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Organic light-emitting diodes (OLEDs) are currently under intense investigation for use in next-generation
display technologies. Research into the fundamental properties of the materials used in OLEDs, such as
structure and vibrational modes, will help provide experimental probes which are required to gain insight into
the processes leading to device degradation and failure. Calculations using the hybrid B3LYP functional and
the split-valence polarized 6-31G(d) basis set have been carried out to assign the IR bands of the OLED hole
transport material N,N'-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4"-diamine (NPB). Excellent agreement
was found between the computed and experimental wavenumbers allowing the reliable assignment of major IR
bands. Comparison of the reflection absorption IR (RAIRS) spectra obtained from room temperature and
thermally annealed NPB thin films indicates that, upon annealing, structural changes occur and the average
orientation of the NPB naphthyl groups become predominately flat with respect to the surface.

Introduction

Following the initial report, by Tang and Van Slyke,! organic
light-emitting diodes (OLEDs) have received widespread
attention for their potential use in next-generation display
technologies.>®> OLEDs are typically amorphous thin solid
film heterojunction devices constructed by vacuum evapo-
ration of the transport layers onto a supporting electrode. The
organic materials composing the active layers are chosen with
close regard to their relative orbital energy offsets, usually
such that exciton formation and recombination occurs in the
electron transport layer of the device. Materials development
for electron transport and emission in OLEDs has largely
focused on metallo-quinolates,** with tris(8-hydroxy-
quinoline)-aluminium(t) (Alg3) being the most often used.
Aromatic amines are often used as hole transport materials in
OLED devices and have had good success. In particular, the
naphthyl diamine N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1'-
biphenyl-4,4” -diamine (NPB) was shown, by Tang and co-
workers,® to afford improved stability over previously used
amines.

Although showing excellent device characteristics, OLEDs
still suffer from a lack of long-term device stability. Numerous
causes of device degradation have been proposed in the liter-
ature, including the delamination of electrodes,’ cathode oxi-
dation,® electrochemical reactions at electrode/organic
interfaces,® hydrolysis of the metallo-quinolate layer,'® and an
intrinsic instability of the metallo-quinolate cation.!! Device
failure has also been attributed to crystallization of the active
layers, especially the hole transport layer.!?2

Despite the importance of the archetype hole transport
molecule NPB, relatively few studies of its fundamental molec-
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ular properties have appeared in the literature. Theoretical
investigations into the electronic density of states and the
effect of charging on the electronic structure of NPB were
reported by Lee and co-workers.!3:'* The hole transport
mobility of NPB was measured by Deng et al.!® using the
time of flight technique. Also Tang and co-workers'® have
studied the growth models of NPB on ITO substrates using
AFM.

Infrared (IR) spectroscopy is a standard tool for structural
characterization and following the evolution and dynamics of
chemical systems. The infrared assignments of NPB have not
yet been reported. For large molecules, quantum chemical cal-
culations predicting harmonic frequencies and spectral inten-
sities are essential when interpreting experimental IR spectra,
where the high density of states results in spectral complexity
in the region below ca. 1700 cm ™. The availability of analyti-
cal geometric and electric field derivatives,!” coupled with
advances in computer performance has extended the applica-
bility of electronic structure methods to systems as large as
NPB. In the theoretical prediction of molecular vibrational
properties, density functional theory (DFT) has been demon-
strated to be a cost-effective alternative to conventional ab
initio approaches, significantly outperforming methods such as
Hartree-Fock and second-order Mgller—Plesset perturbation
theory (MP2).18-2°

In the present work, the equilibrium geometry, vibrational
frequencies and IR intensities for NPB are computed using
hybrid DFT and a medium sized split-valence basis set to
enable the assignment of major bands in the experimental
pellet IR spectrum. The observed IR bands are assigned on
the basis of the frequency agreement and IR intensity patterns
between the theoretical and observed spectra and visual-
ization of computer normal mode displacement vectors. Using
the NPB IR assignments, a comparison of the surface IR
spectra, obtained from room temperature and thermally
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annealed NPB thin films, provides insight into the conforma-
tional changes arising upon annealing.

