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Cu(u)-porphyrin molecular dynamics as seen in a novel
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Copper porphyrin dissolved in CH,Cly:toluene as fluid and frozen solution was studied as a function of
temperature using X-band electron paramagnetic resonance (EPR). Quantitative interpretation was
obtained using a recently developed Stochastic Liouville simulation method. For the first time we address
the large spin system that translates into a 400000 dimensional Liouville equation solved under slow-

50 motion conditions. Using a simple three parameter microscopic model, the temperature dependence of 50

porphyrin rotational correlation time is determined to be in the range 1-10 ns and a fast local motion is in

the subpico-second regime with an amplitude increasing with temperature. The methodology provides an

important tool for arriving at an accurate set of spin Hamiltonian parameters since determining a unique

set of parameters from a frozen solution EPR experiment is often difficult. Thus the proposed method

discriminates between parameters proposed from frozen solution EPR experiments or quantum chemistry
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» calculations. The methodology presented is expected to be valuable in obtaining a molecular dynamics
www.rsc.org/pccp picture of metal proteins using EPR as well as in the study of artificial photosynthetic systems.
30 30
1 Introduction thereby to obtain a detailed microscopic picture. For instance,
to perform EPR of a copper protein at physiological tempera-
In studies of environmental effects such as pH and temperature  tures may be critical for evaluating the biological relevance of
on transition metal proteins spectroscopic tools such as circu-  the experiment and providing a great complement to a frozen
35 lar dichroism provide valuable qualitative trends and thermo-  solution study.’ 35
dynamic characterisation." In a general context of biomolecular However, to reach a microscopic understanding of fluid-
transition metal complexes, electron paramagnetic resonance phase biomolecules containing transition metals using EPR
(EPR) may provide guantitative information under physiological ~experiments, the obstacles to determining spin Hamiltonian
conditions. From an EPR spectrum of a transition metal parameters as well as accurately computing the EPR line shape
40 complex in the fluid phase, highly detailed information on have to be overcome. First it is common to determine spin 40
dynamics of the metal complex and coordination at the para- Hamiltonian parameters from EPR experiments with a complex
magnetic site may be extracted. Hence, there is an opportunity in a frozen solution. Secondly, for copper complexes extra
to expand the commonly studied concept of structure —  absorption lines (EA) can be expected depending on the fre-
functionality to (dynamics and structure) — functionality, and quency of measurement (also referred to as overshoot lines or
45 hyperfine abnormality).> The EA lines impose difficulties in 45
“School of Engineering Sciences, Computational Engineering and Design Group, correctly modeling the frozen solution spectra and determining
University of Southampton, SO17 1BJ, UK. E-mail: p.hakansson@soton.ac.uk spin Hamiltonian parameters and coordination.* Furthermore
* School of Chemistry, University of Southampton, S017 1B, UK. freezing artefacts may be present.>® Thus to verify determined
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“ EPSRC National Service for EPR Spectroscopy, School of Chemistry, The University Spin Hamiltonian parameters with a carefully analy sed fluid-
50 of Manchester, Manchester, M13 9PL, UK phase experiment is much desired. If spin Hamiltonian 50
T Present address: School of Chemistry, University of Southampton, Highfield, ~parameters are instead computed using quantum chemistry
SO17 1BJ, UK. methods (QCM) a fluid-phase experimental verification is
t Present address: Recl?ittB.enckiser, 1st floor, ]?ansom Lane, Hull, HU8 7DS, UK. (Jesirable since QCM for transition metals require a set of
§ Present address: University of Toronto Institute for Aerospace Studies, 4925 . . , . .
Dufferin Street, Ontario, Canada M3H 5T6. approximations to be explored (i.e. solvent, vibrational and
55 9 Present address: Dalton Cumbrian Facility, The University of Manchester, relativistic corrections, etc.).7 In addition, in order to interpret 55
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a fluid-phase EPR experiment, a perturbative treatment®® is not
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valid due to the large anisotropy of Zeeman and transition
metal hyperfine parameters: Ag=g, — g, and AA=4A, — A, are
typically 0.15 and 500 MHz, respectively, for Cu(u). Hence the
condition for applicable perturbation theory ||AH(Q,)||z. « 11is
not fulfilled, rather ||AH(Q,)||t. > 1 where 7. is the character-
istic correlation time for slow dynamical modes and ||AH(Q,)||
is the anisotropy of the spin Hamiltonian. For a metalloprotein,
the overall molecular tumbling is slower than 7., typically in
nanoseconds, and furthermore for anisotropic solvents (such
as membranes or liquid crystals) it is expected that slow modes
will be present even for small transition metal complexes in a
wide range of temperatures,'® hence perturbative treatment is
not a viable option.

Recently a computational tool to solve the high dimensional
Stochastic Liouville Equation in Langevin form (SLEL) was
developed.'’ The SLEL approach enables a non-perturbative
simulation of Cu(u) electron spin coupled to all nearest ligand
nuclear spins.

Complications in frozen solution with ‘“extra absorption
lines” (EA) have a long history and are discussed by relating
spin Hamiltonian parameters to spectral observations for a
Cu(n)-porphyrin by Kivelson and Neiman'? in 1961. We refer to
cited references for further literature on EA and summarise
some key observations here. The number of EA for Cu(u)-
complexes is field dependent.” The spectra in the presence of
EA cannot be satisfactorily modelled by only assuming a time
independent spin Hamiltonian and solving for the relevant
energy transitions and finally applying homogenous residual
broadening as noted by Kivelson and Neiman.'” To proceed,
the EPR spectroscopist may then introduce so called strains,
i.e. static orientational distributions in the spin Hamiltonian
parameters'®'? and/or orientation dependent residual line
widths.""® With these additional parameters there may be as
many spin Hamiltonian parameters as there are ‘“strain” para-
meters.” Even with various inhomogeneous linewidths added it
is difficult to get a good agreement between simulated and
experimental spectra. A better fit is seen in the lower field
(L-band).? To establish the number of ligands from EPR spectra
it is proposed to analyse only a selected region of spectra,
restricting the analysis to a g, region® or selecting a gj region of
the spectra,’”” now at a different resonance frequency. It
remains an open question if EA is a dynamical effect as opposed
to the static picture imposed by strain parameter distributions.

