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The impact of structural differentiation between phenylcarbazoles (PhC, mCP, CBP, TCB) and
phenylamines (TPA, BDB, TPB, TDAB) on the phase equilibria, optical spectrum, band gap, and thin-film
morphology is evaluated and discussed. The carbazolyl units lead to a lower electronic conjugation
contributing to a wide band gap when compared with the diphenylamine analogs. The fusion and
sublimation equilibria indicate that entropic contribution is the key factor for the distinguished melting
behavior and solid-phase volatility between phenylcarbazole derivatives and phenylamine analogs. The
molecular differentiation between the two classes of compounds is not reflected in the crystal packing
and intermolecular interactions. However, compared with the diphenylamino groups, the incorporation
of carbazolyl moieties contributes to a less flexible molecule. Moreover, the results evidence that
intermolecular bonding disruption along the fusion transition is more extensive for phenylamine
derivatives. Due to the asymmetric nonplanar structure, mCP is characterized by a ratio of {Tg/T, = 3/4}
while the more symmetric CBP and TCB molecules display ratios closer to {T¢/T,, = 2/3}. Vapor-
deposited thin films of mCP, CBP, and TCB are amorphous and their morphology is highly dependent on
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Introduction

The allure of cheaper and more sustainable organic electronic
devices such as solar cells (OPVs), field-effect transistors
(OFETs) and light-emitting diodes (OLEDs) has brought the
attention of the scientific community to investigate and
develop stable organic semiconducting materials (OSCs)."”
Among the semiconductors, hole-transporting materials
(HTMs) based on conductive small organic molecules have
become one of the hottest topics in molecular electronics.®*°
High-performance HTMs should exhibit high hole mobilities,
a low potential of ionization and good thermal stability in the
amorphous phase.”™ Amorphous materials consisting of
phenylamine and/or carbazol moieties are usually incorpo-
rated as hole-transporting thin films in OLEDs and OPVs.'"*®
Thin films of diamine and triphenylamine derivatives (e.g.
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TPD and NPB) are commonly used as the typical hole trans-
porting layers in OLEDs and efforts have been made to
understand their thermophysical characteristics, with
emphasis on thermal and transport properties in the thin film
state.’*?* Likewise, carbazole derivatives have also gathered
research interest due to the low-cost and good charge trans-
port ability of the carbazolyl moiety.”>>* Carbazol unit
provides a wide range of charge transport molecules, such as
carbazole-based HTMs with triphenylamine moieties, which
have been explored as promising candidates for high-
performing perovskite solar cells.”*** Moreover, carbazole
compounds are very relevant in developing phosphorescent
organic light-emitting diodes (PHOLEDs), where these
compounds act as the host materials, mainly due to their high
triplet state energy and excellent hole transport capability.>*-**
Among the carbazole-based compounds, the 4,4’-bis(N-carba-
zolyl)-1,1"-biphenyl (CBP) and 1,3-bis(N-carbazolyl)benzene
(mCP) have seen wide use in PHOLEDs, with interesting
results in light-emitting cells.®*** In addition to molecular
electronic devices, carbazol derivatives are exciting liquid
organic hydrogen carriers (LOHCs) and have been investi-
gating by different research groups aiming for sustainable
industrial applications.***® Despite carbazole derivatives
having a recognized technological relevance for energy
storage, there is a general lack of reports regarding their

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Structural differentiation between diphenylamino and carba-
zolyl moieties.

thermal behavior, including phase change properties and
volatility studies. These properties are also of great importance
for the manufacturing technology of thin films by vapor
deposition procedures.'®****** In previous works, thermo-
physical, optical and morphological studies were carried out
for an extended series of aromatic N-phenylamines.>** N-
Phenylcarbazoles have molecular structures analogous to the
phenylamines, with an additional chemical bond between the
phenyl groups (phenyl-phenyl linkage) in the carbazolyl unit
(Fig. 1).%54¢

In this context, the aim of this work is to acquire a better
understanding of the impact of this molecular differentia-
tion on the phase transition equilibria, optical spectrum,
band gap, and morphological properties. The molecular
structures of carbazol derivatives studied in this work (PhC,
mCP, CBP, and TCB) are presented in Fig. 2. Molecular
structures of corresponding phenylamines are depicted for
comparison.
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Fig. 2 Molecular structure of the materials studied and the adopted
abbreviations: triphenylamine (TPA); 9-phenylcarbazole (PhC); 1,4-
bis(diphenylamino)benzene  (BDB); 1,3-bis(N-carbazolyl)benzene
(mCP); tetra-N-phenylbenzidine (TPB); 4,4'-bis(N-carbazolyl)-1,1'-
biphenyl (CBP); 1,3,5-tris(diphenylamino)benzene (TDAB); 1,3,5-tris(N-
carbazolyl)benzene (TCB).
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Experimental section

Materials

The materials studied, 1,3-bis(N-carbazolyl)benzene (mCP; CAS
number 550378-78-4; mass fraction 0.997), 4,4'-bis(N-carba-
zolyl)-1,1"-biphenyl (CBP; CAS number 58328-31-7; mass frac-
tion 0.989), and 1,3,5-tris(N-carbazolyl)benzene (TCB; CAS
number 148044-07-9; mass fraction 0.987) were commercially
purchased from Sigma-Aldrich/Merck. To obtain high purity
samples, the solids CBP and TCB were purified by sublimation
under reduced pressure at 7' = 548 K and T = 573 K, respec-
tively. Prior to fundamental studies and thin film deposition,
the volatile content of mCP, CBP, and TCB were removed by
vacuum thermal evaporation (p < 10™* Pa) at T= 448 K, T = 473
K, and T = 523 K, respectively. The high degree of purity (final
mass fraction purity of 0.999) of the compounds was checked by
gas-liquid chromatography, using an Agilent chromatograph
model 4890D, equipped with an HP-5 column and a flame
ionization detector (FID). The relative atomic masses used were
those recommended by IUPAC.*

