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Abstract
The article presents a comparative review of experimental methods used for char-
acterization of orientational ordering of the molecules in a partially aligned media. 
The optical, X-ray and magnetic resonance techniques are considered. The poten-
tial and limitations of different approaches are discussed. The magnetic resonance is 
concluded to be the most informative technique for detailed characterization of the 
molecular orientation distribution.

1  Introduction

Interest on determination of the orientational molecular alignment is growing now 
in course of the extensive fundamental study of spatially organized media and the 
design of new applied materials. The properties of substances and materials organ-
ized at molecular level such as stretched polymers, liquid crystals, biological or 
synthetic membranes etc. are largely governed by the orientational ordering of mol-
ecules. In this regard, urgent problem for physical chemistry and chemical physics is 
the development of experimental methods for the quantitative structural characteri-
zation of the partially ordered soft matter. This review is devoted to the comparative 
description of various methods for study of the partially ordered materials.

At present, the most common methods used for the experimental characterization 
of the molecular orientational ordering are birefringence, various types of optical 
spectroscopy, X-ray absorption and diffraction, as well as nuclear magnetic resonance 
(NMR) and electron paramagnetic resonance (EPR). In the present review the compar-
ative analysis of various approaches developed for characterization of the orientational 
ordering is presented. We will show that magnetic resonance spectroscopy is the most 
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informative method for investigation of systems with sophisticated orientation distribu-
tion of molecules.

2 � Quantitative Description of Molecular Orientational Ordering

There are various ways to describe of the orientational ordering of molecules in a sam-
ple. The most frequently used characteristics of the molecular orientational alignment 
are the orientation distribution function, the Herman’s orientation factors, the elements 
of Saupe matrix and the White–Spruiell orientation factors. The detailed description of 
these functions is presented in [1–4].

The orientation of a molecule with the arbitrary symmetry relative to the sample 
coordinate system can be specified by the three Euler angles (α, β, γ) that transform the 
sample reference frame to the molecule reference frame. The most detailed character-
istic of the orientational ordering is the orientation distribution function ρ(α, β, γ). The 
orientation distribution function (ODF) can be represented as a series of the general-
ized spherical harmonics:

where Dj

ml
 are the generalized spherical functions (Wigner functions); Pjml are the 

expansion coefficients termed orientation moments or orientation order parameters 
of the jth rank.

The spatial orientation of an axial molecule is uniquely defined by two angles speci-
fying the orientation of the molecular axis in the sample coordinate frame. In this 
case, the orientation distribution function can be expressed by a series of spherical 
harmonics:

where Pj (cosβ) are the Legendre polynomials; Pjm (cosβ) are the associated Leg-
endre functions; ajm, bjm are real coefficients.

The distribution function of the molecules with arbitrary symmetry in an axial sam-
ple is described by the same expression (2). In this case, the angles (β, γ) define the ori-
entation of sample axis in the molecular frame. In the case of the orthorhombic molec-
ular symmetry, in the series (2) only the ajm with even indices j and m are nonzero.

The orientation distribution of axial molecules in axial sample is described by a 
series of Legendre functions:

(1)�(�, �, �) =
∑

j,m,l

2j + 1

8�2
PjmlD

j

ml
(�, �, �),

(2)�(�, �) =
1

2�

∞∑

j=0

[
1

2
aj0Pj(cos �) +

j∑

m=1

P
jm
(cos �)(ajm cos(m�) + bjm sin(m�))

]
,

(3)�(�) =

∞∑

j=0

[
1

2
aj0Pj(cos �)

]
.



1147

1 3

Orientation Distribution of Molecules: Characterization…

Other method of description of the molecular orientation distribution is based 
on the Herman’s orientation factors. These values specify the average orienta-
tion of any molecular axis relative to chosen axis of sample. So, the Herman’s 
orientation factor of the molecular X//axis relative to the sample Z/axis is given 
by the following expression:

where β is the angle between the molecular axis X//and the sample Z/axis; angular 
brackets denote averaging over all molecules.

The complete set of the Herman’s factors consists of nine quantities. They 
are not independent, since the sum of squared cosines of the angles between any 
molecular axis and three sample coordinate axes is equal to unity. There are only 
four independent Herman’s factors related to the four independent second-rank 
coefficients P200, P220, P202 and P222 in the series (Eq. 1) [4].

The orientational ordering of molecules in an axial sample is often character-
ized using elements of the Saupe matrix, defined as follows:

where θin and θjn are the angles between the molecular axes i and j correspondently 
and the sample axis.

Obviously, there are five independent elements of the Saupe matrix. The rela-
tion of these elements to the orientation order parameters is presented in [3]. For 
molecules with the point symmetry groups C2v, D2, and D2h there are two inde-
pendent elements of the Saupe matrix S = Szz and G = Sxx− Syy.

The White–Spruiell orientation factors are used to characterize the predomi-
nant ordering along two different sample axes. These parameters show the aver-
age orientation of one of the molecular axes with respect to the two sample axes. 
For example, the values

characterize the average orientation of the X//molecular axes relative to the X/and 
Z/sample axes. The White–Spruiell orientation factors are explicitly related to the 
Herman’s orientation factors [4].

Different characteristics of the orientational ordering are appropriate for treat-
ment of different experimental data or for description of different type of order. 
However, the order parameters defined by the orientation distribution function 
(1) are most suitable for comparing results of different methods.

(4)fX∕∕Z∕ =
3
⟨
cos2 �

⟩
− 1

2
,

(5)Sij =

⟨
3 cos �in cos �jn − �ij

⟩

2
,

(6a)f B
X∕∕X∕ = 2

⟨
cos2 �X∕∕X∕

⟩
+
⟨
cos2 �X∕∕Z∕

⟩
− 1

(6b)f B
X∕∕Z∕ = 2

⟨
cos2 �X∕∕Z∕

⟩
+
⟨
cos2 �X∕∕X∕

⟩
− 1



1148	 N. A. Chumakova, A. K. Vorobiev 

1 3

3 � Optical methods of Characterization of The Orientational 
Molecular Ordering

Optical methods are based on the interaction of electromagnetic radiation with 
substance. An important value describing this interaction is the complex refractive 
index n̂ = n − ik , where n is the real refractive index dictated by molecular polariz-
ability and k is the absorption coefficient.

Both the polarizability and the absorption coefficient are anisotropic characteris-
tics dependent on the direction of the electric vector of electromagnetic wave in the 
molecular coordinate system. For this reason, the optical characteristics of the sam-
ple formed by orientationally ordered molecules depend on the orientation of the 
sample relative to direction and polarization of electromagnetic wave. By measuring 
the anisotropy of the optical constants one can determine the degree of molecular 
ordering in the sample.

