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ABSTRACT
Linear porphyrin oligomers have found various applications as synthetic molecular wires in the
context of light harvesting, solar energy conversion and molecular electronics. In many of these
applications a partial ordering of the molecules helps to improve the reaction efficiency or device
performance. In this work we study the orientational properties of the building blocks of such
porphyrin-based molecular wires, namely a porphyrin monomer and the corresponding butadiyne-
bridged dimer. The porphyrins have been embedded in the nematic liquid crystal solvent 4-cyano-
4’-pentylbiphenyl (5CB) and the anisotropic properties of their photogenerated triplet states were
characterised by transient electron paramagnetic resonance (EPR) spectroscopy. When aligned in
strong magnetic fields, the liquid crystal molecules impose their orientational anisotropy onto the
solute guest molecules whose orientation-dependent magnetic properties can then be explored.
The line shape analysis of the porphyrin triplet state EPR spectra – highly sensitive to small con-
formational changes – confirms the orientation of the zero-field-splitting (ZFS) tensors previously
determined for thesemolecules bymagnetophotoselection experiments. A biaxial distribution func-
tion is shown to be necessary to simulate the experimental EPR data. The biaxial behaviour, in
conjunctionwith symmetry considerations, allows anunambiguous assignmentof the threeZFS ten-
sor axes to the molecular axes. From the determined orientational distributions of the porphyrins in
5CB, the biaxial order parameters for both molecules were calculated.
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1. Introduction

Porphyrin building blocks are encountered in many bio-
logical systems and play a key role in electron and energy
transfer processes in nature [1,2]. Furthermore, they have
encouraging properties for applications in the fields of
solar light harvesting and molecular electronics [3–9]. In
most biological environments and solid state devices for
technological applications, such as organic photovoltaics
or OLEDs, the molecules are partially ordered. The study
of molecular organisation is thus relevant to the investi-
gation of reaction mechanisms and transport properties
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in chemical and biological systems. Anisotropic environ-
ments in biological systems or solid state devices can be
mimicked with the help of order-imposing media, such
as liquid crystals (LCs), to gain a better understanding
of the properties of reactants in ordered environments.
Molecular order is known to impact on reactivity [10],
for instance electron transfer rates and energy transfer
efficiencies.

Photogenerated triplet states are key reaction interme-
diates inmany light-induced processes occurring in solid
state devices, like OPVs [11–13], or biological systems
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(e.g. photosynthesis [14,15]). Here, the triplet states, gen-
erated by spin-orbit coupling induced intersystem cross-
ing from the excited singlet state, are employed as probes
to study orientation. The molecular triplet state is par-
ticularly suited as a probe for conformational anisotropy,
structure and dynamics, since the EPR spectrum is highly
sensitive to changes inmolecular orientation. Specifically,
the orientation between the external magnetic field and
that of the zero-field splitting (ZFS) interaction tensor D
determines the spectral shape. Anisotropic effects on the
triplet EPR spectra can thus be used to derive magnetic
interaction parameters.

Previous EPR studies of the alignment of organic
molecules in liquid crystal solvents mainly focussed
on energy and electron transfer reactions in covalently
linked donor-acceptor assemblies [16–19]. In this con-
text, the main motivation for the use of liquid crystals
was to slow down the electron transfer rates in order
to be able to study the reactions and their directional-
ity over a wide temperature range spanning more than
100K, including room temperature [20]. Furthermore,
the order and orientational properties of the molecules
were revealed. Especially for electron and energy transfer
reactions, determining the orientation of the ZFS tensor
axes within the molecular frame is important since the
mutual ZFS tensor orientation of the donor and acceptor
moieties has a direct impact on the reaction efficiencies
and deactivation rates [21,22], i.e. the electron transfer
rates depend on the conformational distribution of the
donor and acceptor molecules (conformational gating)
which can be controlled by LCs [23–25].

For a complete assessment of the reciprocal orien-
tation of the ZFS tensor and molecular frames, some
information on the preferred direction of alignment of
the molecules in the liquid crystal solvent is required.
Fortunately, this information can often be obtained

from symmetry considerations in conjunction with the
requirement of cylindrical symmetry of the mesophase
around the LC director [26–28]. In such cases, the loca-
tion of the ZFS tensor axes within the molecular frame
and therefore the sign of the zero-field splitting param-
eter, D, can directly be inferred from the EPR data of
aligned samples.

