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Abstract
The values of the standard molar energies of combustion of Tetra-N-phenylbenzidine and 4,40-Bis(N-carbazolyl)-1,10-
biphenyl in solid phase were obtained experimentally using an isoperibolic semi-micro combustion calorimeter. The

calorimeter was calibrated with benzoic acid NIST 39j and tested with 1,2,4-triazole. The molar enthalpies of combustion

in oxygen, at T = 298.15 K and p8 = 0.1 MPa were (- 18,522.4 ± 12.1) and (- 18,114.4 ± 12.5) kJ mol-1, respectively.

The corresponding standard molar enthalpies of formation were derived as: (354.4 ± 12.9) and (518.1 ± 13.4) kJ mol-1.

The vaporization enthalpies of the compounds were obtained by thermogravimetry, and these values were used to derive

the enthalpies of formation in gaseous phase.
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Introduction

The depletion of fossil fuel sources and the relentless

pollution that accompanies global warming show the need

to have clean and economic renewable sources of energy.

The sun is a renewable, clean and inexpensive source of

energy. However, the technology available for its use is

based on photovoltaic cells that use inorganic semicon-

ductors and toxic materials such as silicon [1].

The pioneering work of Tang and VanSlyke generated

an increasing investigation in the use of organic materials

for solar cells, with new approaches in the construction and

characterization of these materials, leading to the design of

organic and hybrid devices such as organic diodes emitting

light (OLEDs) and organic photovoltaic (OPVs) cells

among others [2, 3]. These devices are promising because

they can use organic compounds of low molar mass and

can be manufactured of flexible thin layer and large surface

area [4]. Polymers and conjugated oligomers derived from

triphenylamine and carbazole can be used as organic

semiconductors. These compounds are investigated

because they offer a wide range of applications by the

capacity in the transport of holes in devices OLEDs and

OPVs [5–7].

Other compounds derived from carbazole and triph-

enylamine with recent interest in being used as transport of

holes in devices OLEDs and OPVs are Tetra-N-phenyl-

benzidine (TPB) and 4,40-Bis (N-carbazolyl)-1,10-biphenyl
(BCB), respectively. The reason for the interest in these

molecules is centered on the nitrogen atom present in both

molecules. This atom has the capacity of electron donor

and activates the molecules to be combined with a large

number of functional groups which allows the structures of

the compounds to have a better solubility and a greater

adjustment of their electronic and optical properties [8].

Several works have been dedicated to the improvement

of these materials looking for high luminous efficiency,
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durability and improvement in the manufacturing pro-

cesses. However, despite having several applications and

being extensively studied, their thermochemical properties

are insufficient to perform a complete thermodynamic

study. These properties are of great importance because

one of the main reasons for the degradation of OLEDs and

OPVs is the change in structure of the organic layers

caused by the heating Joule effect [9, 10].

In this paper, the thermochemical properties in solid and

gaseous phase of TPB and BCB are presented. These

properties were determined experimentally using combus-

tion calorimetry and thermal analysis techniques such as

differential scanning calorimetry and thermogravimetry.

Experimental

Differential scanning calorimetry

Figure 1 shows the structures of the compounds studied in

this work. The compounds are Sigma-Aldrich with purity

reported by the supplier equal to 97% for Tetra-N-

phenylbenzidine and 99.9% for 4,40-Bis (N-carbazolyl)-

1,10-biphenyl. Due to the low purity of TPB, it was purified

by recrystallization using a 30% chloroform, 60% ethanol

and 10% ethyl acetate mixture. For the BCB, it was not

necessary to purify it and the purity reported by the sup-

plier was corroborated.

In order to determine with accuracy of the thermody-

namic properties of the compounds, the purities of TPB and

BCB were verified by differential scanning calorimetry

(DSC) and using the van’t Hoff equation, which relates the

decrease in the melt temperature of the pure component to

the amount of impurity involved. The purity, melting

temperature and enthalpy of fusion of the compounds were

assessed using a DSC Q2000 de TA Instrument of heat

flow with a sensitivity of 0.2 lW and a temperature sen-

sitivity of 0.1 K. This device was calibrated with the fusion

of high-purity metallic indium, and from this fusion the

calibration constant and the thermal resistance for tem-

perature correction of DSC device were obtained. For the

purity experiments of the compounds, about 3 mg of each

sample was placed in a non-hermetic aluminum crucible

and heated from 450 to 580 K at a 5 K min-1 scanning rate

and always under a constant flow of 50 cm3 min-1 of dry

nitrogen.