3.1 � Birefringence

The birefringence is the difference in the refractive indices of electromagnetic radia-
tion with different polarizations. The differences between the refractive indices 
measured for three mutually perpendicular directions of electric vector of light (X/, 
Y/, Z/) are related to the second-rank moments of the orientation distribution func-
tion by the following eq. [4]:

where Δ0 = n0
Z� −

1

2

(
n0
X� + n0

Y �

)
 ; �0 = n0

X� − n0
Y � ; n0X′ , n0Y ′ , n0Z′ correspond to perfect 

molecular alignment.
Equations 7a–c contain four independent values of P2ml. Therefore, to determine 

the orientational moments (order parameters), it is necessary to carry out additional 
measurements by means other methods. If the axial molecules are studied, the val-
ues of δ°, P202, and P222 are equal to zero and the birefringence data define two 
second-rank moments of the orientation distribution function. In the simplest case 
of the axial sample formed by axial molecules, the orientational ordering is charac-
terized by a single value P200 =

n∕∕−n⊥

Δ0
 , where n∕∕ and n⊥ are the refractive indices in 

the directions parallel and perpendicular to the sample symmetry axis, Δ0 is the dif-
ference between refraction indexes for perfectly oriented sample. For example, the 
birefringence method was used for study of the dependence of the order parameter 
P200 on the degree of axial tension of polyethylene [5]. The authors of [6] investi-
gated the SmA–N phase transition of 8CB liquid crystal with use of birefringence. 
It should be noted that Δ0 cannot be determined by direct measurement. Most often, 

(7a)ΔnZ∕ X∕ = nZ∕ − nX∕ = Δ0(P200 + 2P220) + �0(3P202 + P222)

(7b)ΔnZ∕Y∕ = nZ∕ − nY∕ = Δ0(P200 − 2P220) + �0(3P202 − P222)

(7c)ΔnX∕Y∕ = nX∕ − nY∕ = 4Δ0P220 + 2�0P222,
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this value is estimated by extrapolating of the temperature dependence of refraction 
to absolute zero [7]. There are examples of determination of Δ0 by parallel measure-
ments of the birefringence and the speed of sound [8]. It is clear that the value of Δ0 
is always determined with significant uncertainty. For this reason, the birefringence 
measurements are often used only for qualitative considerations of the orientational 
ordering without quantitative determination of the order parameters [9–13].

The significant advantage of the birefringence measurements is high time resolu-
tion reaching nanosecond time range [14]. The birefringence is a “global” method 
that does not distinguish the ordering of different parts of sample. This disadvantage 
can be overcome to some extent by division of sample into fragments and studying 
the fragments individually. For instance, authors [15] used birefringence for investi-
gation of the orientation of polymer chains in the films with different thickness. The 
localization of the ordered layer was determined as a result (Fig. 1). This example 
also demonstrates the high sensitivity of the birefringence method, that is suitable 
for examination of low ordered media.

The division of the sample into separate fragments can also be used in the cases 
of other “global” methods. We will further not return to discussion of this issue. 
However, it should be noted that this approach cannot guarantee preservation of 
fragment ordering in the course of division procedure.

3.2 � IR, UV–Visible Spectroscopy and Polarization Fluorescence

The determination of the molecular orientational ordering by absorption or emis-
sion of the light in ultraviolet, visible, or infrared range are based on the anisotropy 
of transition dipole moments. Probability of an optical transition is well known to 
be dependent on the angle between transition moment and the electrical component 
of radiation. Hence, the absorption/emission intensity is dictated by the orientation 
distribution of the transition moments and by the direction of electrical component 
of radiation.

The measurements of intensity for single-photon processes provide possibility to 
determine only the second-rank order parameters. Calculation of the P2ml values is 
carried out in accordance with the Legendre addition theorem [16]:

Fig. 1   Order parameter P20 (S) 
over the thickness of the films: 
1–polyimide, 2–cyclolinear 
polyphenyl sesquioxane, 3–
polyamidoimide, 4–polystyrene. 
Reproduced from [15] with 
permission of “Phisics-Uspekhi” 
journal
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where P2ml
sam are the order parameters of transition moments in the sample frame; P2ml

mol 
are the order parameters of transition moments in the molecular frame; P2ml are the 
order parameters of molecules in the sample frame.

Equations 1, 8a show that the determination of all second-rank order parameters 
is possible when using two different vibrational or electronic transitions jointly.

A typical IR spectrum is the dependence of the transmittance T = I/I0 or the 
absorption A =− logT of the sample on radiation wavelength. As an illustration, 
Fig. 2a shows the difference in intensity of IR absorption of polyacrylonitrile fib-
ers for different orientations of the radiation electric vector relative to the fiber axis 
[17]. The temperature dependence of the order parameter P200 designated as f is pre-
sented in Fig. 2b.

The works [18, 19] are the examples of use of near-IR and far-IR ranges, respec-
tively, for characterization of the orientational properties of polymer materials. 
Since IR spectroscopy is sensitive to the phase state, it is possible to characterize 
the orientational order of crystalline and amorphous phases of the polymer material 
independently [20, 21].

As a rule, the absorption coefficients of infrared radiation are high. There-
fore, experiments in transmission mode are limited by thickness of sample. On 
the other hand, this feature permits to record spectra of thin layers and to deter-
mine the change of molecular order along the depth of sample [22]. The attenu-
ated total reflection spectra are used for determination of ordering for the molecules 
adsorbed on a surface [23] as well as for measurement of the change of orienta-
tion distribution within first few micrometers of the sample [4, 21, 24]. An advan-
tage of the front-surface specular reflection infrared spectroscopy is the ability to 
measure the orientational dependence of the strongest IR lines [25, 26]. The infrared 

(8a)Psam
200

= Pmol
200

P200 + 12Pmol
220

P202

(8b)Psam
220

= Pmol
200

P220 + 2Pmol
220

P222,

Fig. 2   Polarized IR spectra of the νC≡N bond of polyacrylonitrile (left), the temperature dependence of 
order parameter (right). Reproduced from [17] with permission of SAGE Publishing
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reflection–absorption spectroscopy (IRRAS) is widely used in the case of thin films 
[27–29]. The method is based on measurement of the radiation passed through layer 
of substance but reflected by the layer–substrate interface. If degree of orientational 
alignment is low, the difference of absorption of radiation with different polariza-
tions is small and can hardly be recorded. In such cases the modulation of polariza-
tion of IR radiation (PM–IRRAS) is used. This method is described in detail in [30, 
31]. It can significantly increase the sensitivity of IR spectroscopy in the cases of 
polymers with small degrees of deformation, ultrathin films, etc. The Fourier trans-
form IR spectroscopy is appropriate for monitoring the processes with time resolu-
tion from several milliseconds [32] to tens of microseconds [33].

UV–Vis spectroscopy differs from the IR spectroscopy significantly, because UV 
band, as a rule, is a superposition of several vibronic transitions. For this reason, the 
absorption of UV–Vis light is characterized by a tensor. The difference of UV–Vis 
absorption for different directions of light polarization is ordinarily called linear 
dichroism. The values characterizing the average orientation of the molecular axes 
relative to the sample axes in the case of UV–Vis spectroscopy are defined by dif-
ferent authors in different ways, but they are traditionally called order parameters. 
Thus, in [34] orientation distribution of axial molecules in a sample of arbitrary 
symmetry is described by values SXY =

�
⟨3 cos �Xa⋅ cos �Ya − �XY⟩

�
∕2 , where θXa 

and θYa are the angles between the X or Y axes of the sample and the molecular 
anisotropy axis, δXY is Kronecker symbol; angle brackets mean averaging over all 
molecules. Obviously, the diagonal elements of the SXY tensor are Herman’s orien-
tation factors. The authors of the classical work [35] define the orientation distri-
bution of molecules with arbitrary symmetry in axial sample using the parameters 
KX = ⟨cos2 �XA⟩,KY = ⟨cos2 �YA⟩, KZ = ⟨cos2 �ZA⟩ , where θXA, θYA, θZA are the 
angles between the X, Y, Z axes of the molecules and the sample anisotropy axis. In 
the general case of arbitrary symmetry sample formed by arbitrary symmetry mol-
ecules, each element of orientation tensor has four indices and describes the average 
orientation of two molecular axes relative to two sample axes [36, 37].

