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ABSTRACT: We describe the use of perfluorophenyl embraces and
boron coordination (B ← N) to enhance dichroism in single crystals of
an asymmetric azo chromophore. Specifically, a tripod-shaped boron
adduct comprised of tris(pentafluorophenyl)borane (BCF) and 4-
phenylazopyridine (4PAzP) self-assembles as supramolecular helices
through perfluorophenyl embraces, wherein the azo chromophores are
aligned in parallel through B ← N bonds. The alignment of molecular
transition dipole moments in (BCF)·(4PAzP) results in enhanced
dichroism compared to pure 4PAzP as confirmed by polarized optical
microscopy. The study offers a novel supramolecular strategy to
enhance dichroism in single-crystalline materials.

The ability to fine-tune light−matter interactions has
experienced sustained development in the chemical and

physical sciences. Particularly, linear dichroism (i.e., difference
in absorption of light linearly polarized dependent on the
orientation axis)1 in anisotropic materials has been exploited in
diverse fields, including nanomachines,2,3 metal−organic
frameworks,4 films,5−7 wave optics,8 photodetection,9,10

imaging,11,12 and polarizer development.1,13,14 Although
dichroic single crystals have been widely documented,15−23

strategies to engineer and modulate dichroism in organic
crystals have remained relatively underexplored.
Pioneering work of dichroism engineering in single crystals

by Frisčǐc ́ and Barrett et al. involved exploiting halogen
bonding24−26 to align azobenzene (azo) chromophores in
cocrystals. Specifically, alignment of transition dipole moments
of chromophores resulted in strong dichroism, wherein the
absorption of plane-polarized light is dependent upon its
orientation with the crystalline material. While halogen
bonding has been effectively used to generate dichroic crystals
by overcoming the tendency of azo chromophore materials to
pack as a herringbone,27,28 we envisage additional weak and
directional supramolecular interactions in the crystal engineer-
ing toolbox can be exploited to align azo chromophores and
generate dichroic responses.
Herein, we introduce the ability of perfluorophenyl

embraces and boron coordination to generate highly dichroic
single crystals. Specifically, the asymmetric azo chromophore
4-phenylazopyridine (4PAzP) coordinates orthogonally to
tris(pentafluorophenyl)borane (BCF) to achieve the formation
of a tripod-shaped boron adduct (BCF)·(4PAzP) (Scheme
1a,b). The adduct (BCF)·(4PAzP) self-assembles into

molecular helices (Scheme 1c) sustained by a combination
of perfluorophenyl embraces29,30 and boron coordination31−38

in the crystalline solid state where the molecular transition
dipole moment from the chromophore is oriented in parallel
and therefore generates dichroic behavior (Scheme 1d−f). To
the best of our knowledge, there are no documented examples
of dichroism enhancement of an asymmetric azo chromophore
(i.e., 4PAzP) and the application of perfluorophenyl embraces
and/or boron coordination to achieve dichroism.
As a pure solid, 4PAzP packs predominantly as a

herringbone (herringbone angle, θH = 54.6°), causing a weak
dichroic behavior in single crystals due to increased material
isotropy (i.e., misalignment of the molecular transition dipole
moment of the chromophores) (Figure 1a,b).24,28

Our strategy to enhance dichroism of azo chromophore
4PAzP involved the combination of 4PAzP (8.26 mg, 0.045
mmol) and BCF (23.1 mg, 0.045 mmol) in warm
chlorobenzene (3 mL). The solution was heated until all the
components dissolved. Single crystals of (BCF)·(4PAzP) in
the form of dark red tablets were obtained through slow
evaporation after a period of 5 days.
Single-crystal X-ray diffraction analysis (Tables S1 and S2,

