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Prediction of EPR Spectra of Liquid Crystals with Doped Spin Probes from
Fully Atomistic Molecular Dynamics Simulations: Exploring Molecular

Order and Dynamics at the Phase Transition

Egidisus Kuprusevicius,[a] Ruth Edge,[b] Hemant Gopee,[a] Andrew N. Cammidge,[a]

Eric J. L. McInnes,[b] Mark R. Wilson,[c] and Vasily S. Oganesyan*[a]

Molecular dynamics (MD) simulations are becoming an
important tool for modelling complex molecular systems at
the atomistic scale and for understanding the various chemi-
cal, physical and spectroscopic properties of soft matter[1]

and liquid crystals in particular.[2–4] Increasingly, atomistic
simulations have predictive power and can guide the design
of novel functional materials. In this respect it is important
to test MD predictions against available experimental meth-
ods, such as advanced spectroscopic techniques. Recently,
the use of nitroxide spin labels as paramagnetic probes for
electron paramagnetic resonance (EPR) spectroscopy has
attained wide applicability.[5] EPR with spin probes (SP) is
widely used to test structural properties and molecular mo-
bility of numerous complex molecular systems, such as pro-
teins and protein–protein complexes, DNA/RNA, polymers,
lipids, solid films, nanostructures and also liquid crystals
(LC).[6]

Nitroxide spin probes can be readily introduced into LCs
to probe the order and dynamics of mesogens in different
phases.[4,7] Scheme 1 shows an example of a cholesteric ni-
troxide SP typically used for calamitic (rod-shaped) LCs.
The nitroxide radical is chemically relatively stable and has
an EPR spectrum consisting of an almost isotropic g tensor
(gxx = 2.0088, gyy = 2.0061, gzz = 2.0027)[4] with anisotropic hy-

perfine coupling (A tensor: Axx = 5.9 G, Ayy = 5.9 G, Azz =

31.7 G)[4] to a single 14N nuclear spin I=1 that gives a three
derivative shape line spectrum at the X-band. The three
lines w(t)m = (gzz(W(t))bB+Azz(W(t)m)/�h are the functions of
the calculated MD trajectory W(t) where Azz and gzz are ef-
fective g and hyperfine coupling constants calculated by
using the principle values for g and A according to the pre-
viously described procedure.[4,8, 9]

The variables b, �h and B are the Bohr magneton, the
Planck constant and the magnetic field, respectively and
m=�1, 0. An important feature of EPR spectroscopy is
that it can resolve the details of molecular re-orientational
dynamics over time scales of 10�11–10�7 s.[5] The lines are
sensitive to local dynamics and the order of the probe, and
their shapes can range from the completely averaged
narrow lines in the case of fast isotropic motion to broad
asymmetric features in the case of the “frozen” limit. A vari-
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Scheme 1. A schematic representation of the cholesteric spin probe sur-
rounded by 4-cyano-4-n-pentylbiphenyl (5CB) LC molecules (x, y and z
vectors show the orientation of magnetic axes relative to both the ni-ACHTUNGTRENNUNGtroxide head group and to the direction of director and magnetic field in
nematic phase).
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ety of different shapes can be observed in between these
two limiting cases. They are predetermined by three factors:
i) rotational diffusion (correlation time) of the nitroxide
head group, ii) motional restrictions imposed by the sur-
rounding mesogens (ordering potential) and iii) global order
imposed by the liquid-crystal state. Information about all
three contributions can be depicted from the analysis of
EPR spectra, which are very sensitive to the changes in dy-
namics and the order of the SP within the LC system.

Previously, we have reported an effective method for cal-
culation of EPR spectra from a single truncated dynamical
trajectory of a spin label or probe.[8] It has been shown that
an accurate simulation can be achieved from a single MD
trajectory provided that the autocorrelation function of re-
orientational motion of the spin label has completely re-
laxed. This approach has opened the prospect of the simula-
tion of EPR spectra entirely from MD trajectories of real
molecular structures with introduced spin probes. Such a
technique does not require additional modelling of the spin
probe�s dynamics or fitting of spectra by using adjustable
parameters, and therefore, greatly simplifies the interpreta-
tion and analysis of EPR spectra. It also allows for unambig-
uous conclusions to be reached for the order and the dy-
namics in soft matter systems. Most recently, we have re-
ported the first successful coarse-grained (CG) MD simula-
tion of a LC with doped cholesteric SP.[4]