To study the orientational ordering, the dye characterized by high absorption 
coefficient and significant anisotropy of absorption tensor is often added to studied 
medium. It is important to keep in mind that correspondence between the dopant 
ordering and the molecular ordering of medium depends on many factors: geom-
etry of the dye and medium molecules, their interaction, etc. Moreover, the dopant 
molecules can influence the orientational ordering of medium. Despite these draw-
backs, use of dyes for measurement of the orientational ordering is the widespread 
approach. For example, dyes of various structure are often used to measure the order 
parameter of liquid crystals [38–40]. Polarized UV–Vis spectroscopy is widely used 
for investigations of biological objects [41–45]. A relatively new approach is the 
measurement of linear dichroism in a Couette flow (flow linear dichroism). In such 
a way the mutual orientation of protein fragments [46], the structure of DNA com-
plexes with carbon nanotubes [47], and the structure of bacteriophages [48] were 
investigated.

Unlike IR and UV–Vis spectroscopy, fluorescence is characterized by two transi-
tion moments: the absorption transition moment and the emission transition moment. 
Thus, the polarized fluorescence alone provides information for determination of the 
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order parameters of the second and fourth ranks [49–52]. Since most substances are 
not capable of fluorescence, a small (about 100 ppm by mass [4, 53]) amount of fluo-
rescent dye is introduced into orientationally ordered matrix. In rare cases, the matrix 
molecule itself contains a fluorescent group [4]. The fluorescent probes in polymer 
materials are mainly accumulated into the non-crystalline region of polymer, thus the 
obtained data correspond to the orientation of the molecules in the amorphous phase 
[54, 55]. If the lifetime of the excited state of dye exceeds the rotational correlation 
time, investigations of the rotation mobility is possible by measurement of relaxation of 
the orientational ordering [56, 57]. Of particular interest are the determination of sixth 
rank order parameters by polarized fluorescence. To obtain the values of P20, P40, and 
P60, it is necessary to simultaneously determine the orientation of three different tran-
sition moments of molecule. It has been performed by the two-photon absorption of 
light which causes fluorescence of the dye molecule [58, 59]. The combination of spec-
trometer with a confocal microscope allows recording of spectrum within distinct thin 
layers of the sample. This method is used in the cases of fluorescence [60] and Raman 
spectroscopy [61, 62].

3.3 � Raman Spectroscopy

Raman spectroscopy allows observing the vibrational transitions in non-polar groups of 
atoms (C–C, C = C, etc.). The main molecular characteristic in Raman spectroscopy is 
the polarizability tensor connecting the vector of electric field and the dipole moment 
induced by this field. To determine the orientational ordering of molecules, it is nec-
essary to analyze the set of spectra recorded for various combinations of the relative 
direction and polarization of exciting and scattered light. Thus, both experimental tech-
nique and experimental data processing in the case of Raman spectroscopy are much 
more complicated than in the case of IR spectroscopy. The potential of Raman spec-
troscopy in measurement of the orientation distribution consists in the determination of 
the fourth rank order parameters in addition to the second-rank parameters [63–67]. It 
was shown [68] that the values of order parameters determined by analysis of various 
vibrational modes of molecule can be somewhat different.

Of great interest are measurements of the orientational ordering by simultaneous 
using of several methods. For example, orientational ordering of the fluorescent dye 
4-dimethylamino-4′-nitrostilbene (DANS) in homological series of liquid crystals nCB 
(n = 5–9), nOCB (n = 4–9), nPCH (n = 3–10), nCHBT (n = 3–9) were studied using 
optical dichroism, polarized fluorescence, and Raman spectroscopy [69]. Figure  3 
shows the temperature dependences of order parameters obtained by various methods. 
On can see that difference in the values of P20 and P40 obtained by different methods is 
comparable with the experimental uncertainty.
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4 � Absorption and Diffraction of X‑rays

4.1 � NEXAFS

Probability of electron transition upon absorption of X-rays, like absorption of IR 
and UV radiation, is defined by squared cosine of the angle between the transi-
tion moment and the electrical component of radiation. Therefore, the dependence 
of absorption intensity on polarization contains information about the molecular 
orientational ordering. The angular dependence of NEXAFS (Near Edge X-Ray 
Absorption Fine Structure) spectra is also called X-ray dichroism. Like IR and UV 
spectroscopy, NEXAFS is appropriate for determination of the second-rank order 
parameters only.

As free electrons are generated from depth of no more than 2 nm, NEXAFS is the 
surface-sensitive technique. This method is mainly used to study the orientational 
ordering of thin polymer films [70–74], carbon materials [75, 76] and liquid crystals 
[77, 78]. The surface sensitivity of NEXAFS is successfully used for detection of 
difference in ordering of different layers of material [76, 77]. It should be noted that 
NEXAFS is most often used for the qualitative characterization of material with-
out quantitative estimation of order parameters. In the case of small ordering the 
interpretation of the NEXAFS experimental results is proved to be complicated and 
imprecise [74].

NEXAFS provides information on orientational ordering of various functional 
groups. The reliability of obtained data is largely determined by the correctness of 

Fig. 3   Dependence of order parameters P20 and P40 on reduced temperature Tred = T/TNI for liquid crys-
tals 8CB doped by DANS determined from absorption (crosses–P20 only), fluorescence measurement 
(black circles–P20, black squares–P40) and for respective liquid crystals obtained from Raman scattering 
measurements (white circles–P20, white squares–P40). Reproduced from [69] with permission of Polish 
Academy of Sciences, Institute of Physics
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spectrum bands assignment. At present, the assignment became more reliable due 
to rapid development of quantum chemistry. The quantum chemistry methods allow 
theoretical calculation of the angular dependence of the NEXAFS spectra. As an 
illustration, Fig.  4 shows the experimental and predicted angular dependences of 
NEXAFS spectra for the orientationally ordered polymer [71].

4.2 � X‑Ray Diffraction

X-ray diffraction (XRD) is the best known method for study of crystalline sub-
stances. At present, XRD is also used to study partially ordered media, most often 
polymer materials and liquid crystals. The wide diffuse halos are observed in X-ray 
diffraction patterns of the amorphous materials instead of intense crystalline reflec-
tions. The order parameters of high ranks theoretically can be determined by analy-
sis of the X-ray diffraction images [4]. In practice, only the second and, more rarely, 
the fourth rank order parameters are determined [4, 79–83]. As an illustration, Fig. 5 
demonstrates the diffraction pattern of the nylon 6 fiber and the result of its simula-
tion [84].