Little work has been done on solving the Stochastic Liouville
equation explicitly including ligand nuclear spin for transition
metal complexes and thus arriving at a microscopic interpreta-
tion of the fluid-phase EPR experiment. For nitroxide spin
probes an efficient numerical program for solving the SLE in
the frequency domain (EPRLL) was developed by Freed
et al."®' A first complication in extending the work for nitr-
oxide spin probes to transition metals is the large anisotropy of
the spin Hamiltonian parameters where the dimension reduc-
tions introduced in EPRLL are not valid. The validity problem is
seen in work on vanadyl complexes.”>*" As a consequence the
EPRLL implementation in EasySpin'® is not sufficient for Cu(m).
Extending EPRLL and including a complete Liouville spin space

2 | Phys. Chem. Chem. Phys., 2013, 00, 1-12

is done in a program EPRLF and valid for transition metal
complexes, also developed by Freed et al'® More recently
gadolinium complexes have been studied within the frequency
domain approach.?* However, the main hurdle comes with the
large Liouville space when electron spin couples up to five
nuclear spins as is the case for Cu(u) heme-protein. To proceed,
a program has been developed that solves the electron spin-
copper nucleus SLE problem, ignoring the relaxation channels
caused by ligands and then a posteriori convoluting the simulated
line shape with the ligand hyperfine splittings.>>** The so called
post-convolution method assumes isotropic ligand hyperfine
parameters and thus limits possible applicability to copper com-
plexes where this is fulfilled by symmetry or to small complexes
where fast molecular tumbling can average these out.

Due to numerical stability issues and memory requirements
associated with the solution of high dimensional SLE in the
frequency domain®** a time domain trajectory based method
is preferable."”**! In this work we show for the first time a
multi spin system solved under slow-motion conditions
([|1AH(2/)||t. = 1) applied in a line shape study of EPR experi-
ments. The key is the robust implicit numerical scheme devel-
oped for solving the SLEL, that conserves the norm of the
density matrix and has a known error expansion for combined
SLEL and molecular degrees of freedom.'* The known error
expansion allows for the efficiency of the SLEL simulations
to be further improved using higher order interpolation
methods.?” The numerical scheme allows for very high dimen-
sional Liouville matrices (dimensions ~ 400 000). Furthermore
the SLEL uses time dependent trajectories of the copper
complex generated using Brownian dynamics or atomistic
molecular dynamics,*®*° making SLEL flexible to the dynami-
cal model used, without further increasing the Liouville dimen-
sion. Employing SLEL for a complete parameter determination
involves significant computational cost and has not yet been
attempted to the best of our knowledge. With this in mind, the
experimental EPR study is performed in two steps: (i) the frozen
solution experiment is used to determine candidate sets of spin
Hamiltonian parameters and (ii) the fluid-phase EPR/SLEL
study isolates the best set of spin Hamiltonian parameters
and determines fluid-phase porphyrin dynamics. In this
approach we adopt a back-box view of strain parameters at
stage (i) and analysis is carried out using available solid state
methods." The verification stage (ii) benefits from parameters
with a microscopic origin, i.e. without ad hoc parameters. We
leave for future work the direct determination of EPR para-
meters using SLEL with a microscopic model of solid state
dynamics. To further reduce the computational cost of SLEL
simulation, we develop an efficient method for minimisation of
the model merit function () to estimate the model para-
meters. A methodology suitable for computationally expensive
simulation methods is introduced which to the best of our
knowledge has not been used before in EPR spectroscopy.
Briefly, from simulation results evenly spread in the parameter
space a training set of x> is collected. The training data are used
to construct a low cost surrogate model of 3> which allows for a
rapid global fitting procedure.* The present approach significantly
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reduces the number of simulations compared to the use of
a conventional optimization routine. The Cu(u)-porphyrin
system studied has relatively large side chains and by including
low temperatures in the fluid-phase experiment (197-293 K) we
can expect the slower dynamics, mimicking conditions for large
biomolecules.

Here, we present a simple dynamical model that allows for
microscopic dynamical information to be extracted. We then
show how we can discriminate between different candidate sets
of spin Hamiltonian parameters obtained from the frozen
solution EPR study and how microscopic insights can be gained
from the fluid-phase temperature sequence of experiments.

2 Theory

A method for computing a large spin system EPR line shape in
SLEL form is outlined in this section and used for interpreting
fluid state experiments. The methodology for the solid state
line shape can be found in Section 4.1. The following SLEL is
numerically solved

d

a (Qr) =

—i[Ls + LsL(2)]p(Q0), @)

where ¥x = [Hy, -], X = “S”, “SL” are superoperators. Hg and
Hg1(Q,) are the spin Hamiltonians representing the isolated
coherent quantum subsystem (S) and the incoherent spin-
lattice coupling dependent on a stochastic process in time
(Q,), respectively. The spin Hamiltonian contains isotropic
and anisotropic components of electron Zeeman, the ligand
(N x 4) and copper hyperfine interactions and isotropic copper
nuclear Zeeman interaction. p(Q,) is a reduced finite-dimen-
sional density operator for electron and nuclear spin degrees of
freedom and i = v/—1. The stochastic time dependence originates
in the orientational motions of the copper complex, i.e. relating
frames where each type of interaction is defined to the laboratory
frame and is simulated explicitly. EPR line shape observable is

given by p...(Q) = Tr{S( ) (Q,)}, where (ﬁ) denotes the
ensemble average. A first derivative EPR line shape is computed
as the Fourier-Laplace transform of p,,(2,).>

2.1 A tractable model for Cu(u) complexes

To arrive at the model used in SLEL simulation we consider the
reference frames of Fig. 1. A principal frame (P) is defined with
the Z-axis perpendicular to the porphyrin plane. In the fluid-
state it is assumed that the Cu(u)-porphyrin undergoes several
internal vibrations and perturbation by solvent causing a fast
local averaging of the P-frame. With this in mind, the frame (M)
is the average molecular frame over a short time interval and (L)
is the laboratory frame defined by the static magnetic field
using the spectrometer. Qxy = (yxyv,fxy,0xy) are the Euler angles
for the X — Y transformations.