UV-visible absorption spectroscopy

UV-vis absorption properties of mCP, CBP and TCB were
explored using a diode array spectrophotometer (Agilent 8543
UV-visible spectroscopy system). Absorption spectra in diluted
solutions (=10~> mol dm ) using CH,Cl, as a solvent were
recorded over the range of 200-700 nm, using quartz cells with
a path length of 10.00 mm maintained at a constant tempera-
ture of T = 298.15 K. Temperature control was attained by
means of a refrigerated circulator. The optical band gap of each
phenylcarbazole derivative was inferred from the offset wave-
length of each UV-vis spectrum, according to the methodology
described in a previous work.*

Differential scanning calorimetry (DSC)

The melting properties (melting temperatures and enthalpies
associated to the solid-to-liquid phase transition) of mCP, CBP
and TCB were explored in a heat flux differential scanning
calorimeter (NETZSCH, DSC 200 F3 Maia) applying a constant
flow of nitrogen (50 cm® min~"), a heating rate of 2 K min ™' and
using hermetically sealed aluminium crucibles (25 pl). For each
material (samples of about 5 mg), at least four independent
experiments were performed from 7 = 298 K to a temperature of
20 K higher than their melting temperature. The temperature
and heat flux scales of the DSC were calibrated by an accurate
determination of the temperature and the enthalpy of fusion of
several reference materials*®* for thermal analysis (o-terphenyl,
benzoic acid, indium, triphenylene, tin, perylene, zinc), and the
compounds under study were measured using the same
experimental method as in the calibration runs.

Knudsen effusion/volatility measurements

The volatility of mCP, CBP, and TCB was explored by a Knudsen
effusion methodology based on a quartz crystal microbalance.*
Requiring small amounts of sample and providing accurate
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experimental data in low effusion times, this method has been
commonly applied for the measurement of equilibrium vapor
pressures of low volatile organic materials (0.01-1 Pa). The
performance and accuracy of the Knudsen effusion approach
was evaluated by measuring the equilibrium vapor pressures of
1,3,5-triphenylbenzene, an established reference organic
compound for the enthalpy of sublimation and a recommended
compound for sublimation studies at relatively high tempera-
tures.*>**>* The vapor pressure of mCP, CBP, and TCB was
determined at different temperature intervals: mCP (453.2 to
478.8 K); CBP (523.2 to 550.6 K); TCB (555.7 to 582.6 K).

Physical vapor deposition (PVD)

Thin films of mCP, CBP, and TCB were prepared through
a customized procedure of PVD using the ThinFilmVD appa-
ratus developed in our laboratory.*> The procedural method-
ology and the capabilities of this technique have been presented
in recent reports.*»*>*>°%%” The materials studied were depos-
ited on the surface of three different substrates (maintained at
a constant temperature of 293 K): 6 MHz gold-coated quartz
crystals; 6 MHz silver-coated quartz crystals; 6 MHz aluminium-
coated quartz crystals. Based on the results of Knudsen effu-
sion, thin films were deposited by thermal evaporation in high
vacuum conditions (<10~* Pa) under the same experimental
conditions: equilibrium vapor pressure of ~0.3 Pa; mass flow
rate at the substrate surface of ~22 ng cm > s~ '; deposition
time of 60 minutes; for these experimental conditions, mCP,
CBP and TCB were evaporated at 472, 545, and 573 K, respec-
tively. The substrates were cleaned with ethanol and dried with
a pure and dry argon gas flow. Vapor-deposited thin film
samples were stored in vacuum conditions to avoid
contamination.

High-resolution scanning electron microscopy (SEM)

The topography of the vapor-deposited thin films was investi-
gated by scanning electron microscopy (SEM) through the high-
resolution FEI Quanta 400 FEG ESEM/EDAX Genesis X4M
instrument at the CEMUP (Centro de Materiais da Universidade
do Porto) services. SEM micrographs (top views) were acquired
using a secondary electron detector (SE). The acceleration
voltage was 10 keV, while an in-lens detector was employed with
a working distance of about 10 mm.

Results and discussion
Optical properties

The optical properties of each carbazole derivative (diluted
solution in CH,Cl,) were examined by means of UV-visible
absorption spectroscopy. Fig. 3 presents the experimental UV-
vis spectra of mCP, CBP and TCB (Fig. 3A) and the data for
corresponding phenylamines (TDAB and TPB) are depicted for
comparison (Fig. 3B and C). The detailed spectrum of each
compound is presented as ESI.T Table 1 lists the experimental
data for the absorption wavelengths at the maxima and corre-
sponding molar absorptivities, absorption edge wavelengths
and derived optical band gaps for a series of N-phenylcarbazoles
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Fig. 3 UV-vis spectra, molar absorptivity (¢) as a function of wave-
length (), recorded in CH,Cl,, at T = 298.1 K, for mCP, CBP and TCB
(A) and UV-vis spectra comparing the carbazol derivative with its
corresponding phenylamine: TCB vs. TDAB (B) and CBP vs. TPB (C).