Methods

N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4"-diamine
(NPB) was obtained from the Xerox Research Center Canada
(XRCC). The transmission IR spectrum was recorded from
isotropically dispersed NPB in KBr. The IR spectrum was
collected over the spectral region 400 cm™! to 4000 cm ™! on
a Bomem 102 FT-IR equipped with a CsI beamsplitter and a
DTGS detector with 4 cm ™! resolution. To examine the spec-
tral changes in thin solid films upon thermal annealing, a thin
solid film of NPB was deposited onto a silver mirror. The
silver was thermally evaporated on a glass slide to a total
mass thickness of 1000 A using a standard vacuum system
evaporator operating at a background pressure of 10~° Torr.
The NPB was deposited onto the Ag/glass substrate to a total
mass thickness of 200 A using a second vacuum system evapo-
rator. Reflection absorption IR spectra (RAIRS) were col-
lected from the thin solid film using the Bomem 102 FT-IR
equipped with a Spectra-Tech FT-80 grazing angle accessory
fixed at 80°. The RAIRS spectrum of the NPB thin film was
recorded at room temperature and after annealing at 125°C
for 30 min, for comparison.

The theoretical results reported here were obtained using
the GAUSSIAN 98 suite of programs.?! The geometry of
NPB was optimized and harmonic frequencies and IR inten-
sities were computed using the hybrid B3LYP density func-
tional, corresponding to the combination of the Becke’s
three-parameter exchange functional (B3)??2 with the Lee-
Yang-Parr fit for electron correlation (LYP),2* along with the
polarized split-valence basis set 6-31G(d) (which provides a
total of 754 basis functions for NPB).24

Results and discussion

Structure and molecular vibrations of NPB

The molecular structure of NPB along with the pellet IR spec-
trum is shown in Fig. 1. NPB is composed of terminal phenyl
amines with naphthyl moieties joined by a bridging biphenyl
group. The naphthyl groups in NPB give rise to a number of
structural conformations, which may be present in the solid
state. The gas phase geometry of NPB was optimized at the
B3LYP/6-31G(d) level of theory without symmetry constraints
(C,) starting from a structure that corresponds to the global
minimum, as calculated by a semiempirical PM3 molecular
orbital study by other authors.!* The optimized structure of
NPB is determined to have a point of symmetry at the central
CC bond in the biphenyl bridge in agreement with the pre-
vious semiempirical calculations. A table of calculated heavy
atom bond lengths of NPB along with experimental data for
smaller molecules representative of the fragments composing
NPB (l-aminonaphthalene, aniline and 1,1’-biphenyl-4,4'-
diamine (benzidine)) is available (see ESI Table S1).f
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Fig. 1 Molecular structure of NPB and the IR spectrum from iso-
tropically dispersed NPB in KBr. Characteristic IR bands are labelled
(a-g).
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NPB is composed of 78 atoms giving rise to 228 vibrational
degrees of freedom. To allow interpretation of the experimen-
tal pellet IR spectrum, harmonic vibrational frequencies, cor-
responding normal modes and IR intensities computed in the
double harmonic approximation (I oc | 0u/0Q, |?) were calcu-
lated. Work in our laboratory has demonstrated that the
hybrid B3LYP functional predicts IR intensities in close
agreement with those calculated with the conventional highly
correlated ab initio method quadratic configuration inter-
action including singly and doubly excited determinants
(QCISD).2° In particular, the B3LYP/6-31G(d) level of theory
represents a cost effective choice for the calculation of theo-
retical IR spectra, particularly for large molecules such as
NPB. The calculated vibrational frequencies are all real, veri-
fying that the optimized geometry is a true minimum on the
potential energy surface. A complete table of theoretical har-
monic frequencies and IR intensities for NPB is available (see
ESI Table S2).1

Theoretical harmonic frequencies typically overestimate
observed fundamentals due to the neglect of mechanical
anharmonicity, electron correlation and basis set effects. To
compensate, various scaling strategies exist to bring the com-
puted harmonics into greater agreement with experi-
ment.'8:1%25-28 Stydies by Scott and Radom,'® and Wong!®
have shown that B3LYP calculations employing the 6-31G(d)
basis set provides harmonic frequencies that can be effectively
scaled for comparison with experimental wavenumbers. In this
work, to improve the agreement with experiment, the B3LYP/
6-31G(d) harmonic frequencies were scaled by a factor of 0.97
as discussed below.

To compare with the experimental results, a simulated IR
spectrum was constructed using the scaled theoretical vibra-
tional frequencies and computed intensities by representing
the IR bands by Gaussian lineshapes with a full width at half
maximum (FWHM) of 4 cm~!. The vibrational spectra of
complex molecules are usually discussed in terms of different
wavenumber regions known to generally correspond to differ-
ent types of vibrational modes. The upper wavenumber region
(ca. 3600 cm ™! to 1700 cm™!) contains vibrations composed
largely of localised hydrogen stretches, whereas the mid-
wavenumber region (ca. 1700 cm~! to 1000 cm ') contains
heavy atom in-plane stretches and bends, and the low-
wavenumber region (below 1000 cm 1), the out-of-plane and
torsional modes. It is in the latter two regions, below 1700
cm ™! (the fingerprint region), where quantum chemical pre-
diction can be the most useful in making vibrational band
assignments that may not otherwise be interpretable. The
experimental pellet IR spectrum for NPB consists of two
groups of bands having substantial intensity as seen in Fig. 1.
The simulated and the experimental IR spectra for these two
regions are expanded and compared in Fig. 2. The agreement
between the simulated and experimental IR spectra is excel-
lent, allowing reliable correlation between theoretically pre-
dicted and experimentally observed bands.

