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Abstract Recent interest in the absorption and photo-luminescence properties of a molecule
with an envisioned optoelectronic use, such as TPD (N,N’-diphenyl-N,N’-bis(3-methylphenyl)-
(1,1’-biphenyl)-4,4’-diamine), prompted us to apply Density Functional Theory (DFT) and
Time-Dependent DFT (TD-DFT) methods to obtain theoretical results in agreement with
experimental findings. Based on these benchmark results, we tackled in a further step the
study of a set of molecules derived from the triphenylamine moiety, trying thus to relate
their structures with their expected behavior in optical devices. Therefore, we analyzed sev-
eral key properties for it, like the Stokes shift (important for laser applications), or their
absorption and emission spectra, which together with the energies of frontier molecular or-

bitals, help to determine their optical behavior.
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1 Introduction

Since the first discovery of organic semiconductors, their use has widely extended as active
layers for the manufacture of devices with electronic applications [1,2] such as organic light-
emitting diodes (OLEDs [3,4]), organic field-effect transistors (OFETs [5,6]), solar cells
(OPVCs [7,8]), and UV-detectors [9], and more recently laser applications [10—13], opening
a new door in the nanotechnology domain. One of the most employed molecules so far,
the trans isomer of the molecule N,N’-diphenyl-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-
diamine (TPD, see Fig. 1), still remains a challenge. The interest on it arises not only from
its transport properties, since is known to be a prototypical hole-conducting material used
in multilayer light-emitting diodes [14—18], but also for its interesting optical properties,
namely a large Stokes shift of about 0.5 eV, making this molecule a transparent material to
photo-luminescence and thus with great potential for laser applications. In addition, unlike
many organic molecules which need to be diluted to show some laser activity, above certain
concentrations the photo-luminescence and hence the stimulated emission quenches due to
molecular interactions, TPD shows stimulated emission even at high concentrations [19,20]

which implies a minor role of intermolecular interactions thereof [21-23].

Actually, we analyze in depth here the geometric structure and the optical properties of
a set of organic molecules derived from TPD, emplying for that Density Functional Theory
(DFT) for ground-states and Time-Dependent DFT for excited-states [24—27] (see also [28—
32] and references therein). We first benchmark several exchange-correlation density func-
tionals to obtain the greatest possible accuracy in the simulation of TPD properties, mainly
for the lowest singlet-singlet electronic transition, note that charge-transfer excitations are

not expected, to extend then the results of our study to other related molecules.
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In the following sections we will present the methods and technical details used, to-
gether with the set of molecules studied, and follow with the discussion of the results before

attempting to present some robust structure-property relationships and related conclusions.

2 Compounds and methods

2.1 Molecular systems studied

In this work, in addition to the parent TPD molecule, we have analyzed the following
molecules belonging to the TPD-based family (N,N,N’,N’-Tetraarylbenzidines), which are

normally listed as hole transport materials [33]:

A: TPD or N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (C3gH3,N>)
B: 1,4-Bis(diphenylamino)benzene (C30H24N>)

C: TPB: Tetra-N-phenylbenzidine (C36HpsN»)

D: CBP,DCBP: 4,4’-Bis(N-carbazolyl)1,1’-biphenyl (C36H24N>)

E: N,N’-Diphenyl-N,N’-di-p-tolylbenzene-1,4-diamine (C3gH3,N>)
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2.2 Computational protocol

We have followed a two-step procedure to independently analyze the effect of both, the
exchange-correlation functional and the basis sets functions, on a set of key spectroscopic
properties. To do that, once the 6-31+G* basis set [34-36] was fixed, we employ a wide
range of exchange-correlation functional. Complementarily to this, we applied different
families of basis sets together with the B3LYP method. With respect to the set of exchange-
correlation functionals applied, besides those generally recommended for excited-states ap-
plications, like B3LYP [37,38], PBEO [39,40], or lastly the M06-2X one [41], we also em-
ployed BHHLYP [42] and some range-separated forms, such as CAM-B3LYP [43], LC-PBE
[44—46] and LC-wPBE [47,48]. In a second step, we assessed the influence of a large variety
of basis sets [49]: Ahlrich et al. (VDZ , Def2-SV(P), Def2-SVP, Def2-TZV, Def2-QZV) [50,
51], Pople et al. (6-31+G*, 6-311+G¥*) [35,52], and Dunning et al. (cc-pVDZ, cc-pVTZ)
[53]. All these calculations are done with the Gaussian09 package [54], using Jmol [55],

Gabedit [56] or Molden [57] as software for further post-processing of the results.