Table 1 Wavelengths (A;psmax) and molar absorptivities (emax) at the
maxima, absorption edge wavelengths (A,pseqge) and derived optical
band gaps (Eqptical gap) fOr the studied N-phenylcarbazoles (mCP, CBP
and TCB). Values for the corresponding N-phenylamines are pre-
sented for comparison*

/\abs.max.y €max.107% Aabs.edge1 Eoptical gapy
Material nm mol " dm® em™* nm ev
mCP 242 84 347 3.57
293 41
326 9
339 10
CBP 237 87 353 3.51
294 41
318 29
341 21
TCB 240 113 345 3.59
292 57
324 16
338 17
BDB“ 241 16 390 3.19
315 30
TPB* 241 23 400 3.11
310 31
351 37
TDAB* 240 19 375 3.31
304 69

¢ Data from ref. 4.

This journal is © The Royal Society of Chemistry 2020
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(mCP, CBP and TCB) and corresponding N-phenylamines (BDB,
TPB, and TDAB). The UV-vis spectra exhibit absorption peaks in
the ultraviolet region (<350 nm) as a result of electronic tran-
sitions occurring due to the interaction of radiation with the
molecules studied. The so-called “optical gap” of each material
can be derived from each spectrum through the onset of the
long-wavelength absorption maxima.**® Four main absorption
peaks, centred at =240, 293, 325 and 340 nm, respectively, are
observed (Fig. 3A) for each carbazole derivative studied (mCP,
CBP and TCB), without any significant bathochromic shift
being perceived. Absorption peaks located at the same wave-
lengths were observed for a diluted solution of 9-phenyl-
carbazole (PhC) in DCM.* The absorption peak located at
~293 nm is appointed to T — 1* electronic transition, whereas
the peaks located at =326 nm and =340 nm are assigned to n
— 7* electronic transitions.’ The absorption peaks relative to
7 — 7v* transition of mCP and CBP display similar values of
molar absorptivity as both molecules present the same number
of carbazolyl units.

The presence of more chromophore groups in TCB, which is
constituted by three carbazolyl units, leads to the overlap of the
absorption peaks and, consequently, a hyperchromic effect is
clearly noted.

The experimental results also indicate that the presence of
two central aromatic rings in CBP leads to a hyperchromic effect
of the absorption bands peaking at 318 and 341 nm as well as to
a reduced optical band gap energy. A comparative analysis
between the UV-vis spectra of phenylcarbazoles and phenyl-
amines (Fig. 3B and C) evidences a higher degree of electronic
conjugation in TDAB and TPB in comparison with TCB and
CBP. Hence, the additional chemical bond between the phenyl
groups of the carbazolyl units leads to clear hypsochromic shifts
on the absorption UV-vis absorption bands and, consequently,
to a higher band gap energy. According to recent reports, the
short conjugation of carbazole derivatives leading to a wide
band gap is a key factor for the high triplet energy presented by
this class of semiconductors.****** Optical band gaps (Eg) of
3.57, 3.51 and 3.59 eV were estimated from the absorption edge
wavelengths (Aaps.cage) Of the UV-vis spectra for mCP, CBP and
TCB, respectively (Ey = 1240/A,bs.cage)- These values are in nice
agreement with literature reports presented by other authors for
samples studied in DCM solution and/or in the thin-film state.
There are no significant deviations between the values deter-
mined in the solution or in the thin film. In fact, carbazole
derivatives are materials of relative low polarity and do not
establish very specific intermolecular interactions. Moreover,
DCM is a suitable solvent that dissolves these materials without
affecting their optical behavior, whereby the molecular envi-
ronment in diluted solutions of carbazole derivatives and in
amorphous thin film state can be comparable.

Thermodynamic properties of fusion

An accurate analysis of the melting properties was carried out to
evaluate the relative stability of the solid phase in terms of its
fusion process. The thermodynamic properties associated with
the solid-liquid phase equilibrium of all compounds depicted

This journal is © The Royal Society of Chemistry 2020
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Table 2 Thermodynamic properties associated to the solid-liquid
equilibrium of PhC, mCP, CBP, TCB, TPA, BDB, TPB, and TDAB:
melting temperatures (T,,), standard molar enthalpies (A¢sH®) and
entropies (A¢,sS°) of fusion at the melting temperature and derived
thermodynamic properties of fusion (A¢,sH®, Aq,sS°, and A, sG°) at 6 =
298.15 K. Experimental results and literature data

AfusHO(Tm]v AquSO(Tm),
Material T, K k] mol™* JK *mol™
PhC* 367.9 £ 0.3 19.4 + 0.3 52.7 £ 0.8
mCP 453.8 £ 0.2 271+ 14 59.8 + 2.5
CBP 553.5 £ 1.2 42.7 + 2.8 77.2 £ 4.1
TCB 597.5 £ 1.2 41.7 £ 2.5 69.9 + 4.2
TPA? 400.2 £ 0.5 24.9 £ 0.5 62.2 £ 1.2
BDB° 475.4 +£ 0.2 441 + 0.4 92.7 + 0.8
TPB* 504.6 + 0.1 46.2 + 0.3 91.5 + 0.6
TDAB® 526.3 £ 0.1 62.1 + 0.8 1179 £ 1.5

Values at # = 298.15 K
AfusGO Afusli0 AfusSO

PhC 3.3+1.0 15.9 + 0.8 42.2 £ 2.3
mCP 7.8 £2.6 194 £ 2.1 38.8 £4.9
CBP 16.2 £ 4.4 30.0 &+ 3.8 46.3 + 7.4
TCB 16.3 + 4.6 26.8 + 3.9 35.1 + 8.1
TPA 5.6 £1.5 19.8 £ 1.1 47.5 £ 3.2
BDB 14.6 + 2.3 35.2 + 1.8 69.4 + 4.7
TPB 16.4 £+ 2.6 359 +2.1 65.2 £ 5.3
TDAB 24.0 £ 3.0 50.7 £ 2.4 89.5 £ 5.9