It should be noted that methods of treatment of diffraction patterns in the cases 
of partially ordered systems are continuously developing. New analysis technique 
mainly based on baseline correction was proposed in [81]. It was shown that the 
proposed mathematical procedures allow determining the order parameters P20 and 
P40 for liquid crystal materials with accuracy comparable to Raman spectroscopy 
and nuclear magnetic resonance. Recently, improvements of the experimental setup 
made possible in situ monitoring of structural changes by rapid recording of XRD 
images [85, 86].

Fig. 4   Experimental (symbol with line) and simulated (line) angle-dependent data for the nitrogen and 
carbon K-edges of orientationally ordered polythiophene. Reproduced from [71] (https​://pubs.acs.org/
doi/10.1021/acs.jpcc.7b013​53) with permission of ACS. Further permissions related to the material 
excerpted should be directed to the ACS 

https://pubs.acs.org/doi/10.1021/acs.jpcc.7b01353
https://pubs.acs.org/doi/10.1021/acs.jpcc.7b01353
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5 � Magnetic Resonance

Both in the case of EPR and NMR, the resonance conditions depend on the ori-
entation of studied molecule relative to the direction of magnetic field. Therefore, 
the signals of the molecules with different orientations are observed in the spec-
trum on different positions. This feature is the basis of qualitative advantage of 
magnetic resonance in comparison with other experimental technique for study of 
the orientational ordering. Indeed, in the case of optical and NEXAFS methods 
the signals caused by the molecules with different orientations have coincident 
positions and differ only in intensity. In the case of magnetic resonance, the sig-
nals of the molecules with different orientations do not coincide, so change of the 
orientation of anisotropic sample relative the magnetic field leads to change of 
the spectrum shape. For this reason, there is no theoretical limit for determina-
tion of high rank order parameters from the magnetic resonance spectra. Should 
the components of EPR and NMR spectra be infinitely narrow, the analysis of 
the spectra would provide order parameters of any rank. In practice, the rank of 
determined order parameters is limited by broadening of spectral lines, superpo-
sition of components, experimental noise etc.

5.1 � Nuclear Magnetic Resonance

The resonance conditions in NMR are defined by a few factors: chemical shift σ, 
spin–spin, dipole–dipole and quadrupole interactions. The chemical shift depends 
on the orientation of screening molecular orbitals with respect to the external 
magnetic field. Anisotropy of chemical shift is described by a second-rank tensor 
with nonzero trace. The molecular rotations in liquid solution average anisotropy 
of chemical shift. The principal axes of chemical shift tensor are determined by 
the spatial location of molecular orbitals and depend on the symmetry of molecu-
lar fragment considered. The principal axes for many molecular fragments are 
accurately determined [87, 88]. Figure  6 shows 13C NMR spectra of deformed 

Fig. 5   Diffraction pattern of nylon 6 fiber (left) and the result of its simulation (right). Reproduced from 
[84] with permission of Rigaku
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polyethylene terephthalate film recorded at different orientations of the sample 
relative to magnetic field [89].

The spin–spin and dipole–dipole interactions of magnetic nuclei are also 
described by the second-rank tensors [J] and [D], respectively. Tensor [D] in con-
trast to tensor [J] has zero trace. The first-order quadrupole interaction is described 
by the second-rank tensor similar to chemical shift and spin–spin interaction. The 
second-order quadrupole interaction cannot be described by the second-rank tensor.

The contribution of various interactions to the shape of spectrum differs signifi-
cantly for different systems. The anisotropy of nuclear magnetic interactions leads 
to significant broadening of the NMR spectra of solids. NMR spectra are generally 
used for determination of chemical structure of the studied substance. In this case the 
anisotropy is averaged by rotation of sample around an axis of 54.74° to magnetic 
field (the magic angle of the second Legendre polynomial) with frequency slightly 
larger than the line broadening caused by anisotropic magnetic interactions. This 
method, called MAS (magic angle spinning), leads to averaging of chemical shifts, 
spin–spin and the first-order quadrupole interactions, and vanishes the dipole–dipole 
broadening. To average the second-order quadrupole interactions dependent also 
on the fourth Legendre polynomial it is necessary to rotate the sample around the 
axes of 30.55° or 70.12° (magic angles of the fourth Legendre polynomial). The cor-
responding DAS (dynamic angle spinning) and DOR (double rotation) techniques 
are described in detail in [90]. It will be shown below that the techniques based on 
the rotation of the sample in a magnetic field can be used for determination of the 
molecular orientational ordering.

Several methods have been developed to date for determination of the orienta-
tional ordering by NMR spectroscopy. The computer program LAOCOONOR, later 
renamed to SHAPE, was developed for the numerical simulation of NMR spectra of 
orientationally ordered molecules containing several magnetic nuclei. The program 

Fig. 6   1D static 13C NMR spectra for a biaxially drawn 12-μm PET film recorded at different orienta-
tions of the sample in magnetic field. Reproduced from [89] with permission of ACS
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permits to compare the calculated and experimental spectra and to estimate the order 
parameters and the parameters of dipole–dipole interaction. Use of this approach 
for study of order of liquid crystalline substances is described in [91–93]. The first 
determination of all five elements of the Saupe matrix was presented in [93]. As an 
illustration, Fig. 7 shows the experimental and calculated NMR spectra of pyridine 
in ordered nematic liquid crystal [91].

The technique based on computer simulation of nuclear magnetic resonance 
spectra is not widely used. Probably, the reason is the procedure for comparison of 
calculated and experimental spectra. This procedure is based on an iterative gra-
dient method suited for description of the shape of spectral components, but very 
poorly adapted for fitting of their position in spectrum. Indeed, if the components 
of the calculated and experimental spectra do not coincide, the residual value does 
not depend on the distance between them. Thus, it is necessary to adjust positions 
of spectral components manually and only after that to use the minimizer program.

The most prominent progress in the characterization of the orientational order 
by NMR spectroscopy was achieved by Spiess et al. [88, 89, 94–97]. The developed 
experimental methods and procedures for the spectral analysis allow determining 
the order parameters of high (above the 4th) ranks and estimating the characteristics 
of biaxial molecular ordering. The developed method was also used by other authors 
(see, for example, [98–100]). As it was shown above, a single spectrum is insuffi-
cient for unambiguous determination of the molecular orientational characteristics. 
Two fundamentally different approaches for overcoming of this problem in the case 
of NMR spectroscopy were developed: synch-MAS based on the synchronization of 
sample rotation with data acquisition and the recording of the angular dependence 

Fig. 7   Observed (up) and calculated (down) NMR spectra of pyridine oriented in the nematic phase of 
anisole-azophenyl-n-capronate. Reproduced from [91] with permission of Taylor & Francis Ltd
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of spectrum for non-rotating sample. Both methods are based on the chemical shift 
anisotropy and employ the spectral bands of “rare” nuclei—2H or 13C.

The synchronized magic angle spinning spectroscopy (synch-MAS or, in earlier 
works, ROSMAS) consists in synchronizing the rotor phase and the pulse sequence 
generated the NMR spectrum. The significant contribution of dispersion in the 1D 
synch-MAS spectra leads to a strong line broadening and significant decrease of 
informativity of the experiment. Therefore, 2D and 3D experiments are used at pre-
sent to study orientationally ordered samples. The pulse sequences used for such 
experiments are described in detail in [88, 97].

