range by the same
factor. After getting the spectrum (see left-bottom in Figure 1), the X-scale needs to be reduced by the same
factor of 6.2, the EPR spectrum is obtained, which is totally identical to the spectrum simulated directly (see left-
top figure in Figure 2). If the scan range and widths remain same for the simulation of EPR spectra at different
frequencies, then the same spectra with different shift in X-scale are obtained (see Figure 2), which may not
consistent with a real EPR spectrum. The lineshape of spin labeles is neither the Lorentzian nor the Gaussian,
but a mixture of them.The mixture of the Gaussian and Lorentzian lineshapes is caused by both inhomogeneous
and homogeneously broadening [24]. The author uses the same parameters which used above, but varies the g
value. The shapes of the simulated EPR spectra are identical, but with different X-scale shift (data or figures are
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not shown again). The reason is that g value(g), frequency (f), and signal position (Hr) have the relationships
of g.f = 714.4 .Hr, where, the units for frequency and signal position are G Hz and G respectively.

EPR simulation at X-Band with frequency of 9.3 G Hz;

W = 1 G and scan range = 80 G.

EPR simulation at X-Band with frequency of 9.3 G Hz;

W = 6.2 G and scan range = 80 G

EPR simulation at X-Band with frequency of 9.3 G Hz;

W = 6.2 G and scan range = 496 G

EPR spectrum at S-Band (1.5 G Hz) which is obtained

from the left spectrum by reducing the X-scale of 6.2

Figure 1. EPR simulation of DMPO .OC(CH3)3 in AQ, BHP + catalase with aN = 14.50 G, aH = 15.70 G, with two
different widths and two different frequencies.

EPR simulate at S-Band with frequency of 1.5 G Hz EPR simulation at B-Band with frequency of 3.0 G Hz

EPR simulation at K-Band with frequency of 25 G Hz EPR simulation at Q-band with frequency of 35 G Hz



EPR simulation at W-Band with frequency of 95 G Hz EPR simulation at "Z"-Band with frequency of 372 G Hz

Figure 2. EPR simulation of DMPO .OC(CH3)3 in AQ, BHP + catalase with aN = 14.50 G, aH = 15.70 G, at
different frequencies

More spin traps simulated EPR spectra can be seen in Figure 3 according to the parameters given in the
reference [23]. The simulated EPR spectrum of DMPO spin adduct of C(phenyl) free radical and that of DMPO
spin adduct of N(alkyl) free radical are very similar, the simulated EPR spectra of DMPO spin adducts of O2R and
S cysteinyl free radicals are also similar with each other. Recent paper also reports that: at X-band, the ESR
parameters of DMPO-glutathionyl radical adduct (DMPO/.SG) and DMPO-hydroxyl radical adduct (DMPO/.OH) are
nearly similar in aqueous solutions, most spectral lines of DMPO/.SG virtually over-lap with those of the
DMPO/.OH adduct [12]; The phenyl-PBN and the trichloromethyl-PBN spin adducts have the similar situation
[10]. These papers have examined how high-field (HF) EPR at high frequencies (either Q-band or W-band) with
enhanced g value resolution and sensitity to rotational motion can provide additional information on these spin
adducts [10,11,12].

The linewidth at different frequencies has different values, which has been detailed disscussed in the literature
[10,25], the author does not introduce here. From equation 1 in the reference [10], the author can get the
equation as the following:

H ~ 357.2 * g * f H ~ 357.2 * g * f

where H is the difference in th field position of the two spin adducts at certain frequency EPR measurement;
and H is the difference of H; g is the difference of the g values of two spin adducts (free radicals); f is
the frequency; f is the difference of the frequencies.

