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ABSTRACT: We characterized the prominent electron transport layer 2,2′,2″-
(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) via single-crystal X-
ray diffraction, grazing incidence X-ray diffraction (GIXRD), infrared reflection
absorption spectroscopy (IRRAS), and quantum mechanical calculations. The
crystals generated via vapor diffusion are of the orthorhombic space group Pbca,
with a unit cell [a = 19.3935(2) b = 12.81750(10) c = 28.5610(3) Å] containing
eight TPBi molecules, and screw axes and glide planes along all three
crystallographic axes. Thin-film analysis becomes viable with unit cell and symmetry data, and GIXRD measurements, which
demonstrate that when the amorphous TPBi thin films are annealed, the molecules preferentially orient with the a−b
crystallographic face exposed at the surface and with the central benzene rings oriented 29° from the surface normal. Changes in
vibrational modes at the surface, studied via infrared reflection absorption spectroscopy (IRRAS), concur with the X-ray based
assignments. A minor conformer of TPBi with C3 symmetry was also identified via computational methods, appearing 0.95 kcal/mol
higher in energy at the MP2/6-31G*//B3LYP/6-31G* level of theory. The combined structural insight allows fine-tuning of a
device structure for organic light-emitting diodes (OLEDs) and organic photovoltaic applications.

■ INTRODUCTION

In modern OLED devices, the organic stack typically
terminates in an electron transport layer (ETL), which serves
as a conduit from the cathode to the emissive layer.1 These
materials are expected to be multifunctional; they must have
proper energy alignment, high optical transmittance ability,
high thermal stability/glass transition temperatures, and high
electron mobility.2,3 While many candidates have been
developed over the years, only a handful play a significant
role in devices today, including the titular TPBi (2,2′,2″-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)). TPBi was
first introduced as an ETL layer by Tang4 and displayed
high electron mobility, high glass transition temperature, and
propensity to reduce contact-based issues.5−7 Additionally, its
excellent properties mean it also finds use in other
optoelectronic applications, including as a buffer layer in
organic solar cells8 and as a host in emissive layers.9 Thus, the
electronic properties of TPBi have been extensively stud-
ied.10−13

In contrast to its electronic properties, the characterization
of TPBi’s chemical and material properties is sparse. TPBi is
generally understood to be deposited as an amorphous glass
when thermally evaporated onto room temperature sub-
strates,14,15 which has the added advantage of reducing surface
roughness leading to cleaner interfaces.8 It has also been shown
that, despite depositing in an amorphous manner, the thin
films can be annealed at temperatures above TPBi’s glass
transition temperature to impart some order.14

The previous annealing experiment serves as an example of
how limited characterization undermines research of these

materials. In this experiment, XRD analysis of the thin film
determined dhkl spacing, but the lack of available crystal
structure data16 prevented any meaningful interpretation.17,18

It was thus impossible to determine molecular orientation
within the film. The lack of information extends well beyond
and is at times glaring. Simple structural information, such as
the orientation of the benzimidazole and phenyl rings, are
unknown. The anisotropy of optical properties is undefined,
and molecular packing structures are absent. This is glaring
since these properties play critical roles in light emission,
materials stability, and electronic properties.
Herein, we provide a detailed characterization of TPBi’s

structure and spectrochemical properties, with the end goal of
better understanding thin-film morphology (Figure 1).
Obtaining new structural data necessitated the growth of
single crystals of TPBi; these were generated in a zone furnace
via physical vapor transport. The vibrational spectroscopic
features were measured with IR and assigned via computa-
tional methods, which also unexpectedly identified the
conformational variability of TPBi. The combined data allowed
for measurement and analysis of molecular orientation in thin
films both as-deposited (amorphous) and annealed (crystal-
line) via IR and X-ray diffraction (XRD) methods.
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■ METHODS
Materials. All evaporation metals are of 99.9% or greater

purity. Sublimed grade 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-phe-
nyl-1-H-benzimidazole) (TPBi) was commercially obtained
and used without further purification (>99.5% via HPLC).
Growth of TPBi Crystals. TPBi crystals were grown using

a home-built physical vapor transport tube furnace that was 95
cm in length and that had a temperature gradient of
approximately ∼2 °C/cm in the growth zone (Figure S1).
One hundred sixteen milligrams of TPBi source material was
heated to 310 °C under a flow of ultrahigh purity argon (40
mL/min). The crystals were collected from the region of the
furnace at 250−200 °C. Crystals were clear in appearance and
less than 2 mm in size.
Single-Crystal X-ray Diffraction Analysis. X-ray dif-

