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http://www.mathworks.com/
http://www.easyspin.org/

c\\D Matlab and EasySpin documentation

Web resources

Matlab documentation
http://www.mathworks.com/access/helpdesk/help/helpdesk.html

EasySpin documentation
http://easyspin.org

Matlab newsgroup
http://www.mathworks.com/matlabcentral/newsreader/
http://groups.google.com/group/comp.soft-sys.matlab/topics

Matlab file exchange
http://www.mathworks.com/matlabcentral/fileexchange

Local Matlab and EasySpin documentation

- press <F1>

- go to Start > Toolboxes > EasySpin > Help

- type doc in command window

- point browser to <EasySpinDir>/documentation/index.html

- type doc plot in command window to get help on function plot


http://www.mathworks.com/access/helpdesk/help/helpdesk.html
http://easyspin.orgl/
http://easyspin.orgl/
http://www.mathworks.com/matlabcentral/newsreader/
http://groups.google.com/group/comp.soft-sys.matlab/topics
http://www.mathworks.com/matlabcentral/fileexchange

a\; EasySpin references

Pulse EPR reference

S. Stoll, R. D. Biritt,
General and efficient simulation of pulse EPR spectra
Phys. Chem. Chem. Phys. (2009), submitted
Check the EasySpin website for an updated reference to this paper.

General and cw EPR references

S. Stoll, A. Schweiger,

EasySpin, a comprehensive software package for spectral simulation and analysis in EPR

J. Magn. Reson. 178, 42-55 (2006), http://dx.doi.org/10.1016/j.jmr.2005.08.013
The canonical publication. Please cite if you publish results obtained with the help of EasySpin.
A PDF version is included in every EasySpin installation.

S. Stoll, A. Schweiger,
Easyspin: simulating cw ESR spectra,
Biol. Magn. Reson. 27, 299-321 (2007)
An overview of EasySpin with special focus on the simulation of nitroxide spectra.

S. Stoll, A. Schweiger
An adaptive method for computing resonance fields for continuous-wave EPR spectra
Chem. Phys. Lett. 380, 464-470 (2003), http://dx.doi.org/10.1016/.cplett.2003.09.043

S. Stoll
Spectral Simulations in Solid-State Electron Paramagnetic Resonance
PhD thesis, ETH Zurich, 2003, http://e-collection.ethbib.ethz.ch/show?type=diss&nr=15059

S. Stoll
EasySpin: a Software Package for the Computation of EPR and ENDOR spectra
EPR Newsletter 13(1-2), 24-26 (2003)


http://dx.doi.org/10.1016/j.jmr.2005.08.013
http://dx.doi.org/10.1016/j.cplett.2003.09.043
http://e-collection.ethbib.ethz.ch/show?type=diss&nr=15059

Matlab

J: MATLAB 7.3.0 (R2006b) =]

D13 N o f P e = Three ways to run your code

Workspace a x | [ Figures - Figure 2 2 x
B ERE a - ek DeEE KaaOm® || 08| sO BODB&Oex -
from the editor
[E]Exp <1x1 struct> 1
He <3y301 double> i} -0.994 +0.09%i
ot <11 struct> 09 1
i Output ‘asdfads?
a <500%1 doublex 0.0069 0.9968 08 1
Hans [5.5857 1.4D48 2.2632 -0.5664] 05864 55857