Thus the angles Qup(f) are rapidly fluctuating giving the
average molecular frame (M). The complete complex is expected
to undergo complete rotations in a slower rotational diffusion
process, hence the diffusion tensor in Fig. 1. Axial symmetry is

This journal is © the Owner Societies 2013
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Fig. 1 Reference frames: (P) the principal frame along the perpendicular axis
relative to the plane of the complex, (M) the molecular reference frame
where the diffusion tensor is diagonal and (L) the lab frame defining the static
magnetic field.

assumed for Zeeman and hyperfine interactions with the Zp
axis in common.

The Hamiltonian may with these reference frames be
divided into a fast fluctuating part (f) and a slowly modulating
part (s) as has been found useful in a previous SLEL work.**

The following form of the slowly modulated Hamiltonian
(indexed with (s)) is derived (see Appendix A.1)

SL -QLM ZAHsz mO QLM( ))SMPFIE?I"())v (2)

um

where AZ{™ are the spin operators and F@ are cylindrical
symmetric tensor elements both for the interaction u, S™° =
(Doo’(Qump(t))mp, is a second rank order parameter averaged
over the fast fluctuations of Qup(t). Do’ (2Lm(t)) are the Wigner
rotation matrix elements.** In this context the time dependent
part of the Liouvillian takes the form L (Q(£)) = Z$)(Qum(t)) +
2 The numerical form of eqn (1) is in matrix form where ¥

is expressed as a static matrix (corresponding to AE,{'{”)) times a

scalar function Fﬂ{")() with stochastic time dependence (see
Appendix A.2). The isotropic (**Cu(u), ®>Cu(m)) nuclear Zeeman
interaction may influence the computed line shape in two ways,
a shift of resonance frequency as well as modulating the form
of the line shape. However, the influence of shape is found to
be negligible with the nuclear Zeeman interaction being 2-3
orders of magnitude less than the rest of the spin Hamiltonian.
Hence the Cu(u) nuclear Zeeman interaction is accounted for as
a shift of the resonance frequency computed as the natural
abundance average. The fast dynamics is expected to have a
small influence on X-band EPR line shape and is in this work
accounted for by a relaxation constant RY) considered to fulfil
extreme narrowing conditions. Under this assumption a char-
acteristic correlation time (t¢) of the fast dynamics is available
from perturbation theory® (see eqn (A10) in Appendix A.1). In
this work we give residual broadening a clear molecular origin
in a fast partial average of tensor anisotropy. There are other
factors such as uncoordinated solvent protons that are expected
to give negligible broadening and thus not included. The
approximations underlying eqn (2) are that there is at least a
three-fold symmetry in the local fluctuations of Qyp’ (see Fig. 1)
and a time scale separation between Qyp° and Qpy. With the
axial symmetry in magnetic parameters only Dxx and Dyy
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modulate the spin Hamiltonian and are assumed to be equal Dxx
= Dyy = D. The “slow” dynamics is computed explicitly using
rotational Brownian dynamics trajectories providing Qy,,.>” The
parameters entering SLEL simulation related to dynamics are
{D,s™",RD}. The implicit numerical scheme developed for SLEL
problems in ref. 11 enables us to tackle this large spin system.

3 Material and methods

The sample consists of copper(n) di-tert-butyl diphenyl porphyrin
(CuDPP) with solvent in a dichloromethane:toluene (10:1)
mixture. The di-tert-butyl diphenyl porphyrin synthesis has
been described previously.*® Metallation was performed by
adding a suspension of copper(un) acetate monohydrate
(247 mg, 1.36 mmol) in acetic acid (10 mL) to a solution of
the porphyrin (49.0 mg, 45.4 pmol). The reaction mixture was
heated for 3 min, then diluted with dichloromethane (30 mL).
The organic layer was washed with water (6 x 50 mL), followed
by drying over Na,SO,, filtered through cotton wool and
concentrated in vacuo to give the CuDPP (67.0 mg, quantitative)
as purple solid (LRMS [MALDI-ToF]: caled m/z for C;6H;sN,Cu”
[M]" 1139.8, found 1139.8).

Frozen solution first derivative spectra were recorded at
120 K, Modulation Amplitude 2 G with one scan, microwave
frequency 9.4391 GHZ, power 3.991 mW, 84 s sweep time and
2048 points. Fluid state spectra were recorded at thirteen
temperatures between 197 K and 293 K at 8 K intervals, modulation
amplitude 5 G and resonance around 9.4 GHz using four scans.
The temperature was monitored using a thermocouple situated just
below the sample. To verify the minimum 20 min temperature
equilibration, a cycle of temperatures were performed to verify that
spectra could be overlaid.

3.1 SLEL computational details

In this section a SLEL simulation is exemplified and we discuss
how to distribute computational efforts in an efficient manner.
In Fig. 2 the simulated free induction decays (FIDs) (imaginary
part) and the corresponding first derivative EPR line shape are
displayed for a relatively slowly tumbling case ||AH(Q/)||z. = 6.
The displayed result is the powder averaged SLEL simulation
with the 419 904 dimensional Liouville matrix with the density
matrix simulated up to 72 ns. It is worth noting that the
simulation is straight forward to divide into several parallel
jobs, each simulating initial molecular frame in a specific
initial powder angle segment. The parallel jobs exploit a
computer cluster and scales linearly. The memory requirement
for one SLEL simulation is around 3.5 Giga bytes, enabling the
simulation to be carried out using the low memory nodes on
the University of Southampton super computer Iridis3. One simu-
lation is completed in 40-60 hours if 300 2.27 GHZ processors are
employed, averaging over a total of 10 000 trajectories. Note further
from Fig. 2 that a large part of FID(¢) has a low amplitude. These
low amplitude oscillations need to be included in particular to
account for partially resolved ligand hyper fine splittings in the
high field end of line shape (around 3400 Gauss in Fig. 2).