Although liquid crystal molecules can only be par-
tially ordered, similar information as from single crystal
spectra can in principle be obtained when molecules are
embedded in liquid crystals. Compared to the use of sin-
gle crystals, LC solvents have the advantage that even
large molecules can easily be studied [19,29], where it
may not be possible or extremely difficult to grow single
crystals.

In this study, we investigate the building blocks of
porphyrin-based molecular wires, namely a porphyrin
monomer and the corresponding butadiyne-bridged por-
phyrin dimer with 3,5-bis(trihexylsilyl)phenyl (THS)
side groups, as shown in Figure 1, by triplet state EPR
spectroscopy. The alignment of these molecules will
be characterised in the thermotropic nematic LC sol-
vent 4-cyano-4’-pentylbiphenyl (5CB). We will show
that a biaxial distribution is necessary to describe the
experimental data accurately. The non-equality of the
porphyrin in-plane axes in combination with molecu-
lar symmetry considerations allows a complete assign-
ment of the ZFS tensor axes to the molecular axes
based on the experimental data. The sign of the ZFS
parameter D for P1 and P2 is inferred from these mea-
surements and confirms the results previously obtained
by magnetophotoselection experiments [30]. Numeri-
cal simulations of the triplet spectra yield the confor-
mational distributions of the porphyrins in 5CB and
allow the determination of the biaxial order parameters
S and ξ .

Figure 1. Chemical structures of the porphyrin monomer and dimer, P1 and P2, the THS porphyrin side groups, and the 5CB liquid
crystal molecules. The orientations of the zero-field splitting tensor axes (X, Y, Z) within themolecular frames of P1 and P2 as determined
previously in reference [30] are also indicated.
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2. Liquid crystal order

5CB molecules, as shown in Figure 1, have a rigid
rod-like polarisable core and a flexible aliphatic end
group. They belong to the class of thermotropic nematic
liquid crystals, characterised by a long-range orienta-
tional order. Even if the two ‘ends’ of the liquid crys-
tal molecules are not chemically equivalent, it has been
found that nematic liquid crystals behave optically as a
uniaxialmaterial with a centre of symmetry [31]. To char-
acterise the alignment of the liquid crystal phase, a vector,
called the liquid crystal director �n, is typically defined,
which represents the symmetry axis of the phase. Bulk
order can be imposed onto the molecules forming the
nematic liquid crystal phase by applying electric or mag-
netic fields or making use of coated surfaces [32]. The
LC director, �n, then indicates the average alignment of
all LC molecules. 5CB has phase transitions from the
crystalline phase to the nematic phase and from the
nematic to the isotropic phase at about 22.5◦C and 35◦C,
respectively [33].

The orientation of the individual molecules within the
liquid crystal phase, with respect to the LC director, can
then be described by the polar angles θ and ϕ and a dis-
tribution function f (θ ,ϕ) d� can be definedwhich yields
the probability of finding liquid crystal molecules aligned
within a small solid angle d� = sin θ dθ dϕ around the
position (θ ,ϕ) [32].

If the system is truly uniaxial (i.e. there is cylindri-
cal symmetry about �n), the distribution function f (θ ,ϕ)

should be independent of ϕ, furthermore: f (θ) = f
(π − θ).

Since nematic liquid crystals have no average dipole, it
is appropriate to define a second-rank tensor quantity, S,
to characterise molecular order. In a uniaxial system, this
ordering tensor can be written as follows [31]

S =
⎛
⎝− 1

3S 0 0
0 − 1

3S 0
0 0 2

3S

⎞
⎠ (1)

where S is the only surviving order parameter. The order-
ing matrix S is symmetric, real and traceless. In the-
ory, S can adopt any values from −0.5 to 1, although
experimentally no examples for negative order param-
eters, corresponding to a perpendicular alignment of
the molecules (i.e. distribution of the molecules centred
about θ = π/2), have been found so far for rod-like uni-
axial liquid crystals. If only the liquid crystal molecules
are considered, the system can thus be assumed to be
uniaxial.