- 3 o2 : " figures - _
Workspace 0.0001 2291 s g T preSS <Ctr| Enter>7 Or

-20 20
04 g

< > o 1 .
o e | - select portion of code you want

ditor - E\easysph o 5 - o x ot critically coupled

- = ——— overcoupled R
Dl iR~ |Sdheass | 80 EBRENE O vz x

= - 0 1 1 1 1 1 1
ol 48 Lol ol J: ns 0 IR to run and press <F9>, or
1 % tuning picture of = cw EPR spectrometer o J
2 Figrel  [Fiwez x
3 5 coupling eosfficient
4 % {1 critical coupling, <1 undercoupled, >1 overcoupled) nand ¥ X
5 - beta = [0.2 13]; >> nucgval('1H,13C,31P, 150')
€ ans = .
7 % frequemcy offset 5.5857  1.4048  2.2632  -0.5664
T . - save as a file and press
a
10 - for b = l:numel(beta)
11 - Gib,:] = (i-beta(b)+1i*xi} ./ {l+heta(b)-1i%xi);
12 - ena
13
14 - plotixi,abs(G)):
15 - legend('undercoupled','eritically coupled','overcoupled');
16

editor command window

4= fitnelmeam x| eseemtestm x| seffronm x| turboscore.m x| turboscoretest.m* x| resanatorcoupli p

EN gtarq‘

start menu




a; Matlab: Vectors and arrays

\

Row vector ( = 1xN array)
g = [2.21 2.21 2.03];

Column vector (= Mx1 array)

£f=1[1; 1; 2; 3; 5; 8];
Arrays (matrices)
M=1[45; 67; 8 9];

Array manipulations

X(:) make column vector

X.' transpose

X' adjoint
M(3,1) = pi; set element
£(2) = [1; delete element
£(1:2) = 1; set elements
f(3:end) = 0; setelements
X(:,3) = 0; set column
X(2,:) = [1; delete row

MM = [M; M] concatenate

commas or spaces along rows
semicolons to separate rows

Array functions

Zeros array with all 0
ones array with all 1
rand random numbers

Mathematical operations

X*Y vector/matrix multiply
X.*Y elementwise multiply
£.72 elementwise squared

Matlab is case-sensitive!
SomwFreq and mwfreq are treated
as two separate variables!



C\‘D Matlab: Strings

String enclosed between to single quotes

Algorithm = 'simplex';
Nucs = '63Cu, 14N’ ;

Two single quotes to include a quote

X = 'Jake''s Crawfish';

String manipulations

X (3) extract character

X(1:4) extract sub-string
X(1:4)=[] delete sub-string
findstr (a,X) find one string in another
strcmp (X, Y) comparing strings

strrep (X,a,b) ; search and replace

Concatenate two strings

Y
X

'Jerry';
['Tom', ' and ', vyl

String = array of characters

Converting to/from numbers

str2num
num2str
mat2str

sprintf

string to number
number to string
matrix to string

general conversion function
(similar to C programming)



C\D Matlab: Structures

\
Structure = collection of variables (called fields), with a name

An example EasySpin spin system
Software.Name = 'EasySpin'; Nitroxide.g = [2.0088 2.0061 2.004];
Software.Version = [3 1 0]; Nitroxide.A = [16 16 86];
Software.Price = 0; Nitroxide.lwpp = 1;
Software.Users = 'many'; _ .
Software.Developers = 1; EasySpin experimental parameters
zzitwaie.gunctiogst 37; Experiment.mwFreq = 94.9;
Soft::r:.ngis_— ZSé' Experiment.CenterSweep = [3462 50];
Software.References = 190;



a\; Matlab: Cell arrays

Cell arrays = arrays where each element can be of arbitrary size and type

A{l} = 'EPR';
A{2} = [112 35 7];
A{3} = sin(pi/5);
A{4} = {'x"',12};

A (k) addresses the cell no k
A{k} addresses the content of cell no k

A{3} [1; puts an empty array into cell k
A(3) = [1; removes cell k altogether



Q\\D Matlab: Comments

One-line comments: percentage sign

a = log(5); % a sophisticated computation

Multi-line comments: ${ and %}

a =[5, 31, 1.4]; % wvalues to be squared

B {

b(l) = a(l1l)”*2; % element-by-element
b(2) = a(2)*2;

b(3) = a(3)”*2;

%}

b =a.*2; % all in one line

10



a\; Matlab: Scripts and functions

Matlab files * .m are either scripts or functions, depending in the keyword function.
Each callable function must reside in a separate file.