Figure 8 shows the calculated 2D synch-MAS spectra of isotropic and orienta-
tionally ordered samples [88]. In Fig. 8c, one can see that components at ω1 ≠ 0 are 
observed in the spectrum in the case of the orientationally ordered sample in con-
trast to the spectrum for disordered sample shown in Fig. 8a. In the case of the sam-
ple with axial symmetry rotated around anisotropy axis (Fig. 8b), the components at 
ω1 ≠ 0 are negligible, but the amplitudes of the components at ω1 = 0 differs from the 
spectrum of disordered sample.

Figure 9a demonstrates the experimental 2D 13C synch-MAS spectra for polyeth-
ylene terephthalate fibers [96]. The lines marked as GE, PA, UA and CA correspond 
to the carbon atoms in different fragments of molecule. Based on these spectra, the 
distribution functions of the fiber axis orientation were reconstructed in the princi-
pal frames of the chemical shift tensors of different C-containing molecular frag-
ments (Fig. 9b, c). The possibility to determine the orientational ordering of various 
molecular fragments independently is a significant advantage of NMR spectroscopy.

Another way of NMR study of the orientationally ordered systems is DECODER 
spectroscopy (direction exchange with correlation for orientation distribution evalu-
ation and reconstruction), based on the spectra for non-rotating sample at several 
fixed positions in a magnetic field. This approach is carried out by turning the sam-
ple by a certain angle during the mixing period. The experimental design, as well 
as the principle of data analysis, is illustrated in Fig.  10. The magnetic field vec-
tor B0 “switches” between the two positions B01 and B02 in the sample coordinate 
frame. The frequency coordinates ω1 and ω2 of a signal sweep cones in the sample 

Fig. 8   Calculated 2Dsynch-MAS spectra of isotropic and orientationally ordered samples. The sample 
rotates around an axis directed along the cylinder. Reproduced from [88] with permission of Elsevier
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coordinate frame, which can be represented as circles on a sphere of unit radius. 
The intersection points of the circles define several possible orientations of a given 
molecular axis relative to the sample. This methodology is close to the method of 
wide-angle X-ray scattering spectroscopy. The analogies between these methods are 
considered in detail in [88].

For simplification of the procedure of extracting the values of order parameters 
it was proposed to represent experimental spectra as a sum of subspectra with coef-
ficients corresponding to the moments of orientation distribution function [88, 95, 
98]. The coefficients are selected in such a way that every calculated spectrum would 
be as close as possible to the experimental one. Obviously, the higher anisotropy of 
the studied system, the larger number of expansion terms should be used.

If the molecules are oriented mainly in one direction, the procedure for simu-
lation of NMR spectra can be simplified using the distribution in form of Gauss-
ian function. The Gaussian orientation distribution is defined by three parameters 
describing the direction of orientation axis and the width of distribution. At the same 
time the distribution can be expanded in a series of spherical functions. For exam-
ple, the ordering of macromolecules in crystalline domains of stretched deuterated 
polyethylene was described by order parameters up to rank 8 calculated from the 
obtained Gaussian distribution [95]. The independent variation of the order param-
eters, as well as the addition of higher rank parameters did not improve agreement 
with experimental spectra. The authors concluded that the orientation distribution of 

Fig. 9   2D-MAS 13C spectrum of PET fibers, oriented at an angle of 39° ± 3° to the rotor axis, and spin-
ning at 3.2 kHz (GE—glycolic ethylene; PA—aromatic carbon with hydrogen substitute; UA—aromatic 
carbon without hydrogen substitute; CA—carbonyl) (a); contour plots of the orientation distribution 
functions of the fiber axis in the frames of the aromatic carbons shilding tensors (b, c). Reproduced from 
[96] with permission of AIP Publishing
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polymer molecules in stretched polyethylene really has the Gaussian shape. It should 
be noted that assumption of Gaussian shape for molecular orientation distribution 
function is not generally correct.

A significant advantage of the described methods is the possibility of determi-
nation of high rank order parameters. For example, the orientation of PET macro-
molecules in fibers, as well as in axial and biaxial films, was described using 13C 
DECODER spectroscopy with evaluation of the order parameters up to 14th rank 
[89]. It should be noted that DECODER spectroscopy permits evaluation of the 
order parameters of higher rank than synch-MAS spectroscopy and, therefore, 
describes orientational alignment in more details (Table 1).

The synch-MAS and DECODER procedures are complicated both experimen-
tally and theoretically. However, at present time there is no worthy alternative to 
them. Some researchers proposed methods for determining the molecular orienta-
tional ordering from the NMR spectrum of motionless sample. The authors of [101, 
102] determined the values of P20 for stretched deuterated polybutadiene using com-
puter simulation of a single NMR spectrum. It was shown that degree of polymer 

Fig. 10   Experimental design and the principle of data analysis in DECODER. Reproduced from [88] 
with permission of Elsevier
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ordering is reflected in the signal splitting and line shape. The authors of [103, 104] 
proposed a joint numerical simulations of series of NMR spectra recorded at dif-
ferent orientations of axial sample relative to magnetic field as an alternative to 
DECODER spectroscopy. Figure 11 presents set of spectra of compressed deuter-
ated polymethyl methacrylate. The spectra were recorded at discrete orientations of 
the sample with the step of 15° around an axis perpendicular to the deformation 
direction. Information on the molecular ordering is contained in the shape of curves 
connecting the spectral maxima. The order parameters P20, P22, P40, P42, P44, and 
P60 were determined from the presented experimental data. The reconstruction of 
orientation distribution became possible with use comprehensive regularization pro-
cedures. The choice of the regularization scheme was shown to be critical. In our 
opinion, the reliability of obtained values is not high. To date, the proposed method 
has not been used by other researchers.

The additional factors influencing the shape of NMR spectra are the rotation of 
molecules as a whole and the intramolecular rotation of molecular fragments. Dis-
crimination of the sample domains with higher and lower molecular mobility can 

Table 1   Order parameters of PET fibers determined using synch-MAS 2D NMR and DECODER 2D 
NMR [88]

P2 P4 P6 P8 P10

Synch-MAS OCH2 0.55 ± 0.02 0.55 ± 0.03 – – –
Synch-MAS COO 0.51 ± 0.02 0.41 ± 0.06 0.55 ± 0.15 – –
DECODER OCH2 0.60 ± 0.05 0.47 ± 0.05 0.37 ± 0.05 0.26 0.17

Fig. 11   Set of 13 experi-
mental 1D quadrupolar solid 
state NMR spectra of PMMA 
strained below the glass transi-
tion temperature; the envelopes 
of two series of experimental 
spectra for samples with differ-
ent deformation are presented in 
the top as solid and dotted lines. 
Reproduced from [103] with 
permission of ACS
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be done based on the line width of NMR signal. For example, the signals of amor-
phous and crystalline domains of polymer were distinguished in [95, 98, 105]. The 
influence of molecular rotational mobility on the line shape of magnetic resonance 
spectrum was considered theoretically in [106]. Two types of rotation were con-
sidered: “liquid-like” rotation (Brownian rotational diffusion), “solid-like” rotation 
(rotational jumps on a certain angle) and their combination. It was shown that these 
two types of rotational mobility cause different changes of the spectral line. In par-
ticular, high Brownian diffusion rate leads to the Lorentzian shape of line. When 
the liquid-like rotation slows down and the frequency of jumps increases, the line 
narrows and the line shape deviates from the Lorentzian function. It should be noted 
that the mathematical consideration presented in [106] is applicable to both NMR 
and EPR spectra.