Supporting Information) revealed the components of (BCF)·
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(4PAzP) to crystallize in the monoclinic space group P21/n. In
the solid, BCF interacts with the azo chromophore 4PAzP
through B ← N bonds (1.621(2) and 1.622(2) Å) as two
crystallographically independent adducts of (BCF)·(4PAzP)
in the asymmetric unit. The adducts are sustained by face-to-
face [π···π] stacking (Figure 2a) in a head-to-head geometry.
BCF undergoes a change in geometry from trigonal planar39 to
tetrahedral.31,33,40 The B ← N bonds are slightly weaker
compared to similar adducts,31,32,34 as evidenced by the
tetrahedral characters (THC)41 of 67.2 and 69.8%. The

chromophore 4PAzP adopts a closely planar conformation
(dihedral angles: 13.6° and 5.0°), wherein -C−NN−C-
torsion angles are 179.9° and 178.4°. BCF lies approximately
orthogonal (76.2° and 80.0°) to the pyridyl rings of 4PAzP.
The coordinated adducts (BCF)·(4PAzP) adopt an overall
tripod-shaped geometry where perfluorophenyl rings in BCF
act as the legs and chromophores 4PAzP serve as the center
columns. The stacked adducts of (BCF)·(4PAzP), as related
by an inversion center, pack into an overall helical architecture
(Figure 2b)42 that runs along the c-axis. A combination of
perfluorophenyl embraces29 of the BCF fragments containing
[C−F···π] and [F···F] contacts sustain close-packed columns
(Figure 2c) that serve as the underpinning for the helices, as
well as the linear and parallel arrangement of 4PAzP
chromophores and transition dipole moments in the crystallo-
graphic (100) face (Figure 2d,e). The parallel arrangement of
chromophores facilitated by BCF serves as the condition to
achieve single-crystal dichroism.
Dichroism in single crystals of (BCF)·(4PAzP) was realized

by polarized optical microscopy (POM). Specifically, single
crystals in a batch of (BCF)·(4PAzP) changed color from dark
red to colorless upon rotation of the polarizer (Figure 3a,
Video S1, Supporting Information). The dichroism in crystals
of (BCF)·(4PAzP) was significantly stronger compared to
pure crystals of 4PAzP. To gain further understanding, changes
in color and transmitted light intensities in a selected single

Scheme 1. (a) Molecular Structures of BCF, 4PAzP, and (b)
Tripod-Shaped Adduct (BCF)·(4PAzP) Displaying the
Chromophore Principal Transition Dipole Moment, (c)
Cartoon of Molecular Helices in (BCF)·(4PAzP), (d)
Representation of Dichroic Response of Single Crystals of
(BCF)·(4PAzP) to Mutually Perpendicular Orientations of
the Polarizer (i.e., 0° to 90°), and (e, f) Drawings of Main
Supramolecular Interactions in This Study: Boron
Coordination and Perfluorophenyl Embrace

Figure 1. (a) Crystal structures of pure 4PAzP showing a herringbone
packing arrangement (CSD refcode: QUFDIG)28 and (b) photo-
graphs of weakly dichroic single crystals of 4PAzP viewed under
polarized light in mutually perpendicular orientations.

Figure 2. Crystal structure of (BCF)·(4PAzP). (a) Asymmetric unit
consisting of two independent adducts. (b) Supramolecular helices
where boron atoms serve as nodes. (c) Extended packing showing the
linear alignment of chromophores to be parallel with the b-axis. (d)
Major face of single-crystal BFDH morphology (100). (e) Extended
packing showing BCF molecules serving as an underpinning for the
alignment of 4PAzP chromophores.
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crystal of (BCF)·(4PAzP) (100 face) were recorded every 10°
of rotation using a rotating stage (Figure 3b, Video S2,
Supporting Information). A polar plot of the transmittance of
the red, green, and blue (RGB) intensities observed under
POM confirmed the anisotropic behavior in single crystals of
(BCF)·(4PAzP) with respect to the plane of polarized light
(Figure 3c). Polarized UV−vis spectroscopy of the single-
crystal specimen supported the anisotropic absorption that
results in dichroic behavior at mutually perpendicular polarized
light angles (Figure 3d). Namely, a dark red coloration in
single crystals is visible when the transition dipole moments are
aligned in parallel with the plane of polarized light (i.e.,
stronger absorption; see Figures S8, S12, Supporting
Information) versus colorless when aligned perpendicularly.
The crystals of (BCF)·(4PAzP) show a strong dichroic ratio,
R, of 39.22 at 605 nm (see Figure S13, Supporting
Information).43 Further thermal analysis of (BCF)·(4PAzP)
using a heating stage (Linkam Scientific) showed no changes
in coloration or crystal shape below the melting temperature at
280 °C (see Figure S7, Supporting Information).
Hirshfeld surface analysis44−47 of (BCF)·(4PAzP) revealed