4 | Phys. Chem. Chem. Phys., 2013, 00, 1-12
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Fig. 2 SLEL simulation: imaginary part of FID(t) and first derivative line shapes in
top and bottom panels respectively. Parameters D = 3 x 107 s~', SMP = 0.9, R =
3.2 G and spin Hamiltonian parameters A in Table 1 corresponding to a dynamical
regime ||AH(Q,)||zc = 6. The result is the ensemble average over 8000 trajectories,
corresponding to 42 hours simulation time employing 300 processors.

However, these are unresolved at low temperatures as seen
from the experimental spectra below.

In this work we address the large SLEL computational task
in two ways. First, since the full length simulation is large, we
divide the analysis of liquid state experiments into two stages,
where first the spectra are analysed using simulations trun-
cated at 7.6 ns, referred to as T-SLEL. The T-SLEL has a factor of
10 shorter time span and requires 4000 trajectories for smooth
line shape and hence is a factor of 20 faster to complete. This
serves to obtain a first estimate of the parameter space {D,S™"}.
As seen from Fig. 3, the T-SLEL form captures the main features

2200 2400 2600 2800 3000 3200 3400 3600 3800
B(G)

Fig. 3 First derivative line shape computed from 72 ns SLEL (solid black line)

and T-SLEL 7.2 ns (red dashed line). Parameters, D = 3 x 107 s~', SM? = 0.9 and

R® = 0.9 G. The R is particularly low to illustrate ligand hyperfine splitting at the

high field end of spectra.
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and is a useful method to model broad unresolved spectra seen
at lower temperatures.

Secondly, parameter estimation is addressed in an efficient and
robust manner as described below. Throughout this work the quality
of the fit is quantified with the following model merit function,

LBy~ (B

22(31') :NZ o2 ) (3)

where N is the number of experimental points, B, denotes the
field strength I'(By)x, X = Exp, Mod are first derivative spectra of
the experiment and the model, respectively, and ¢” is the experi-
mental variance estimated from the low field tail of spectra.

The function ” is a challenge to minimize for several reasons: it
is noisy, containing experimental as well as modelling uncertainties
and it may have several minima. In an overview of minimizing > in
the context of slow-motion EPR,* it is recognised that y” is noisy
and for this reason the “Nelder-Mead simplex” is the better
compared to Newton and Levenberg-Marquardt algorithms. The
advantage of the “Nelder-Mead simplex” is that the derivatives of
¥” are not needed.*® Both “Nelder-Mead simplex” and Levenberg-
Marquardt algorithms may be successfully integrated with the so
called simulating annealing method to avoid getting stuck in local
minima."® However, in this work our goal is to minimize the total
number of function evaluations, which are inherent in above
methods as well as in genetic algorithm based global search
techniques.*' For this reason we work with an approximation
model of ¢ that is computationally cheap to evaluate (also referred
to as a surrogate model). In particular, we employ a Gaussian
process (GP) regression model*® based optimization strategy that
involves the following iterative steps: (i) sampling of a training set
7° € RX at K uniformly selected fitting parameter sets (x) on a
bounded domain, (ii) construction of a GP model (z*)” as a function
of the fitting parameters, (iii) global minimisation of (*)> and
finally (iv) update the training set 7> with the current best fit and
return to step (ii) or stop if an acceptable fit has been found.

The initial training set in step (i) is constructed from
typically 15 simulations with x = {D,s™?,R9} distributed over
the domain (0.4 < D < 80) x 10" s, 0.65 < s™° < 1 and
2 < RY) < 50 G. Each simulation result is post processed with
RO, After minimisation, the training set typically consists of 35
individual simulations (with various values of {D,s"*}) and
a total of 900 training points after processing with R®),
The simulated line shapes and experimental spectra are both
normalised to unit area with I'(B)/ [ |I'(B)|dB before 7*(By) is
computed (eqn (3)), with the list of parameters and corres-
ponding 7* making up the training set. The task in step (ii)
involves constructing a computationally cheap GP surrogate
(*)* replacing #? such that all of our knowledge of ;* is
exploited. The value of (y*)* at the parameter set x* can be

obtained from
7,2 r(x',xh),r(x'x?) r(x'x)
~ ./1/. lﬁ :

()(;*)2 F(x*,xl),.F(x*,xz) F(x*.,x*)

4)

This journal is © the Owner Societies 2013

where the dimensionality of 7 is K, (y*)* is a multivariate

Gaussian, f§ is the mean, 1 is a (K + 1) vector of ones, I'(x, x*) =

. 2\ . . . .
&? Hf exp(79i|x,- — x7| ) is the covariance function used in GP

modeling. The hyperparameters of the GP model ($,6,0;) are
determined from the training dataset using a maximum like-
lihood estimation procedure. Two forms of uncertainty in the
GP model for (y*)* can be identified: (a) the GP model is
constructed from a finite set of simulations and (b) each
simulation result in 7> contains uncertainty originating from
experimental noise as well as a small amount of simulation
error (i.e. arising from the use of a finite set of trajectories). The
uncertainty (a) is accounted for in an inherent way with the use
of a Gaussian process model. In this work we address uncer-
tainty (b) by performing a regression of training data by
including a hyperparameter for noise in the GP covariance
function.® In this way an account of uncertainty in 7 is taken
as opposed to the case when training data are interpolated and
7~ are treated as noise-free values. A global minimisation (step
(iii)) is rapidly performed using a standard minimisation
routine,®® here the global search is done with simulated
annealing.®® Finally, optimisation is terminated manually in
step (iv) when (*)min” is similar to updated training set 7min’.
With the cost being large for each simulation, the GP model
(*)? is a valuable compromise making the best of the informa-
tion available (%) in a Bayesian statistics sense. Moreover, the
task when using conventional minimization routines to com-
pute the gradient and hessian of a noisy function is completely
avoided.