In this communication, we present the first prediction of
EPR spectra for a liquid crystal with a doped spin probe
from MD simulations at the fully atomistic level. The EPR
predictions focus particularly on the LC states along the
nematic–isotropic (N–I) phase-transition curve and are
tested against the measured EPR spectra. MD simulations
were performed on a system of 4-cyano-4-n-pentylbiphenyl
(5CB) molecules consisting of 141 randomly arranged (head
to tail) molecules in a cubic box of 4.5 nm dimensions with
cubic periodic boundary conditions. For each temperature,
the system, initially composed of 5CB molecules, was equili-
brated for 50 ns followed by the doping of the SP at the cen-
tral position of the box. The system was further equilibrated
for another 30 ns followed by long production runs for EPR
simulations. Figure 1 shows the time evolution of the LC
order parameter over the course of typical MD runs.

It is important to mention that during the long equilibra-
tion runs it was possible to achieve a growth of a pure ne-ACHTUNGTRENNUNGmatic state from a completely isotropic one (as shown by
the red line in Figure 1 a)) and vice versa, demonstrating
thermodynamic stability of the LC states. Such behaviour in
model systems has been observed previously for nematic LC
and LC mixtures, albeit quite rarely.[3,10] In our simulations,
an exception was a very narrow region (DT�2–3 K) around
the N–I phase change, where the dynamics of the LC order
parameter indicate the existence of metastable states of the
mesogens. In particular, for T=385 K a collapse of the ini-
tially partially ordered state to a completely isotropic one
has been observed followed by the re-growth back to a par-
tial nematic (red line in Figure 1 b)). The detection of such
events was possible by running relatively long trajectories of

100 ns. The significance of such molecular behaviour in rela-
tion to the observed features in the EPR spectrum is dis-
cussed below.

Figure 2 shows the phase diagram of 5CB based on the
temperature dependences of three order parameters calcu-
lated from MD trajectories. Note, that our MD simulations

have indicated the systematic shift in phase-transition tem-
perature of �75 K compared to the experimental one that is
308 K. The N–I clearing point is extremely sensitive to the
molecular force field used. For example, very small differen-
ces from the experimental density are known to lead to
quite large changes in the phase-transition temperature. A
systematic shift in temperature is a common observation in
MD simulations.[11] In terms of Terr/TNI, (Terr = TNIACHTUNGTRENNUNG(calcd)-TNI-ACHTUNGTRENNUNG(expl)), these changes are small but in comparison with real
systems can be as large as 80–100 K.[11] Therefore, an effec-

Figure 1. Time evolution of the LC order parameter at different simula-
tion temperatures. a) The blue, green and orange lines correspond to T=

320, 360 and 400 K, respectively; the red line represents the growth of a
nematic phase from a purely isotropic one at 320 K. b) The blue and red
lines correspond to T=380 and 385 K, respectively.

Figure 2. Variation of calculated LC and SP order parameters at different
temperatures. Order parameters for LC 5CB (SLC) and the y (Sy) and z
(Sz) magnetic axes of the nitroxide probe are shown by circles, cubes and
triangles, respectively.
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tive way to compare the simulated and experimental data is
to use either a T/TNI or a T�TNI scale.[11]

A second-rank ordering tensor Qij = <1/2(3uiuj�dij)> ,
where u is a chosen molecular unit vector and dij is Kron-
ecker�s delta, has been used to measure long-range orienta-
tional ordering in the system. Order parameters are calculat-
ed by diagonalising the tensor and the director is given by
the maximal eigenvalue. Three types of order parameters
are calculated in the 5CB–spin probe composite system.
One is defined by the core vector of the 5CB molecules
yielding the director, whereas the other two are related to
the y and z magnetic axes of the nitroxide head group of the
spin probe. For the LC the ordering tensor is averaged over
the ensemble and the time, whereas for the two magnetic
axes of the SP the order parameters are obtained from time
averages. There is a strong correlation among all three order
parameters: SLC being the largest as it is related to the core
vector of the solvent molecules, whereas Sy is associated
with the flexible nitroxide group. Finally, the z axis being
perpendicular to the ring (see Scheme 1) is associated with
the axial dynamics of the probe, which results in the lower
value of the corresponding order parameter Sz.