Functions can have sub-functions, which are not accessible from outside.

mysims.m Matlab script addnoise.m Matlab function
Nx.Nucs = '1l4N'; function ynoisy = addnoise (y,snr)
Nx.A = [16 16 86];

Nx.tcorr = le-9; noise = rand(size(y)) - 0.5;
Ex.mwFreq = 9.5; noiselevel = snr* (max(y)-min(y));
[B,spc] = chili (Nx,Ex) ; ynoisy = y + noiselevel*noise;

save mysims Nx Ex B spc

affects variables on the workspace has its own workspace

Calling the script Calling the function

>> mysims >> spcn = addnoise(sim,0.2)

11



fa» EasySpin: Versions and installation

\

Software versions:

- most recent versions: Matlab R2009a, EasySpin 3.1 (workshop)

- EasySpin supports all Matlab versions starting from 6.5 (R13, from 2003)
- Matlab: new version every half year (e.g. R2008a, R2008b, R2009a)

- EasySpin: major new version every year, with bug fix releases more often

Installation procedure

Download zip file from EasySpin website easyspin.org Check easyspin.org
for any changes!
Unpack zip file to a directory <mydir>
e.g. to C:/EasySpin or /usr/var/EasySpin
EasySpin folder structure:

main folder /easyspin-3.1.0

toolbox functions /easyspin-3.1.0/easyspin
documentation /easyspin-3.1.0/documentation
examples /easyspin-3.1.0/examples

Launch Matlab

Go to File > Set path ...

Remove any old EasySpin entries from Matlab path

Add the folder <mydir>/easyspin-3.1.0/easyspin to Matlab path
Save and close the Set path window

Type easyspincompile in command window

Type easyspininfo in command window
12


http://www.easyspin.org/

C\‘D Loading and saving data

Loading and importing

eprload reads data from Bruker spectrometers
ESP: .spc/.par, BES3T: .DTA/.DSC
also loads experimental parameters

load load data stored in Matlab format (.mat)
textread reads text (ASCII) data
xlsread reads Excel spreadsheets (.xls)

Import wizard: File > Import Data...
or through workspace toolbar

[B,spc] = eprload('myoglobin.spc') ;
[B,spc] = eprload('catalase.DSC');
[B,spc] = textread('data.txt', '$f %f', 'headerlines',6 12)

Saving and exporting

save saves data in Matlab format (.mat)
save —-ASCII saves text (ASCII) data
xlswrite saves as Excel spreadsheet (.xls)

data = [B spc];
save —ASCII mysims. txt data
xlswrite('mysims',data,'simul',6 'B34"');



aD Data work-up

\

Baseline correction etc

basecorr polynomial baseline correction
exponfit fits exponentials to data

mean computes the mean

smooth data smoothing

addnoise adds noise to data

Fourier transform etc

fft Fast Fourier Transform (complex)
fdaxis frequency-domain axis

ctafft cross-term averaged FFT

apowin apodization window (Hamming etc)

Complex data
real real part
imag imaginary part
abs magnitude



fa» Plotting data

\

Plotting functions Changing the appearance of plots

xlabel ('magnetic field [mT]') ;
ylabel ('intensity') ;

title('EPR spectrum') ;
legend('first', 'second', 'third');

plot(spc)

plot (B, spc)

plot(B,spc,'r')

plot(Bl,spcl, 'r',B2,spc2,'g')

hold on
SprlOt (2 ’ 1 ’ 1) hold off
subplot(2,1,2)

axis tight
semilogx(x,y)
Semilogy (x ’ Y) ) Figure 1 E”EW@ ) Figure 1

lo lo X File Edit Yiew lniert Tools  Deskbop  window ﬂel_p
glog(x,y) Wl EINEEYSE R E =