4 Results and discussion

The main focus of this study is to explore the fluid state EPR
experiment (197-293 K) using the SLEL simulation method.
The two main questions addressed are: can a discrimination be
made between three given spin Hamiltonian parameter sets
and determine the one in closest agreement with experiment?
Secondly, can we quantify the Cu(u)-porphyrin dynamics at
different temperatures? First, determination of spin Hamilto-
nian sets from frozen solution is discussed with subsequent
presentation of the fluid state results.

4.1 120 K EPR experiment

The frozen solution EPR experiment is analysed using the solid
state line shape function (pepper) in EasySpin.'® The pepper
function allows for a computed powder average using second
order perturbation theory for N ligands. The spin Hamilto-
nian in pepper includes electron Zeeman, the ®*Cu(n) and
5Cu(n) isotropic nuclear Zeeman (weighted at a natural abun-
dance ratio), Cu(u) hyperfine and four N ligand hyperfine
interactions. The routine pepper provides line broadening to
mimic a frozen solution spectrum. Anisotropic parameters have
a cylindrical symmetry as is expected for a square planar
complex. In this work the inhomogeneous broadening"® of
the so called Hstrain, gstrain and Astrain form are explored.

Phys. Chem. Chem. Phys.,, 2013, 00, 1-12 | 5
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Table 1  Minimization result for X-band 120 K experiments. gz denotes isotropic
broadening, Ox,, 0x, for X =H, g, A, denotes directional components of Gaussian
line width at half height, and Gaussian distribution width of g and A parameters
respectively. Units for all magnetic parameters are in Gauss. 3 [cf eqn (3)] is
computed over the whole spectra for data sets {A, B} and range (2550-3100
Gauss) for C

Hamiltonian parameters

Data set gL g4 Ay Ay A AN

A 2.045 2.191 20.57 211.93 17.11 13.76

C 2.011 2.187 15.68 209.72 18.92 16.64

B 2.056 2.187 20.56 208.58 17.14 15.49

Phenomenological parameters

Data set or On, o, 7

A 9.8 0.03 151 146

C 12.8 0.0° 0.0° 6300, 2.9”

2

Or Og, Tg 04, 94, X

B 0.45 0.008 0.02 3.1 0.0 480

“ Held fixed during minimization. ? y*> computed over 2550-3100

Gauss.

Minimization of eqn (3) is done with the matlab function
fminsearch, using the Nelder-Mead simplex algorithm.*?
Table 1 gives the best fit parameters.

Three approaches are tested concerning broadening of
frozen solution spectra resulting in the data sets denoted by
A, B and C in Table 1. All three data sets have, except spin
Hamiltonian parameters, a homogeneous (oz) broadening
term. The data set A has, in addition, orientation dependent
line width terms (o4, and oy) and the data set B has four
gStrain and AStrain terms with perfectly correlated and static g—
A frame distributions. For data sets A and B we searched a best
fit using the whole spectra whereas for data set C the best fit
was sought in the low field part (2550-3100) G. A motivation for
only using low field part in data set C is that only a single
homogeneous broadening constant is needed to obtain a low
value and this region is less complicated by EA phenomena.
The idea to analyse only a section of copper EPR spectra is used
in several works.” The 120 K EPR experiment and simulated
line shapes are provided in the upper panel of Fig. 4, together
with the cumulative deviation for each simulation in the lower
panel. Note that the best fit concerning the whole spectral
width is data set A. However concerning only the low field
region, where the problem with EA is less pronounced, the data
sets B and C are slightly better. This motivates us to test all
three data sets using the above SLEL liquid state study.

4.2 Liquid state EPR experiments

Given the large computational cost in completing a full SLEL
simulation, a suitable parameter space for the liquid state
experiments is first estimated using truncated simulations
T-SLEL after which full length SLEL simulations are used.

For the spin Hamiltonian parameter set A in Table 1, the
estimated parameters and line shapes are given in Table 2 and
Fig. 5. The experiments (black solid lines in Fig. 5) show

6 | Phys. Chem. Chem. Phys., 2013, 00, 1-12
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Fig. 4 The top panel displays the 120 K X-band experiment followed by
simulations using spin Hamiltonian data sets A, B and C respectively. The lower
panel displays cumulative deviation sum x%(B,) [cf. eqn (3)] with a lower field
part inserted.

increasingly resolved hyperfine splitting with temperature.
Furthermore spectra remain relatively broad even at 293 K,
not reaching the Lorentizian shapes characteristic of a complex
in the fast tumbling regime. From Table 2 it is seen from 7> that
the T-SLEL agrees better in the low temperature region and
gradually becomes worse at higher temperature. The upper
theoretical limit for S™° is one, hence found parameters
suggest that melting the sample has reduced the order if we
assume order 1 for frozen solution.

Since ligand hyperfine couplings contribute to the broad-
ening of the spectra but a full length simulation is need to
account for any resolved ligand hyperfine splitting, we return to
the high field discrepancy in Section 4.3 and also explain the
constant D versus temperature for the higher temperatures in
Table 2.

For spin Hamiltonians in sets B and C [¢f. Table 1], optimal
fits are sought only in the low temperature region. In Fig. 6 we
show best fit T-SLEL line shapes fluid state 197 K together with
spectra and merit function y*(B;) (eqn (3)) in the left and right
panel respectively. For set B the best fit parameters are: {D = 6.6
x 107 s, sMP =1, R®) = 13 G} and for set C {D = 30 x 107 s},
sMP =1, RP) = 46 G}. Note from Fig. 6 (inset) that, for the data
set C, although »” is low in the lower field region the total y” is
large. Although both data sets B and A have low %> (see Fig. 6)
there is no possibility of further improving the fit for B within
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Table 2 T-SLEL data set used in Fig. 5 for liquid state EPR experiments. Spin
Hamiltonian parameters are from the set A in Table 1. From left, temperature,
diffusion constant, local order parameter, residual line width and 7%(By)