“ Data from ref. 39. ? Data from ref. 67. ¢ Data from ref. 19.

in Fig. 2 are listed in Table 2. Melting temperatures (7y,) and
standard molar enthalpies of fusion (Ag,sH°) were directly ob-
tained from DSC experimental data (determined by the inte-
gration of the area under the endothermic curve considering
the initial and end inflections of the central peak), and the
standard molar entropies of fusion (Ag,sS°) were derived as
AysS° = AgysH° /Ty Heat capacity corrections were developed to
determine hypothetical thermodynamic properties at 298.15 K.
This adjustment was made to evaluate and compare the ther-
mochemical properties of a series of compounds in a more
accurate fashion, by establishing the same reference tempera-
ture.**** The heat capacity corrections of the enthalpies (Ag,s
H°), entropies (Ag,sS°) and Gibbs energies (Ag,sG°) of fusion to
the reference temperature of § = 298.15 K, for each phenyl-
carbazole or phenylamine, were calculated using the eqn (1), (2),
and (3), respectively. Following previous reports, the typical and
recommended value of Afusc; =(50+10) J K mol™? was
used as the difference between the liquid and solid phase heat
capacity at 298.15 K."?%% In Table 2, the values of T,, and
AgsH° for PhC, TPA, BDB, TPB, and TDAB were obtained from
literature and are listed for comparison.'**"*>%” Fig. 4 presents
an evaluation of the magnitude of enthalpies and entropies of
fusion for phenylcarbazoles and phenylamines. The compar-
ison between TPA and PhC, TPB and CBP, and TDAB and TCB
evidences that both values of Ag,H° and Ag,sS° (at the same
reference temperature) are clearly higher for phenylamines. The

RSC Adv, 2020, 10, 1766-11776 | 11769
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Fig. 4 Schematic representation for the magnitude of enthalpies
(AusH®, (A)) and entropies (Ag,sS°, (B)) of fusion, at § = 298.15 K, for
series of phenylcarbazoles (PhC, CBP, TCB) and phenylamines (TPA,
TPB, TDAB).

relative stability of a solid phase, in terms of its solid-to-liquid
phase transition, is typically evaluated by the magnitude of
melting temperature, which results in a balance between
enthalpic and entropic contributions.** The melting tempera-
ture of a material can be derived as Ty, = ApysH° (Tin)/AusS® (Tm)-
Hence, higher values of Ag,H° and lower values of Ag,sS° lead to
higher melting temperatures. From a comparative analysis
between melting points of phenylcarbazoles and their phenyl-
amine analogues, the following conclusions can be drawn: T,
of PhC is 32 K lower than TPA; T,, of CBP is 49 K higher than
TPB; Ty, of TCB is 71 K higher than TDAB. These findings,
together with the data represented in Fig. 4, indicate that
entropic contribution is the preponderant thermodynamic
property for the differentiation between melting temperatures
of phenylcarbazoles and phenylamines. In addition, and
contrary to observed between TPB and TDAB where TDAB
displays higher values of AgH° and Ag,S°, a comparison
between CBP and TCB shows lower values of Ag,H° and Ag,S°
for TCB. Due to enthalpy-entropy compensation, in both cases,
the compounds with higher molar mass are characterized by
larger values of Tp,.

Al‘usl_lO (0) = Al'usI-ID(Tm) + Al‘usC; X (0 - Tm) (1)
. ApsH' (Th) . 0
AquS (19) = T + Afust x In (?m) (2)

1770 | RSC Adv, 2020, 10, 1766-11776
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AfusGo(ﬂ) = AfusHO(Tm) |:1 — Ti:|

+AC, {0(1 —1n(%)> - (Tm)} (3)

The phenylcarbazoles mCP and TCB result from the intro-
duction of additional carbazole groups in meta position into the
PhC moiety. That way, we can conclude that the increment of
carbazolyl units (in phenylcarbazoles) is followed by increased
values of T, and AgH°. In this case, both enthalpic and
entropic factors are contributing to increasing Ty,, as the
magnitude of AgS° is lower when more carbazoles are
included.

Thermodynamic properties of sublimation/vaporization

The solid-gas equilibria of CBP and TCB and the liquid-gas
equilibrium of mCP were evaluated determining the equilibrium
vapor pressures of the compounds in temperature intervals of
about 25 K using the Knudsen effusion procedure (Table 3). The
accuracy of the methodology was tested with 1,3,5-triphe-
nylbenzene; the relative deviations between experimental and

Table 3 Experimental vapor pressures of mCP (liquid), CBP (solid) and
TCB (solid) obtained with the quartz crystal microbalance Knudsen
effusion methodology

T/K p/Pa Ap/Pa T/K p/Pa Ap/Pa
mCP (liquid)

453.20 0.0770 —0.0003 469.70 0.2740 0.0014
456.20 0.0975 —0.0003 471.20 0.3040 —0.0003
459.20 0.1240 0.0005 472.70 0.3420 0.0024
462.20 0.1560 0.0006 474.20 0.3740 —0.0046
465.20 0.1950 0.0001 475.70 0.4260 0.0042
466.70 0.2180 —0.0002 477.20 0.4630 —0.0067
468.20 0.2440 0.0001 478.80 0.5290 0.0027
CBP (solid)

523.20 0.0519 0.0006 540.50 0.2093 0.0003
525.55 0.0615 —0.0009 542.40 0.2420 —0.0005
528.30 0.0788 0.0004 543.40 0.2630 0.0009
530.55 0.0935 —0.0007 545.50 0.3093 0.0009
533.33 0.1183 0.0002 546.50 0.3340 0.0009
535.55 0.1405 —0.0006 548.20 0.3740 —0.0055
536.40 0.1520 0.0009 549.50 0.4190 —0.0001
538.30 0.1760 0.0003 550.60 0.4580 0.0025
539.40 0.1920 0.0004