At the X-band the sensitivity of the EPR line shape is
pre-determined by the anisotropy of the hyperfine coupling
of 14N. This would lead to a strong dependence of the ob-
served shape of the EPR spectrum on the direction of the
magnetic field relative to the principle axes of the hyperfine
coupling tensor (see Scheme 1). In our system, the magnetic
field is set along the orientation of the director. Figure 3 a

shows the predicted EPR spectrum for a pure nematic
phase. It is characterised by three closely-positioned narrow
lines. In the N phase the magnetic field on average is lying
in the plane of the nitroxide ring (see Scheme 1). For such
orientations of the field the distance between the outer reso-
nance field positions is approaching 2Axx/yy. In addition, the
axial director distribution around the direction of the mag-
netic field in this state has a bandwidth of �158, which is
consistent with the observed narrow shapes of the lines.[4]

This state is also characterised by the highest value of the
order parameters (Figures 1 and 2).

Figure 4 shows the autocorrelation functions for several
temperatures calculated from the associated MD trajecto-
ries. One can see that all correlation functions of the SP
completely relax over times <7 ns indicating that the
probe�s dynamics is stationary and that the MD–EPR simu-
lation method is readily applicable. This criteria is also satis-
fied for all temperatures except T= 385 K, the mid point of
the transition curve, which at longer times has slow oscilla-
tion around 0 with a period of �50 ns.

Upon increasing the temperature, the system gradually
becomes less ordered as can be seen from the changes of
the order parameters shown in Figures 1 and 2. This is also
reflected in the shape of the EPR spectrum with the distan-
ces between the hyperfine lines increasing and the shapes
broadening. Drastic changes of the shape of the EPR spec-
trum are observed at the phase transition. Shifts to the left
and right of the outer positive and negative peaks, respec-
tively, are seen at the simulation temperature T=380 K in-

dicating increasing contribu-
tions to the resonance field po-
sitions from off-plane orienta-
tions of the magnetic field. At
T=385 K the most significant
change in the shape of the EPR
spectrum is observed (Figure 5).

Our EPR measurements
have shown that this character-
istic shape maintains only for a
very narrow temperature inter-
val (DT=1 K). An associated
MD trajectory is shown in Fig-
ure 1 b (red line). One can see
that at the start of the MD run
the system is partially ordered
with the order parameter SLC

�0.6. At approximate time, t=

15 ns, the system clears to the
isotropic state with an order pa-
rameter SLC�0.15, and at t=

70 ns a nematic phase is re-
grown. Thus, the system is
metastable and is characterised
by a slow dynamical exchange
between two distinct phases.
This is confirmed by the calcu-
lated autocorrelation function

Figure 3. Comparison of simulated (c) and measured (d) EPR spectra at different values of T�TNI.
a) T�TNI =�25, b) T�TNI =�2, c) T�TNI =2 and d) T�TNI =15 K.
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for the entire length of the MD trajectory, which shows os-
cillatory behaviour at longer times. These data indicate that
the slow dynamical contribution responsible for the inter-
conversion of phases has not completely relaxed and the
overall dynamics of the spin probe is non-stationary. Howev-
er, this exchange process is too slow on the EPR timescale
and therefore, sections of the MD trajectory associated
either with isotropic or partially ordered states can been
used separately in order to provide independent contribu-
tions to the overall EPR spectrum.[8] The simulated EPR
spectrum is in excellent agreement with the experimental
one assuming 30 % and 70 % contributions from disordered
and ordered states, respectively (Figure 5). Figure 3 c shows
that at a simulation temperature of 387 K (T�TNI =2 K) the
observed and calculated (from MD) spectra have a specific
shape, which is explained as being a result of a partially re-
stricted local motion of the probe. This motion is partly

averaged out by superimposing slow diffusional dynamics of
the disordered solvent molecules. At this temperature the
order parameter of the LC is substantially reduced and the
director distribution function is assumed to be isotropic.
When the system reaches completely isotropic order at T�
395 K (Figure 3 d) the fast dynamics of the probe averages
out almost completely the hyperfine coupling and the dis-
tance between the lines reaches its maximal values. At the
same time, all order parameters approach their lowest
values.