2.3 Primary process studied

We rely on the existing and well-established protocol to deal with excited-states properties
[58-60], considering also that experiments for TPD were done in toluene, with an observed

Stokes shift of 0.57 eV [23]. Thus, we will strictly follow in all cases the following steps:

— The equilibrium geometry of the ground state is first obtained, with a polarized contin-
uum model (PCM) [61] for simulating the effect of toluene.
— Vertical absorption energies are calculated next, using the TD-DFT extension, with a

self-consistent consideration of solvent in the excited state.
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— The optimization of the geometry of the first excited state is done next using an equilib-
rium solvation model.
— The latter geometry also allows to estimate the vertical emission energies, as well as the

corresponding Stokes shift.

From the calculations above referred, the following set of properties will be disclosed

for each of the molecules selected (A-E):

Conformational and structural properties, i.e. relevant geometrical parameters (see Fig. 1)

for both ground and first excited-states.

The energy of frontier (HOMO and LUMO) molecular orbitals, together with their en-

ergy difference or energy gap.

The vertical transition energies, both the Absorption (VT 4p,), as the Emission or Photo-
luminescence (VTg,;) ones. The oscillator strength (f) is also indicated in the compara-

tive study of the molecules.

The corresponding Stokes shift, which can be further decomposed into the reorganiza-

tion energies for the fundamental (4(¢)) and the excited (1)) states.

3 Results and discussion

3.1 Benchmark calculations

Despite the numerous and excellent benchmarks on the use of TD-DFT methods for the
study of excited states [29-31], we extensively report next some theoretical results for this
type of systems.
Table 1 shows several properties of the trans isomer of N,N’-diphenyl-N,N’-bis(3-methylphenyl)-

(1,1’-biphenyl)-4,4’-diamine (TPD), namely the Rcc bond length (distance between the C
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atoms of the two central benzene rings), the Rcy bond length (distance between the N atom
and one of the two central bencene rings), the o angle (dihedral angle between the two cen-
tral benzene rings); the B angle (dihedral angle between one of the central benzene ring and
a terminal ring), and the u angle (diedral angle between the two terminal rings), see also
Fig. 1. We observe a small variation of distances and dihedral angles with the choice of the
exchange-correlation functional, for both states, perhaps with the exception of LC-PBE and
BHHLYP, although large differences in the energy of the frontier orbitals are noticed, which
can not arise solely from geometrical issues. Actually, we corroborate how the fraction of

exact-like exchange becomes key for that [62], which we analize in more detail next.

Whereas the LUMO orbital varies from 0.9 to -1.2 eV, upon variation of the functional,
the HOMO orbital does it roughly between -5.0 and -7.6 eV, which translates into large (and
somewhat unexpected for non-experienced users) variations of the HOMO-LUMO gap, with
B3LYP (LC-PBE) providing the smaller (larger) value of 3.8 (8.5) eV. Note how the LC-
based approach [46] increases that gap in a greater proportion than the related (but older)
CAM technique for range-separation [43]. These variations in the HOMO-LUMO gap has
actually some impact on the vertical absorption energy, with theoretical estimates ranging
between 3.2 and 4.3 eV. Based on the experimental results for absorption [23], PBEO seems
to provide the closest results here. In the case of emission, the theoretical results are com-
prised between 2.7-3.5 eV, with the experimental photo-luminescence data peaking at 3.1
eV, and thus with the M06-2X method providing now the best results. Interestingly, the
LC-based range-separated functionals seems to be not the best suited methods for this com-
pound, although CAM-B3LYP performs reasonably accurate for both kind of excitations.
Generally speaking, a hybrid functional with a large fraction of exact-like exchange (eg.

BHHLYP or M06-2X) may constitute an accurate compromise for both excitations.
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The last rows of Table 1 shows the reorganization energies of the ground-state (A8) and
of the excited-state (A4¢) potential energy surface. The calculated Stokes shift, also gathered
in that table, compared favourably to that observed for TPD in toluene (0.57 eV) for the
MO06-2X method, with a reasonable agreement found too for the B3LYP, PBEO and CAM-
B3LYP methods. Again, the results for some other functionals (BHHLYP, LC-PBE and
LC-wPBE) deviate considerably from the experimental data.

The analysis of the different basis sets used is presented in Table 2, with the graphical
representation of frontier molecular orbitals and vertical transition energies displayed in
Fig. 2 as a function of the number of basis functions included. We infer a small variation
of the results with the basis sets size, which allows one to employ a moderate one for the
rest of the study. Particularly important is the fact that the Stokes shift varies only up to 0.04
eV among the different basis sets used, and thus substantially less thant the variation found
before upon choosing one or another exchange-correlation functional.