T/K D/107 571 sMP rRYG 7
197 1.5 0.90 18 5.0
205 3.0 0.90 20 8.6
213 8.0 0.90 20 11.5
221 9.0 0.80 22 9.7
229 9.0 0.80 17 19.7
237 9.0 0.80 18 9.7
245 9.0 0.75 13 28.3
253 9.0 0.75 10 14.9
261 9.0 0.70 10 11
269 9.0 0.70 9.5 378
277 9.0 0.65 10 381
285 9.0 0.65 9.1 463
293 9.0 0.65 9.1 672

the three parameter dynamical model. For instance the line
shape needs to be broader, however S™¥ is already at its
maximum value and a better fit is not achieved with a slower
rotational diffusion. Hence the best fit is found for spin
Hamiltonian set A with a factor of two lower total > as
compared to B. The discrimination between spin Hamiltonian
sets may continue using full length SLEL simulations, however
we find that at low temperature the difference is small between
SLEL and T-SLEL (see Fig. 3), and full length SLEL simulations
are not needed in order to conclude A as the best candidate.

Note that within the proposed microscopic model we thus
discriminate between two spin Hamiltonian parameters (A and
B) only differing within a few percent, not relying on phenom-
enological parameters. Low temperature EPR experiments are
particularly valuable since dynamics is in a semi-static regime.
In this regime, EPR is clearly sensitive to dynamics, however
anisotropic diffusion is expected to have small effect and thus
we can focus on two dynamic parameters {D,S™"}. For higher
temperatures an anisotropic diffusion model may be needed
as is seen from nitroxide spin probe studies."® Such a model
is already implemented, however, it adds an unnecessary
complexity to the task of finding the best candidate spin
Hamiltonian parameters from low temperature fluid state
EPR experiments.

4.3 Detailed fluid solution study

For the T-SLEL study, the quality of the fit is reduced at the
higher temperatures (Table 2, Fig. 5). However, the information
is still a valuable starting point in performing full length SLEL
simulations. To obtain a detailed picture of the dynamics as
well as to explore what insights the full length simulated SLEL
gives, the results for temperatures 205, 253 and 277 K are
provided in Table 3 and Fig. 7. For temperatures 205 K and
253 K, parameters {D,S™"} are taken from Table 2 whereas for
the 277 K experiment, parameters restricted to the intervals
(3 < D < 20) x 10’ s " and 0.65 < S™ < 1 are re-optimised.
R® is manually adjusted for all three temperatures to best
explain the ligand hyperfine splittings. From Fig. 7 it is seen
that full length SLEL simulation accounts for main features of
the temperature sequence of experimental spectra. The model

This journal is © the Owner Societies 2013
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Fig. 5 Comparison of X band experimental (black solid lines) and simulated (red
solid lines) spectra. Temperature range 197-230 K and 235-293 K in panel (A)
and (B) respectively. Simulations are truncated at 7.6 ns and the spin Hamiltonian
parameter set A in Table 1 is used.

agrees best with the low temperature experiment (205 K). For
the higher temperature simulations the effect of finite statis-
tical sampling is seen in the small oscillations restricted to a
low filled part of the line shape. These may be eliminated with
further sampling or applying a smoothing procedure, but are
sufficiently small not to interfere with the conclusions drawn
below. The model explains the increasingly resolved ligand
hyperfine splitting with temperaure in terms of the increased
rate of local fluctuations and amplitude (reduced S™F) as the
main components (see Table 3). It is found that the rate of
molecular tumbling is a minor contribution to resolving ligand
hyperfine coupling. To explore this further, simulations are
performed with $™* = 0.8 and D: (13, 15, 20) x 10” s~ !, however
the overall spectral width is too narrow for these simulations (data
not shown) and can thus not explain the partially resolved ligand
hyperfine splittings. The overall diffusion tumbling is in a slow-
motion to semi-static regime at 197-277 K (with ||AH(Q))||z. > 1,
7. = 1/6D). In terms of second rank overall rotational correlation
times we observe 7. = {11, 5.6, 1.1} ns for temperatures 197, 205,
277 K respectively. The slow overall tumbling cannot be the
dominating cause to the resolved ligand hyperfine lines observed
at higher temperatures, see Fig. 7.

The explanation we find for resolved ligand hyperfine split-
tings differs in a distinct way from some previous studies where
resolution of ligand hyper fine splittings is explained purely in
terms of molecular tumbling rates.>*** Similarly the inability to
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Fig. 6 The top panel displays the X band experiment at 197 K (black solid lines)
and the simulated T-SLEL line shape (truncated at 7.6 ns) using spin Hamiltonian
parameter sets A (red dashed line), B (black dot-dashed line) and C (blue solid
line) respectively. The bottom panel displays model merit function %%(B;) (eqn (3)).

Table 3 SLEL data set used in Fig. 7 for liquid state EPR experiments. Spin
Hamiltonian parameters are the set A in Table 1. From left, temperature, diffusion
constant, local order parameter, line broadening, t+ calculated using egn (A10)
and z2 [cf. eqn (3)]. Overall rotational correlation time is given by . = 1/6D

SLEL
T/K D/107 57 sMP rRYG 74/ps 7
205 3.0° 0.9° 12.9 1.7 13
253 9.0° 0.8° 4.2 0.30 19
277 14.9° 0.68” 2.9 0.13 357

“ From Table 2. ® Optimized.

model a limited averaging of the signal is explained in terms of
“copper-phthalocyanine molecules that undergo a complicated
rotational motion”** (pages 1945-1946). However, in these works
either a perturbative line shape or a post convolution Stochastic
Liouville method®***** are used. Such approaches suffer from
theoretical limitations; for instance, the post convolution
approach lacks theoretical foundation for non-zero ligand hyper-
fine anisotropy. Hence, caution must be exercised while applying
these methods in order to avoid erroneous conclusions.