TCB (solid)

555.70 0.0785 —0.0004 569.50 0.2260 0.0010
558.35 0.0965 —0.0003 570.60 0.2440 0.0000
560.70 0.1150 —0.0010 572.35 0.2780 0.0004
561.50 0.1240 0.0007 573.35 0.2990 0.0003
563.35 0.1420 0.0001 575.60 0.3510 —0.0009
564.50 0.1550 0.0002 576.50 0.3760 0.0004
565.70 0.1690 —0.0004 578.35 0.4270 —0.0022
566.50 0.1820 0.0021 579.50 0.4670 0.0009
567.50 0.1940 0.0001 582.60 0.5780 —0.0032
568.35 0.2070 0.0004

This journal is © The Royal Society of Chemistry 2020
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recommended vapor pressures were found to be less than 2%. In
addition, the derived sublimation enthalpies (Ag,,H® = 147.5 +
1.0 k] mol ") and entropies (AgpS° = 251.3 + 2.3 J K ' mol ) for
1,3,5-triphenylbenzene, at § = 298.15 K, agree with the literature
values.”*** Details are presented as ESL.{ The dependence of
vapor pressures with the effusion temperature was used to derive
thermodynamic properties of phase transition; considering the
mean temperature of each experiment, (T), molar enthalpies of
sublimation (for CBP and TCB, A,,H°) and molar enthalpies of
vaporization (for mCP, A,,,H°) were derived using the integrated
form of the Clausius-Clapeyron equation, where a is a constant

and b = Asub;vapHO(<T>)/R’ eqn (4)

In(p/Pa) = a — b x [(1/TYK™] (4)

The plots of In(p) = f(1/T) for mCP, CBP and TCB are shown
in Fig. 5. Table 4 lists the parameters of the Clausius-Clapeyron
equation (¢ and b) with associated standard deviations, the
effusion temperatures interval and equilibrium vapor pressures
(EVP), and the standard molar enthalpies, AgupwapH®((T)),
entropies, AgubyapS”((T)), and Gibbs energies, AgubwapG°((T)), of
sublimation/vaporization at the mean temperature. Agupyap-
H°((T)) was determined from the parameter b of the eqn (4) and
AgubvapS°((T)) were calculated using eqn (5). AgubvapG°((T)) was
derived as {AH°((T)) — (T)-AS°({T))}. Heat capacity corrections
were made to determine molar enthalpies and entropies of
sublimation (at § = 298.15 K), for solids CBP and TCB. The value
of Asubc; = (—20+10) J K mol™ was used as the difference
between the gas and solid phase heat capacity at § = 298.15 K.
The estimation of Asubc;;(ﬁ = 298.15 K) was based on previous
determinations of solid heat capacities of compounds with
similar chemical structure, such as the phenylamines TPB and
TPD, whose obtained values of AsubCL, are (—17.8 + 10) and
(—20.2 + 10) ] K~ * mol %, respectively.*

The value of Ay,,C, = (70£10) J K™ mol™ obtained as
(Asubc; - Afuscl{;), was used as the difference between the gas

0.5
-0.5 4
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- ] 2% X n(b O
© { 0 ) ) J
£ s v b :: 3 :
s §© R
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§ }
b A
-2.5 A QQ‘ \‘,
o
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0.00155 0.00175 0.00195 0.00215 0.00235
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Fig. 5 Plots of In(p) versus 1/T for mCP (triangles), CBP (circles) and
TCB (squares).
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Table 4 Standard (p° = 10° Pa) thermodynamic properties (values at
the mean temperature of the effusion experiments) associated to the
liquid—gas equilibrium of mCP and to the solid—gas equilibria of CBP
and TCB: effusion temperatures (Tegusion). €quilibrium vapor pres-
sures (EVP), and enthalpies (AsupvapH®). entropies (Agup.vapS°) and
Gibbs energies (AgupvapG®) Of phase transition. Parameters a and
b were obtained from the integrated form of Clausius—Clapeyron
equation

Property mCP (1) CBP (s) TCB (s)

a 33.3+0.1 40.9 £ 0.1 40.7 £ 0.1

b 16 263 + 54 22 954 + 62 24 029 + 48
Tottusion 454 to 478 524 to 550 556 to 583
EVP 0.077 to 0.53 0.052 to 0.46 0.079 to 0.58
AgubapH° 135.2 + 0.5 190.9 + 0.5 199.9 + 0.4
AgubyapS° 181.3 + 1.0 244.4 + 1.0 242.8 + 0.7
DgubivapG° 81.1+ 0.5 118.0 + 0.6 127.5 + 0.5

and liquid phase heat capacity at § = 298.15 K for the liquid
mCP. The standard molar enthalpies and entropies of
sublimation/vaporization, at the reference temperature of ¢ =
298.15 K, were determined by eqn (6) and (7). AsubapG°(0) was
derived as {AsupwapH () — 0°AsubyapS°(6)}. Thermodynamic
parameters associated with the equilibria processes of fusion,
sublimation, and vaporization, at the reference temperature 0,
are interconnected by means of eqn (8). Sublimation and
vaporization properties, at § = 298.15 K, are listed in Table 5.

