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Three polymorphs of 4,4’-bis(9-carbazolyl)biphenyl were
prepared and characterized by X-ray diffraction and
luminescence spectroscopy. Electronic structure calculations
were performed to examine the influence of the molecular
geometry on the HOMO and LUMO energy levels and
calculated electronic transitions.

Organic electronic materials continue to see widespread use
in a variety of applications including field effect transistors,
photovoltaics and organic light emitting diodes (OLEDs) in large
part due to the facile processing of these materials."® Many of
the technologically important properties of these materials, such
as the ability to conduct charge (either holes or electrons), are
highly dependent on the electronic structure, energy level
positions, and the supramolecular assembly of the material.®
While 1r-conjugated polymers are used in the production of high
quality semiconductor thin films, molecular-based materials
continue to see widespread use due to their high purity and
supramolecular organization.”

The ability of some molecular systems to adopt two or more
distinct crystal structures, polymorphism, results in functional
materials with structure-dependent properties.® ° One of the most
notable examples is that of pentacene, in which each of the four
distinct polymorphs of pentacene exhibits differing values of
charge carrier mobility, a key property for host materials in OLED
applications.’® " In these applications the host material ideally
suppresses quenching and triplet-triplet annihilation of the metal
complex while possessing good thermal stability, high charge
transport mobility and tuned triplet energies that match the
corresponding emission profile for the desired OLED.'*"® One of
the most widely used host materials 4,4’-bis(9-
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carbazolyl)biphenyl (CBP) possesses a triplet energy of (2.56
eV) making CBP an ideal candidate for both red and green
OLEDs."”

The structure of one polymorph of CBP (Cambridge
Structural Database refcode: KANYUU) has been published by
previously.” '® In this work, we report the redetermination of the

Figure 1. Chemical structure of 4,4’-bis(9-carbazolyl)biphenyl
(upper) and images illustrating the thermal ellipsoids and a
numbering scheme for 8-CBP (middle) and y-CBP (lower).
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Table 1. Crystallographic details of the a-, -, and y- polymorphs of CBP.
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Identification code o-CBP p-CBP 7-CBP

Empirical formula C36H24N> C36H24N> C36H24N>

Formula weight 484.57 484.57 484.57

Temperature/K 90(1) 90(1) 90(1)

Crystal system monoclinic orthorhombic orthorhombic

Space group P2i/c Aca2 Pbca

a/A 7.9745(18) 26.9518(17) 18.0076(10)

b/A 16.072(4) 12.3277(8) 7.3919(4)

c/A 10.223(3) 15.2781(10) 36.337(2)

a/° 90 90 90

pre 110.051(7) 90 90

v/° 90 90 90

Volume/A3 1230.9(5) 5076.2(6) 4836.9(5)

z 2 8 8

Peale Mg/mm? 1.307 1.268 1.331

wmm! 0.076 0.074 0.077

F(000) 508.0 2032.0 2032.0

Crystal size/mm3 0.2 x 0.05 x 0.02 0.2 % 0.15 x 0.05 0.25 % 0.2 x 0.05
Radiation MoKa (A=0.71073 A) MoKa (L=0.71073 A) MoKo (L=0.71073 A)

20 range for data collection 4.94 t0 60.2° 3.02 to 54.28° 3.18 to 55.78°

Index ranges -11<h<10,-20<k=<22,-14<1<13 |-34<h<34,-15<k<15,-19<1<19 |-23<h<21,-9<k<9,-47<1<47
Reflections collected 13290 45931 55469

Independent reflections 3595 [Rint = 0.0794, Riigma = 0.0776] 5621 [Rint = 0.0415, Riigma = 0.0257] 5766 [Rint = 0.0912, Ryjgma = 0.0494]
Data/restraints/parameters 3595/0/172 5621/1/343 5766/0/343
Goodness-of-fit on F? 1.046 1.070 1.022

Final R indexes [I>=20 (I)] Ri1=0.0496, wR> = 0.1147 R1=0.0318, wR> =0.0714 R =0.0460, wR> = 0.1093
Final R indexes [all data] R:=0.0866, wR> =0.1268 R1=0.0372, wR>=10.0737 R1=0.0660, wR>=10.1214
Largest diff. peak/hole/ e A3 | 0.38/-0.27 0.15/-0.18 0.24/-0.25

original structure at lower temperature and at higher resolution
as well as the crystal structures of two novel polymorphs of CBP.
The preparation of the polymorphs, their steady-state
luminescence properties, and electronic structure calculations
are described. While OLED layers are typically amorphous,'® %°
the use of polycrystalline thin films and liquid crystal layers has
proven to be applicable in OLED design.?'** Thus, the existence
of two new readily crystallizable CBP polymorphs provides
engineers with two new structures and molecular orientations to

consider during device design.