The heat capacities of the compounds were determined

with a DSC 8000 Perkin Elmer of power compensation

using the two steps method, with synthetic sapphire as

reference over a 263.15–333.15 K temperature range. The

masses of compounds in the purity and heat capacity

experiments were measured in a UMX2 Mettler Toledo

balance (accuracy: ± 0.1 lg).

Combustion calorimetry

The combustion experiments for TPB and BCB were car-

ried out in an isoperibolic calorimeter. This device has a

semi-micro oxygen bomb Parr 1109A with an internal

volume 22 cm3. The calibration to determine the e(calor)
and the validation to verify the accuracy in the combustion

energy of compounds containing C, H, O, N, of the

calorimeter were using standard benzoic acid and 1,2,4-

triazole, respectively. This procedure was described in a

former paper [11]. However, because there was a change in

the calorimetric vessel of the calorimeter of Ref. [11], the

equipment was again calibrated with standard benzoic acid

(RSM 39j, NIST). After eight combustion experiments, the

new energy equivalent of the calorimeter accounted for in

our calculations was e(calor) = (2042.4 ± 2.7) J K-1.

In all combustion experiments, the masses of the sam-

ples, the cotton, auxiliary material, the crucible and plat-

inum wire were weighed on a DV215CD Ohaus

(accuracy: ± 0.01 mg). The corrections from apparent

mass to effective mass were applied. In these experiments,

the samples in pellets were burned in a platinum crucible of

around 200 mg. For all the combustion experiments,

0.1 cm3 of demineralized water was placed in the bomb

and charged with oxygen to p = 3.04 MPa. To remove the

atmospheric air from the bomb, it was five times flushed by

charging the bomb with oxygen to 2.0 MPa and returning

to atmospheric pressure.

After loading the combustion semi-micro bomb with the

sample of TPB or BCB, paraffin oil, cotton, wire and

crucible of platinum into the calorimetric vessel, 400 g of

distilled water was added. This amount of water was

measured with a MS12001L Mettler Toledo balance (ac-

curacy: ± 0.1 g). The isothermal jacket of the calorimeter

system was maintained and regulated a constant tempera-

ture of 298.15 K, by a refrigerated circulator Polyscience

9502.

The first experiments showed that TPB and BCB do not

undergo a complete oxidation leaving traces of carbon

residue. Thus, several different experimental conditions

were tested; also, auxiliary materials were used. After

performing test experiments, it was found that paraffin oil

was a convenient auxiliary substance. By using around

(TPB)
Tetra-N-phenylbenzidine 

(BCB) 
-Bis(N-carbazolyl)- -biphenyl 

N N NN

′ ′

Fig. 1 Molecular structures of the compounds studied in this work
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5 mg of paraffin oil, the samples ignition was total.

The mass energy of combustion of paraffin oil is of

-Dcu� = (648.606 ± 0.091) kJ mol-1 [12].

The temperature during the combustion experiments

was followed by a 5642 Hart Scientific thermistor (diam-

eter = 3.18 mm, length = 229 mm and resistance = 4 kX),
calibrated over a temperature range from 273.15 to

333.15 K. Resistances were measured with a Keithley 2010

digital multimeter (sensitivity: 10-6 kX) and put on a

personal computer for automatic data collection. The cor-

rected temperature rise for each experiment of combustion

was calculated by the Regnault–Pfaundler method, as

described by Wadsö [13].

For the samples ignition was used a 2901 Parr ignition

unity which provides 4.184 J. The circuit was closed with a

platinum fuse wire (Cat. No.45C3, Parr) connected to the

sample by a cotton thread. The mass energy of combustion

of the cotton thread fused is of -Dcu� = (482.972 ± 0.120)

kJ mol-1 [14].