Eile Edit Yiew Insert Tools Desktop ‘Window Help N

DedEg h @A e ¢ 0H 80
Resonator dip and coupling o dulatian
T VEFmoau

1 : r
stackplot(x,y) _““\//”_ :
0 Nh“ax/f’_’____
08¢ rls 4
x1im ([0 30]) sl
ylim ([0 2]) 2 g %5%
2 = 5l i
T 05 = ________J/\\/ﬁ________
2 04 47 /\ 1
0.3 -E L 4
£ 3 j\ﬁ
0z undercoupled
critically coupled 2F 1
0.1 overcoupled —J\/_
. . . . . . 1 | | 1 |
.Dzu -5 -0 -5 0 5 10 15 20 300 320 340 360 330 400

frequency offset [MHz] magnetic field

15



fa» EasySpin simulation functions

\
pepper rigid-limit cw EPR
garlic isotropic-limit and fast-motion cw EPR
chili slow-motion cw EPR
salt ENDOR
saffron pulse EPR (ESEEM and ENDOR)

Calling syntax:

saffron (Sys,Exp) two input arguments
saffron (Sys,Exp,Opt) three input arguments
Sys spin system details (structure)
Exp experimental details (structure)
Opt simulation options (structure)
saffron(...) plots the simulated spectrum
td = saffron(...) returns time domain signal
[t,td] = saffron(...) returns time domain axis and signal

[t,td,p] = saffron(...) returns time domain signal and more



aD Electron spins

\

Input syntax

Sys.S = 1/2
Sys.S = 5/2
Sys.S = [1/2, 1/2]

Possible values

pepper solid-state cw EPR

one electron spin S = 1/2
(default, no need to specify explicitly)

one electron spin S = 5/2

two electron spins S, = S, = 1/2

arbitrary number, arbitrary spin

garlic isotropic, fast-motion one spin with S = 1/2

chili slow-motion

salt ENDOR
saffron pulse EPR

one spin with S = 1/2

arbitrary number, arbitrary spin
one spin with arbitrary S

17



fa» g tensors

\

(Hg/h)BgS = (Uy/h)(B.gS, *+BgS,+Bg.S.)

g values, one electron spin
Sys.g = [1.9, 2.1, 2.2]
Sys.g = [1.9, 2.2]
Sys.g 2

g values, two electron spins
Sys.g = [2,2,2; 2.1,2.1,2]
Sys.g = [2 2.1; 2.05 1.98]
Sys.g = [2.03; 2.01]

Tensor orientation
Sys.gpa = [0,pi/4,0] Units: radians

Frequencyl/field/g conversions

(VIGHz) = 13.9962 g (B,/T)
71.4477 (VIGHz) = g (B/mT)

or use eprconvert

rhombic g
axial g,=[1.9, 1.9, 2.2]
isotropic g, =[2, 2, 2]

one row per electron spin
rhombic g

axial g

isotropic g

one row per electron spin

orientation of g tensor frame in molecular frame

) |Conversion, utility [EasySpin]

j Frequency @ j Magnetic field
9.5

GHz w315 267 mT
9300 MH=z 318.267 mT
9.8 GHz 0.318267 T
0.326893 cm™1 HB267 G
4.05295e-005 &% 3.18267 kG

! g value

w22

Clear all

18



O Zero-field splittings

\

Hamiltonian (in frequency units)
SDS=DS;+ DS, +D,S:=D(S;-8/3)+ E(S;-S;)

0D, 0 00 0-iD+E 0
p=30 D, 035 0  -iD
50 0 D 0
EasySpin input Units: MHz 1 cm’ =30 GHz
Sys.D = 100 D =100 MHz, E=0
Sys.D = [100 10] D =100 MHz, E =10 MHz
Sys.D = [-40 -40 80] [D,, Dy, D,] in MHz
Tensor orientation Units: radians

Sys.Dpa = [0;40;32]*pi/180;

EasySpin also supports higher-order zero field terms. See documentation.