In-plane region assignments

The top panel in Fig. 2 presents the first spectral range of
substantial intensity, from ca. 1150 cm ! to 1650 cm ™!, which
generally contains heavy atom in-plane stretches and bends.
The experimental and theoretical frequencies and general
mode assignments for observed IR bands in the in-plane
region are given in Table 1. The band assignments were made
on the basis of frequency and intensity pattern agreement and
the description from visualisation of the atomic displacement
vectors. The most intense bands in this region are denoted in
Fig. 1 and Table 1 with letters a, ¢, d and e. The band marked
a at 1592 cm ™! in the experimental spectrum is assigned to a
CC stretching vibration largely involving the terminal phenyl

groups (t-phenyl), predicted to have a frequency of 1606 cm ™ 1.
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Fig. 2 Experimental IR spectrum and the B3LYP/6-31G(d) simu-

lated IR spectrum of the in-plane region (top panel) and the out-of-
plane region (bottom panel) for comparison.
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This is comparable to the CC stretching vibration of aniline
observed at 1604 cm ™! in the liquid phase and calculated to
be 1608 cm ™! using scaled B3LYP/6-31G(d).2° Although it is
less intense than the other bands discussed here, the vibration
marked b in Fig. 1 and Table 1 at 1573 cm ™! is notable, since
it is assigned as a naphthyl CC stretching mode computed at
1578 cm ™. The ¢ band observed at 1491 cm ™! is predicted at
1494 cm™! and corresponds to a CC/CN stretching + CH
bending vibration associated with both the terminal and
bridging phenyl groups in NPB. The d vibration at 1392 cm ™!
is predicted to occur at 1393 cm~! and involves CC/CN
stretching + CH bending of the naphthyl moieties of NPB. An
envelope of overlapping bands is observed in the experimental
IR with an obvious peak with maximum intensity at 1293

cm 1, labelled e. The e band is computed at 1279 cm ! and is
attributed to a CH/CCN bending + CN stretching vibration
involving the terminal and bridging phenyl groups.

Out-of-plane region assignments

The bottom panel of Fig. 2 shows the second intense region,
from ca. 860 cm~! to 400 cm™!, which generally contains
out-of-plane vibrational modes. The experimental and theo-
retical wavenumbers and general mode assignments for
observed IR bands in the out-of-plane region are given in
Table 2. The most intense absorption in this wavenumber
region is denoted f in Fig. 1 and Table 2 and is observed at
772 cm~ 1. This band is computed to have a frequency of 769
cm ™! and is assigned to the out-of-plane CH wag of the naph-
thyl groups of NPB. This band is comparable to that com-
puted at 767 cm ™! for 1-aminonaphthalene using the scaled
B3LYP/4-31G level of theory, as reported recently by Bausch-
licher.>® The band marked g, observed at 424 cm~! in the
experimental spectrum, corresponds to a naphthyl CC torsion
vibration, predicted at 424 cm ™ 1.

Agreement between scaled harmonic frequencies and
experiment

Theoretical harmonic frequencies are often scaled to compare
with experimental wavenumbers. The scaling factor employed
in the present study of 0.97 is comparable to the scaling factor
suggested by Scott and Radom of 0.9614.'®% The average
absolute difference, average difference and standard deviation
between the theoretical and experimental frequencies for the
assignments presented here are ca. 25 cm™!, 25 cm ™! and 14
cm ™!, respectively. After scaling, the agreement improves sig-
nificantly, giving an average absolute difference, average differ-
ence and standard deviation of ca. 6 cm™!, —4 cm™! and 6
cm ™. Unscaled B3LYP/6-31G(d) harmonic frequencies show
a tendency to overestimate experimental fundamentals, with a
large number of frequencies overestimating the experimental
data by more than 50 cm~!. After scaling, the error distribu-
tion is much more favourable, being peaked at zero difference
(see ESIT Fig. S1 for v ;1 — Vey histogram). The raw B3LYP/
6-31G(d) frequencies are included in Tables 1 and 2 for indi-
vidual comparison with the scaled and experimentally
observed wavenumbers.