The author takes the example from the reference [10] and considers the isotropic EPR simulation by current



program, the isotropic magnetic parameters of phenyl-PBM and trichloromethyl-PBM spin adducts are given as
the following:

phenyl-PBM trichoromethyl-PBM
giso = 2.00614

aN = 14.263

aH = 2.148

giso = 2.00626

aN = 13.878

aH = 1.540

Assuming two spin adducts are measured at two frequencies: 9.5 GHz for X-band and 95 GHz for W-band, then
f1 = 9.5 GHz, f2 = 95 GHz; f = f2 - f1 = 95 - 9.5 = 85.5 GHz; g = 2.00626 - 2.00614 = 0.00012; H1 =
357.2* g*f1 = 357.2*0.00012*9.5 = 0.41 (G); H2 = 357.2* g*f2 = 357.2*0.00012*95 = 4.1 (G); H = 

H2 - H1 = 4.1 -0.41 = 3.7 (G). For easy comparison, the author simulate their EPR spectra with width of 1 G
at X-band with frequency of 9.5 GHz and at W-band with frequency of 95 GHz, the simulated EPR spectra with
scan range of 50 G can be seen in Figure 4, which tells us how better resolution (seperation) at W-band than at
X-band if two spin adducts mix together, the same situation for other spin adducts and other free radicals with
slightly differenct g values.

Figure 3. Simulated EPR spectra of DMPO spin adducts of C (phenyl), N (alkyl), O2R, S cysteinyl free radicals. g
= 2.0026, frequency = 9.3 GHz, scan range 400 G, M = 11



Figure 4. Simulated EPR spectra of Phenyl-PBN (PHE-PBN) and Trichloromethyl-PBN (TCM-PBN) at X-band (9.5
GHz) (Left) and at W-band (95 GHz) (Right).

Figure 5 shows two kinds of free radicals: one is .OC(CH3)3 with aH=10 G, aC=30 G; the other is .CH3 with
aH=20 G (data from reference [3]). Their multi-frequency EPR spectra can also be obtained by two methods
mentioned above ( data are not shown here). Many free radical simulated EPR spectra can be obtained
according to the splitting parameters given in the references [3]. By the program, almost all the free radical EPR
spectra can be simulated.

Figure 5. Simulated EPR spectra of .OC(CH3)3 and .CH3 free radicals. g = 2.0026, frequency = 9.3 GHz, scan
range 400 G, M = 11

Drug free radical, like the semiquinone of the anthracycline drug daunomycin, obtained in deuterated solvent,
can also be simulated by the program, with aH=2.15 G, aH=1.92 G, aH=1.56 G, aH=1.49 G, aH=0.98 G, aH=0.9
G. The simulated spectrum (see Figure 6) with width of 0.3 G is very similar as the observed and simulated
spectra (see Figure 3 in the reference [25]).



Figure 6. Simulated EPR spectrum of free radical of daunomycin with aH=2.15 G, aH=1.92 G, aH=1 .56 G,
aH=1.49 G, aH=0.98 G, aH=0.9 G.

Conclusion

Almost all the spin traps and free radicals EPR spectra at any frequency can be simulated by the simple and
modified program. The simulated EPR spectra at different frequencies are identifical to the simulated EPR
spectrum at X-band by shifting the midpoint of the simulated spectrum from 714.4*(frequency at X-band)/(g
value) to 714.4*(frequency at any frequency)/(g value). The resolution of over-lap EPR signals can be enhanced
at high-frequencies if they have slightly different g values based on EPR simulation and simple calculation.

Two methods can be used to simulate any frequency EPR spectrum: one is direct method, which simulates EPR
spectrum at the desired frequency with certain width; the other is indirect method, which can be used to
simulate EPR spectrum at convient band (like X-band at 9.3 G Hz), then the spectrum need to be shifted as
mentioned above; or one simulates the EPR spectrum at X-band by changing the coupling counstants {multify by
a factor of 9.3/(desired frequency)} , then rescales the x-axis scale by multiplying the factor {(desired
frequency)/9.3}.
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Source code of the program.