In conclusion, for the first time we have carried out fully
atomistic MD simulations to predict EPR spectra of a ne-ACHTUNGTRENNUNGmatic LC with doped SP for different LC states across the
N–I phase-transition curve. EPR spectra predicted directly
from single 100 ns MD trajectories are in agreement with
the experiment. A combination of MD and EPR approaches
has revealed that at the N–I critical transition point the LC
system is metastable and undergoes a dynamical exchange
between disordered and partially ordered states. This type
of the bulk behaviour is observed in MD simulations on the
100 ns timescale within a narrow temperature interval and is
confirmed by EPR experiments. Those two states contribute
independently to the overall EPR spectrum and their rela-
tive contributions (amounts of time spent in each state) can
be estimated. Upon further increase of the temperature by
approximately 2 K, the system rapidly collapses into a com-
pletely isotropic state. This report shows that a unique com-
bination of atomistic MD simulations and the sensitivity of
EPR spectroscopy have an advantage of providing a new
level of detail for molecular motions and molecular order in
complex systems, such as LC, where nanosecond dynamics
of metastable states at the phase transition can be resolved.
Our novel MD–EPR approach brings together theory and
experiment and offers a rigorous test bed for state-of-the-art
MD modelling.

Computational Section

All MD simulations were performed by using the GROMACS 3.3 soft-
ware package.[12] An all-atom approach was adopted based on the OPLS-
AA force field. The force field parameters for 5CB molecule have been
reported previously.[10] The relevant parameters for the spin probe have
been developed by using a combination of the OPLSS-AA force field
and the density functional theory calculations at the B3LYP/6-31G**
level by using the Gaussian 03 program.[13] The charge distribution for
the head group of the spin probes was obtained by using the CHELPG
scheme.[10] All MD simulations were carried out in the NPT ensemble
(P=1 atm, N= number of atoms and T = temperature) with Berendsen
pressure and temperature couplings[14] employed with a relaxation time
of 1.0 and 0.1 ps, respectively. A grid neighbour searching with a cut-off
radius of 1.0 nm and cubic periodic boundary conditions was employed
to generate a pair list of the neighbouring atoms for the non-bonded in-
teractions. Bond lengths were constrained by using the LINCS proce-
dure[15] with the time step of 2 fs. Van der Waals interactions were trun-
cated by using a cut-off of 1.4 nm, whereas long-range electrostatic inter-
actions were handled by a particle-mesh Ewald algorithm with a Cou-
lomb cut-off radius of 1.0 nm.[16, 17]

EPR spectra were calculated from single 100 ns MD trajectories accord-
ing to a procedure described previously.[4, 8] In brief, contributions from

Figure 4. Autocorrelation functions <Dw0(0)Dw0(t)> of the SP calculat-
ed from single MD trajectories generated at different temperatures.
Green, blue, red and orange lines correspond to 360, 380, 387 and 400 K,
respectively.

Figure 5. Comparison of simulated (c) and measured (d) EPR spec-
tra at the corresponding temperatures of the critical point on the phase-
transition curve, T�TNI =0 K.
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each of the three hyperfine lines are calculated as the Fourier transform
of the transverse magnetisation generated from an MD trajectory. The
de-phasing of the magnetisation is caused by the modulation of Dwm(t)
due to the re-orientational dynamics of the spin probe, which is charac-
terised by the autocorrelation function <Dwm(0)Dwm(t)> where
Dwm(t)=Dwm(t)�w̄m and w̄m is a stationary limit reached by the statisti-
cally averaged frequency. An in-house written program was used for the
simulation and analysis of EPR spectra. In all simulations homogeneous
line broadening was accounted by the relaxation parameter T2 =0.18 ms
as described previously.[4]

Experimental Section

Samples of 5CB LC with doped spin probe were prepared according to
the previously described procedure.[4] EPR spectra were measured using
an X-band (9.5 GHz) Bruker EMX spectrometer equipped with the digi-
tal temperature control system for high temperature measurements using
a heated flow of nitrogen gas (Manchester EPR National Service). After
being placed inside the EPR cavity the sample was first heated up to
320 K then slowly cooled down to the desired temperature in the pres-
ence of magnetic field.
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