Results and Discussion

The previously reported polymorph of CBP, which will be
designated a-CBP, was originally recrystallized from methanol at
-20°C.° While attempts to reproduce a-CBP in this manner were
unsuccessful, crystals of the a-CBP polymorph were prepared by
slow evaporation of a benzene solution of CBP. The first of two
new polymorphs reported herein as B-CBP was crystallized by
slow diffusion of acetone layered over a solution of CBP in
dichloromethane for three days. The third CBP polymorph, y-
CBP, was also crystallized by slow diffusion of methanol layered
upon a saturated solution of dimethylformamide (DMF).

Single crystal X-ray diffraction (SCXRD) was used to
characterize all three polymorphs of CBP. Table 1 shows the
crystallographic parameters for the three CBP samples. Thermal
ellipsoids are also visualized along with a numbering system for
the polymorphs shown in Figure 1. The packing diagrams for the
three polymorphs are shown in the supplementary information.
All measurements of distances and angles were performed with
OLEX2.%
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a-CBP Polymorph

Single crystal XRD of a needle-shaped crystal grown from a
benzene solution indicated that the structure was monoclinic,
space group P2i/c, with two formula units in the unit cell
consistent with the previous report.® The mean planes of the two
carbazole moieties are parallel as the molecule resides on a
center of symmetry. The mean plane of the biphenyl bridge
linking the two groups is twisted out of plane by 49.44(4)° with
respect to the mean plane of the carbazole groups as shown in
Figure 2.

S-CBP Polymorph

The B polymorph crystallizes in the orthorhombic space group
Aea2 with eight formula units in the unit cell. The molecular
geometry observed in this structure is markedly different from the
other two polymorphs (Figure 2). The mean planes of the
carbazole groups in B-CBP are 33.23(3)° from parallel. Likewise
the mean planes of the two aromatic rings of the biphenyl group
are 22.76(7)° from parallel. The aromatic rings of the biphenyl
group are also twisted to a greater extent than is observed in the
other polymorphs with the angles between the mean planes of
the aromatic rings and the mean planes of the closest carbazole
being 54.06(5)° and 65.08(5)° for the two crystallographically
independent groups.

y-CBP Polymorph

A needle-shaped crystal of y-CBP analyzed by SCXRD,
indicated that the structure was orthorhombic belonging to the
Pbca space group with eight formula units in the unit cell. The
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Figure 2. Ball and stick representation of a-CBP, 8-CBP, and y-CBP (red, blue, and purple respectively) illustrating the molecular geometries perpendicular to
the carbazole plane (left), down the long axis of the molecules (middle) and perpendicular to both the long axis but parallel to the carbazole plane (right).

molecular geometry in this polymorph bears a strong
resemblance to that of a-CBP. The two carbazole groups are
nearly parallel with an angle of only 5.60(3)° between the mean
planes of the two groups. The angle between the mean planes
of the neighboring crystallographically unique biphenyl and
carbazole groups is 50.60(4)° and 43.52(4)° very similar to that
of the a-polymorph.

a-CBP

Figure 3. The close contact pairs of the three samples using two molecules
from the unit cell. @-CBP and y-CBP have similar contact pairs centered on
the carbazoles, and B8-CBP is closer to edge face contact between the
carbazoles and the biphenyl.

Given the non-planar molecular geometries found in all three
polymorphs, it is not surprising that strong mr-stacking interactions
are largely absent in these structures. The nearest neighbor
interactions provide insight into the supramolecular crystalline
organization (Figure 3). In the a- and y-CBP structures, the long
axes of neighboring pairs of molecules are approximately
orthogonal with the carbazole group of one molecule overlapping
a portion of the biphenyl and carbazole group of the neighbor. In
B-CBP, however, a distinct edge to face interaction between the

This journal is © The Royal Society of Chemistry 2012

carbazole and the biphenyl moieties of neighboring molecules is
present. In all three structures, no unusually short contacts are
present. All short C-H---C contacts fall within the typical range of
2.6t02.8A.

Photophysical Properties

When the three crystals are irradiated with UV light and
viewed under a microscope, the a- and y-CBP polymorphs
exhibit weak blue-violet emission whereas the B-CBP polymorph
exhibits intense green emission. The luminescence spectra of
the polymorphs following excitation using 365 nm light are shown
in Figure 4. The a-CBP emission profile displays a peak at 380
nm and a less intense peak at 410 nm; two similar peaks are
observed in the emission profile of y-CBP. The similarity of the
emission spectra for these two polymorphs is not surprising
given the similarities of the molecular geometry observed for
these two polymorphs. The emission spectrum of B-CBP is
broad and featureless at wavelengths below 450 nm. A large

p-CBP

Normalized Intensity

Wavelength (nm)

Figure 4. A graph showing the normalized emission profiles of a-CBP,
B8-CBP, and y-CBP (red, blue, and purple respectively) along with a
visual comparison of the three crystals under UV light irradiation. The
strong peak at 365 nm is scattering from the excitation source (black).
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broad peak at approximately 500 nm is responsible for the
observed green luminescence from this polymorph (Figure 4).