The shape of the NMR spectral line at various frequencies of rotational jumps 
was calculated in [107]. Attempt of simultaneous characterization of the rotational 
mobility and the molecular orientational ordering by 13C synch-MAS NMR spec-
tra of highly ordered crystalline polyformaldehyde is described in [108, 109]. The 
authors asserted that the best simulation of experimental spectra was achieved in 
the case of “solid-like” rotational mobility with rotation angle of ± 200°. However, 
the procedure for determination of the optimal rotation angle, as well as uncertainty 
of the obtained value was not discussed. In general, it should be concluded that the 
simultaneous determination of the rotational mobility and the orientational ordering 
by NMR spectroscopy at present is the unsolved problem.

It is necessary to consider in more detail the potential of NMR spectroscopy in 
characterization of the molecular orientational ordering in liquid crystals. Obvi-
ously, DECODER and synch-MAS techniques requiring sample rotation cannot be 
used to study liquid substances. In addition, the rotational molecular mobility in liq-
uid crystals with typical correlation time ~ 10−9 s leads to averaging of the most part 
of magnetic anisotropy [110]. The 2H NMR is the best method for studying liquid 
crystals at the present time. Deuterium nucleus has a spin equal to unity and dem-
onstrates a quadrupole moment interacting with a gradient of the local electric field. 
Rapid stochastic molecular rotations in ordinary liquids average the anisotropy of 
the quadrupole tensor to zero, and corresponding NMR signal becomes a single line. 
In the orientationally ordered phase, in contrary, the signal consists of two lines of 
equal intensity. The distance between the lines is defined by the quadrupole tensor 
and the molecular orientation. When deuterium nucleus is located in the aliphatic 
fragment, the quadrupole tensor has almost axial anisotropy with the axis directed 
along the C–D bond. The quadrupole splitting then is determined by the angle 
between the C–D axis and the direction of magnetic field [111]:

where qCD is the constant of the quadrupole interaction; SCD is the second-rank order 
parameter of the C–D axis. The works [111–115] are devoted to consideration of the 
angular dependences of the quadrupole splitting for deuterated nematic 5CB liquid 

(9a)Δ� = Δ�0(3 cos
2 � − 1)∕2

(9b)Δ�0 = (3∕2)qCDSCD,
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crystalline phase as well as nematic and smectic 8CB phases. The liquid crystalline 
samples oriented between two glass plates were reoriented by electric field to meas-
ure specific time of the molecular reorientation. Change in the quadrupole splitting 
of the NMR spectra was used for monitoring the reorientation process (Fig.  12). 
As a result of these experiments, the values of relaxation times, the coefficients of 
rotational viscosity and the diamagnetic anisotropy were determined. The molecular 
orientational ordering was considered only qualitatively. For example, Fig. 12 was 
commented by the authors of [111] as follows: “it can be seen that with a strong 
orienting action of the surface, a small but noticeable fraction is present in the sam-
ple, in which the director is still oriented to a greater or lesser extent parallel to the 
surface of the glass plates”.

The data presented in this section allow concluding that nuclear magnetic res-
onance is a powerful method for characterization of the molecular orientational 
ordering. NMR has no theoretical restrictions on determining the order parameters 
of high ranks, as well as on establishing the characteristics of biaxially ordered sys-
tems. A significant advantage of this method is the possibility of an independent 
specification of the ordering of various molecular fragments [116]. Nevertheless, it 
should be recognized that the NMR methods developed to date cannot be applied to 
many objects. Further development is necessary for application of NMR for study of 
ordered soft materials.

5.2 � Electron Paramagnetic Resonance

In the case of electron paramagnetic resonance, like the nuclear magnetic resonance, 
there is no theoretical limit for determination of high rank orientational moments. 
The limitations in this case are defined by width of the individual resonance line, by 
overlapping of the spectral components and by quality of spectra recording.

Fig. 12   Deuterium NMR 
spectra of 5CB-d2 liquid crystal 
measured at various applied 
electric field for two nematic 
cells: (a) 55.7 μm cell with 
weak anchoring condition and 
(b) 55.5 μm with strong anchor-
ing condition. Reproduced from 
[111] with permission of Taylor 
& Francis Ltd
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The main characteristics of paramagnetic particles determining the resonance 
condition are known to be the gyromagnetic ratio (g-factor) and the constants of 
hyperfine interaction (hfi). Both the g-factor and hfi constants are the second-rank 
tensors with nonzero traces. The principal axes of the g- and hfi-tensors in the 
molecular frame are known for many radicals.

Since most substances and materials are not paramagnetic the methods of spin 
probe and spin label are widely used [117]. The most common spin probes are sta-
ble nitroxide radicals which are characterized by high stability and large anisotropy 
of hyperfine interaction. The large anisotropy makes the EPR spectra of nitroxides 
sensitive to the rotational mobility and the orientational ordering of paramagnetic 
molecules.

In the first works devoted to determination of the molecular orientational order-
ing by EPR spectroscopy, the order parameter P20 was estimated using the angular 
dependence of the parallel hyperfine component of vanadylacetylacetonate in liq-
uid crystalline medium [118]. It was assumed that the amplitude of this component 
is proportional to the number of molecules oriented along magnetic field. Later in 
[119, 120] it was theoretically shown that the higher the molecular ordering the 
greater is the difference between the orientation distribution function obtained in 
this way and the true function. Another significant weakness of the method is the 
using only one specific point of spectrum, thus large part of spectral information 
concerning the molecular orientational ordering is lost.

A numerical treatment of EPR spectra of spin probes in liquid crystalline media 
were developed in a series of works by McFarland, McConnell, Luckhurst and Zan-
noni [121–126]. The used procedures were intended for consideration of spectra in 
the fast rotating regime when the molecular rotation correlation time is in the range 
1 ·10−9–5·10−11 s. Spectra of nitroxide radicals in this condition consist of three well-
resolved components (Fig. 13). The half-width of the spectrum lines is determined 

Fig. 13   EPR spectra for the 
5-doxyl stearic acid probe in 
lamellar G phase for three 
orientations of director relative 
to magnetic field. Reproduced 
from [124] with permission of 
Taylor & Francis Ltd
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by the spin–spin relaxation rate and can be described in the terms of the Redfield 
theory [127] as follows:

where T2 is the time of spin–spin relaxation, m is the projection of the nitro-
gen nucleus spin on the direction of external magnetic field, A, B, C are constants 
depending on the magnetic parameters, X is the contribution independent on the 
rotation mobility, γ is the angle between the director of liquid crystal and the direc-
tion of magnetic field. The last term in the expression (10) is caused by unresolved 
proton hyperfine structure. As the experimental EPR spectrum is the sum of spec-
tra of radicals with different orientations relative to magnetic field, it is clear, that 
the shape of the spectrum contains information about the molecular orientation 
distribution.

