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ABSTRACT: We demonstrate that measurements of X-ray line-
ar dichroism are an effective method for determining bond orien-
tations in disordered materials, by reporting the first observation
of X-ray linear dichroism at the iodine Li-edge. The iodine-
containing molecular solid studied in this work was the inclusion
compound containing 4,4'-diiodobiphenyl guest molecules in the
perhydrotriphenylene host structure. In this material, the guest
substructure does not exhibit three-dimensional ordering, and
therefore diffraction-based techniques do not provide insights on
the orientational properties of the guest molecules. lodine Li-edge
X-ray absorption spectra, recorded as a function of orientation of
a single crystal of the material, exhibit significant dichroism
(whereas no dichroism is observed at the iodine L2-edge and Ls-
edge). From quantitative analysis of the X-ray dichroism, the
orientational properties of the C—I bonds within this material are
established. The results pave the way for applying X-ray dichro-
ism to determine molecular orientational properties of other mate-
rials, especially for partially ordered materials such as liquid crys-
tals, confined liquids and disordered crystalline phases for which
diffraction techniques may not be applicable.

While the interaction of linearly polarized visible light with an-
isotropic materials is well understood and widely exploited (e.g.
in the polaroid sheet' and the polarizing optical microscope?),
substantially less attention has been devoted to studies of the in-
teraction of linearly polarized X-rays with materials. However,
recent studies of X-ray linear dichroism? and X-ray birefringence*
have elucidated a deeper understanding of these phenomena,
which refer to the fact that the X-ray absorption coefficient (in the
case of dichroism) and the refractive index (in the case of bire-
fringence) of an anisotropic material depend on the orientation of
the material relative to the direction of polarization of a linearly
polarized incident X-ray beam. In the absence of diffraction, X-
ray dichroism and X-ray birefringence are observed close to an
absorption edge of a selected element within the material, and
arise due to local anisotropy in the bonding environment of the
selected type of atom. Thus, unlike their optical analogues,® X-ray
dichroism and X-ray birefringence are sensitive to the local orien-
tational properties of individual molecules and chemical bonds,
rather than the overall symmetry properties of the material.

The phenomena of X-ray dichroism and X-ray birefringence
have the potential to be harnessed in a range of analytical tech-
niques and devices. For example, solid inclusion compounds con-
taining brominated organic molecules have been shown to func-

tion as effective X-ray dichroic filters.®>¢ In this case, X-ray pho-
tons with polarization parallel to the C—Br bond axis in the mate-
rial are preferentially attenuated over those with polarization per-
pendicular to this axis. Such dichroic filter materials have a range
of potential applications, such as in polarization analysis of mag-
netic X-ray scattering® and for X-ray polarimetry devices in as-
tronomy.3¢ Measurements of X-ray birefringence have also been
used to determine the orientational properties of specific bonds in
solids.*ed In particular, the X-ray Birefringence Imaging (XBI)
technique,*™ which represents the X-ray analogue of the polariz-
ing optical microscope, enables measurements of X-ray birefrin-
gence to be carried out in a spatially resolved manner and yields
information on the size, spatial distribution and temperature de-
pendence of orientationally distinct domains in materials.

Most previous research on X-ray dichroism and X-ray birefrin-
gence has focused on brominated organic materials using incident
polarized X-rays at the bromine K-edge. However, in order to
exploit the full potential of these phenomena and to apply them to
a wider range of problems in materials science, experiments at
different absorption edges are required. In particular, on moving
to elements of higher atomic number, the energy of the K-edge
may be too high to be readily accessible at synchrotron facilities,
and it is then relevant to explore the capability of using the lower-
energy L-edges instead.

Figure 1. Molecular structures of (a) 4,4’-diiodobiphenyl (DIBP)
and (b) perhydrotriphenylene (PHTP). (c) The tunnel host struc-
ture in PHTP inclusion compounds (guest molecules not shown).

In pursuit of this goal, we report here the first studies of X-ray
dichroism at the iodine Li-edge; specifically, by studying the
dependence of the X-ray absorption spectrum on the orientation of
a single crystal of a material containing iodinated organic mole-
cules, the orientational characteristics of the C—I bonds have been
established. The material studied is a solid inclusion compound®
containing 4,4'-diiodobiphenyl (DIBP; Fig. 1a) guest molecules
within the perhydrotriphenylene (PHTP; Fig. 1b) host tunnel