BaoS ((T),p((T))) = %5”” R ‘“(ﬂfﬂ)) o

Table 5 Standard molar enthalpies (AH°), entropies (AS°), and Gibbs
energies (AG®) of sublimation and vaporization, at § = 298.15 K, for
mCP, CBP, and TCB. Literature values for PhC, BDB, TPB, and TDAB
are listed for comparison

Material AH°, k] mol ™! AS°,J K ' mol™* AG°, k] mol ™"
Sublimation

PhC* 116.1 £ 1.7 211.3 £ 5.0 53.1 £2.3
mCP 166.5 £ 2.7 251.7 £ 6.7 91.4 + 3.4
CBP 195.7 £ 2.5 256.2 £ 6.0 119.3 + 3.0
TCB 205.3 + 2.7 255.8 £ 6.5 129.0 + 3.4
TPA? 92.0 £ 2.5

BDB° 178.8 £ 1.6 292.4 £ 4.3 91.7 £ 2.0
TPB* 198.5 £+ 2.0 294.0 £ 5.2 110.9 + 2.5
TDAB® 200.8 £ 2.0 298.1 £5.2 111.9 £ 2.5
Vaporization

PhC 100.2 £ 1.9 169.1 + 5.5 49.8 + 2.5
mCP 1471 £ 1.8 212.9 £ 4.6 83.6 2.2
CBP 165.7 £ 4.5 209.9 £+ 9.5 103.1 £ 5.4
TCB 178.5 £ 4.8 220.7 £10.4 112.7 £ 5.7
TPA 72.2 £ 3.2

BDB 143.6 £ 2.4 223.0 £ 6.4 771+ 3.0
TPB 162.6 £ 2.9 2288+ 7.4 94.5 + 3.6
TDAB 150.1 £ 3.1 208.6 £ 7.8 87.9 £ 3.9

“ Data from ref. 39. ? Data from ref. 68. ¢ Data from ref. 19.
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AsubIJO (‘9) = AsubHc(<T>) + ASubci; X (0 - <T>) (6)

AsubSo(g) = ASUbSO(<T>7p(<T>)) + AsubC; X (0 - <T>) (7)

Asub[Ho;So;Go] = Avap[Ho;So;Go] + Afus[Ho;So;Go] (8)

The experimental results of Table 3 and Fig. 5 evidence
avolatility differentiation between mCP, CBP and TCB. The data
for mCP corresponds to the liquid phase; the vapor pressures of
solid mCP at the triple point are very low and outside the
measuring range of the Knudsen apparatus (0.1 to 1 Pa).*® The
higher volatility of CBP, in comparison with TCB, was found to
be enthalpically driven (entropies of sublimation are similar)
indicating stronger cohesive energies in the crystalline phase of
TCB. Comparing to their phenylamine analogues, the solid
phase of phenylcarbazoles is less volatile presenting higher
stability: CBP is less volatile than TPB; TCB is less volatile than
TDAB. These results are highlighted by the higher values of
AgupG° exhibited by phenylcarbazole derivatives. The values
listed in Table 5 are useful to compare the relative stability of
the condensed phases of all compounds. Concerning the solid
phase, higher cohesive energies of TPA, in comparison with
PhC, can be perceived from the magnitude of Ag,,H® values. For
the other pairs of compounds (phenylcarbazole vs. phenylamine
congener) there is no significant differentiation when
comparing the Ay,,H°, as deviations are less than 5 kJ mol "
195.7 and 198.5 k] mol " for CBP and TPB, respectively; 205.3
and 200.8 k] mol™" for TCB and TDAB, respectively. The
experimental data indicate that the differentiation in the
molecular structure of phenylcarbazoles and phenylamines
does not affect significantly the crystal packing and intermo-
lecular interactions. Hence, the noticeable difference that
explains the lower volatility of solid phenylcarbazoles is the
entropy of sublimation. Curiously, attending to the experi-
mental uncertainties, the phenylcarbazole derivatives mCP,
CBP and TCB have similar values of Ag,S° (from 251.7 t0 256.2 ]
K" mol™"). Comparatively, the solid phase of phenylamines
DDP, TPB and TDAB have higher values of Ay,,S°, but also
similar between them (from 292.4 to 298.1 ] K~ mol ). These
results are consistent with fusion results indicating a clear
entropic differentiation of phenylcarbazoles and phenylamines
with respect to their liquid and gas phases. The additional
chemical bond between the phenyl groups in the carbazolyl
units leads to a less flexible chemical structure with a significant
decrease of translational and rotational motions of the rings.
The most stable conformations of N-phenylcarbazole and

N-phenylcarbazole o 2

r 9 >
"“ 2 2 o ¥ 2 'J?J
B g% 9 " -9 @%
sy Pe 3 .9 posons rd 9
A : @ @ 'x"x“ o e? > d *’\1
P
i AR o %

Fig. 6 Views of the B3LYP/6-31+G(d,p)-optimized structures of the
minimum  energy conformers of N-phenylcarbazole and
triphenylamine.
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triphenylamine are depicted in Fig. 6. In comparison to phe-
nylamines, the more rigid phenylcarbazole derivatives exhibit
lower absolute entropies in liquid and gas phases and thus,
lower values of Ag,sS° and Ag,,S°. Fig. 7 systematizes an additive
scheme representing the increments in Ag,pH° and Ag,pS° (at
the same reference temperature) upon successive introduction
of carbazolyl or diphenylamino groups. The enthalpic incre-
ments between biphenyl and CBP and between biphenyl and
TPB were found to be similar (114.2 and 117.0 kJ mol '),
whereas a large differentiation is found by analysing the Ag,,S°
increments (75.9 vs. 113.7 ] K~ mol ). A comparison between
PhC, mCP, and TCB shows that increments in Ay,,H°® arising
from the successive introductions of carbazolyl moieties
decrease due to intramolecular repulsions between the groups.
The same effect is observed when analysing the effect of intro-
ducing additional diphenylamino groups in TPA. The clear
entropic differentiation between phenylcarbazoles and phenyl-
amines is well emphasized by comparing the additive scheme
for AgupS°: lower values are systematically observed for deriva-
tives containing carbazolyl moieties replacing diphenylamino
groups. Concerning the phenylcarbazoles, to better elucidate
the effect of incorporating carbazolyl groups in meta position on
the sublimation thermodynamic properties of sublimation,
Fig. 8 shows the dependence of Ag,pH°, T-AgupS°, and Agy,G°
with the number of carbazolyl moieties. A linear dependence is
observed for Ag,H° values indicating a large intensity of
intermolecular interactions in the lattice for TCB.