The authors of [121–126] used large elongated nitroxide radicals (3-doxyl-5α-
cholestane, 5- and 12-doxylstearic acids) as spin probes. The rotational diffusion of 
these molecules in liquid crystalline media is approximately axial. The orthorhom-
bic anisotropy of the magnetic parameters in these conditions is averaged to the 
effective axial parameters − g̃⊥, g̃∕∕, Ã⊥, Ã∕∕ . It was shown that the order parameter 
P20 in this case can be determined from the positions of the high-field and low-field 
components of the spectrum. The angular dependence of the coefficients A, B, C 

permits to determine the order parameter P40 and the molecular rotational correla-
tion times τII and 𝜏⊥ . It should be noted that parameter A, in contrast to the param-
eters B and C, includes the contribution of the unresolved hyperfine structure; there-
fore, as a rule, the angular dependence of the B and C is used for determination of 
the rotation parameters and the orientational characteristics.

(10)1∕T2(m)
= A(�) + B(�) ⋅ m + C(�) ⋅ m2 + X(�),

Table 2   Values of the orientational order parameters for radicals in smectic liquid crystal estimated from 
angular dependences of the coefficients B, C (averaging for B and C) and calculated according to the 
Maier–Saupe theory [124]

P20 experiment P40 experiment P40 calculation by 
Maier–Saupe theory

(I)

0.76 0.43 0.43

(II)

0.61 0.11 0.25

(III)

0.23 − 0.08 0.04
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Table 2 presents the values of order parameters P20 and P40 for spin probes in 
the smectic liquid crystalline phase. The parameters obtained from angular depend-
ences of the coefficients B and C are compared with the values calculated within the 
Maier–Saupe theory [128]. It is seen that in the case of the rigid radical I these val-
ues agree, while for flexible probes II and III, the experimentally determined orienta-
tional moments contradict to the theoretically predicted. Thus, a single Maier–Saupe 
potential is insufficient for correct description of flexible spin probes.

The described method has serious limitations. The method was worked out 
only for study of axial samples. Samples with more sophisticated ordering cannot 
be analyzed in this way. The orientational ordering in this method is described 
by order parameters of the second and fourth ranks only. The determination of 
orientational moments of the higher ranks is not possible. In addition, the rotation 
of spin probes is assumed to be axial, and therefore, this approach can be applied 
only for elongated paramagnetic molecules. It is not applicable in the case of 
small compact spin probes. And most importantly, the proposed method is based 
on Redfield theory and thus can only be applied to EPR spectra in the range of 
fast rotations. Since liquid crystals are viscous solvents, in practice this condition 
is rarely realized.

Ovchinnikov et  al. [129, 130] proposed the “express analysis” (the authors’ 
term) of EPR spectra of the orientationally ordered samples. The method is based 
on modeling of the angular dependences for intensities of spectrum singular 
points corresponding to the canonical magnetic axes of paramagnetic molecules. 
Corresponding mathematical tools was developed for axial systems and was 
applied for the transition metal complexes oriented in liquid crystals. The orienta-
tion distribution function was assumed to be as follows:

where N is the normalization factor; cosθi are the direction cosines of the symmetry 
axis (director of the liquid crystal) in the molecular coordinate frame (x, y, z); ai are 
the distribution parameters.

The joint computer simulation of a series of EPR spectra of an anisotropic 
sample recorded at different sample orientations in magnetic field was used in 
the works of Boguslavsky et al. [131, 132]. The angular dependence of all points 
of the spectrum is used in this case. The molecular orientation distribution in 
these works is presented as three independent Gaussian distribution correspond-
ing to three Euler angles (ψ, ω, φ) connecting the molecular frame with the sam-
ple frame, as follows:

where (ψm, ωm, φm) are the Euler angles of predominant molecular orientation 
in the sample, σi are the width of distributions on (ψ, ω, φ) angles assumed to be 
independent.

(11)P(�x, �y, �z) = N ⋅ exp(−ax cos
2 �x − ay cos

2 �y − az cos
2 �z),

(12)P(� ,�,�) = P(�)P(�)P(�) = exp

[
−ln2

(
� − �m

)2

�2
�

]
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[
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The method was tested for the axial samples of copper (II) dipivaloylmethan-
ate films. It is clear that the distribution (12) described by only three independent 
parameters cannot be used for the independent estimation of the high rank order 
parameters.

The widely used method for description of the orientational ordering of paramag-
netic molecules was developed by Freed and el. [133–137]. The method is based on 
the joint simulation of the spectra recorded at different orientations of the sample in 
magnetic field. The minimization procedure is used for spectral fitting. The orienta-
tion distribution of spin probes in the framework of this method is considered to be 
dictated by an averaged ordering potential of the medium. This approach is called 
the mean field potential method (MF). The orienting potential U (θ, φ) is expressed 
as a series of spherical functions of the second and fourth ranks:

where Dj

0m
 are the Wigner functions; angles β, γ determine the local director in the 

coordinate frame of paramagnetic molecule; the parameters cj,m are expressed in 
units of kbT.

The orientation distribution function is presented as follows:

Obviously, this approach is intended for study of the systems in Maxwell–Boltz-
mann equilibrium. The stochastic Liouville equation is used for calculation of 
the slow motional EPR spectra corresponding to the rotational correlation times 
10−7–10−9 s. The most detailed discussion of the method, including theoretical basis, 
description of the software and examples of application is presented in [133–135].

The described method is applicable for description of the EPR spectra recorded 
at different frequencies. Joint analysis of the X- and W- band EPR spectra was pre-
sented in [136]. The mobility of nitroxyl labeled T4 lysozyme in the solution at the 
temperatures 275–305 K was studied by EPR with frequencies of 9, 95, 170, and 
240 GHz [137].

The mean field potential method approves itself as a powerful tool for interpre-
tation of the EPR spectra of rotated spin probes in ordered media. Limitations of 
this approach were analyzed in [138]. The most important one is a priory postula-
tion of the same orientation distribution in all points of a sample. Both independ-
ent determination of the high rank order parameters and the correct consideration 
of real structure of the material with different local ordering became impossible 
as a result of this postulation. The impossibility of independent measurement of 
the order parameters impedes to revelation of sophisticated features of orientation 
distribution.

(13)
U(�, �)

kbT
= −

∑

j,m

cj,mD
j

0m
(�, �),

(14)�(�, �) =
e−U(�,�)∕kbT

∫ e−U(�,�)∕kbT sin � ⋅ d� ⋅ d�
.
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The simplest and, at the same time, accurate approach to determining the ori-
entational ordering of paramagnetic molecules using EPR spectra was proposed by 
Burghardt et al. [139–142]. The works of these authors were devoted to study of the 
orientation distribution of the muscle myosin labeled by nitroxide moiety. The ori-
entation distribution of the paramagnetic fragments was determined by joint simula-
tion of the spectra recorded at different orientations of the sample in magnetic field 
as in the case of MF method. But according to the procedure of Burghardt et al. the 
orientation distribution function was expressed by Eq.  (2) as a series of spherical 
functions. The coefficients of Eq. (2) were chosen to achieve the best coincidence of 
calculated and experimental spectra. To determine the maximum rank of orientation 
moments, the spectral simulation must be performed many times with successively 
increasing the rank of decomposition. The procedure is completed when the addi-
tion of the higher rank spherical functions was not reducing the difference between 
the experimental and theoretically calculated spectra. This approach is not based on 
any assumptions and presumes determination of the orientational ordering “as it is”. 
The authors fairly call this approach as “model-free”. A serious limitation is negli-
gible rotation mobility of paramagnetic moiety (rigid limit condition) necessary for 
this method. Besides, the method was applied to study a single system only.