structure. Inclusion compounds of PHTP are constructed from
stacks of PHTP molecules, forming one-dimensional tunnels (Fig.
1c) with elliptical cross-section (the van der Waals diameter of the
tunnel is in the range ca. 4 — 7 A and the inter-tunnel separation is
ca. 14 — 15 A). The PHTP host tunnel can accommodate a wide
range of different types of guest molecule.” The specific physico-
chemical properties that result from the inclusion phenomenon
may be exploited in a range of applications, such as “molecular
reaction vessels” for stereo-selective polymerization reactions,® or
as non-linear optical® and pyroelectric!® materials. PHTP inclu-
sion compounds containing linear conjugated dyes as guest mole-
cules can also perform efficient photon down-conversion and
have potential uses in optoelectronic applications, including light-
emitting diodes, photovoltaics and silicon detectors.'* We empha-
size that several of these applications of PHTP inclusion com-
pounds (or other types of solid inclusion compound) rely on ex-
ploiting the inclusion phenomenon as a strategy to control the
orientational characteristics of the guest molecules, and it is there-
fore crucial that techniques are available to allow molecular orien-
tational distributions in such materials to be established inde-
pendently of X-ray diffraction data, particularly when there is
positional disorder of the guest molecules in the host structure.

Single-crystal X-ray diffraction rotation photographs!? of the
DIBP/PHTP inclusion compound (recorded at ambient tempera-
ture) indicate that the X-ray scattering from the guest component
comprises two-dimensional diffuse sheets in reciprocal space,
from which it is concluded that the guest molecules are ordered
only along each individual tunnel. Furthermore, there is an in-
commensurate relationship® between the periodicities of the host
(cn) and guest (cg) substructures along the tunnel direction [cg =
14.9(2) A, cn = 4.74(2) A, celch = 3.14]. In addition to the lack of
three-dimensional positional ordering described above, the guest
molecules in PHTP inclusion compounds can exhibit various
other types of disorder,* such as dynamic disorder by reorienta-
tion about the axis of the host tunnel. However, in spite of these
aspects of disorder, the guest molecules may still have well-
defined orientational properties relative to the PHTP host struc-
ture, as a consequence of the structural constraints imposed on the
guest molecules by confinement within the host tunnel structure.
Given that the guest substructure is only ordered in one-
dimension, and therefore does not give sharp Bragg maxima in the
single-crystal X-ray diffraction pattern, alternative approaches are
required to gain insights into the orientational characteristics of
the guest molecules in these materials. In this paper, we explore
the opportunity to determine the orientational properties of the
guest molecules in the DIBP/PHTP inclusion compound from
iodine Li-edge X-ray dichroism data.

X-ray absorption spectra were recorded in transmission at am-
bient temperature for a single crystal of the DIBP/PHTP inclusion
compound on beamline 116 at Diamond Light Source,® using the
set-up in Fig. 2 (full experimental details are given in SI). The
single crystal studied had a long-needle morphology (with distort-
ed hexagonal cross-section) and overall dimensions 0.50 x 0.75 x
4.0 mmd. Fig. 3 shows the X-ray absorption spectra recorded in
the vicinity of the iodine L1, L2 and Ls edges (spanning the energy
range ca. 4.5 — 5.2 keV), with the tunnel axis of the PHTP host
structure (parallel to the long axis of the needle-shaped crystal
morphology) oriented parallel (y = 0°; red data in Fig. 3) or per-
pendicular (y = 90°; green in Fig. 3) to the direction of linear
polarization of the incident X-ray beam.

At the iodine Li-edge (Fig. 3a), the absorption of the linearly
polarized X-rays depends strongly on crystal orientation, with
highest absorption when the tunnel axis of the PHTP host struc-
ture is parallel to the direction of polarization of the incident X-
ray beam (i.e. y = 0°), and significantly lower absorption when
the tunnel axis is perpendicular to the direction of polarization of

the incident X-ray beam (i.e. y = 90°). The difference between the
X-ray absorption spectra recorded for y = 0° and y = 90° gives the
X-ray dichroism data. The maximum X-ray dichroism arises at an
incident X-ray energy of E = 5.188 keV.
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Figure 2. Experimental set-up for X-ray dichroism studies. The
incident X-ray beam propagates along the z-axis and is almost
entirely linearly polarized along the x-axis. The crystal orientation
angle y is defined, with y = 90° in the crystal orientation shown.
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Figure 3. X-ray absorption spectra recorded for a single crystal
of the DIBP/PHTP inclusion compound as a function of energy
close to: (a) the iodine Li-edge, (b) the iodine L2-edge and (c) the
iodine Ls-edge, with the tunnel axis of the PHTP host structure
parallel (y = 0°; red data) or perpendicular (y = 90°; green data) to
the direction of linear polarization of the incident X-ray beam.