Altogether, when analyzing the TPD molecule and the way in which the functional
and/or the basis sets affect the results, we can conclude that: (i) the use of a moderate basis
set (egs. cc-pVDZ or def2-SVP) may be safely recommended; (ii) the exchange-correlation
functionals that incorporate long-range corrections lead to overestimated values (and thus
large errors) for vertical transition energies and Stokes shifts; (iii) the rest of the exchange-
correlation functionals provide closer results with respect to experiments, with PBEO pro-
viding the best vertical absorption energy, and M06-2X the best vertical emission energy
and associated Stokes shift; (iv) however, since the experimental value of the Stokes shift
is obtained from averaging the first absorption peak and the center of mass of the photolu-
miniscence band[23], the theoretical results needs to be slightly smaller than the experimen-
tal value, a condition only met by B3LYP and PBEQ functionals. Thus, we will employ in

the following the PBEO/cc-pVDZ combination for the rest of the molecules (B-E) studied.
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3.2 Application to other molecules

Once the methodology has been benchmarked, we extend the study for the molecules re-
ferred as B-E in the following. Table 3 includes all the calculated geometrical, electronic,
and optical properties, considering that for molecule B the lowest singlet-singlet transition
(mostly between HOMO and LUMO orbitals) provides an oscillator strength close to zero,

needing thus to also consider that arising mostly from the HOMO to (L+1)UMO excitation.

As it was done before, the first rows of the Table present the geometrical parameters for
both ground- and excited-states, including also those for molecule A for the sake of an easy
comparison. We note that all systems, with the exception of B, show a large variation of the
dihedral angle between the two central benzene rings upon going from the ground- to the
excited-state, resulting in a marked planarization of the lowest singlet excited-state. We also
remark a concomitant decrease in the CC distance between the central benzene rings, arising
from a higher degree of conjugation upon photoexcitation. All these features can be also
understood from the shape of the HOMO and LUMO orbitals of these molecules, see Fig. 3
taken molecule D as an example. We can see how the HOMO is a pure m-orbital possessing
large contribution from the N atoms, and showing an anti-bonding character between the
two C atoms that join the benzene of the benzidine group. The LUMO orbital also presents
a m— symmetry, with large coefficients on the C atoms between the two benzene rings and

on the C atoms of the benzidine group which are connected to the nitrogens.

Of course, changing the benzidine (molecules A, C-E) by the aminobenzene (molecule
B) group (see Fig. 1) might have a much more marked impact on all the aforesaid properties.
First of all, the excited-state geometry does not vary too much with respect to the ground
state, which is particularly true for the second excited-state. Note that this is expected (vide

infra) to impact the reorganization energies and the Stokes shift. The molecular orbitals for
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this case are represented in Fig. 4, showing that the HOMO orbital is again mostly of a
m-type, whereas the LUMO has exceptionally o-symmetry and thus explaining why this
excitation is symmetry-forbidden. The (L+1)UMO orbital recovers again a m-symmetry,
with a large contribution from the C atoms of the central benzene unit.

It is time now to analyze the energies of the frontier molecular orbitals, observing that
for molecules A, C, and E they barely change their values, i.e. the existence and position
of the methyl groups in the outer rings only slightly modify them. However, molecule D
shifts (stabilizes) their values due to a more rigid backbone and thus increases the energy
difference between them. Molecule B behaves differently, although its energy gap is similar
to that of D, with a LUMO and (L+1)UMO slightly destabilized with respect to the rest of
systems.

The nature (ie. charge-transfer or local excitation) of the electronic transition can be also
characterized by inspecting the change of the electron density between the ground- and the
excited-state considered, as it is done in Figure 5. We easily appreciate how the excitation
localizes in all cases on the central part of the backbone, which is further confirmed by
calculating the spatial distance between the barycenters of these density distributions [63,
64], with values of 0.150, 0.001, 0.055, 0.001, and 0.057 A, respectively, for molecules
A-E, and thus far from the threshold value (1.5 — 2.0 A) to be considered charge-transfer
excitations.

We finally discuss the absorption and emission energies, and the oscillator strengths,
together with the resulting absorption and photo-luminescence spectra for all the studied
molecules (see Figure 6). The latter were done considering a Gaussian convolution with a
FWHM of 150 meV and including a sufficiently large number of excited states in the TD-
DFT calculation. Note that large oscillator strength values are achieved by all molecules,

taking into account the particularity displayed by molecule B, and thus guaranteeing an in-
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tense emission. The inclusion of the methyl groups, and the positions in which they are
found, hardly influence the simulated spectra, as it should be expected. However, the change
of the benzidine group by aminobenzene (molecule B), or the bond rigidity of the external
phenyl groups (molecule D) has already a larger influence. In both cases, a considerable
blue-shift of the absorption and photo-luminescence spectra is clearly observed. Further-
more, we verify some asymmetry in the reorganization energies of molecule B and lower
Stokes shift value for molecules B and D, with the former giving the lowes value among all

the systems.