COMPLEX*8 A(2048)

REAL*8 H(2048)

1 FORMAT (I1,F8.0)

2 FORMAT (3F8.0)

3 FORMAT (' SCAN RANGE =',F8.2)

4 FORMAT (20X,'PRONTONS',20X,'HFS')

5 FORMAT (18X, 34('-'))

6 FORMAT (22X, I2,20X,F8.4)

7 FORMAT (18X, '13C NUCLEI', 19X, 'HFS')

8 FORMAT (' 14N HFS =',F8.4)

9 FORMAT (' LINEWIDTHS =',F8.4,',',F8.4,' AND',F8.4)

OPEN(UNIT=5,NAME='FFT.DAT',STATUS='OLD')

OPEN(UNIT=6,NAME='FFT.COPY',STATUS='NEW')

READ (5,*) M

READ (5,*) F

READ (5,*) G

READ (5,*) SPAN

WRITE (6** ,3) SPAN

PI = 3.1415927

60 WRITE(6,5)

READ(5,*) HFS

WRITE(6,8) HFS

C

C

C

C

READ(5,*) W1,W2,W3

WRITE(6,9) W1,W2,W3

CLOSE(UNIT=6)

CLOSE(UNIT=5)

W1=W1*ROOT3*B

W2=W3*ROOT3*B

W3=W3*ROOT3*B

X1=-2.*HFS*B+PI

X2=PI

X3=2.*HFS*B+PI

DO 130 I =2,NP2

Y1=W1*(I-1)
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ROOT3 = 1.7320508

NP=2M

NP2=NP/2+1

B=PI/SPAN

C

C

DO 10 I=1,NP2

10 A(I)=CMPLX(1.0,0.0)

C

WRITE(6,5)

WRITE(6,4)

WRITE(6,5)

20 READ(5,*) NH,HFS

IF(NH .EQ. 0.0) GO TO 40

WRITE(6,6) NH,HFS

X=B*HFS

DO 30 I=2,NP2

Y=X*(I-1) Z=COS(Y)

30 A(I)=A(I)*(Z**NH)

GO TO 20

40 WRITE(6,5)

C

C

WRITE(6,7)

WRITE(6,5)

45 READ(5,*) NC,HFS

IF (NC .EQ. 0.0) GO TO

60 WRITE(6,6) NC,HFS

X=B*HFS

DO 50 I=2,NP2

IF(Y1 .GT. 20.) GO TO 70

Y1=EXP(-Y1) GO TO 80 70

Y1=0.0 80

Y2=W2*(I-1)

IF(Y2 .GT. 20.) GO TO 90

Y2=EXP(-Y2) GO TO 100

90 Y2=0.0

100 Y3=W3*(I-1)

IF(Y3 .GT. 20.) GO TO 110

Y3=EXP(-Y3) GO TO 120

110 Y3=0.0

120 Z1=X1*(I-1)

Z2=X2*(I-1)

Z3=X3*(I-1)

RR=Y1*COS(Z1)+Y2*COS(Z2)+Y3*COS(Z3)

RI=-Y1*SIN(Z1)-Y2*SIN(Z2)-Y3*SIN(Z3)

130 A(I)=A(I)*CMPLX(RR,RI)*CMPLX(0.,FLOAT(I-1))

C

C

A(NP2)=CMPLX(REAL(A(NP2)),0.0)

NP3=NP2+1

DO 140 I=NP3,NP

140 A(I)=CONJG(A(NP+2-I))

CALL FOUR1(A,NP,1)

OPEN(UNIT=9,NAME='FFT.OUT',STATUS='NEW')

DO II=1,NP

STEP=SPAN/(NP-1)

BR=F*714/G

H(II) = BR-SPAN/2.0+(II-1)*STEP

WRITE(9,*) H(II),REAL(A(II))



Y=X*(I-1)

Z=0.9889+0.0111*COS(Y)

50 A(I)=A(I)*(Z**NC)

GO TO 45

ENDDO

CLOSE(UNIT=9)

STOP

END

The program can be downloaded here (Fortran code), input file, output file, and copy
file.
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