A different situation arises when molecules are dis-
solved in liquid crystals. Even if the phase itself is uni-
axial, pronounced molecular biaxiality may require the

introduction of a second order parameter. Whether the
molecular ordering is uniaxial or biaxial is dictated by
the molecular shape and symmetry [34–37]: Biaxiality is
expected for solutes with low symmetry, whereas uniax-
ial behaviour is typically observed for highly symmetric
molecules possessing at least one Cn symmetry axis with
n>3.

In a biaxial system, the ordering tensor S becomes [38]

S =
⎛
⎝− 1

2 (S − ξ) 0 0
0 − 1

2 (S + ξ) 0
0 0 S

⎞
⎠ (2)

where the second order parameter, the biaxiality param-
eter ξ , ranges from −(1 − S) to (1 − S). The order-
ing parameter S can be obtained by averaging over all
molecules

S = 1
2

〈
3 cos2 θ − 1

〉
(3)

where θ is defined as the angle between the LC director
and the symmetry axis (long axis) of an individual
molecule. The angled brackets indicate the ensemble
average. From the above equation, the limits of S and
the implications on the alignment can easily be deduced:
If all molecules are aligned along the LC director �n,
θ = 0 therefore cos2 θ = 1 and consequently S=1. On
the other hand, if all molecules are aligned in the plane
perpendicular to the director (but randomly oriented
within that plane), θ = π/2, thus cos2 θ = 0 and averag-
ing yields S = −0.5.

According to [39], the ordering tensor for a biaxial
system can be rewritten as

S =

⎛
⎜⎜⎝

1
2

〈
3 sin2 θ cos2 ϕ − 1

〉
0

0 1
2

〈
3 sin2 θ sin2 ϕ − 1

〉
0 0

0
0

1
2

〈
3 cos2 θ − 1

〉
⎞
⎟⎠ (4)

whichmakes it possible to calculate not only S but also the
biaxiality parameter ξ from an orientational distribution
of the molecular directors.

Experimentally, the order parameter S for a uniax-
ial system is obtained from an angular distribution,
f (θ), of the individual molecules by multiplication with
(3 cos2 θ − 1) and integration over all angles, followed by
normalisation [29,40]

S = 1
2

〈
3 cos2 θ − 1

〉
=

1
2
∫ π/2
0 f (θ)(3 cos2 θ − 1) dθ∫ π/2

0 f (θ) dθ
(5)
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In linewith previous EPR studies [29,41], the angular dis-
tribution function is assumed to be normally distributed.
The Gaussian function used here is parametrised as fol-
lows:

f (θ) = exp

(
− (θ − θc)

2

2σ 2
θ

)
· sin θ (6)

where θc and σθ stand for the centre and the width of the
distribution, respectively, and the multiplication by sin θ

accounts for spherical averaging.1

If a biaxial system is considered, the angular distri-
bution function becomes dependent on θ and ϕ and a
two-dimensional Gaussian function is employed to char-
acterise the distribution of angles as follows

f (θ ,ϕ) = exp

(
−
(

(θ − θc)
2

2σ 2
θ

+ (ϕ − ϕc)
2

2σ 2
ϕ

))
· sin(θ)

(7)
where θ still refers to the polar angle and ϕ is the
azimuthal angle corresponding to the angle between the
projection of the director onto the xy plane of the molec-
ular tensor frame and the positive x axis.ϕc andσϕ denote
the centre and the width of the distribution with respect
to ϕ.

If the order parameter S is known, the biaxiality
parameter ξ can be calculated from the distribution in
both angles using Equation (4) and is given by

ξ − S =
〈
3 sin2 θ cos2 ϕ − 1

〉
(8)

or, after simplification,

ξ = 3
2

〈
sin2 θ cos 2ϕ

〉

=
3
2
∫ π/2
0

∫ π

0 f (θ ,ϕ)(sin2 θ cos 2ϕ) dϕ dθ∫ π/2
0

∫ π

0 f (θ ,ϕ) dϕ dθ
. (9)

In the nematic phase, liquid crystal solvents like 5CB
are characterised by an anisotropic electric and mag-
netic susceptibility, implying also an orientation depen-
dent refractive index and dielectric constant. Depending
on the difference between the dielectric properties with

respect to the ordinary and extraordinary axes of the liq-
uid crystal, �ε = ε‖ − ε⊥, liquid crystals with negative
and positive dielectric anisotropy are distinguished. If
�ε > 0, the liquid crystal aligns parallel to an externally
applied electric field, whereas if �ε < 0, a perpendicu-
lar alignment is obtained. Analogous considerations can
be applied with respect to the magnetic properties. The
electric and magnetic susceptibilities change markedly
as a function of temperature, where a lower temper-
ature typically implies more pronounced anisotropic
properties [42].