As X-ray linear dichroism in the vicinity of the Li-edge is dic-
tated by the orientational characteristics of the C—I bonds in the
material, our results suggests that the DIBP guest molecules are
oriented with the C—I bonds close to parallel to the tunnel axis of
the PHTP host structure. The strong dichroic resonance observed
at E = 5.188 keV arises from promotion of an iodine 2s core elec-
tron to the o* anti-bonding orbital associated with the C—I bond,
which has mixed s-p character at the iodine site. The anisotropy of
the X-ray absorption reflects the strong anisotropy of the o*(C—I)
anti-bonding orbital. The probability of the 2s(I) — o*(C—I) tran-
sition depends strongly on the orientation of the vacant o*(C—I)
anti-bonding orbital relative to the direction of linear polarization
of the incident X-ray beam, and the highest transition probability



arises when the C—I bond is parallel to the direction of polariza-
tion of the incident X-ray photons (i.e. for y = 0°).

While our data at the iodine Li-edge are consistent with the C-I
bonds lying close to parallel to the tunnel axis of the PHTP host
structure, a small peak is observed at E = 5.188 keV in the data
recorded at y = 90° (Fig. 3a) which suggests that the C-I bond
vector has a non-zero component in the plane perpendicular to the
tunnel axis, such that the symmetry requirements for the 2s(I) —
o*(C-I) transition are satisfied at y = 90°, albeit with low proba-
bility. We suggest that this small peak arises from a slight tilting
of the C-I bonds of the DIBP guest molecules away from the
tunnel axis of the PHTP host structure.*® As now described, quan-
titative analysis of the X-ray dichroism observed at the iodine Li-
edge allows the tilt angle w (defined in Fig. 4) of the C-I bond
with respect to the PHTP tunnel axis to be estimated.

We now consider geometric aspects (i.e. the orientation and po-
larization dependence) of X-ray linear dichroism at the iodine Li-
edge for iodinated organic materials containing C-I bonds. By
applying the compact and powerful formalism of spherical ten-
sors, we can build on results derived in the literature3a1’ which
provide a complete description of geometric properties of the X-
ray absorption process, given a known set of tensor components.
Our first task is to calculate the tensor components for the dipole
absorption cross-section, based on the assignment that the sharp
spectral line at E = 5.188 keV in the iodine Li-edge spectrum
arises from the 2s(I) — o*(C-1) transition, which occurs from an
s-state to an empty anti-bonding orbital for which the p-projection
lies along the C—I bond. Taking the quantization axis (z-axis) as
the direction of the C—I bond, the initial-state i) and final-state |f)
wavefunctions are:

|i)oc Yy =+1
| £)oc Yo =[f4, fg, £21=[0,1,0]

All transitions therefore correspond to zero change in the angu-
lar momentum projection, so (from Eqgn 6.4 in ref. 3a) we can
select 4 = u’ = 0, which leads to very simple expressions for the
tensor components of the dipole absorption cross-section in terms
of a single Clebsch-Gordon coefficient:

o6 =A1,0,10|K,Q)

where A is a constant factor that contains terms such as radial
integrals. The non-zero values of ooX are:

od=+A and of ——2A
where oo® is a scalar and g0? is a quadrupole directed along the
C-I bond.

For the case in which the C—I bond lies in the plane perpendicu-
lar to the direction of propagation of the incident beam, and using
4 to denote the angle between the photon polarization vector and
the C—I bond, it can be shown (see Eqn 4.4 in ref. 3a) that, assum-
ing uniaxial anisotropy, the X-ray absorption coefficient has the
following dependence on &

o(6) oc cos? 0

In our experimental set-up (Fig. 2), the crystal orientation is
specified by the angle y between the tunnel axis of the PHTP host
structure and the direction of polarization of the incident X-ray
beam, whereas the equations above refer to the angle & between
the C—I bond and the direction of incident polarization. The fact
that the peak at E = 5.188 keV is significantly more intense (Fig.
3a) for y = 0° than for y = 90° indicates that the orientation of the
C—I bond must be close to the direction of the tunnel axis of the
PHTP host structure. Nevertheless, the non-zero intensity ob-
served for this peak at y = 90° suggests that the C—I bond direc-

tion is tilted from the host tunnel axis. We incorporate this situa-
tion into a revised model*® in which the C—I bond is tilted from
the tunnel axis by an angle y and with disorder (dynamic or static)
of the C-I bond by reorientation about the tunnel axis. In this
model, the resultant disordered system is still uniaxial. The aver-
aging due to disorder has no effect on the scalar part and does not
introduce any new tensor components, and the only effect is to re-
scale the quadrupole term as follows:

oe(w, y)=—J2x(3cos?y —1)/2
leading to a modified equation for X-ray absorption coefficient:
oy, y) o1+ (3cos® y —1)(3cos? y —1)/2