the dominant influence of perfluorophenyl embraces29 in the
crystal packing and formation of supramolecular helices.
Specifically, fingerprint plots of intermolecular interactions
showed that [F···H], [F···F], and [F···C] account for 85.2% of

the full interaction map. In contrast, face-to-face and face-to-
edge [π···π] stacking (i.e., [C···H] and [C···C]) account for
only 8.3% (see Figure S4, Supporting Information). This
observation is in agreement with Hartree−Fock calculations
using the 3-21G basis set with X-ray coordinates of (BCF)·
(4PAzP). Molecular electrostatic potential surfaces support
that the BCF motif withdraws electron density from 4PAzP,
becoming negatively charged and a suitable hydrogen bond
acceptor. The 4PAzP chromophore becomes electron-deficient
on the pyridyl ring and remains relatively electron-rich on the
phenyl ring, thus facilitating the formation of complementary
π-stacking and supramolecular helices.

In this work, we have demonstrated the ability of BCF to
align the molecular transition dipole moments of an
asymmetric chromophore (i.e., 4PAzP) through supramolec-
ular interactions. Namely, a combination of perfluorophenyl
embraces and boron coordination in adduct (BCF)·(4PAzP)
promoted the formation of supramolecular helices wherein the
main dipole moments of 4PAzP molecules are linearly
oriented, thus generating a strong dichroic response under
polarized light. We are currently investigating advanced
applications of dichroism such as thin film development and
dichroic organic semiconductors. We envisage that control of
dichroism in single-crystalline materials could be implemented
in multifunctional beam splitters with applications in
optoelectronic materials.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00114.

Experimental information (materials, instrumentation,
and computational methods), single-crystal X-ray
diffraction data, polarized optical microscopy data,
computational details, and UV−vis spectroscopy data
(PDF)

Figure 3. (a) Batch of single crystals of (BCF)·(4PAzP) observed
using POM under mutually perpendicular planes of polarized light.
(b) A single crystal of (BCF)·(4PAzP) (100) face observed using
POM and consecutively rotating the specimen 30° in relation to the
plane of polarized light. (c) Polar plot of transmitted RGB intensities
as a function of the orientation of polarized light through the (100)
face of (BCF)·(4PAzP). (d) Normalized absorption spectra of
polarized UV−vis spectroscopy with the plane of polarized light
directed either parallel (A||, red line) or perpendicular (A⊥, black
line) to the main axis of a single crystal of (BCF)·(4PAzP).

Figure 4. (a) Two-dimensional fingerprint plots of interactions in
(BCF)·(4PAzP). (b) Relative contributions to the Hirshfield surface
area for close intermolecular contacts in adduct (BCF)·(4PAzP).
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Polarized optical microscopy observation of dichroism of
a batch of single crystals of (BCF)·(4PAzP) in response
to rotation of the polarizer (AVI)

Polarized optical microscopy observation of dichroism of
a single crystal of (BCF)·(4PAzP) in relation to a 360°
rotation of the specimen in relation to the plane of
polarized light (AVI)

Accession Codes
CCDC 2058290 (for (BCF)·(4PAzP)) contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/
cif, or by emailing data_request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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(24) Bushuyev, O. S.; Frisčǐc,́ T.; Barrett, C. J. Controlling dichroism
of molecular crystals by cocrystallization. Cryst. Growth Des. 2016, 16,
541−545.
(25) Christopherson, J.-C.; Potts, K. P.; Bushuyev, O. S.; Topic,́ F.;
Huskic,́ I.; Rissanen, K.; Barrett, C. J.; Frisčǐc,́ T. Assembly and
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