3. Alignment of the liquid crystal samples

The porphyrins P1 and P2, as shown in Figure 1, were
dissolved in 5CB. The liquid crystal imposes its align-
ment onto the porphyrin molecules, so that the align-
ment of the molecules is determined by the liquid crystal
director alignment. For a characterisation of the align-
ment, it is assumed that the distribution of molecules
about the phase director is normal with a variance of σ 2

(cf. Equation (6)).
For alignment, the liquid crystal samples inside the

EPR tubes were warmed up to the isotropic liquid crys-
tal phase while a field of 14 kG was applied using the
EPRmagnet, and subsequently left to cool down to room
temperature in the magnetic field. This procedure was
repeated at least three times. The orientation of the liq-
uid crystal director with respect to the external magnetic
field, B0, can be predicted from the sign of the dia-
magnetic susceptibility�χ = χ‖ − χ⊥. In 5CB,�χ > 0
[43] and thus the long axis of the molecule aligns par-
allel to the external magnetic field, �n ‖B0. After estab-
lishing alignment of the liquid crystal in the EPR tube,
the sample was immediately immersed in liquid nitrogen
(while still in the magnetic field) to preserve the orien-
tational order and then inserted into the EPR resonator.
Allmeasurements were carried out at 90K and porphyrin
concentrations between 0.1 and 0.2mM were used.

EPR spectra were taken at two different orientations
of the liquid crystal director with respect to the external
magnetic field, B0. These orientations are schematically
depicted in Figure 2. If the sample tube is inserted into the

Figure 2. Overview of the two different orientations of the liquid crystal director with respect to the external magnetic field as used in
the EPR experiments (left) and graphical representation of the definition of the angles θ and ϕ (right).
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resonator in the same orientation as was adopted during
the LC alignment, spectra at parallel orientation (�n ‖B0)
are obtained. For the spectra at perpendicular orienta-
tion (�n ⊥ B0), the sample tube is rotated by 90◦ about its
long axis.

In the following, the ZFS tensor axes will always be
indicated with capital letters (i.e. X, Y, Z) and the angle
θ , characterising the liquid crystal director orientation,
is defined as the angle between the ZFS tensor Z axis
and the liquid crystal director orientation (�n) as shown
in Figure 2 (centre and right). The latter is identical to
the application direction of the magnetic field during
alignment.

The orientations of the ZFS tensor axes with respect to
the molecular structures of P1 and P2, as determined in
reference [30], are depicted for reference in Figure 1. The
Y axis of the ZFS tensor is pointing along the axis of the
aryl groups in both cases, whereas the Z axis corresponds
to the out-of-plane axis or the long axis of the molecule,
respectively, in P1 and P2.

4. Results and discussion

Room temperature UV-vis spectra of P1 and P2 in
toluene are shown in Figure 3. It can be seen that the
increased conjugation length inP2 leads to a pronounced
shift of the absorption spectrum towards higher wave-
lengths. Additionally, the relative intensity of the por-
phyrin Q-bands (S0 → S1) compared to the Soret band
(S0 → S2) is significantly increased in P2, indicating
that the electronic S0 → S1 transition is less forbidden
in P2.

To explore the behaviour in liquid crystal solvents,
UV-vis spectra of P1 and P2 were also recorded in the
isotropic phase of 5CB. In this case, the UV-vis measure-
ments were performed on a spectrometer equipped with
a thermostatted sample holder where the temperature
was held constant at 50◦C. A comparison between the

Figure 3. Comparison of the UV-vis spectra of P1 and P2 (∼
1µM) recorded in toluene at room temperature with those taken
in the isotropic phase of 5CB at 50◦C.

room temperature spectra recorded in toluene and the
elevated temperature spectra in 5CB is shown in Figure 3
for the investigated samples.