From this equation, the maximum X-ray absorption (at y = 0°)
is decreased and the minimum X-ray absorption (at y = 90°) is
increased, relative to a situation in which the C—I bond is parallel
to the tunnel axis (i.e. w = 0°). Consequently, the ratio (denoted R)
of the X-ray absorption coefficients for the y = 90° (denoted o)
and y = 0° (denoted o) orientations is non-zero, and is given by:

R=0o,/0 =Ytan?y

From fitting the X-ray absorption spectra in Fig. 3a (details of
the fitting procedure are given in Sl) to establish the ratio of the
intensity of the peak at y = 90° to the intensity of the peak at y =
0°, we obtain®® R = 0.0514, from which the (average) value of the
tilt angle v is determined to be y = 17.8°. From the fitting proce-
dure (see Sl), the error in the value of R is £0.006, leading to an
estimated error in y of ca. £1.0°.

This result demonstrates that analysis of X-ray linear dichroism
data at the iodine Li-edge may be exploited to determine the ori-
entational properties of C—I bonds in disordered materials. In the
case of the DIBP/PHTP inclusion compound (and other composite
guest/host materials), such information cannot be obtained from
X-ray diffraction data due to the disordered nature of the guest
molecules, encompassing both the lack of 3-dimensional position-
al ordering as well as disorder with respect to guest molecules
sampling different orientations (either on a static or dynamic ba-
sis) with respect to reorientation around the tunnel axis. Our con-
clusion that the axis of the DIBP guest molecule is tilted relative
to the tunnel axis of the PHTP host structure is consistent with the
fact that the reported*? (from analysis of X-ray diffraction rotation
photographs) periodic repeat distance of the guest molecules
along the tunnel [cg = 14.9(2) A] is shorter than the van der Waals
length of the guest molecule (estimated to be 15.2 A).

Figure 4. Schematic of the arrangement of DIBP guest mole-
cules in the PHTP tunnel determined from quantitative analysis of
the iodine Li-edge X-ray dichroism data. The tilt angle () and
periodic repeat distance (cg) of the guest molecules are indicated.

In contrast to the behaviour at the iodine Li-edge, no significant
dichroism is observed at the L2-edge or the Ls-edge (Fig. 3b,c and
Sl). Thus, at the L2-edge and Ls-edge, the X-ray absorption spec-
trum is essentially identical for the y = 0° and y = 90° orientations.
The transitions at the L2-edge and Ls-edge involve promotion of a
2p(1) electron to an empty s-state or d-states, which occur in an
essentially isotropic manner. We note that the absorption corre-
sponding to the Ls-edge is twice the magnitude of that for the L2-
edge, as the Ls-edge originates from the degenerate 2px and 2py
orbitals whereas the L2-edge originates from the 2p; orbital. It is



noteworthy that the XANES regions of the iodine L2-edge and Ls-
edge X-ray absorption spectra are relatively "featureless" (com-
pared to the Li-edge X-ray absorption spectrum), consistent with
previous observations for iodo-organic materials,?® and for mo-
lecular iodine and polyiodide anions in different environments.?

We have reported the first X-ray dichroism study at the iodine
L-edges and have shown that measurements at the Li-edge are an
effective analytical method for determining C—I bond orientations
in iodinated organic materials. This strategy is particularly useful
when X-ray diffraction techniques are not applicable, for example
in the case of materials that lack three-dimensional translational
periodicity. Accessing the Li-edge (rather than the higher-energy
K-edge) allows such techniques to be applied to study elements of
higher atomic number, and extends the opportunity to apply tech-
niques based on polarized X-rays to a much wider range of mate-
rials. Thus, the results reported here pave the way for applying X-
ray dichroism measurements to study the orientational properties
of important iodine-containing materials, such as iodinated liquid
crystals, halogen-bonded materials, polarizing films, X-ray con-
trast agents and materials comprising self-assembled monolay-
ers.?22 Another promising strategy to widen the scope of iodine
Li-edge X-ray dichroism is to dope non-iodine containing materi-
als with iodine (e.g. by iodo-substitution of organic molecules in
place of F, CI, Br or H) to produce a dichroic probe that may be
exploited to "report” on molecular orientation (in much the same
way that tryptophans are engineered into proteins to study fluo-
rescence anisotropy). Finally, we note that the strong X-ray di-
chroism exhibited by the DIBP/PHTP inclusion compound near
the iodine Li-edge suggests that this material could be used as an
effective dichroic filter in X-ray polarization analysis.
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