As the samples have nitrogen in their structure, nitric

acid was formed. The aqueous phase obtained in the bomb

after combustion experiments of TPB and BCB was

quantitatively transferred to a flask, and together with the

rising bomb distilled water, it was diluted to a 100.0 cm3

volume. Subsequently, the amount of HNO3(aq) formed

during the reaction was determined by titration with

NaOH(aq), previously evaluated with potassium hydrogen

phthalate.

The corrections to the standard state and the calculations

of the thermodynamic quantities were made as described

by Hubbard et al. [15]. Table 1 contains the summary of

the provenance and purity of the material used.

Thermogravimetry

Thermogravimetric measurements were carried out on a TA

Instruments TGA Q500 (Weighing Precision: 0.1 lg). The
mass calibration of the TGA was performed in a range of

100 mg to 1 g using two calibration mass. The procedure

consisted in registering in the equipment software the exact

mass of the 100 mg mass in the cell to measure the combined

mass between the mass and the cell. This was repeated for the

calibration of the equipment with the 1 g mass. For the

temperature calibration of the instrument an Alumel-Nickel

alloy was used, the Curie Temperature values are 425.75 and

631.35 K, respectively. In such procedure, a magnet was

placed under the furnace and a mass gain of approximately

2% was ensured. [16, 17].

The kinetic theory of gases indicates that in the subli-

mation process, the rate of mass loss (dm/dt) of the sub-

stance in an open surface is expressed as in Eq. (1)

[18–21].

dm=dtð Þ ¼ pA M=2pRTð Þ1=2; ð1Þ

where M is the molar mass of the gas, R is the gas constant,

T is the temperature, and A is the area the orifice. On the

other hand, the integrated Clausius–Clapeyron equation

relates the vapor pressure with enthalpy of sublimation as

shown in Eq. (2).

dInp=dT ¼ DsubHm=RT
1=2; ð2Þ

substituting Eq. (1) into Eq. (2) followed by integration,

and assuming that the enthalpy of sublimation is constant

over the experimental temperature range, grouping the

constant terms in a constant C0 and taking the logarithm

Eq. (2) it is obtained:

ln ðdm=dtÞT1=2
� �

¼ C0 � DsubHm=RT ; ð3Þ

here C0 = ln [A(M/2pRT)1/2] ? C. The molar enthalpy of

sublimation can be obtained from Eq. (3) by the slope of a

plot of the left-hand expression (3) against 1/T. Also, this

equation is applicable for calculating the enthalpy of

vaporization [22–26].

The temperature scale of the instrument was calibrated

by analyzing the melting temperature of sample of high-

purity Indium, which has a melting temperature of

(429.7485 ± 0.0034) K, as certified by NIST. For the

calibration of mass measurements, standard masses

obtained from NIST and certified with a mass of

(315.1620 ± 0.0048) mg were used.

For the experiments of the compounds, approximately

9.5 mg of TPB and 16 mg of BCB were placed inside a

cylindrical platinum cell with a height of 6.00 mm, a

diameter of 6.35 mm and a cross-sectional area of

3.167 9 10-5 m2. The initial temperature and final tem-

perature of sublimation experiments were 560–590 K and

610–640 K, respectively. The temperature scanning rate

Table 1 Provenance and purity

of materials used
Material Supplier Initial mass fraction Final mass fraction Analysis

Oxygen INFRA Co. 0.99999 0.99999 –

TPB Aldrich 0.970 0.998 ± 0.010a DSC

BCB Aldrich 0.999 0.999 ± 0.001a DSC

aThe uncertainties are expanded uncertainties with coverage factor k = 1.96 and a 0.95 level of confidence,

which include contributions from the DSC calibration
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was of 10.0 K min-1 with a flow rate of 100 cm3 min-1 of

nitrogen.

Results and discussion

1H and 13C spectra

To prove the identity of the compounds, the 1H and 13C

spectra were determined by nuclear magnetic resonance

(NMR). The spectroscopic data are shown below:

Tetra-N-phenylbenzidine: 1H NMR (CDCl3, 300 MHz)

d 7.02 (tt, J = 7.2, 1.5 Hz, 4H), 7.10–7.14 (m, 12 H),

7.22–7.28 (m, 8H), 7.43 (d, J = 8.4 Hz, 4H). 13C (CDCl3,

75 MHz) d 122.8, 124.1, 124.3, 127.3, 129.3, 134.7, 146.8,

147.8.

