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Supplementary Information

A- Electric dipole moment of heterocyclic molecules for method validation

Density Functional Theory using the Gaussian package was employed to calculate the
electric dipole moment of TPD, TPD-Brl and TPD-Br2. Five reference molecules have
been chosen for proving the level of accuracy of the calculations for determining the
electric dipole moment of TPD, TPD-Brl and TPD-Br2. Table A.1. exhibits the
comparison between the calculated DFT dipoles (uppr) and the experimental values

(Lexp). Our calculations, with an overall RMSD error of 0.09D, are in great accordance

with the values reported in the literature [a-d].
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Table A.1. Benchmark calculations to access the accuracy of the present computational setup. Gas phase
electric dipole moment in Debye for the five reference molecules used to assess the method validity.
Uexp Tefer to electric dipole moment experimental values [a-d]. Uncertainties on our values are taken

as the RSM deviation of the sample.
B- Deposition velocity calculation

Molecules being evaporated by PVD in the molecular dynamics simulations in this work
contain a certain velocity towards the substrate that ensures a great ratio of molecules
landing in the substrate. That velocity is taken as the mean velocity ¢ given by the kinetic
theory of glasses, given by:

4F

c=— (b.2)
where n is the number of molecules per unit volume and F is the flux of molecules over
a surface. On one hand, the flux is simply determined by the product of the density of the

molecule p times the evaporation rate R:
F=p-R (b.2)



On the other hand, the number of molecules per unit volume will be extracted from the
ideal gas equation:
n=-— (b.3)

KgT
where p is the pressure of the evaporation chamber, Ky the Boltzmann constant and Tthe
fusion temperature at which the molecules evaporate. The values involved in the
calculations are derived from experimental parameters for the preparation of TPD vapor-
deposited glasses or from literature, and are shown in Table B.1. As a result, the scalar
velocity of the molecules during the evaporation, calculated from Eq.(c.1) resultsin ¢ =
30.76 m/s.

p * 1.08 g/cm? = 1.26 - 10*” molecs/m?
R 0.1 nm/s

F 1.26 - 10'" molecs/m?s

p 10" mbar = 107 Pa

T ~170°C = 443 K

Kg 138102

n 1.64 - 10'® molecs/m?

Table B.1. Parameters needed for calculating the mean velocity of TPD molecules during evaporation,
extracted both from literature and from experimental conditions. *Density of TPD is extracted from Sigma
Aldrich product specifications. Rate R, pressure p and temperature T values are extracted from experimental

values.

C- Halogenation of TPD

In this work, halogenated versions of the starting molecules were generated by addition
of bromine (Br), chlorine (CI) and fluorine (F) in order to check the effect of halogenation
upon permanent electric dipole moment. The sites of substitution, hereafter labeled as R,
are clearly depicted in Fig.C.1. In the case of pristine molecule, R correspond to H atoms,
while in the case of halogenation, in all the R-sites of the molecule the corresponding

halogen was substituted.
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Figure C.1. Chemical structure of N,N -Bis(3-methylphenyl)-N,N -diphenylbenzidine (TPD) without

methyl groups, with R indicating the halogenation sites (assuming R as hydrogen in pristine molecule).
The gas phase electric dipole moment for the molecules of interest before and after
halogenation are listed in Table C.1: as expected, a remarkable increase is observed in

all molecules after halogenation. Bromine appears to be the best candidate, giving rise to

an increase of ~ 145% in the y component in the case of TPD.

R-site substituent u; (D) Ut 1 (D) U 2 (D) u (D)
H (Pristine molecule) -0.31 0.26 0.04 0.41
Br -0.06 4.05 0.12 4.05

Cl -0.08 3.97 0.12 3.97

F -0.08 2.49 0.27 2.50

Table C.1. Gas phase cartesian components of the electric dipole moment fi (in Debye) for TPD before
(pristine) and after halogenation with substituents H, Brl, Cl and F. Reference axis are represented in
Fig.B.1

D-Vector diagrams and electric dipole moment components histograms for TPD-
Brl under 10° V/m and 107 V/m at Ts= 300K

The distribution of the molecular permanent electric dipole moment of vapor deposited
TPD-Br1 glasses under electric fields of 10° V/m and 107 V/m is presented in Fig.D.1.
These electric fields do not induce any change in the molecular orientation of the glass,
as the vectorial distribution remains identical to glasses deposited without the influence
of an electric field, and no preferential orientation of the electric dipole moment is

observed.
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Figure D.1. Representation of the electric dipole moment coordinates weighted by the modulus of the
electric dipole moment of the 300 molecules in the MD vapor deposited glasses for TPD-Br1 prepared at
300K and under 10° and 107 electric fields along 9 (direction of the field in yellow). The histograms with
the counts of the u,/u (in orange, vertical lines) w, /u (in blue, horizontal lines) and u,/u (in green,

diagonal lines) of each specific case are also presented.

E-Vector diagrams and electric dipole moment components histograms for TPD-
Br2 under 0, 10° V/m and 107 VV/m and 10° V/m at T+=300K

The distribution of the molecular permanent electric dipole moment of vapor deposited
TPD-Br2 glasses under electric fields of 0, 10°, 10" and 10° V/m (in plane and out of
plane) is presented in Fig.E.1. As well as for the case of TPD-Brl, electric fields below
10° V/m are unable to tune the orientation of the molecules in a TPD-Br2 glass prepared
at 300K, as shown in Fig(D.1).
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Figure E.1. Representation of the electric dipole moments of a 300 molecules vapor deposited TPD-Br2
glass, prepared at 300K under electric fields in y with intensities of 0 V/m, 10° V/m, 107 V/m, 10° V/m.