19



a» Magnetic nuclei

\

Specifying nuclear spins comma-separated list of isotopes
Sys.Nucs = '1lH';
Sys.Nucs = '63Cu,14N';
Sys.Nucs = '13C';
Sys.Nucs = '1lH,1H,1H,1H';

Helper functions to add or remove nuclear spins from the spin system

Sys nucspinadd(Sys,'1H',[2 8]);
Sys = nucspinrmv (Sys,2) ;

20



C\\D Magnetic nuclei

Nuclear constants

J Nuclear spins Elilgl

He

F | Me

isotopes interactive PSE with
nuclear isotope database

S| Cl| Ar
Br | Kr
|| Xe
nucabund natural abundance
nucgval nuclear g factors
nucgmom nuclear electric al
quadrupole moments —
nucspin nuclear spin 1
quantum numbers

larmorfrq

Larmor frequency

lagnetic field [mT]




fa» Hyperfine tensors

\
Hamiltonian (in frequeny units) Units: MHz
SAI=S AT +S AT +SAI
.. 1 mT =28 MHz
Tensor principal values  one row per nucleus 104 cm- = 3 MHz
Sys.Nucs = '1lH' one nuclear spin
Sys.A = 10 isotropic A, =[10 10 10]
Sys.A = [4, 12] axial A (A,=A,,), = [4, 4, 12]
Sys.A = [3, 5, 12] rhombic A
Sys.Nucs = '1lH, 14N’ two nuclear spins
Sys.A = [3 5 12; 1 2 3] two rhombic A
Isotropic, axial, rhombic components  onerowpernucleus -7 - 0 0 [
] ]
Sys.A_ = [4 2 0]; [Geor T, Pl A= a,typ 0 -Ttp 0
10 0 2TH
Tensor orientation one row per nucleus Units: radians

Sys.Apa = [0,pi/4,0] Euler angles of A eigenframe in molecular frame

22



aD Nuclear quadrupole tensors

\
Hamiltonian (in frequeny units) 2 -d-1) 0 o0
P 41(821-Q1)hH 0 -+ 0
IPI=1P 1 +1P ] +IP.I S0 o0 o
e’qQ/h=2I(I- 1)P,
. P.- b,
Tensor principal values  one row per nucleus Units: MHz e
Sys.Q = 0.7; e?qQ/h = 0.7 MHz
Sys.Q = [0.7, 0.1] e’qQ/h = 0.7 MHz, and n = 0.1 (between 0 and 1)
Sys.Q = [-1.2,-0.8,2] 3 principal values (in MHz)
Tensor orientation one row per nucleus Units: radians

Sys.Qpa = [0,pi/4,0] Euler angles of Q eigenframe in molecular frame

23



ar.

\

Orientations in EasySpin

tensor
frame

|

g

b

v O
cyv 0]
b1

cyecfea — s

sdca

molecular
frame

cd 0 —s3
01 ol
s3 0 cd

cycdsa + syco

—sycfca —cysa —svcdsa 4+ cyea

ska

% g tensor in eigenframe
g_eig = diag([1.9, 2.0, 2.1])

1.9000 0 0
0 2.0000 0
0 0 2.1000

% Euler angles a, B, y (in radians)
abc = [10 45 30]*pi/180
0.1745 0.7854 0.5236

% Rotation matrix
R = erot (abc)

0.5162 0.5987 -0.6124
-0.4986 0.7915 0.3536
0.6964 0.1228 0.7071

rows of R: molecular axes in g frame
columns of R: g axes in molecular frame

% g tensor in molecular frame
m

g _mol = R*g eig*R'
2.0108 0.0041 -0.0793
0.0041 1.9876 0.0597

-0.0793 0.0597 2.0015

24



D static broadenings

\
Convolutional broadenings isotropic only _
. _ _ Units: mT

phenomenologically account for line broadening

Sys.lwpp = [0.2 0.3]; 1st element  Gaussian

Sys.lwpp = 0.3; 2nd element Lorentzian (optional)