4,40-Bis(N-carbazolyl)-1,10-biphenyl: 1H NMR (CDCl3,

500 MHz) d 7.32 (ddd, J = 7.8, 6.9, 1.2 Hz, 4H), 7.45

(ddd, J = 8.4, 7.2, 1.2 Hz, 4H), 7.51 (d, J = 8.1 Hz, 4H),

7.68 (apr d, J = 8.7 Hz, 4H), 7.88 (apr d, J = 8.4 Hz, 4H),

8.17 (d, J = 7.5 Hz, 4H). 13C NMR (CDCl3, 75 MHz) d
109.8, 120.1, 120.4, 123.5, 126.0, 127.4, 128.5, 137.2,

139.2, 140.8.

After performing a literary review, we found that the

spectroscopic data of TPB are identical to those previously

reported by Yuanhong et al. [27]. However, we did not find

the NMR spectra for the BCB. Consequently, the 1H and
13C NMR spectra of the TPB and BCB are added in the

supplementary material file of the manuscript (Figure A, B,

C and D).

Purity and heat capacity

Table 2 gives the physical properties of the compounds and

materials used in calculations of the standard mass energy

of combustion. Also, melting temperature, fusion enthalpy

and heat capacity results of the TPB and BCB obtained by

DSC are presented. The uncertainty in the measurements

corresponds to the standard deviation of a set of at least

four measurements. From the results obtained by DSC, the

melting temperature of the TPB was lower than for the

BCB which implies that this compound has a greater

cohesion in the solid phase. In contrast, the heat capacity

for BCB is slightly smaller, which is consistent with a

larger number of bonds and vibrational modes in the

molecular structure of this compound. The results of the

heat capacity experiments of TPB and BCB measured from

270.15–333.15 K are presented in the supplementary

material file (Table A and B).

After performing a literary review of the thermodynamic

properties of the study compounds, we found eight previ-

ous works that report the melting temperature for TPB and

six works for BCB; these values are presented in Table 3.

In this table, it can be seen that the values obtained with a

fusiometer are different to the values obtained by DSC and

can be due to the lack of accuracy of the values obtained

using a fusiometer. Just one work on the melting temper-

ature, fusion enthalpy and heat capacity of TPB, reported

by Costa and Santos [10], used a SETARAM model DSC

141. The values reported by these authors using DSC are;

Tfus = (504.6 ± 0.1) K, DfusH = (46.2 ± 0.3) kJ mol-1

and Cp = (557.52 ± 0.98) J mol-1 K-1. With the values

reported by Costa and Santos and the results obtained in

this work, it is observed that for the case of the heat

capacity the values are similar and in the case of the

Table 2 Physical properties of the compounds used for calculation at T = 298.15 K and p = 0.1 MPa

Compound Condensed formula Ma/g mol-1 q/g cm-3 -(qu/qp)T/J g
-1 MPa-1 Tfus

g /K DHfus
g /kJ mol-1 Cp/J mol-1 K-1

Paraffin oil C1H2 14.0270 0.860b 0.257f – – 31.10f

Cotton C1H1.742O0.921 28.5020 1.500c 0.289f – – 36.88f

TPB C36H28N2 488.6209 1.191d 0.200c 505.5 ± 0.3h 47.40 ± 0.03h 555.07 ± 1.46g, h

BCB C36H24N2 484.5891 1.171e 0.200c 553.1 ± 0.1h 48.05 ± 0.38h 539.35 ± 184.14g, h

aMolar masses are based on 2016 IUPAC recommendations [28]
bValue taken from Ref. [12]
cValue taken from Ref. [29]
dValue taken from Ref. [30]
eValue taken from Ref. [7]
fValue taken from Ref. [31]
gExperimental values determined by DSC
hThe uncertainties are expanded uncertainties with coverage factor k = 1.96 and a 0.95 level of confidence
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melting temperature, fusion enthalpy the values are very

close, without significant differences.