F- Computational procedure used to estimate the TPD glass transition temperature.

The TPD molecule was initially relaxed with a geometry optimization. Quenched-from-
the-melt (QFTM) samples were realized by starting with supercell of 343 molecules,
obtained by replicating the starting molecule 7 times in each direction. A box relaxation
with energy minimization then followed. The quench-from-the melt procedure required
a first annealing of the sample, which was heated up to 1200K and equilibrated at that
temperature for 300 ps, to fully melt and randomize molecular positions. Then a first
cooling at a fixed cooling rate of 2 x 104 K/fs was performed to cooldown the sample at

a temperature of 540K and a further equilibration of 100 ps then followed. At this stage



the sample is still liquid (from experimental measurements it is known that TPD glass
transition temperature is T%yp = 333K [e]) and we considered this as the starting state
point for the QFTM protocol. We then cooled our sample, using the NVT ensemble, with
five different cooling rates, namely ycool = 1072, 1072, 1073, 107#, and 107° K/fs saving a
configuration each 10K. Such configuration was kept at its reference temperature for
further 200 ps with a constant pressure run in order to reach the equilibrium density.
Obtained densities for ycool = 107 are slightly lower than experimental densities [f], which
for conventional TPD systems are found to be around 1.08 g/cm3. However, such
discrepancy can be ascribable to the adopted force-field since previous simulated TPD
sample obtained with a different interatomic potential showed higher densities, in better
agreement with the experiments [g]. It is worth noting that a change in the slope of the
p(T) trend can be observed between 300 and 350K: as we will point out later in the text,

such temperature is related to the glass transition.

A crucial quantity when dealing with glasses is the inherent structure energy EIS[h],
which is the potential energy of the minimum in the energy landscape associated with
those thermodynamic conditions. To calculate EIS, we considered the configurations
saved during the cooling phase illustrated in the previous section: once they reached their
equilibrium density, they were simulated for further 100 ps in the NVT ensemble. During
this equilibration, a configuration was saved each 500 fs, to have statistically independent
frames. Such configurations were fully minimized according to the FIRE algorithm
obtaining a set of energies relative to the local minima of the considered configuration.
Finally, the inherent structure energy was obtained by averaging a subset of such energies.
The results are shown in Fig F.1a. While the films obtained with the faster cooling rate
do not show interesting features and a temperature independent EIS, for ycool = 107%, and
especially 107° a non-Arrhenius behavior is obtained. In fact, as shown in Fig. F.1b, where
we plot the derivative of EIS with respect to temperature, a sharp discontinuity
corresponding to a slope change is observed at T = 330K. In particular, at higher
temperatures (not shown in this work) the system is fully ergodic, it behaves as a liquid,
and it has sufficient kinetic energy to explore the energy landscape. During the cooling
process, the system undergoes a super-cooled phase in which its dynamics is landscape-
influenced because the stable configurations sampled by the molecules are strongly
influenced by the temperature. Below the glass transition temperature Ty, the system is

frozen in a particular configuration because the energy barrier separating adjacent minima



cannot be overcame with its current kinetic energy. We found that the value of Tg shows

a satisfactory agreement with the experimental results [e].
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Figure F.1. top: Inherent structure energies calculated for the freestanding QFTM film of TPD, with five

different cooling rate. bottom: Temperature derivative of EISas a function of temperature.

G- Computational approach for estimating ionization potentials and molecular

polarizability.

To calculate the polarizability of the TPD molecule and its halogenated derivatives, we
applied the same computational protocol used for determining the Cartesian components
of the dipole moment. Specifically, the calculations were performed using the same
combination of functional and Gaussian basis set, which are key parameters influencing

the accuracy of the results.



For the determination of polarizability, we used the implementation available in
Gaussian16. This method applies a small external electric field to compute the induced
dipole moments, allowing the polarizability tensor to be determined. The perturbative
approach is based on calculating the induced dipole moment, with the polarizability

tensor « being derived from the linear relationship:

K=o+ ak
where

e u isthe dipole moment under the applied field,
e /o isthe dipole moment in the absence of the field, and
e Eisthe applied electric field.

Gaussianl6, by default applies an electric field of 0.001 atomic units (a.u.), equivalent to
5%1077 VIm, which allows accurate calculations of polarizabilities through perturbative
methods. No significant changes were observed when the field strength was increased by
an order of magnitude (up to 0.01 a.u.). The field is applied along three orthogonal axes
(X, y, z), allowing for the calculation of all six independent components of the
polarizability tensor.

The same computational setup was used to calculate the ionization potential (IP),
approximated as the negative of the highest occupied molecular orbital (HOMO) energy.
Electronic eigenvalues for all molecular orbitals were computed to obtain these values.
To estimate the threshold for possible potential field ionization of the molecules, the
ionization potential was divided by a typical TPD molecular size. With the estimated DFT
ionization potential around 7 eV and an approximate molecular size of 1 nm, the
corresponding electric field is estimated to be 7x10° V/m. As the fields applied in our
MD simulations were significantly weaker, field-ionization phenomena are not expected
to occur in the simulations. The experimental HOMO for the TPD molecule is around 5.5
eV, which, reproducing the same calculation as for the DFT one, yields ionization fields
of around 5.5-10° V/m, which would still be higher than the applied fields in our

simulations.
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