It can be seen that all spectra are red-shifted in 5CB
as compared to toluene. While the red-shift of the por-
phyrin Soret-band is small, the prominent peaks in theQ-
band region are shifted by more than 10 nm. A spectrum
of P2was also recorded in toluene at 50◦C and compared
with the corresponding room temperature spectrum. In
this case no significant change of the spectrum with tem-
perature was observed. Due to its apolar nature, the sol-
vent properties of toluene are not expected to change
much as a function of temperature. According to litera-
ture [44,45] the refractive index of toluene changes from
1.497 at room temperature to 1.485 at 50◦C, whereas the
static dielectric constant decreases from 2.4 to 2.3. The
relevant solvent properties of 5CB at 50◦C are consider-
ably different (nD = 1.557, εr = 11.5 [43]), which is the
likely source of the pronounced red-shift of the Q-band
in this solvent.

When comparing the individual spectra recorded in
the two solvents, one notices that the spectra of P1 in
toluene and 5CB arewell comparable, while the spectrum
of P2 in 5CB looks considerably different from that in
toluene (Figure 3). The prominent peak of the porphyrin
Soret band of P2 around 450 nm ismuch reduced in 5CB.
This peak was found to correspond to a 90◦ arrangement
of the two adjacent porphyrin units in the dimer [46],
thus the absence of this peak is indicative for a predomi-
nantly co-planar arrangement of the two porphyrin units
of P2 in 5CB.

The co-planar arrangement of the porphyrin planes
of P2 in 5CB suggested by the UV-vis experiments was
further confirmed by excitation-wavelength dependent
EPR measurements. Only minor variations in the shape
of the EPR triplet spectrumwere observed upon variation
of the excitation wavelength, pointing towards a narrow
distribution of contributing rotational conformations.
The corresponding data are shown in the supplementary
information.

4.1. Transient cw EPR

Transient cwEPRmeasurements at theX-band (9.70GHz)
were first carried out on unaligned and aligned samples of
P1 in 5CB at 90K. The corresponding spectra are shown
in Figure 4 (left). They were recorded using direct detec-
tion,meaning that absorptive and emissive transitions are
indicated by positive and negative signals, respectively.
All transient EPR spectra were averaged between 0.7 and
1.5µs after the laser pulse. Pulsed laser excitation was
performed at 640 nm using an OPO seeded by the third
harmonic of a Nd:YAG laser with a repetition rate of
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Figure 4. Comparison of the transient cw EPR spectra of P1 (left) and P2 (right) in unaligned and aligned 5CB at 90 K recorded after laser
excitation (1mJ, 20 Hz) at 640 nm and 730 nm for P1 and P2, respectively.

20Hz. Unless otherwise stated, 1mJ of depolarised laser
light was used to excite the samples.

The spectra of the porphyrin triplet states in unaligned
5CB were needed for data analysis and simulations as
will be explained below. Furthermore, spectra of aligned
samples were taken at two different sample orientations,
referred to as parallel (�n ‖B0) and perpendicular (�n ⊥
B0) orientation, as introduced in Figure 2. Details on the
sample preparation, instrumental parameters and data
treatment are given in the supplementary information.

From the figure it can be seen that the X transition
prevails for P1when �n ‖B0. Perpendicular sample orien-
tation (�n ⊥ B0) leads to a strong enhancement of the Z
and Y transitions in P1. The observations for P1 are con-
sistent with an alignment of the molecule in 5CB along
the axis of the triple bonds (X axis).

Also for P2 transient cw EPRmeasurements were car-
ried out in 5CB at 90K. The triplet states were generated
by excitation at 730 nm. The spectra obtained for P2 are
shown in Figure 4 (right). The Z transition is strongly
enhanced when �n ‖B0 whereas the X and Y transitions
dominate at ⊥ sample orientation, in agreement with
an alignment of P2 in 5CB along the long axis of the
molecule (Z axis).