The relative stability of the solid phase of phenylcarbazole
derivatives is mostly enthalpically driven and increases linearly
with the molar mass (carbazolyl groups). The same conclusion
was reached in a recent work for a series of phenylamine

CBP O
117 -

H @—Nphc
\168 ‘) V

H-ll 1718

@ l\l llll
\‘\, \6&

&
QO

TPA Q

mCP

I

BDB

‘ué‘

Fig. 7 Additive scheme for AqxH°(298.15 K) (blue values, in kJ mol™)
and AypS°(298.15 K) (red values, in J K™t mol™), representing the
increments in these quantities upon successive introduction of car-
bazolyl or diphenylamino groups. The errors in the calculated incre-
ments are omitted for clarity. A pH® and Ag,S° values for benzene
(447 kJ mol™ and 140.6 J K~* mol™) and biphenyl (81.5 and 180.3 J
K~! mol™) were obtained from literature.®®
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Fig. 8 Dependence of the thermodynamic properties of sublimation
with the number of carbazolyl groups: Ag,pH® (squares); T-AgypS°®
(triangles); AsbG° (circles).

derivatives with a different number of diphenylamino groups.**
According to Fig. 8, there is no clear entropic differentiation
along with the series and the enthalpy-entropy compensation
leads to a highly linear dependence (r* > 0.9999) observed for
AgupG° values. The vaporization results, derived from the
combination of fusion and sublimation data, were used to
evaluate the relative stability of the liquid state. Looking at the
sublimation and fusion data, there are clear entropic differen-
tiations between phenylcarbazoles and their corresponding
phenylamines. This distinction, however, is not so obvious for
AyqpS° values. Moreover, there is a clear enthalpy-entropy
compensation that explains the higher volatility of the liquid
phase of phenylamines: when comparing each pair of congener
compounds (CBP vs. TPB and TCB vs. TDAB), A,,,G° is higher
for the compounds containing carbazolyl moieties; CBP and
TPB display similar values of A,,,H°; compared to TDAB, TCB is
characterized by a higher value A,,,H° which arises from the
larger differentiation in the fusion enthalpies of these
compounds. In fact, compared to other molecules, TDAB
requires a larger amount of energy to melt (= 62 k] mol * at Ty,,).
The enthalpic and entropic factors associated with differentia-
tion in terms of intermolecular interactions and molecular
flexibility can be explored in more detail by inferring the
cohesive energies in the liquid phase. As discussed in recent
works, a liquid with a significant level of structuration displays
a low ratio of AgH°/AgupH® as most of the intermolecular
interactions are not disrupted even after a melting process.**” A
similar effect is observed for phenylcarbazoles (Fig. 9).

In order to rationalize this effect emphasizing the structural
differentiation of carbazoles and phenylamines, Fig. 9 repre-
sents the magnitude of {AgH°/AgupH} and {AgsS°/AsunS°}
ratios for the studied compounds. Both ratios are clearly lower
for phenylcarbazoles. The chemical bond between the phenyl
groups in the carbazolyl unit contributes to a substance with
a higher level of structuration and organization in the liquid

This journal is © The Royal Society of Chemistry 2020
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Fig.9 AfsH/AgpH® ratios (blue solid circles and triangles) and A¢,sS°/
Ag,pS° ratios (red open circles and triangles) for series of phenyl-
carbazoles (circles) and phenylamines (triangles). The thermodynamic
properties were derived at § = 298.15 K.

phase as in comparison with phenylamines, molecules are more
rigid and available to perform more stable and powerful inter-
molecular interactions. For instance, Ag,H°/Ag,,H® ratios of
0.25 and 0.13 were found for TDAB and TCB, respectively;
compared to TCB, the high flexibility of TDAB is also expressed
by a larger ratio of Ag,sS°/AgupS° (0.30 for TDAB vs. 0.14 for TCB).
The results clarify that intermolecular bonding disruption
along the fusion transition is more extensive for phenylamine
derivatives.

Characterization of thin films

Based on volatility studies, thin films of mCP, CBP, and TCB
were prepared by physical vapor deposition. A customized
procedure of vacuum thermal evaporation has been used. SEM
micrographs of vapor-deposited thin films onto quartz crystal
surfaces coated with gold (Au), silver (Ag) or aluminium (Al) are
presented by Fig. 10. The mass flow rate (¢, ng cm™> s~ ') can be
estimated according to eqn (9), in which @gupstrate A0d @xnudsen
cell are the mass flow rates on the substrate surface and from the
Knudsen cell orifice, respectively. This equation considers
a geometrical factor g that is dependent on the distance between
the deposition source (Knudsen cell) and the deposition surface
(substrate). For the calculation of @gnudsen cet, T is the evapo-
ration temperature, p is the equilibrium vapor pressure at T, w,,
is a transmission probability factor, My, is the molar mass of the
vapor effused, R is the gas constant, m is the mass of sample
evaporated, ¢ is the deposition time, and 4, is the area of the
Knudsen cell orifice.