Theoretical Calculations

To help understand the impact of the observed geometries
on the electronic structure of the molecules, molecular orbitals
and UV/Visible spectra were calculated using DFT and TD-DFT
methods, respectively. Gas phase calculations were performed
on the three unique molecular geometries determined from XRD
on the three polymorphs. Shown in Figure 5 are the highest
occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbitals (LUMO) for the three CBP molecules. The
HOMOs of these three samples appear to be distributed over the
entire molecule with major contributions from the nitrogen p
atomic orbitals. The LUMOs of these molecules are composed
entirely of atomic orbitals of the biphenyl moieties.

The calculated HOMO-LUMO gaps, AE, are 3.891 eV, 3.993
eV, and 3.925 eV for the a-CBP, B-CBP and y-CBP polymorphs
respectively. While the HOMO-LUMO gap of the two similar
polymorphs differs by only 34 meV, the gap of the B-polymorph
is over 100 meV larger than that of a-CBP.
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Figure 5. Energy level diagram featuring the HOMO-LUMO molecular
orbitals and energy gap for the states of the a-CBP (left), 8-CBP (middle),
and y-CBP (right) polymorphs. Isosurface +0.05 a.u.

That B-CBP possesses the highest HOMO-LUMO gap is
somewhat expected as the pronounced distortions in this
molecule will disrupt the conjugation of the molecule and thereby
raise the energy of the HOMO-LUMO gap. However, the larger
HOMO-LUMO gap relative to the gap of other two geometries
should result in higher energy emission whereas the opposite is
observed. It is well-documented that purely organic crystalline
systems are capable of phosphorescent emission.?*?® The
observed green emission in this polymorph may arise from
intramolecular contacts not present in the other two polymorphs.

Conclusions

Designing materials with tailor-made properties requires an
in-depth understanding of the influence of molecular structure on
the physical properties of the system. In the present study, three
polymorphs of the electro-optic material CBP have been
successfully grown and structurally and spectroscopically
characterized. The two geometrically similar polymorphs, a-CBP
and y-CBP, possess similar electronic structures and emission

4| J. Name., 2012, 00, 1-3

profiles. The larger HOMO-LUMO gap of B-CBP combined with
the observed low energy emission of this crystalline form
indicates that packing features present in this polymorph may
play an important role in the emission characteristics for this
crystalline phase.

Experimental

Sample preparation

The powdered form of 4,4’-bis(9-carbazolyl)biphenyl (97%
pure) was purchased from Sigma—Aldrich and used without
further purification. Crystallizations were performed using slow
solvent evaporations on 15 mg samples. a-CBP was crystallized
using 3mL of benzene over a 3 day period. B-CBP was
crystallized by slow diffusion of acetone layered over a solution
of CBP in dichloromethane for three days. y-CBP was
crystallized by slow diffusion of methanol layered upon a
saturated solution of dimethylformamide over 20 days.

Single-crystal X-ray diffraction

Crystals suitable for X-ray diffraction were selected and
mounted on a glass capillary with oil. X-ray diffraction data for all
samples was collected using a Bruker SMART APEX2 CCD
diffractometer installed at a rotating anode source (MoKa
radiation, A=0.71073 A), and equipped with an Oxford
Cryosystems (Cryostream 700) nitrogen gas-flow apparatus. The
data was collected by the rotation method with 0.5° frame-width
(w scan) and exposure time per frame varied for each sample.
Generally five sets of data (360 frames in each set) were
collected for each compound, nominally covering complete
reciprocal space. The crystals were kept at 90 K during data
collection. The determination of unit cell parameters and the
integration of raw diffraction images were performed with the
APEX2 program package.?® Using Olex2,?® the structures were
solved with the ShelXS structure solution program using direct
methods and refined with the ShelXL refinement package using
The structures were refined by full
matrix least squares against F2.

Least Squares minimization.*

Photophysical measurements

Single crystals were mounted on a quartz slide using low-
fluorescence immersion oil and centered on a luminescence
microscope in which the emission of a an irradiated sample is
collected using a 15x reflecting objective (Newport Model 50105-
02), transferred to a fiber optic (Thorlabs FT030 - Orange
Reinforced 3.0 mm furcation tubing) where the intensity is
subsequently analyzed using a Miniature Fiber Optic
Spectrometer (Ocean Optics USB4000-UV-VIS).The samples
were irradiated using the focused output of a high-power LED
source (Thor Labs, typical optical LED output power <360 mW,
365 nm).

Theoretical calculations

Density functional theory (DFT) calculations on the experimental
structures of CBP were performed with the Gaussian 09 program

This journal is © The Royal Society of Chemistry 2012
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package®' using the WebMO interface.* The hybrid exchange
correlation functional B3LYP was used for all of the calculations
in the present study. Final calculations were completed using the
6-31G(d,p) basis set.
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