The authors of the present review have shown that the approach of Burghardt 
et al. can be applied for determination of the orientation ordering of various para-
magnetic molecules in different matrices: super-cooled liquid crystals [143–146], 
stretched polymers [147–149], super-cooled glasses [150, 151], graphite oxide 
membranes [152]. The obtained results showed that fitting of the angular depend-
ence of the rigid limit EPR spectra leads to determination of the order parameters 
up to rank 10 [146]. The values of order parameters obtained by EPR spectroscopy 
were found to agree with the results of optical measurements [145, 151]. The devel-
oped software for simulation of rigid limit EPR spectra and determination of order 
parameters by fitting are available for free use (http://www.chem.msu.ru/eng/lab/
chemk​in/ODF3/).

Further development of this approach is the additional possibility to take into 
consideration the rotation mobility of molecules in ordered medium. This aim has 
been achieved by the simultaneous independent description of local orientational 
potential by expressions (Eqs. 13, 14) and the distribution of the local director in 
the sample by expression (Eq.  1). The rotation mobility of the spin probe in the 

Fig. 14   Orientational distribution of local director of liquid crystal HOPDOB in molecular coordinate 
frame of spin probe A4

http://www.chem.msu.ru/eng/lab/chemkin/ODF3/
http://www.chem.msu.ru/eng/lab/chemkin/ODF3/
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local potential is described by the stochastic Liouville equation. The high frequency 
librations partially averaging the radical magnetic parameters can be also taken into 
account. This combined model is realized as the computer program available for free 
use (https​://sourc​eforg​e.net/proje​cts/odfr/). The method was used for determination 
of the orientational characteristics for mesophases of liquid crystals [145, 153] and 
liquid crystalline polymers [147–149]. The described combined method was also 
used in the case of the biradical spin probes containing two nitroxide fragments in 
the structure of molecule [154, 155]. The orientation-dependent dipole–dipole inter-
action of nitroxide fragments is an additional source of information in this case. The 
corresponding software also available (https​://sourc​eforg​e.net/proje​cts/ortho​s-epr/).

The order parameters up to rank 18 were estimated for the best aligned liquid 
crystalline media. The parameters of molecular rotations were determined at once 
[153]. It was revealed that the local ordering of additive molecules in the axial liq-
uid crystals is commonly not axial. The example of a typical molecular biaxiality is 
shown in Fig. 14.

The discussed method was found to be applicable for characterization of the 
molecular orientational order of low symmetry. Figure  15 demonstrates the EPR 
spectra and the orientation distribution functions of nitroxide in the liquid crystal 
subjected by two differently directed orienting influences: the hydrophobic surfaces 
and the magnetic field. It is seen that the spectra recorded at the angles of 30° and 
150° between the sample normal and the magnetic field differ significantly, thus, 
the sample is non-orthorhombic. The orientation distribution functions correspond-
ing to the different magnetic field show that the part of the liquid crystalline sample 
retains the initial orientation dictated by hydrophobic surfaces and other part forms 
the smectic structure with director turned relative to both surface and magnetic field.

Fig. 15   Angular dependence of the EPR spectra of a nitroxide radical in a non-orthorhombic liquid crys-
tal (8CB, 297 K, SmA) prepared at 1.2 T (see text). Black lines are experimental spectra; red lines are the 
results of numerical simulation. Orientation distribution functions corresponding to magnetic field 0T 
(a), 0.9T (b), 1.2T (c), 1.47T (d). Reproduced from [153] with permission of ACS

https://sourceforge.net/projects/odfr/
https://sourceforge.net/projects/orthos-epr/
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In general, it can be concluded that EPR spectroscopy at present is the most pow-
erful and informative method for characterization of the orientation distribution of 
molecules in aligned samples. The developed experimental and numerical tech-
niques are capable to elucidate subtle features of the orientation distribution func-
tion. The limitation of EPR is a “global” character of the obtained data, hampering 
the determination of spatial variation of properties in studied samples. In principle, 
this drawback can be overcome to some extent by introducing different radicals 
into different parts of the sample. For example, the authors of [156] studying the 
stretched polyethylene have used the nitroxide probe introduced into the amorphous 
phase and the alkyl radicals generated in the crystalline domains to compare the ori-
entation order. Another significant weakness of the continuous wave EPR is the poor 
time resolution making impossible study of fast evolution of orientation distribu-
tion. It is necessary to note that modern Bruker spectrometers are equipped with 
the Rapid Scan function for recording the EPR spectrum with a time resolution of 
10 μs. An alternative approach to EPR determination of rapid changes of orienta-
tional order was employed in paper [149] to study fast reorientation of liquid crys-
tals in the magnetic field. In this work, the recording of full EPR spectra at distinct 
moments of time was replaced by recording of time dependences of EPR signal at 
different values of magnetic field. This technique was used to monitor the change 
of EPR spectrum due to liquid crystal reorientation with time resolution of 100 ms.

6 � Conclusion

At present, there are several experimental techniques appropriate for monitoring of 
the molecular orientational ordering. The choice of a suitable method depends on 
the properties of material studied and on purpose of the study. The comparison of 
the capabilities of various methods is given in Table 3.

Table 3   Characteristics of methods used for study of molecular orientational ordering

a By selectivity we mean the possibility of determining the ordering of various fragments of a molecule
b The cited work is not devoted to the study of orientational ordering

Method Rank ODF 
(theory)

Rank ODF 
(real)

Time resolution Selectivitya

Birefringence 2 2 Nanoseconds [14] No
IR 2 2 Sub-milliseconds [33] Yes
UV/Vis 2 2 Picoseconds [157] Yes
Fluorescence 4 2–4 Picoseconds [158] No
Raman 4 2–4 Picoseconds [159] Yes
NEXAFS 2 2 Picoseconds [160]b Yes
XRD ∞ 2–4 Seconds [86] No
NMR ∞ 16 Dozens of hours [97] Yes
EPR ∞ 18 100 ms [149] No
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A comparison of orientational ordering of materials under the various influences 
is commonly carried out using optical methods. The advantage of optical methods 
is the possibility of monitoring the fast ordering/disordering processes in real-time. 
The optical determination of the order parameters of second rank can be performed 
with minimum financial and labor costs. The methods for detailed determination of 
molecular orientation distribution are nuclear magnetic resonance and electron para-
magnetic resonance. The position of the resonance NMR or EPR signals depends on 
the orientation of the molecule relative to magnetic field direction. This fact signifi-
cantly increases the informativity of magnetic resonance in comparison with other 
experimental methods. From the point of view of the experimental design, EPR 
spectroscopy is preferential comparative to NMR, since it does not require rapid 
rotation of the sample. For this reason, EPR can be used to study of soft matter, 
for example, liquid crystals and biological tissues. One can also note the relative 
simplicity and low cost of EPR experiments in comparison with NMR experiments. 
Currently available methods for recording and numerical treatment of angular 
dependence of EPR spectra are appropriate to determine the high ranks order param-
eters of mobile paramagnetic molecules in samples of arbitrary symmetry.
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