fraction data were obtained from a single crystal mounted on a
loop. The data was collected on a Rigaku SuperNova, single-
source HyPix3000 diffractometer, with Cu Kα radiation (λ =
1.5406 Å) at 100.01(10) K. Data reduction and absorption
correction (multiscan) was performed using the program
CrysAlisPro provided by Rigaku.19 The structures were solved
through direct method and refined by full-matrix least-squares
methods on F2 using ShelXT and ShelXL embedded on
OLEX2.20−22 All nonhydrogen atoms were refined anisotropi-
cally, while H atoms were placed in calculated position with
their thermal parameters riding in those of their C atoms.
Table S1 shows the crystallographic data for TPBi, and Table
S2 shows selected bonds and angles.
Preparation of Gold Substrates. Cut microscope slides

(11 × 25 × 1 mm3) were cleaned in a piranha solution (3:1,
H2SO4/H2O2) for 30 min. The slides were rinsed with copious
amounts of 18 MΩ water and 200 proof ethanol, sonicated for
20 min in isopropanol, and dried under a stream of nitrogen.
Slides were then mounted in a thermal evaporator (Kurt J.
Lesker NANO38). A 5 nm chromium adhesion layer was
deposited, followed by 100 nm of gold at a base pressure of <1
× 10−6 Torr. Both metals were evaporated at a rate of 1 Å/s.
TPBi Thin-Film Deposition. Freshly prepared gold

substrates were added to the sublimation chamber. Upon
evacuation to a base pressure 3 × 10−6 Torr, 10−30 nm of
TPBi was deposited at a deposition rate of 0.1 or 1 Å/s. After
deposition, the substrate was allowed to cool under high
vacuum for 30 min.

Annealing of TPBi Thin Films. Under an inert
atmosphere, TPBi films were heated to 165 °C for 1 h or
180 °C for 10 min, with the surface temperature monitored via
a thermocouple. Samples returned to room temperature over a
30 min period of time.

X-ray Diffraction Analysis of Thin Films. Grazing
incidence X-ray diffraction (GIXRD) data were collected
with a Bruker D8 Discover 2D fitted with a Co Kα source, with
an incident angle of 3.6° and 2θ detector angle of 5°. Predicted
spectra were generated from crystallographic information using
the Mercury software suite from the Cambridge Crystallo-
graphic Database Centre.23 Samples were prepared on polished
silicon wafers rather than microscope slides.

PM-IRRAS Analysis of Thin Films. The molecular
orientation of TPBi was assessed via polarization modulation
infrared reflection absorption spectroscopy (PM-IRRAS) using
a Bruker Optics Tensor 37 FTIR equipped with a PMA 50
accessory and a MCT detector. Thin-film spectra were
measured at a resolution of 8 cm−1.

Computational Methods. Quantum mechanical calcu-
lations were performed with the Gaussian 16 program, revision
B.01.24 The geometry, harmonic vibrational frequency and
normal modes, and IR intensities for C1, C3, and C3h symmetry
species of TPBi were calculated using the B3LYP hybrid
density functional25 and the 6-31G* basis set. The resulting
B3LYP/6-31G* geometry was used for the Møller−Plesset
perturbation theory energy calculations with a triple-zeta
polarized basis set (MP2/6-311G*).26

■ RESULTS AND DISCUSSION

X-ray-Based Methodology. Grazing incidence X-ray
diffraction is the predominant method for analyzing
orientation within thin films.27 Here, the small angle of the
incident X-ray beam provides the surface sensitivity, and in
polycrystalline or crystalline materials, the phase or preferred
orientations are determined from the diffraction peak positions
and intensities. There are innumerable examples utilizing
GIXRD to determine molecular orientation in organic thin
films. In pentacene thin films, GIXRD identified the preferred
polymorph generated and the tilt angle of the deposited
acene.28 Similar data was acquired for poly(3-hexyl thiophene)
under various deposition conditions,29 various benzothiadia-
zole copolymers,30 various phthalocyanine composites,31 and
many others.32 In TPBi films, the lack of structural information
has prevented any meaningful analysis of the GIXRD data.17,18