Sys.lw = [0 O i] . lwpp peak-to-peak linewidth

ys: i 1w full width at half maximum (FWHM)

Sys.lwEndor = 0.3; (only salt and saffron), in MHz
Strain broadenings (only pepper) isotropic or anisotropic Units: MHz

line broadening due to unresolved hf splittings and site-to-site disorder

Sys.HStrain unresolved hyperfine splittings (MHz)

Sys.gStrain distribution of g values
Sys.AStrain distribution of A values (correlated with g) (MHz)
Sys.DEStrain  distribution of D and E (MHz)

25



S Pulse EPR: A first example

\

clear

Sys

Sys.
Exp.

Exp.
Exp.
Exp.
Exp.

.Nucs = '1H';

A= [2 4];

Field = 350;

Sequence = '2pESEEM';

tau = 0.0001;
dt = 0.012;
nPoints = 501;

saffron (Sys,Exp) ;

} Figure 1 EEJE|
File Edit Wew Insert Tools Deskiop Window Help u
NEeEE KW REQaM® (£ 0E = O
2pESEEM, TD signal
T
1 l B
o 0.999 i
=
EL 0998 “ -
(v
2 0997 B
(=]
5 o)
09595 =
| | | | 1
0 1 2 3 4 = G
T (us)
Spectrum
T
Re
0.05 - M ahs
0=
005 B
1 | L | | | | |
0 =3 10 15 20 25 30 35 40
v (MHZ)
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c\\D Pulse EPR: Overview

Simulation function: saffron

Echo-detected field sweep?
Simulate cw EPR spectrum with

Pre-defined pulse sequence pepper, using Exp.Harmonic = 0.
Exp.Sequence = '2pESEEM';
Exp.Sequence = '3pESEEM';
Exp.Sequence = 'HYSCORE';

What it supports

Exp.Sequence = 'MimsENDOR' ;
- hard and soft pulses
Timings - several nuclear spins
Exp.tau = 0.120; _ - high electron spin
Exp.dt = 0.008; Units: ps - user-defined pulse sequences

- orientation selection built-in
- data processing built-in



¢ Pulse EPR: Basic experimental settings

\

Magnetic field (in mT)
Exp.Field = 350;

Number of points

Exp.nPoints = 201; 1D and 2D
Exp.nPoints = [64 201]; 2D

If not given, EasySpin uses default values.

Dwell time (in us)

Exp.dt = 0.008; 1D and 2D
Exp.dt = [0.008 0.012]; 2D
This has to be given for ESEEM experiments.

Frequency range (in MHz)

Exp.Range = [0 30];
This has to be given for ENDOR experiments.

Spectrometer frequency (in GHz)
Exp.mwFreq = 9.5;
Only needed for orientation selection.

Excitation bandwidth (in MHz)

Exp.ExciteWidth = 100;
Only needed for orientation selection.

Pulse experiment
Exp.Sequence
for pre-defined pulse experiments

Exp.Flip, Exp.Inc Exp.t
for user-defined pulse experiments

28



Pulse EPR: Pre-defined sequences

Two-pulse ESEEM
Exp.Sequence = '2pESEEM';
Exp.tau = 0.080;

Three-pulse ESEEM
Exp.Sequence = '2pESEEM';
Exp.tau = 0.100;

Exp.T = 0.080;

HYSCORE
Exp.Sequence = 'HYSCORE';
Exp.tau = 0.172;
Exp.tl = 0.08;
Exp.t2 = 0.08;

Mims ENDOR

Exp.Sequence = 'MimsENDOR';