4 Concluding Remarks

We have firmly established how the combination of several (B3LYP, PBEO, or M06-2X)
functionals, with the cc-pVDZ basis set, becomes a highly accurate method for the study of
excited-state properties of TPD and related molecules, which are key compounds for lasing
and other optical applications. It has been clearly established how the key factor influencing
the whole behaviour are the geometrical changes upon excitation, and more specifically the
dihedral angle between the central benzene rings, with peripheral substitution playing only
a minor role. Actually, the most efficient molecular engineering proposed here (molecule B)
allows to halve the Stoke shift with respect to its initial value (molecule A) which might pave

the way towards the use of this and related molecules in Organic Electronics applications.
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Table 1 Molecular properties of TPD, calculated using several exchange-correlation functionals with the 6-
31+G* basis set, using toluene as solvent. Ground- (A8) and excited-state (A1) reorganization energies. VT =
Vertical transition. All energies in eV.

Ground state

Property B3LYP PBEO MO06-2X BHHLYP CAM-B3LYP LC-PBE LC-wPBE
Ree (B) 1.483 1.477 1.482 1.478 1.483 1.473 1.483
Rey (A) 1.420 1.412 1.417 1.478 1.416 1.403 1.414
a (deg) 354 38.4 35.1 37.7 38.4 36.6 39.3
B (deg) 40.4 36.7 33.9 41.9 41.5 36.1 36.9
U (deg) 424 42.7 424 42.6 41.9 42.0 43.6
Enomo -5.00 -5.18 -6.15 -5.91 -6.25 -7.60 -7.40
Erumo -1.20 -1.08 -0.42 -0.04 -0.01 0.87 0.90
Gapyomo—Lumo 3.80 4.10 5.73 5.86 6.24 8.48 8.30
Excited state

Property B3LYP PBEO MO06-2X BHHLYP CAM-B3LYP LC-PBE LC-wPBE*
Ree (A) 1.437 1.430 1.424 1.416 1.422 1.408 1.422
Rey (A) 1.416 1.405 1.396 1.416 1.397 1.379 1.397
a (deg) 0.0 0.0 9.7 0.0 0.0 0.1 0.0
B (deg) 449 434 40.2 38.3 38.1 35.1 38.1
U (deg) 374 35.7 36.8 40.9 39.5 39.5 39.5
VTaps 3.227 3.338 3.962 3.748 3.864 4318 4.323
VTEmi 2.745 2.855 3.161 3.251 3.205 3.530 3.439
A0 0.219 0.234 0.299 0.338 0.322 0.406 0.390
A 0.263 0.250 0.289 0.374 0.336 0.382 0.494
Stokes shift 0.482 0.484 0.587 0.712 0.659 0.788 0.884

* At the CAM-B3LYP geometry



Title Suppressed Due to Excessive Length 17

Table 2 Molecular properties of TPD, calculated with the B3LYP functional using several basis sets, using
toluene as solvent. NBF=Number of basis functions. Ground- (A$) and excited-state (A¢) reorganization
energies. VT = Vertical transition. All energies in eV.

Ground state

Property Ahlrichs VDZ  Def2-SV(P)  Def2-SVP  Def2-TZV  Def2-QZV
NBF 424 624 720 656 888
Ground state:
Ree (A) 1.487 1.484 1.484 1.484 1.484
o (deg) 31.7 32.7 31.9 35.0 36.0
B (deg) 39.2 39.2 39.2 37.9 38.8
U (deg) 42.5 42.6 43.0 44.4 43.6
Exomo -4.99 -4.98 -4.97 -5.02 -5.03
Erumo -1.14 -1.14 -1.15 -1.12 -1.14
Gapyomo—-Lumo 3.85 3.83 3.82 3.90 3.89
Excited state
Property Ahlrichs VDZ  Def2-SV(P)  Def2-SVP  Def2-TZV  Def2-QZV
Ree (A) 1.444 1.439 1.439 1.436 1.437
a (deg) 0.0 0.0 0.0 6.1 6.6
B (deg) 46.1 455 45.7 47.1 46.2
U (deg) 35.7 36.3 36.4 35.9 36.2
VT s (€V) 3277 3277 3.267 3253 3.246
VTEgmi (eV) 2.831 2.808 2.800 2.804 2.797
A©) 0.198 0.205 0.201 0.226 0.223
A8 0.249 0.264 0.266 0.223 0.225
Stokes shift 0.446 0.469 0.467 0.449 0.448