Only one crystal structure existed,16 but it was generated from
a solution of methanol, contained solvent molecules within the
solved structure, and was not representative of the materials
found in thin films and devices. Thus, we grew TPBi single
crystals thermally to generate the required structural
information.
Crystals of TPBi were grown via physical vapor transport

within a home-built zone furnace (Figure S1), commonly
utilized for growing organic semiconductors crystals. Growth
of the TPBi crystals was complicated by the fact that material
preferentially volatilizes from and condenses to a liquid that
solidifies with insufficient order to diffract. We found that TPBi
could be slowly deposited as crystalline solid by increasing the
carrier gas rate to 100 cc/min, which allows a small amount of
TPBi to continue past the initial condensation region. Growth
via residual vapor meant the process was quite slow (7 days),
but it yielded crystals of a quality sufficient for diffraction.

Figure 1. (a) TPBi molecule. The red and black arrows represent two
orientations of vibrational modes in the molecules. (b) As-deposited
amorphous (top) and annealed crystalline (bottom) TPBi thin films
examined via infrared spectroscopy and X-ray diffraction. Ordering
within the crystalline film dictates the orientation of vibrations (red
and black) relative to surface normal, while in the amorphous film, the
vibrations have no preferred orientation. (c) IR modes are observed
for which the dipole change vector is perpendicular to the surface and
absent for those parallel to the surface. XRD peaks are observed for
spacing perpendicular to the surface.
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Under these crystal growth conditions, TPBi crystallizes in
the orthorhombic space group Pbca (Figure 2b). The

dimensions of the unit cell are larger [a = 19.3935(2) b =
12.81750(10) c = 28.5610(3) Å] than for the previous
monoclinic P21/c crystal.16 Without the methanol solvent
molecules in the crystalline lattice, screw axis and glide planes
are observed in all three crystallographic axes. Open channels
propagate along the b direction, enabled by the zigzag
conformation between pairs of molecules along the a axis.
In the pure crystal, we observed the disappearance of several

inter- and intramolecular interactions and a reduction in the
amount of short contacts in the new crystal structure; the
previous structure was characterized by having two intra-
molecular short contacts and several intermolecular ones with
the nitrogen atoms from the benzimidazole and the methanol
molecule, in addition to those from corners of the phenyl ring
with corners of the benzimidazole. The pure crystal structure

of TPBi (Figure 2a) has only one intramolecular short contact
between a corner of the central benzene ring and a
perpendicularly oriented phenyl ring comprising the atoms
C35···H41−C41, with a distance of 2.729 Å. Three corner-to-
corner benzimidazole-to-benzimidazole intermolecular short
contacts are observed; distances range from 2.75 to 2.89 Å
(Figure S2). Phenyl−benzimidazole short contacts between
C26−H26···C15 and C26−H26···C16 with distances of 2.859
and 2.865 Å, respectively, consolidate the structure.
Significant differences are also observed on the dihedral

angles between the central benzene and the benzimidazole
arms, and between these and the phenyl side rings. The
solvated structure has dihedral angles between benzene and
benzimidazoles of 20.19, 34.57, and 44.59°, and between
peripheral phenyl rings and the benzimidazoles of 84.57, 62.71,
51.73°. The pure crystal structure presents an overall reduction
on the dihedral angles between benzene and benzimidazoles
with 18.70, 23.58, and 39.22° while also exhibiting significant
changes in dihedral angles between such and the phenyl side
rings, with 69.60, 70.79, and 81.59°. Finally, TPBi molecules
are oriented toward the c crystallographic axis, with the central
benzene rings tilted 29.18° off this axis. These crystallographic
data will allow for the interpretation of the thin-films’ GIXRD
patterns.
The thin films of TPBi, 10−30 nm thick, were amorphous as

first generated, regardless of deposition rate (0.1 or 1 Å/s), or
substrate (high-energy gold or low-energy monolayer sub-
strates). However, when samples were annealed at 165 °C for
an hour,14 visible signs of large mm like domains could be seen
under an optical microscope (Figure S3). GIXRD data for
annealed films show two distinct peaks at 7.2 and 14.4° (Figure
3a). Diffraction angles were compared with the predicted
powder pattern (gray in Figure 3a), which was calculated based
on the pure crystal structure. The process reveals the two peaks
in the GIXRD pattern to be correlated with (00l) planes in the

Figure 2. (a) Molecular structure of TPBi with displacement
ellipsoids drawn at 50% probability level. (b) Unit cell of TPBi.
Cell contains eight TPBi molecules (dark gray), while several adjacent
TPBi molecules outside the cell complete the layered structure in the
a−b plane, which is used in subsequent thin-film modeling.