Table 1 Experimental and B3LYP/6-31G(d) calculated frequencies, and general mode assignments for observed IR bands in the in-plane region

of the spectrum

B3LYP/6-31G(d)/cm !

Scaled®/cm ~1!

Observed/cm ~!

Assignment®

1671 1621 1610
a 1656 1606 1592
b 1627 1578 1573
1545 1498 1504
c 1540 1494 1491
1508 1463 1463
1487 1443 1434
d 1436 1393 1392
1385 1343 1343
1339 1299 1310
e 1319 1279 1293
1303 1264 1274
1284 1245 1251
1217 1181 1183
1193 1157 1156
1119 1086 1087
1110 1077 1074
1078 1046 1051
1056 1025 1028
1050 1019 1015
1017 986 1001

CC stretch (biphenyl)
CC stretch (t-phenyl)
CC stretch (naphthyl)

sh CC stretch + CH bend (phenyl)
CC stretch + CH bend + CN stretch (phenyl)
CC stretch + CH bend + CN stretch (naphthyl)
CC stretch + CH bend (naphthyl)
CC stretch + CH bend + CN stretch (naphthyl)
CC bend (naphthyl)
CH bend + CH stretch + CCN bend (phenyl)
CH bend + CN stretch + CCN bend (phenyl)
CC stretch + CH bend + CN stretch
CC stretch + CH bend + CN stretch (naphthyl)
CH bend + CN stretch (biphenyl)
CH bend + CC stretch (naphthyl)
CH bend + CC stretch (t-phenyl + naphthyl)
CH bend + CC stretch (t-phenyl + naphthyl)
CH bend + CC deformation
Ring deformation
Ring deformation
Ring deformation (biphenyl)

* Harmonic frequencies were scaled by 0.97. ® Terminal phenyl groups are indicated by ‘t-phenyl’.
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Table 2 Experimental and B3LYP/6-31G(d) calculated frequencies, and general mode assignments for observed IR bands in the out-of-plane

region of the spectrum

B3LYP/6-31G(d)/cm ~* Scaled*/ecm !

Observed/cm ~*

Assignment

975 946 966
962 933 953
914 887 896
881 854 861
866 840 848
840, 842, 843 815, 816, 818 821
818 793 798
804 780 789
f 793 769 772
767 744 751
751, 755 729, 733 742
730 708 717
711 690 697
706 685 691
679 658 662
661 641 644
640 621 624
632 614 616
619 601 606
575 558 558
550 534 538
533 517 521
528 512 508
508 493 497
4717, 483 463, 469 467
443 430 439
g 437 424 424

¢ Harmonic frequencies were scaled by 0.97.

CH wag (naphthyl)

CH wag

CH wag (naphthyl)

CH wag (naphthyl)

CH wag (biphenyl)

CH wag (phenyl)

CH wag (naphthyl)

CH wag + CC deformation (naphthyl + t-phenyl)
CH wag (naphthyl)

CH wag (t-phenyl)

CH wag (naphthyl) + CH wag (t-phenyl)

CC torsion (biphenyl)

CC torsion (t-phenyl)

CC torsion (t-phenyl) + CC deformation

CC torsion (naphthyl) + CC deformation

CC deformation + CC torsion (biphenyl)

CC torsion + CC deformation

CC torsion + CC deformation (t-phenyl)

CC torsion + CC deformation

CC torsion (biphenyl + naphthyl)

CC torsion (biphenyl + naphthyl)

CC torsion + CC deformation

CC torsion (biphenyl)

CC torsion (phenyl) + CC deformation (naphthyl)
CC torsion + CC deformation + CCN wag
CC torsion + CC bend (biphenyl + naphthyl)
CC torsion (naphthyl)

Annealing of NPB thin films

Reflection absorption infrared spectroscopy (RAIRS) is com-
monly used to study the orientation of nanometric films
deposited on a reflecting metal substrate. In RAIRS, the elec-
tric field coupling to the vibrational modes of the material is
normal to the surface, allowing the determination of average
molecular orientation through comparison of relative experi-
mental band intensities. RAIRS is a well established technique
and has been used to investigate the effects of thermal anneal-
ing for organic semiconductor materials, such as perylene
based photoconductors®!—33 and the OLED electron trans-
port material Alq3.343% Recently, Popovic et al.3® used
RAIRS to monitor the effect of dopant molecules on the struc-
tural changes occurring in NPB thin solid films upon thermal
annealing, however detailed discussion was not given. In the
present work, with the IR assignments of NPB established by
comparison with the DFT calculations, we will discuss the
effect of annealing on NPB thin films is greater detail. The
RAIRS spectrum of a 200 A NPB film on a silver mirror was
collected at room temperature and then again after annealing
at 125 °C for 30 min.