Considering the uniaxial alignment of nematic LCs
(i.e. requirement of cylindrical symmetry of the meso
phase around the LC director) and the molecular struc-
ture of P1, it can, in principle, be excluded that the
porphyrin planes align perpendicular to the LC director
axis. The porphyrins are thus expected to be aligned with
their molecular planes parallel to the LC director (and
the field) [47]. With this extra piece of information it is
now possible to relate the molecular axes to the ZFS ten-
sor axes and determine the sign of the zero-field-splitting
parameter D for P1 and P2 from the spectra at || and
⊥ orientation. The reasoning is as follows: For P1, the
ZFS tensor Z orientation (direction of maximum dipolar
coupling) is absent in the spectra for �n ‖B0. If alignment
perpendicular to the molecular plane of the porphyrin

macrocycle can be excluded, this implies that theZFS ten-
sor Z axis must coincide with the molecular out-of-plane
axis and therefore that the spin density distribution needs
to be oblate (D>0). The positive sign of D, previously
determined bymagnetophotoselection experiments [30],
can thus be confirmed. In analogy, we can assume that the
same holds true for P2 and that the molecule therefore
aligns with its long axis along the liquid crystal direc-
tor axis. Since the Z canonical transitions are dominant
in the EPR spectra for �n ‖B0 and absent in the spectra
for �n ⊥ B0, it becomes evident that the long axis of the
molecule corresponds to the ZFS tensor Z axis, imply-
ingD<0 (prolate spin density distribution) in agreement
with previous studies [30].

5. Data analysis and simulations

The following procedure was chosen for the analysis of
the recorded triplet spectra: At first, the triplet spectra
in unaligned 5CB, which were assumed to be isotropic,
were simulated for every sample using theMATLAB soft-
ware package EasySpin [48] in order to determine the
triplet state parameters to be used in the simulations
of the spectra of the aligned samples. These parameters
include the zero-field splitting parameters D and E, the
g-factors, and the populations, PX , PY , and PZ , of the
individual triplet sublevels. Once determined for each
molecule in 5CB, the parameters were fixed in all further
simulations of the corresponding spectra of the aligned
samples.

The results of the simulations in unaligned 5CB forP1
are shown in Figure 5 (left). The simulation parameters
are indicated.

The spectrum of the unaligned sample of P1 looks
very similar to a typical triplet spectrum of P1 in frozen
toluene [49] and can be simulated with almost the same
parameters. In addition, the fit is acceptable, leaving little
doubt that the unaligned liquid crystal sample is indeed
isotropic for P1.
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Figure 5. Experimental triplet cw EPR spectrum in unaligned 5CB together with the best fit assuming isotropic alignment for P1 (left)
and P2 (right). The simulation parameters are indicated in the figure.

Also for P2 the triplet spectrum of the sample in
unaligned 5CB was simulated assuming an isotropic
alignment of the molecules within the liquid crystal sol-
vent. The results including the simulation parameters are
shown in Figure 5 (right). The obtained fit is acceptable,
so that the simulation parameters are considered a rea-
sonable starting point for any further analysis. Although
the UV-vis experiments demonstrated that the distribu-
tion of rotational conformers is considerably reduced in
5CB compared to that in an isotropic solvent such as
toluene, the distribution of themolecules within the sam-
ple is still isotropic with respect to B0 if the liquid crystal
is not aligned. Compared to an EPR spectrum taken in an
isotropic solvent such as toluene, the co-planarity of the
porphyrin planes in P2 should only slightly influence the
triplet state populations as was shown in reference [49].

In the next step, the parameters obtained from the
simulation of the spectra of the unaligned samples were
fixed and used to simulate the spectra for �n ‖B0 and �n ⊥
B0 and consequently to obtain the distribution of angles
contributing to the individual spectra from which the
order parameters can be obtained. As mentioned earlier,
a Gaussian distribution of angles is assumed, so the only
variable parameters in these simulations are the centres
and the widths of the employed Gaussian distributions
(cf. Equations (6) and (7)).

As expected from the (approximate) D2h point group
symmetry of the porphyrin molecules, a biaxial dis-
tribution was found to be necessary to reproduce the
experimental triplet state EPR spectra in a satisfactory
way. For completeness, simulations assuming a uniaxial
distribution of the molecules in 5CB are shown in the
supplementary information.

5.1. Simulations assuming biaxiality

In addition to the distribution in θ , a distribution in
ϕ was thus included in the simulations and a home-
writtenMATLAB fitting routine was implemented which
allowed simultaneous fitting of the experimental data for
�n ‖B0 and �n ⊥ B0. The centres of the distributions were
fixed but shifted by 90◦ between || and ⊥ sample orien-
tation. The width of the distributions, σθ and σϕ , were
allowed to vary independently from each other but were
required to be identical for �n ‖B0 and �n ⊥ B0. The best
fits to the experimental data together with the parame-
ters used in the simulations are shown for P1 and P2 in
Figure 6.