PWo <MM1/2> m

W:gi )

Psubstrate — EPKnudsen cell — &

The vapor deposition process was accomplished under the
same experimental conditions for all compounds; the same
equilibrium vapor pressure (=0.3 Pa) and derived mass flow
rate, as well as the deposition time (60 minutes), were applied. A
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constant mass flow rate on the surface of the substrate (=22 ng
cm > s~ ") was regulated by the evaporation temperature of each
compound. Regarding the morphological analysis (Fig. 10), the
irregular topography of the quartz crystals is depicted by images
(a)-(c). In all cases, the several cavities and the surface rough-
ness of the quartz crystal have an important role for the
nucleation and growth mechanisms as well as to the topography
of thin films. There is perceptible differentiation in the topog-
raphy of the three types of quartz crystals (Au, Ag, Al) used as the
grain morphology of the coated metal is dissimilar. The struc-
ture and surface morphology of organic materials produced by
vapor deposition methods, particularly the vacuum thermal
evaporation, is highly dependent on the structural, thermal and
morphological properties of the surface.'®?*>4%36:577174 The
morphology of vapor-deposited thin films of mCP, CBP, and
TCB does not evidence a significant growth of crystal structures
as the images suggest an amorphous appearance, with
emphasis on mCP, accompanied by a high dependence with the
substrate roughness. Looking at the SEM images, grains' shape
and size are not recognized. SEM of an amorphous material
doesn't release any features and no particles can be distin-
guished. These findings agree with a recent work regarding
similar systems, upon which XRD was used to confirm the
amorphous nature of thin films.** Strong binding of organic

.
) . A
el Ty AL

TCB/Ag

TCB/AI

Fig. 10 Topographic images obtained by SEM of the vapor-deposited
thin films produced in this work: gold (Au) coated quartz crystal surface
(a); silver (Ag) coated quartz crystal surface (b); aluminium (Al) coated
quartz crystal surface (c); thin film morphology of mCP deposited on
Au (d), Ag (e), and AL (f); thin film morphology of CBP deposited on Au
(9), Ag (h), and AL (i); thin film morphology of TCB deposited on Au (j),
Ag (k), and Al (). The thin films were deposited under the same
experimental conditions: equilibrium vapor pressure of =0.3 Pa; mass
flow rate at the substrate surface of =22 ng cm™2s™%; deposition time
of 60 minutes; substrate temperature =293 K. For these experimental
conditions, mCP, CBP, and TCB were evaporated at 472, 545, and 573
K, respectively.
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thin films can be perceived and is a typical observation for as-
deposited thin organic films growing by PVD methods.*
Predictably, the large coverage and homogeneity of these
organic materials indicate a layer-by-layer growth process.””®
One of the key properties for the amorphous nature of as-
deposited films of phenylcarbazoles is the glass transition
temperature (T,). Literature reports indicate values of T, of
=330 K, =335 K, and =400 K for mCP,”””®* CBP,””* and
TCB,*** respectively. As the thin film deposition of this work
were performed on surfaces kept at a constant temperature of
293 K, the amorphous nature of materials would be expected.
The glassy state is usually observed for nonplanar molecules as
the hard packing of molecules avoids the crystallization
process. The ratio Ty/Ty, = 0.73 (=3/4) is observed for mCP,
which would be expected due to the asymmetric nonplanar
structure of this compound. Lower values of T,/Ty, (0.61 for
CBP and 0.67 for TCB) are typical for a more symmetric
nonplanar structure, whose ratio of T,/Ty, is expected to be
around 2/3." The existence of a glassy state is also a conse-
quence of the less flexibility of phenylcarbazole derivatives in
comparison with some phenylamines. For instance, the higher
flexibility of TDAB is related to the lower ability to form a glassy
state. As discussed in previous reports, despite being
nonplanar, due to the high flexibility (suitable ring rotation
potential profile) this compound has a strong ability to crys-
tallize (very lower liquid undercooling stability) which avoids
the formation of the glassy state. Due to this fact, a vapor-
deposited thin film of TDAB is always crystalline.**>%>

Conclusions

The optical, morphological and thermodynamic behavior were
explored for a series of carbazole derivatives (mCP, CBP, and
TCB), organic semiconductors with wide use in molecular
electronics and exciting liquid organic hydrogen carriers. The
structural differentiation between phenylcarbazoles and phe-
nylamine analogues was reflected in the physical chemistry
behavior of each class of materials. Regarding the UV-vis char-
acterization, phenylcarbazoles exhibit a blue shift compared to
phenylamines, noticeably so as more moieties are present in the
molecule, resulting in higher optical band gaps. From the
thermodynamic study of phase transitions, it can be concluded
that entropic factors are of greater importance for the higher
melting points and low volatility exhibited by the solid phase of
carbazole derivatives. Analysis of fusion and sublimation data
suggests phenylcarbazoles retain higher levels of structuration
when compared to their phenylamine counterparts. This trend
also seems to persist after the melting point. The additional
bond in phenylcarbazoles severely limits the freedom of
movement of the end groups, resulting in less flexible structures
that also remain partially interactive even after there is greater
molecular mobility. From the morphological study of vapor-
deposited phenylcarbazole thin films, it can be concluded
that these compounds do not show significant crystal growth, as
their smooth appearance strongly suggests it is largely amor-
phous. The experimental data reveals the role of the chemical
bond between the phenyl groups in the carbazolyl unit for

This journal is © The Royal Society of Chemistry 2020
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a more rigid structure leading to the amorphous nature of thin
films.
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