We comment on the unexpected trend in Table 2 with first
increasing and then constant rotational diffusion constant (D)
versus temperature. We find that the fit is improved using full
length simulations, illustrated with the experiment at 277 K in

8 | Phys. Chem. Chem. Phys., 2013, 00, 1-12
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Fig. 7 Xband experimental spectra (black solid lines) and simulated line shapes
(red solid lines) for temperatures 205, 253 and 277 K.

Table 3. A larger, physically more realistic rotational diffusion
constant is found compared to Table 2, suggesting that analyz-
ing data with full length simulation is needed for higher
temperatures. The porphyrin dynamics accounted for include
two dynamical modes: a local fluctuation and an overall mole-
cular tumbling. With increasing temperature, both s™* and (")
decrease, corresponding higher energy local modes being
populated, seen in the increasing amplitude and rate of local
motion (Table 3). The amplitude of local motion is a parameter
describing (dynamic) deformations of the porphyrin structure.
The porphyrin deformations are suggested to have biological
relevance®® and large dependence on the type of peripherally
attached groups and porphyrin metal.*® The presented EPR/
SLEL methodology provides quantitative experimental data on this
aspect. An interesting continuation of this work may involve an
anisotropic rotational model or an all-atomistic molecular
dynamics EPR/SLEL study that may well improve the fit for higher
temperatures as well as provide insight into the dynamics of
porphyrin deformations for different peripherally attached groups.

Clearly the SLEL calculations can be refined further, for
instance one way forward is to go beyond a constant (R®)
broadening and use the full matrix form as outlined in Appendix
A.1. The spin Hamiltonian can be extended with components
such as spin rotation® that may have a small contribution that
can be included in 29(Q;\(f)) (see eqn (A8) in Appendix A.1).
These extensions are readily available, do not further increase
memory requirement and may improve the fit. This is outside
the scope of the present work and is left for future studies.

5 Summary

In 1982 Hyde and Froncisz® estimated that a molecular weight
of 1000 is the upper limit at which information about rotational
tumbling rates of copper transition metal complexes at room
temperature may be extracted using perturbation theory. This
mass limit rules out studies on the majority of biologically
relevant copper complexes even if spin Hamiltonian para-
meters are completely known. Very little has been done in the
EPR community to overcome this limitation. For instance the
use of a Stochastic Liouville equation to simulate a copper
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complex without ligands and then post-convolute with ligand
hyperfine splittings assumes that the anisotropy of ligand
hyperfine parameters is averaged to zero, an assumption that
is not valid for slowly tumbling complexes.

In this work we present for the first time, simulations of
SLEL line shapes for the complete spin system, that provides
the EPR community with a tool to verify proposed spin Hamil-
tonian parameters and extract rotational correlation times as
well as amplitudes and rates of fast restricted local motion.

We have concluded on a best set of spin Hamiltonian para-
meters proposed from a frozen solution EPR study (see A in
Table 1), which also shows consistency with a fluid solution study.
The ability to verify with the fluid solution EPR study is critical
since the frozen solution study may be hampered by EA lines and
possibly freezing artefacts.® We find exceptionally good fits to low
temperature fluid EPR experiments using a simple dynamical
model. This is contrary to previous slow-motion studies where low
temperature shows largest model discrepancies for the two spin
system,® or the six spin system using the post convolution
method.>* Using a full length SLEL simulation we conclude on
the dynamics of copper-porphyrin with an overall tumbling in the
regime 7. = 1-10 ns and a subpico-second fast restricted local
motion with amplitude increasing with temperature (see Table 3).
The fast local motion is found to play an important role in the
resolved ligand hyperfine lines at higher temperature X-band
experiments. A Gaussian process regression is found to simplify
and reduce the computational cost when fitting line shapes, and
is important when using high cost simulation methods to analyse
experiments. The number of unknown parameters may be
reduced with the use of molecular dynamics simulations (MD)
where a short MD simulation may be used to compute local order
parameters, even for larger biomolecules. With a reliable force
field for copper complexes, the SLEL may be simulated using MD
trajectories directly.”® The SLEL allows us to address low filed
magnetic resonance experiments even if the Liouville matrix
dimension is relatively large. This is not possible with perturbative
relaxation theory and is particularly important in the exploration
of MRI relaxation agents.*’

With a detailed account of transition metal dynamics made
available by EPR and SLEL, several interesting questions arise.
For instance, energy transfer in artificial photosynthetic
systems*® may have a dependence on local or tumbling
dynamics and EPR/SLEL can improve the design of these
systems. Similarly in homogeneous catalysis,*® dynamics of a
transition metal catalyst may have an effect on the catalytic
efficiency and EPR/SLEL may again be used to improve mole-
cular design.

The simulation program developed during this research will
be made available with an extensive set of tools under the GNU
open source licence.

A1

The spin Hamiltonian is in a generally applicable format
expressed in spherical tensor notation as follows:*°

This journal is © the Owner Societies 2013

H(Qim',Qup') = Hs + Hsi Qo 2mp") (A1)
Hg = Z F‘SO,O)*ALO,O) (AZ)
u
Hsi(Quu', Qup') ZF i QLM',QMP’)A,(E{I) (A3)

wm

F 2Lm (Qum', Qmp')

u, = Z Dmm”z*(QLMl)Dm”m’ (QMP )F(me )7

m'm"

(A4)

where FE, ,7”‘) is proportional to the standard ISTO (irreducible
spherical tensor operators), n = {L,P} are the lab and principal
references frames, respectively, D*> are the Wigner rotation
matrix elements of second rank,*® Qxy = (7xv,fxv,t%xy) are the
Euler angles for the X — Y transformation and u is the type of
interaction g, g, A;, i.e. nuclear-, electron-Zeeman and the
hyperfine interaction for copper and ligand nuclei.