Compared to the case of a uniaxial distribution where
the main spectral features could not be reproduced (see
supplementary information), the agreement between
the simulation and experimental data was considerably

Figure 6. Simulated spectra assuming a biaxial distribution P(θ ,ϕ) in comparison with the corresponding experimental spectra for P1
(left) and P2 (right). The parameters yielding the best fit to the experimental data are indicated in the figure.
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Table 1. Overview of the parameters used in the simulations of
the spectra of the aligned samples of P1 and P2 in 5CB.

Sample θc / ◦ σθ / ◦ ϕc / ◦ σϕ / ◦ S ξ

P1 (�n ‖ B0) 90 41 0 38 −0.17 0.51
P1 (�n ⊥ B0) 0 41 90 38
P2 (�n ‖ B0) 0 26 90 48 0.55 −0.10
P2 (�n ⊥ B0) 90 26 0 48

Note: The order parameters S and ξ were calculated from the distributions in
θ and ϕ.

improved by including a distribution in ϕ. The fits are
certainly not perfect, but given the experimental uncer-
tainty on the spectral shape due to (variably) imperfect
LC alignment, the match is considered satisfactory. For
P1, the distributions in θ andϕ are found to be fairly wide
with σθ � σϕ � 40◦, whereas for P2 a narrower distribu-
tion in θ of 26◦ is found in combination with a relatively
wide distribution in ϕ of 48◦.

Calculation of the Order Parameters
From the width of the distributions, σθ and σϕ , obtained
from the simulations of the experimental data, order
parameters were calculated for P1 and P2 according
to Equations (5) and (9). An overview of the parame-
ters characterising the distributions which resulted from
the simulations and of the obtained order parameters
(for the LC alignment corresponding to parallel orienta-
tion of the sample tube, �n ‖B0) is given in Table 1. For P1
the order parameter S is found to be negative, while ξ is
positive since θc = 90◦ and ϕc = 0◦, whereas for P2 S is
positive and ξ is negative (θc = 0◦,ϕc = 90◦).2

6. Conclusions

The investigated porphyrin molecules were found to
align in the nematic phase of the liquid crystal 5CB. The
experimental cw EPR spectra for �n ‖B0 and �n ⊥ B0 are
clearly different. When the liquid crystal is not aligned,
triplet spectra are obtained which closely resemble the
spectra obtained for the same compounds in isotropic
frozen solution, indicating an isotropic distribution of
orientations. The triplet state parameters obtained from
a simulation of such an isotropic liquid crystal spectrum
were fixed and used in the simulations of the spectra of
the respective aligned samples.

It was found that the experimental spectra of the
aligned samples cannot be reproduced in a satisfactory
way if only a distribution in the polar angle θ is con-
sidered in the simulations. However, assuming a biax-
ial distribution P(θ ,ϕ), resulted in a good agreement
between experimental data and simulations. Combining
the experimental results with molecular symmetry con-
siderations, a complete assignment of the ZFS axes to the

molecular axes was possible and shown to be in agree-
ment with previous results from magnetophotoselection
experiments. The ZFS parameterD is positive for P1 and
negative forP2. Both porphyrins were found to align pre-
dominantly along the axis of their triple bonds, which
corresponds to the ZFS tensor X and Z axis, respectively,
in P1 and P2.

Biaxial alignment is a necessary requirement for an
unambiguous assignment of the (relation between the)
magnetic and molecular frames of reference. From a
simultaneous fit of the spectra for ‖ and⊥ alignment, the
centres and widths of the distributions in θ and ϕ were
obtained and the biaxial order parameters S and ξ could
be calculated. The knowledge of the order parameters
and contributing conformations allows the properties of
the different conformers to be disentangled.

Data availability statement

The data that support the findings of this study are avail-
able from the corresponding author, S.R., upon reason-
able request.

Notes

1. The width σθ can be related to the full width at half maxi-
mum (FWHM): FWHM = 2σ

√
2 ln 2.

2. In some of the magnetic resonance literature, the order-
ing parameter S is referred to as Szz , whereas ξ is often
referred to asD or (Sxx − Syy). A compilation of some of the
definitions used by different authors is given in reference
[38].
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