Figure 3. (a) Experimental (black) and calculated (gray) GIXRD
pattern of annealed thin-film TPBi. TPBi film thickness is 30 nm. (b)
Extended crystal structure, with phenyl substituents omitted, showing
orientation and packing. Central benzene rings are highlighted in red.
The blue plane corresponds to the (001) plane.
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predicted pattern. Specifically, the experimental peak at 7.2°
can be unambiguously assigned to the (002) plane, while the
(004) plane is the likely assignment for the peak at 14.4° (an
overlapping (113) plane prevents this from being entirely
unambiguous). Note, that both the (001) and (003) planes are
systematically excluded in the powder diffraction via the
extinction laws pertaining to the crystal symmetry. This
mirrors the experimental data. No other planes are observed in
the GIXRD data indicating a significant amount of ordering. As
a result, we can be confident that the molecules within the thin
film are predominantly oriented with the c crystallographic axis
along the surface normal (Figure 3b). In this particular case,
the annealed samples show no obvious sign of surface-induced
phases (SIP) or polymorphism.33 The dhkl spacings of 14.25
and 7.12 Å from the GIXRD experiment match those from the
unit cell data (14.28 and 7.14 Å for the d(002) and d(004)
planes, respectively).
The upright orientation adopted by TPBi, with the (001)

plane (a−b face) exposed at the surface (Figure 3b), can be
rationalized via intermolecular forces and surface energy
considerations.34 To begin, the (001) plane has a much higher
reticular density of TPBi molecules than other planes (62 Å2/
molecule for the (001) vs 91 for the (100), for example).35,36

This in turn generates strong stabilizing intermolecular
interactions in the (001) plane, particularly the benzimida-
zole−benzimidazole and phenyl−benzimidazole short contacts
determined from the crystallographic data (Figure 2b). The
distance between these rings is consistent with the potential
energy minima of the benzene−benzene interaction.37 This is
in contrast to the (100) or (010) planes (b−c and a−c faces)
where stabilization is impeded by the presence of the large slip
planes between layers (blue in Figure 3b), which prevent
meaningful interactions. Thus, an upright configuration
maximizes the number of stabilizing interactions over the
length of surface. Surface energy is also minimized in this
configuration as the surface molecules of the (001) face
generate a rather planar configuration in contrast to the
corrugated surface generated by TPBi in the (010) plane
(Figure S4). The surface generated from the (100) plane also
appears destabilized by the dangling benzimidazoles at the
surface (Figure 3b, right of figure). Hence, a variety of
thermodynamic arguments suggest a very stable surface can be
generated at the (001) plane.
IR-Based Methodology. IR analysis of thin film allows the

determination of molecular orientation in addition to chemical
information.38 If a technique such as infrared reflection
absorption spectroscopy is utilized, where the beam reflects
off an underlying metallic surface, selection rules arise, which
can allow orientation to be assigned.39 Specifically, molecular
dipole changes oriented perpendicular to the surface create a
reinforcing image dipole in the surface (Figure 1), while those
oriented horizontally to the surface generate a negating image
dipole. Since IR absorption is proportional to the square of the
dipole moment change induced by the given normal
vibrational mode, either a stronger absorption band is observed
in the former case or no IR absorption in the latter case
(Figure 1). This approach has been applied to a wide variety of
molecular films.28,40

Without the identity of the various normal vibrational
modes, it is impossible to make any assignments and interpret
changes in IRRAS data. Thus, quantum mechanical calcu-
lations were used to determine the molecular wave function
and force constants, and the subsequent harmonic normal

mode analysis yielded frequencies, dipole change vectors, and
normal mode vibrations associated with TPBi. The energy
minimized molecular structure was in excellent agreement with
crystallographic structure, and fidelity between the calculated
IR spectra for TPBi and the experimentally determined IR of
powder TPBi was good (Figure 4). Normal vibrational mode

assignments were used for the interpretation of IRRAS data for
thin films (Figure 4, bottom). Normal modes were described
in terms of the prevailing changes in the internal coordinates of
TPBi and assigned to the experimental absorption bands
(Table 1).
A further note is necessary before discussing the data.