Exp.tau = 0.100;
Exp.Range = [0 30];

all times and delays
in microseconds

29



c)\; Pulse EPR: T, and T, relaxation

Relaxation time constants (time for fall-off to 36.8%)
Exp.T1T2 = [10 2]; firstelement: T,

second element: T,

Two-pulse ESEEM

30



a\; Powder spectra

. . EasySpin computes powder spectra by default.
Number of orientations

Opt.nKnots gives the orientational
resolution in terms of number of
orientations between 6 = 0°

(north pole) and 8 =90° (equator)

Opt.nKnots = 10; 10°

Opt.nKnots = 31; 3°
Opt.nKnots = 91; 1° . The more orientations, the
Opt.nKnots = 361; 0.25 - smoother the spectrum

Opt.nKnots = 901; 0.1° - longer the computation time

31



a\; Single crystals

Crystal orientation in the spectrometer
Exp.Orientations = [0;0;0]; orientation of the crystal

Euler angles [alpha, beta, gammal], just like tensor orientation

Specifying site splittings via the crystal symmetry

space group — number and orientation of sites in unit cell - site splitting

Exp.CrystalSymmetry = 'P21/m'; space group symbol
Exp.CrystalSymmetry = 11; space group number (between 1 and 230)
Exp.CrystalSymmetry = 'C2h'; point group, Schonflies notation

Exp.CrystalSymmetry = '2/m'; point group, Hermann-Mauguin notation

32



a; Pulse EPR: Orientation selection

\

Orientation/transition selection
1. large anisotropies, wide EPR spectrum
2. limited excitation bandwidth of mw pulses

intensity (arb.u.)
o

Parameters necessary

Exp.ExciteWidth = 100; al
(Gaussian FWHM, in MHz)

350 360 370

Exp.mwFreq = 9.5;
(has to be given, in GHz)

33



AD Pulse EPR: S > 1/2

\
Set electron spin What to remember
Sys.S = 1; - flip angles are different for different
Sys.S = 5/2; transitions
Sys.S = 7/2; - optimized echo amplitude might not
correspond to 90° flips for any transition
Set zero-field interaction - often strong orientation selection
Sys.D = -200; - nuclear frequencies strongly depend
Sys.D = [-130 -80 210]; on mg
o2 n 1/2
msi=+5/2 §+3/2 22 s
9.36 GHz A
0,16 A VA
8.96 A~ N -
8.76 AJ\
8.56

34



ar.

\

Pulse EPR: S > 1/2, many nuclei

20

Mn(ll)(Im),

S =5/2,1=5/2,and six | = 1 (26244 spin states)

16

1%} /MHz
T

\ O°©@@0°®
@é@@Qo

N [e]

N ©0 o

A O°©®o°@©

POEeOo © 0o @ o
oo%@@@@ ©O @ © o

N 8 o@@@>©@- ©

simulated single-crystal HYSCORE, ideal pulses (6 seconds)

2OOSGO® °

° o
@ ©°- o

VPO Se o0& - o

o 0 o e o

]

[a—

Y b0 e

—
(@)
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a; Pulse EPR: User-defined pulse experiments

\

Fields needed for a user-defined experiment

Exp.Flip flip angle in multiples of 90°
Exp.Inc incrementation scheme
Exp.t initial delays, in microseconds

Example: Two-pulse ESEEM
Exp.Flip = [1 2];
Exp.Inc = [1 1];
Exp.t = [0 O0];

Example: 2D three-pulse ESEEM
Exp.Flip = [1 1 1];

180°

\ 4

Exp.Inc = [1 2 1];
Exp.t = [0.112 0 0.112];

Example: HYSCORE
Exp.Flip = [1 1 2 1]; 9WT 90°
Exp.Inc = [0 1 2 0]; RN
Exp.t = [0.1 0 0 0.1]; {

A

echo

const

dim1

dim2

const

36



¢ Pulse EPR: Transfer pathways and filters

\

90° 90°

90°
Echo pathways:

I T I T

Electron
coherence  +1 or -1
order

Pathways with detectable echo
- equal times in + and in —
- ending in —

Examples:
two-pulse ESEEM +

(+-)
three-pulse ESEEM (+a-), (+B-)
HYSCORE (+aB-), (+Ba-)
DONUT-HYSCORE (+apa-), (+BaB-)
refocused primary  (-+-)

Pathway filter in EasySpin:
three-pulse ESEEM:Exp.Filter =".a.'
five-pulse ESEEM: Exp.Filter ="+....";

0 (a or B)

I a (+a-), (+6-)

_’],+’| (-G+), (_B+)

Pathway filter in EasySpin:

Exp.Filter one character per delay

"+ +1

- -1

'a’ 0 (a)

'n'  0(B)

". ' anything

'0’' 0 (a or B)

'l +or-
Exp.Filter = '.a.'
Exp.Filter = '+. '
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< Pulse EPR: Soft (real, non-ideal) pulses

\

Not possible with pre-defined sequences!

Soft pulses in user-defined sequences

Units: us
Exp. tp length of pulses
Example: HYSCORE ulse k pulse k+1
Exp.Flip = [1 1 2 1]; ~ Exp.t(k)

« >

Exp.Inc = [0 1 2 0];

Exp.t = [100 O O 100]*1e-3;

Exp.tp = [10 10 20 10]*1le-3; Delayvalues In Exp. t:

between end of one pulse
and beginning of next

Soft pulses: Offset integration needed
Opt.lwOffset width of offset distribution, in MHz
(about 1/tp of first pulse; typically 100 MHz)
Opt.nOffsets number of integration points (typically 10-30)
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C\; Pulse EPR: ENDOR

\

Specifying ENDOR

Exp.Sequence = 'MimsENDOR';
Exp.Range = [135 155]; frequency range (in MHz)
Exp.tau
0.25
What to think about
02} - - saffron does not (yet) take
hyperfine enhancement into
o account (in contrast to salt)
osl - ENDOR spectrum is simulated
as sum over nuclei
0.05¢
. -
135 140 145 150 155

frequency (MHz)

ENDOR linewidth (in MHz) stick spectrum is convoluted with lineshape
Sys.lwEndor = 0.1; Gaussian FWHM
Sys.lwEndor = [0.1 0.2]; [Gaussian FWHM, Lorentzian FWHM]
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a\; Pulse EPR: some options

Product rule

Opt.ProductRule = 0; product rule off (default)
Opt.ProductRule = 1; product rule on, faster for 3+ nuclei

HYSCORE log plot

Opt.logplot = 0; linear coloring of intensities (default)
Opt.logplot = 1; logarithmic coloring of intensities, gives more detail

Processing options

Opt.Window = 'ham'; apodization window, applied before FFT
Opt.ZeroFillFactor = 2;  factor for zero filling before FFT



a\; Pulse EPR: theoretical background

1. Hamiltonians

- Set up Hamiltonian H, for spins other than the ESEEM/ENDOR nuclei AE H,
- Compute energy levels and finds EPR transitons resonant with microwave ] —— —_—
frequency WDimw
- For each transition, compute nuclear sub-Hamiltonians for upper (a) and |OWer ;| e
() manifold W
- Compute energies and eigenstates for each nuclear sub-Hamiltonian Hy

2. Pulse sequence
- Analyze the pulse sequence to determine pathways contributing to the echo Hg

3. Peaks

- Use a submatrix formalism to compute the peak amplitudes and frequencies
from the nuclear sub-Hamiltonians for each EPR transition and pathway

- Can use product rule to speed up calculations with many nuclei

4. Spectrum
- Construct a high-resolution stick spectrum
- Compute the time domain signal by inverse Fourier transform

For a powder, run this for a set of orientations.

S. Stoll, R. D. Biritt,
General and efficient simulation of pulse EPR spectra
Phys. Chem. Chem. Phys. (2009), submitted
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