Ground state

Property 6-31+G* 6-31++G**  6-311+G* cc-pVDZ cc-pVTZ
NBF 824 952 976 720 16438
R. (A) 1.483 1.483 1.481 1.484 1.478
a (deg) 354 35.0 35.8 33.5 329

B (deg) 40.4 40.0 39.2 39.3 37.9
u (deg) 42.4 42.6 42.6 43.3 43.9
Exomo -5.00 -5.01 -5.06 -4.90 -5.00
Ervmo -1.20 -1.22 -1.24 -1.06 -1.16
GapHOMo,LUMO 3.80 3.79 3.81 3.83 3.83

Excited state

Property 6-31+G* 6-31++G**  6-311+G* cc-pVDZ cc-pVTZ
R, (A) 1.437 1.437 1.434 1.438 1.430
a (deg) 0.0 0.8 0.2 0.0 6.2

B (deg) 44.9 44.7 44.4 46.2 45.5
U (deg) 374 37.3 37.0 36.4 36.2
VTaps ) 3.227 3.220 3.227 3.276 3.248
VTEmi ) 2.745 2.736 2.748 2.789 2.790
A 0.219 0.218 0.228 0.212 0.217
A 0.263 0.266 0.251 0.275 0.241

Stokes shift 0.482 0.484 0.479 0.487 0.458
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Table 3 Molecular properties of compounds A-E, calculated with the PBEO/cc-pVDZ method and using
toluene as solvent. VT = Vertical transition. f = oscillator strength. Energies in eV.

Ground state

Property - System A B C D E
Rce (A) 1.477 1.477 1.479 1.477
Rewn (A) 1.409 1.414 1.410 1.414 1.409
a (deg) 32.6 34.0 36.1 34.0
B (deg) 36.4 439 38.3 57.5 38.4
U (deg) 43.9 39.9 424 1.7 44.8
Enomo -5.11 -5.06 -5.16  -5.79  -5.07
Ervmo -0.97 -0.65 -1.00 -1.34 -0.94
E+numo -0.60

GapHOMO,LUMO 4.14 4.40 4.16 4.45 4.13

Excited state

Property - System A B C D E
(109—110) (109—111)

Ree (A) 1.431 1431 1430 1432
Ren (A) 1.405 1.381 1.393 1.406 1.407 1.407
a (deg) 3.7 3.5 42 0.9

B (deg) 42.9 26.2 39.3 444 512 443
U (deg) 36.4 46.7 35.9 36.1 26 360
VT s 3.39 3.55 3.64 340 354 338
faps 1326  0.027 0.733 1278 0.631 1.262
VTEmi 2.90 3.14 3.39 292 3.09 286
fEmi 1410  0.023 0.731 1.384 0.988 1.266
A 0.221 0.216 0.172 0220 0.241 0.225
A 0.265 0.194 0.071 0.266  0.207 0.290

Stokes shift 0.486 0.410 0.242 0487 0449 0.515
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Fig. 1 Main geometrical parameters selected for the TPD molecule.

Jmol
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Fig. 2 Evolution of HOMO and LUMO energies, and the gap between them, VT4, VTE,,; and Stokes shift
for the 4,4’-Bis(N-carbazolyl)1,1’-biphenyl case (molecule D) as a function of method and/or basis sets size.
The lines are a guide to the eye.
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LUMO (128)

HOMO (127)

Fig. 3 Isocontour plots of HOMO and LUMO orbitals for the 4,4’-Bis(N-carbazolyl)1,1’-biphenyl case
(molecule D), at the PBEO/cc-pVDZ level.
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Fig. 4 Isocontour plots (cutoff value of 0.02 au.) of HOMO, LUMO, and (L+1)UMO orbitals for the 1,4-
Bis(diphenylamino)benzene case (molecule B), at the PBEO/cc-pVDZ level.
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Fig. 5 Isocontour plots (cutoff value of 0.02 au.) of ground- and excited-state density difference for molecules
A-E, at the PBEO/cc-pvDZ. B* and B** are for the first and the second excited-state, respectivelly, of molecule
B. level.
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Fig. 6 Simulated absorption and emission spectra for the A (————), B (- -ooeene ), C(H=---
-, D(--—--—-— )and E (- -- — -- — -- —) molecules, using the PBEO/cc-pVDZ method. The spectra of B

molecule correspond to the second excited state.