During the calculations, a second conformer of TPBi appeared
to be of similar energy to the crystallographic form. This
conformer possesses a threefold rotational axis (Figure 5) that
is perpendicular to the plane of the central phenyl ring and will
from here out be referred to as the C3 conformer. The
calculated energy of this C3 symmetry conformer is 0.95 kcal/
mol higher at the MP2 level of theory than the energy of the C1
conformer in the gas phase. Thus, the C3 species is predicted to
be roughly 7% of the material in the solid phase when the
configurational entropy contribution to the free energy
difference is also considered. The calculated IR spectrum for
the C3 conformer is included in both Figure 4 and Table 1;
however, in most instances, these bands are not spectroscopi-
cally distinct from the dominant C1 conformer. They do,
however, contribute to the overall broadening in the IRRAS
spectra and must be considered accordingly.
IRRAS spectra of the thin film were examined for orientation

changes after annealing. This approach was limited by the fact
that several additional factors are involved in each vibrational
band intensity, including the degree of ordering within the
solid, conformational equilibria, normal mode degeneracy
(Table 1), and the fact that the multitude of functional groups
(i.e., the benzimidazole and phenyls) have multiple orienta-
tions within the crystal structure. Despite this, the IRRAS does

Figure 4. Top: ATR IR spectrum of the powdered TPBi. Middle:
Frequencies and intensities (km/mol) of the calculated IR vibrational
bands for the C1 (see crystal structure) and C3 forms (vide infra) of
TPBi are overlaid in blue and red, respectively. The plotted intensities
are for a C1/C3 ratio of 10:1 that corresponds to the calculated relative
free energy of the two conformers of TPBi. Bottom: IRRAS spectrum
of 20 nm of TPBi, as deposited at 0.1 Å/s (light gray) and after
annealing (dark gray).
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Table 1. Infrared Spectra of TPBi

thin-film frequencies
(cm−1)a calculated IR spectrab C1 symmetry species calculated IR spectrab C3 symmetry species assignments

preanneal postanneal
freq.

(cm−1)c
number of
modesd

inte (km/
mol)

freq.
(cm−1)c

number of
modesd

inte (km/
mol) interpretation: Locationf

1596 m 1602 sh 1635 3 6 1635 3 3 νCC, δCH: Ph
1578 vw 1593 m 1626 3 40 1625 3 60 νC−N, νCC, δCH: Ph

1585 sh 1615 5 50 1614 5 48 νCC, δCH: Bz, Ph
1563 vw 1603 3 5 1603 3 2 νCC, δCH: Ph

1539 1 3 1531 1 3 νCC, νCN: Bz, Im
1510 sh 1526 1 7 1521 2 59 νCN, δCH: Im, Bz
1499 s 1498 s 1516 3 160 1516 3 206 νC(Ph)−N(Im), νCC, δCH: Ph

1492 sh 1511 1 104 νCN, νCC, δCH: Im, Bz
1486 w

1479 w 1481 w 1496 3 10 1496 3 10 δCH, νCC: Ph
1471 vw 1470 3 13 1469 3 8 δCH, νCC: Ph

1456 sh 1454 s 1467 2 69 1466 2 62 δCH, νCN, νCC: BIm, Bz
1450 s 1448 s 1461 1 128 1463 1 16 δCH, νCN, νCC: BIm, Bz

1439 sh 1454 1 233 δCH, νCC, νCN: BIm C3, Bz C3,
TPBi C1

1413 m 1414 m 1426 1 101 1437 2 317 δCH, νCC, νCN: BIm, Bz
1385 m 1389 s 1379 2 120 1392 1 144 νCN, νCC, δCH: Im, Bz
1377 sh 1377 sh 1367 4 197 1368 5 161 νC−N, νCN, νCC, δCH: BIm, Ph
1367 w 1368 vw

1341 vw 1342 1 6 1345 1 2 νCC, νCN, δCH: Bz, Im
1330 sh 1330 sh 1335 4 15 1336 4 6 δCH: Ph
1324 m 1322 s 1324 2 62 1323 2 62 δCH, νCN: BIm, Ph