NPB KBr pellet IR

=
)

S
Il

e (arbitrary units)
=
=
et

NPB on Ag mirror IR

Absorbanc:
LS

[—3
=83

1000 500

Wavenumber/cm™!

1500

Fig. 3 Experimental pellet IR and thin film refection absorption IR
(RAIRS) spectra of NPB for comparison. Note the difference in rela-
tive intensities between the two.
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The pellet IR spectrum and the room temperature thin film
RAIRS spectrum are shown in Fig. 3. Comparison of the rela-
tive intensities of the out-of-plane naphthyl CH wag at ca. 772
cm~! and the in-plane naphthyl CC stretching vibration
observed at ca. 1392 cm™!, with transition dipoles perpen-
dicular and parallel to the naphthyl group plane respectively,
indicates that on average the naphthyl groups of NPB in the
thin film adopt a partially flat orientation relative to the

NPB on Ag mirror

IR p50c-Rpp

v

NPB on Ag mirror (125 °C-30 min)

1600 1500 1400 1300 1200

NPB on Ag mirror

Absorbance (arbitrary units)

0.004
0.002

IRpys50c-IRpyp

—0.002 1

0.3

02 NPB on Ag mirror (125 °C -30 min)

600 500 400

Wavenumber/cm™"
Fig. 4 The RAIRS spectra for a NPB thin film at room temperature
and after annealing for 30 min at 125°C for the in-plane region (top
panel) and the out-of-plane region (bottom panel). The IR difference
spectrum (IR, 5.« — IRgy) is shown indicating the bands of significant
intensity change discussed in the text. The ordinate scales of the
spectra have been expanded for clarity.

800 700



surface. The room temperature and the annealed RAIRS
spectra, and the IR difference spectrum (IR;,5.c — IRgy) for
the NPB thin film are shown in Fig. 4. The ordinate scales of
the spectra have been expanded for clarity. The IR difference
spectrum in the out-of-plane region (ca. 860 cm~! to 400
cm™!) (lower panel)) indicates key differences between the
room temperature and annealed spectra. Most significant is
the marked increase in intensity of the naphthyl CH wag at
ca. 772 cm ™! and the decrease in intensity of vibrations at ca.
821 cm ™! and 751 cm™!, assigned to CH waging vibrations
involving the phenyl groups, with the latter being mainly
localised on the terminal phenyl groups of NPB. These inten-
sity changes suggest that, upon annealing, the naphthyl
groups of NPB relax further into a flat average orientation
and the phenyl groups tend to prefer a perpendicular confor-
mation with respect to the surface.

Looking to the in-plane region (ca. 1150 cm™! to 1650
cm~! (Fig. 4, top panel)) for indications of orientational
changes shows that the band at ca. 1491 cm ™!, assigned to a
phenyl CC/CN stretching + CH bending vibration, gains sig-
nificant intensity upon annealing. Other bands that gain
intensity are the CC stretch largely involving the terminal
phenyl groups and the phenyl CH bending vibration, at ca.
1592 cm ! and 1293 cm ™1, respectively. The atomic displace-
ment vectors of the vibrations having the largest increase in

é 1491 cm™! (W)

intensity upon annealing assigned to the ¢ and f IR bands are
shown in Fig. 5. The reflection absorption IR spectra indicate
that upon annealing the NPB films undergo orientational
changes consistent with the naphthyl groups being largely
parallel to the surface. A potential conformation of NPB on
the surface in which the naphthyl groups could be predomi-
nantly flat is that where the naphthyl groups are cis to each
other, as opposed to the gas phase global minimum trans con-
formation. In such a conformation the terminal phenyl groups
could be directed up from the surface, which would cause an
increase in the intensity of the phenyl CC stretching bands
and a decrease in the phenyl CH out-of-plane wags, as is
observed in the annealed IR.

Conclusion

The major IR modes of the OLED material NPB have been
assigned using the B3LYP/6-31G(d) level of theory. Excellent
agreement was found between the experimental IR spectrum
and the simulated DFT spectrum, allowing the reliable assign-
ment of observed bands. Reflection absorption IR spectros-
copy (RAIRS) was used to investigate orientational changes in
NPB thin films upon thermal annealing. With annealing, the
naphthyl groups of NPB are found to adopt a predominately
flat orientation with respect to the surface.

772 em™!

Fig. 5 Normal mode atomic displacement vectors for the ¢ and f vibrations, which show the largest increase in intensity upon annealing. The

experimental frequencies are indicated.
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