A.1.1 Time scale separated Hamiltonian

Concerning the time dependent Hamiltionian eqn (A3) we
proceed to consider a time scale separation between the fast
vibrations and restricted orientation motions causing the
stochastic time dependence Q\p(¢) and the slower rotational
diffusion Q;\(¢) fluctuations, see Fig. 1. We proceed with a “two
step model” used in NMR relaxation studies*® and applied in
previous SLEL work.>* With (-)\;p denoting a short time average
over fast fluctuating Qyp(f) we get the slow (s) component as

HE (Qu(1)) = (Hs(Quw(t), 2up () uip
= Z Z Dmm”z*(QLM(I)) (AS)
wm m'm”
X <Dm 'm’ QMP( )) MPF;S,len1)A;(¢2,{n)
and the fast component as
HE = Ho (Qum(8),Qup(0) — HS(Qum(®)). (A6)

Furthermore, assuming fluctuations with at least three-fold
symmetry in the (M) frame and cylindrical symmetric F(Z ) only
SMP = (Do> (Qump(t)))mp, a second rank order parameter is
non-zero and
L) SMPEY, (A7)

ZA 2m

SL (Quu)

Provided the stochastic time dependence of H g ® is fast on
the EPR timescale i.e. ||AHgy||tf < 1 (where ¢ is the character-
istic time scale for Qyp fluctuations and ||AHg || is the aniso-
tropy of the spin Hamiltonian), the f part may treated using
Redfield theory.®® The partial averaging has been treated for
EPR problems by considering a nitroxide spin label in bio-
molecules.’™* A general form of Liouvillian corresponding to
fast processes in SLEL takes the form #F(Q(2)) = —iZ2"(Qp\(1))
where 25)(Quu(?)) is a Redfield matrix. It is interesting to note
that there is a time dependence in the matrix originating from
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the orientation dependence in Redfield terms derived in ref. 51
and 52. The SLEL takes the form:

dp(Qum(1))

) (1 Ao

(A8)
= A0(@un (1) ) p( @i (1),

and may be solved using the algorithm derived in ref. 11. How-
ever, we expect the fast dynamics to be in the extreme narrowing
regime, w,7¢ < 1 where w, is the resonance frequency and 2 to
have only a very small influence on the observable. This motivates
to use a Bloch form in treating residual line width.>* We solve the
following SLEL in a matrix representation (see Appendix A.2)

dp®) (Qm")

& (A9)

= —i[Ls + L(S? <9LM’/>} P (Qum),

compute p&) (Quu!) = Tr{S$>p(s)(Q,)} and finally compute the

obs

line shape with p . (QLm') = exp <—R§f) t) p") (Qum'), where RO is

obs
a scalar. Comparing eqn (A8) and (A9), to separately solve for
p®(Quu’), eqn (A9) remains valid provided RY « ||H$(Quu)]|.
From experimentally determined R and $™* an order of magni-
tude estimate of fast dynamics (trf) may be computed under
extreme narrowing conditions®® as

RY) =51 — (SPNEE) + FLD) + FEPFEY T, (AL0)
including the dominating relaxation terms of g and Cu(u)
hyperfine anisotropy.

A.1.2 Spin Hamiltonian elements

The components of the irreducible electron Zeeman (magnetic)
tensor in the principal frame (P) are

12nf,
Fé(w) = _\/% h e(gxx + 8y + g:z)7 [All)
20 22nf, Zux + &y
F;P) = \/; I 82z — % s (AlZ)
F=o, (A13)
242 12nf
g(,P ) = i h e(gxx - gyy), (A14)

where fi. is the Bohr magneton. The Zeeman spin operators are

At = —\@Bos:), (a15)
A = \/%(BUS:L (A16)
A = 53 (ByS.), (A17)

Agi? =0, (A18)

10 | Phys. Chem. Chem. Phys.,, 2013, 00, 1-12

where S, are combined from cartesian operators as Sy = Sy +
iS,. We consider only isotropic nuclear Zeeman interaction
from, the Cu(u) nucleus with spin Hamiltonian

0,0) _ _2Tfl4n

(0,0) _
Zn h n; A B0127

al = (A19)

where u,, h, g, and I, are the nuclear magneton, Planck’s
constant, isotropic chemical shift, and nuclear spin operator
respectively. For hyperfine interaction the tensor operators are
given by:

PO ) a20)
R [, Am )y
Ft =o, (A22)

F/(ijfi’Z) = lznﬁege (Aiyy - Al’r-’)’ (A23)

2 h

in the principal frame for nucleus 7 and g. is the free electron g
value. The corresponding spin operators are:

A(AO,-‘,OQ =- %(11':5: + %(Sd,; + S,I,»+)>, (A24)
ALY = %(L-:S: - %(sm_ + 5_1,-+)), (A25)
Af,-',iil) = :F%(S:tliz + S:1ix), (A26)

A(Az,iZ) = %(Si]ii)~ (A27)

A.2

A.2.1 Numerical procedure

For numerical purposes, it is convenient to specify a basis and
express eqn (A9) in matrix form. Using an orthonormal basis

[Qly er LY} QM]’ we get
pr = pi = (Qilp),
= L; = (Qi| 2|09y,

using the scalar product (A|B) = Tr(A'B). In practice each of the
matrices corresponding to the operator A%™ [c¢f eqn (A7)] are
pre-computed in the matrix using Spindynamica software.’*
The matrices are loaded from files and multiplied with time the
dependent scalar functions F37(Quum(?)). For the six inter-
actions, electron Zeeman, Cu(u) hyperfine and four **N ligand
hyperfine, this corresponds to 36 Liouville matrices each of
dimension M = 419 904.

The observable over the the time window [0,7] is computed
as summarized in the following steps:

(A28)

Lkl,mn (A29)
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(1) Generate an initial orientation (£,) from the distribution
P(Qo).

(2) Simulate a Brownian trajectory on sphere
pute (2,) atn=0,1,..., N.

(3) Numerically solve eqn (A9)"" for jops(R2,) atn =0, 1,..., N.

(4) Repeat steps 1-3 L times and compute .o/ (fops(2,,),L) as
follows:

3755 and com-

S @) L) =7 pen(@) (A30)
i=1

In summary, the solution is calculated L times, where L is
chosen such that the statistical error in the observable is
sufficiently small. An implicit numerical scheme implemented
in C-code is found to be particularly efficient** in combination
with the PETSc library®®® for matrix operations.
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