1312 1 0.1 1312 1 1 δCH: Bz, Ph
1306 w 1308 vw 1305 2 8 1304 3 4 δCH: BIm, Ph

1299 1 9 δCH: BIm, Bz
1296 1 54 νC−N, νCN, δCH: Im, Bz

1282 s,br 1291 s 1286 1 86 1288 3 201 νC−N, νCN, δCH: BIm
1278 2 45 1275 1 1 νC−N, νCN, δCH: BIm, Bz

1258 m,br 1262 m
1254 w

1266 2 43 1266 2 36 νCC, νC−N, δCH: BIm

1195 vw 1195 vw 1199 3 42 1200 3 42 νC−N, δCH: BIm, Ph
1183 3 2 1182 3 1 δCH: Ph
1170 3 0.1 1170 3 0.1 δCH: Ph

1150 vw 1160 3 3 1160 3 3 δCH: BIm
1138 1 2 νCC, δCH: Bz, BIm

1120 w,br 1115 w 1128 2 5 1132 3 7 νCC, δCH: Bz, BIm
1118 3 0.4 1118 3 0.2 δCH: Ph

1075 w 1070 w 1087 3 13 1087 3 12 δCH: Ph
1048 vw νCC, δCH: Bz, BIm
1032 vw 1039 3 5 1038 3 5 δCH: Ph

1013 w 1016 m 1020 3 38 1020 3 50 δCH, νCC: BIm
998 vw 1000 vw 1000 3 4 1000 3 4 δ6R: Ph

996 3 9 996 3 11 δ5R, δ6R, νCC: Im, Bz, Ph
970 w 975 4 5 979 4 7 δ5R, δ6R, νCC, γCH: Im, Ph

951 6 0.7 952 6 0.8 γCH: BIm, Ph
937 1 1 γCH: Bz

936 w 936 w 931 2 21 932 2 23 γCH: Ph
917 2 6 924 3 1 γCH: Ph

907 vw,br 906 w 914 3 5 914 3 4 γCH: Ph
908 1 8 γCH: Ph

902 3 4 903 2 1 γCH: Ph
891 w 890 w 894 1 21 896 1 15 δ5R, δ6R: BIm
877 sh 877 w 879 1 17 δ6R, δ5R: Bz, BIm
875 w 874 w 877 1 33 878 2 53 δ6R, δ5R: Bz, BIm

848 vw 849 3 1 849 3 1 γCH: BIm
835 vw 836 3 1 836 3 1 γCH: Ph

819 1 3 820 1 1 breathing mode: Bz, BIm
768 sh 767 s 768 2 41 765 3 39 γCH (in-phase): Ph
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allow us to confirm the orientation determined by GIXRD. To
do so, we have selected several lines (1596, 705, 696 cm−1)
where the contributions from each conformer are roughly the
same and where the full width half-max is comparable such that
orientation-based intensity changes can be isolated. As can be
seen in Figure 6, the higher wavenumber feature has a small
decrease, while the vibrations near 700 cm−1 both increase
significantly. Analysis of the bands at 1596 and 696 cm−1 are
the most straightforward. The absorption at 1596 cm−1

corresponds to CC vibrations and in-plane C−H bends of
the phenyl group, while the 696 cm−1 bands correspond to
out-of-plane bends on the same phenyl substituents. It thus
makes sense that these two intensities would change counter to
each other. The intensity changes can qualitatively be justified

by orientation information in the GIXRD data as well. In TPBi,
the central benzene rings are most aligned with the surface
normal (29°) after annealing. Unsurprisingly, significant planar
modes associated with this group (1454, 1450, 1413, 1385,
1282 cm−1, Figure S5) exhibit significant increases in intensity.
Thus, IR measurements are nominally consistent with GIXRD
results.
The combined IR and XRD data has several implications,

some of which were unexpected. To begin, the presence of the
clear slip planes within the single-crystal unit cell suggests that
there should be a strong preference for TPBi to orient with a−
b crystallographic face exposed (in contrast to the structure
from solution grown crystals). This is in contrast with known
deposition characteristics, namely that TPBi deposits as an
amorphous thin film14 and remains so unless annealed.14,41

While this can be attributed to the inefficient packing caused
by TPBi molecular structure (and the small lattice energy), it is
likely that the presence of the second TPBi conformer inhibits
unassisted formation of an ordered structure. It is well known
that crystallization of TPBi thin films is readily inhibited by
small amounts of other organic semiconductors;17 thus, it
seems likely that here the C3 conformer acts in a similar

Table 1. continued

thin-film frequencies
(cm−1)a calculated IR spectrab C1 symmetry species calculated IR spectrab C3 symmetry species assignments

preanneal postanneal
freq.

(cm−1)c
number of
modesd

inte (km/
mol)

freq.
(cm−1)c

number of
modesd

inte (km/
mol) interpretation: Locationf

764 m 764 s 760 4 41 759 3 51 γCH (in-phase): BIm, Ph
755 s 744 3 78 744 3 91 γCH (in-phase): BIm

744 m,br 749 s 741 2 67 740 2 35 γCH, δ6R, δ5R: TPBi
728 1 3 728 1 2 γ5R, γCH: BIm, Ph

715 sh,vw 713 sh,w 719 1 0.1 719 2 25 γ5R, γCH: BIm, Ph
712 1 4 δ5R, δ6R: TPBi

705 w 708 m 708 2 37 707 1 8 γ6R, γ5R: TPBi
703 1 15 705 2 44 δ6R, δ5R: TPBi

696 m 695 s 695 3 82 696 3 67 γ6R: Ph
680 sh 680 w 685 1 13 689 1 6 γ6R, γ5R: Bz, Im
672 vw 669 sh 652 1 12 δ6R5R linkage, δ6R, δR6: Bz, BIm, Ph

639 1 1 δ6R5Rlinkage, δ6R: Bz, BIm
660 vw 662 w 631 1 12 627 2 54 δ6R5Rlinkage, δ6R, γ6R: Bz, BIm, Ph

622 3 9 620 3 4 δ6R: Ph
618 3 5 616 3 2 δ6R, δ5R: BIm, Ph
610 1 21 δ6R, δ5R: BIm, Ph

aStrong (s), medium (m), weak (w), very (v), and shoulder (sh). bB3LYP/6-31G* method, 4 cm−1 resolution. cScaled B3LYP/6-31G* frequencies
(0.98 scale factor was used). dNormal modes separated by less than 4 cm−1 were considered to constitute a single spectral band. The number of
normal modes contributing to this band is given. eTotal intensity of all normal modes contributing to a spectral band. fν, δ, and γ denote bond
stretching, angle bending (in-plane), and dihedral angle bending, respectively. 5R and 6R denote vibrations delocalized over the entire five- and six-
membered rings, respectively. BIm = benzimidazole; Ph = phenyl (substituent); and Im = imidazole; Bz = benzene (core).

Figure 5. Stick structure calculated of the C1 (a) and C3 (b)
conformers of TPBi.

Figure 6. Selected regions of the IRRAS spectrum of 20 nm of TPBi
as deposited at 0.1 Å/s on top of a freshly prepared gold surface (light
gray) and after annealing (dark gray). Note, the y-axis values differ for
the two segments.
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function. With the structure of these materials known, film
structure determined, and a complicating factor in the C3
conformer identified, it now becomes possible to improve
fabricated optoelectronic devices and the theoretical models,
which underpin device behavior. Finally, the measured
orientation has large implications for the amorphous thin
films of TPBi.42−44 It is known that disordered films of TPBi
also have a preferred orientation which generates spontaneous
orientation polarization, which impacts interfacial charge
accumulation, in turn quenching excitons in OLEDs.44 Our
measurement suggests the preferred orientation for amorphous
films, a critical variable in surface potential models used to
interpret these interfacial structures.42,43

■ CONCLUSIONS
In summary, we have characterized the structural properties of
TPBi critical to understanding its thin film material behavior.
The limited intermolecular interactions dictating a thin-film
structure were identified via single-crystal X-ray diffraction
data. Additionally, unit cell and symmetry data (in conjunction
with GIXRD measurements) demonstrate that annealed TPBi
thin films preferentially orient with the a−b crystallographic
face parallel to the substrate and with the central benzene rings
oriented 29° from the surface normal. This orientation can be
understood based on molecular packing within the crystal,
which shows obvious slip planes in the direction of the thin-
film’s surface. IRRAS measurements are in agreement with this
assignment. Computational structural analysis suggests that
there is an additional C3 conformer, which may be the source
of TPBi’s amorphous film stability. These results make it
possible for academic and industrial OLED researchers to
optimize this electron transport layer’s material properties.
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