Energy of combustion and enthalpy of formation

The results typical for the combustion experiments of TPB

and BCB are summarized in Tables 4 and 5, respectively.

The values of the standard mass energy of combustion

correspond to the combustion reactions equations; (4) for

TPB and (5) for BCB.

C36H28N2 sð Þ þ 43O2 gð Þ ! 36CO2 gð Þ þ 14H2O lð Þ
þ N2 gð Þ ð4Þ

C36H24N2 sð Þ þ 42O2 gð Þ ! 36CO2 gð Þ þ 12H2O lð Þ
þ N2 gð Þ ð5Þ

From seven combustion experiments for each com-

pound, the standard mass energy of combustion to

T = 298.15 K, for TPB is -Dcu� = (37,955.9 ± 6.2)

J g-1, and -Dcu� = (37,160.6 ± 11.6) J g-1 for BCB. The

uncertainly in both cases is the standard deviation of the

mean. They were calculated using the method described by

Olofsson [43].

Table 3 Comparison of the melting temperature for TPB and BCB

Compound Tfus/K Device References Compound Tfus/K Device References

TPB 505.5 ± 0.3 DSC This work BCB 553.1 ± 0.1 DSC This work

504.6 ± 0.1 DSC [10] 592.5 DSC [38]

503.75–504.05 Fusiometer [27] 556.15–558.15 Fusiometer [39]

501.15 – [32] 555.65–557.15 Fusiometer [40]

500.15 – [33] 553.15–554.15 Fusiometer [41]

497.15–498.15 Fusiometer [34] 553.15–554.15 Fusiometer [42]

497.15–498.15 Fusiometer [35] 553.15 Fusiometer [34]

497.15–498.15 Fusiometer [36]

497.15–498.15 Fusiometer [37]

Table 4 Results of the

combustion experiments for

TPB at T = 298.15 K and

p8 = 0.1 MPa

m0(TPB)/g 0.01551 0.01481 0.01541 0.01525 0.01489 0.01453

m0 0(paraffin)/g 0.00564 0.00583 0.00523 0.00496 0.00447 0.00398

m0 0 0(cotton)/g 0.00056 0.00053 0.00060 0.00043 0.00063 0.00054

m(Pt)/g 0.20305 0.20246 0.20229 0.20270 0.20206 0.20263

Ti/K 296.1955 296.1779 296.1983 296.2335 296.6246 296.3014

Tf/K 296.6231 296.5963 296.6174 296.6428 297.0229 296.6759

DTc/K 0.4224 0.4112 0.4115 0.4006 0.3849 0.3660

ei(cont.)/J K
-1 1.1264 1.1260 1.1254 1.1244 1.1232 1.1216

ef(cont.)/J K
-1 1.1442 1.1433 1.1419 1.1397 1.1367 1.1331

-DUIBP/J 859.0319 840.2660 836.2499 814.4329 782.3158 743.8135

DU(HNO3)/J 0.1226 0.1255 0.1226 0.1226 0.1312 0.0798

(DUign)/J 4.1840 4.1840 4.1840 4.1840 4.1840 4.1840

DUP/J 0.3886 0.3738 0.3818 0.3729 0.3608 0.3452

-m0 0(Dcu�) (paraffin)/J 260.7657 269.5504 241.8093 229.3259 206.6707 184.0155

-m0 0 0(Dcu�) (cotton)/J 9.5903 9.0766 10.2754 7.3640 10.7891 9.2478

(-Dcu�) (TPB)/J g-1 37,915.2 37,882.3 37,869.5 37,846.1 37,894.8 37,853.9

h-Dcu�i/J g-1 = (37,877.0 ± 10.6)a

m0(TPB), mass of Tetra-N-phenylbenzidine; m0 0(paraffin), mass paraffin oil; m0 0 0(cotton), mass of the cotton

thread; m(Pt), mass of platinum which includes crucible and wire for ignition; Ti and Tf are, respectively,

the initial and final temperature rise; DTc, corrected temperature rise; e(cont.), energy equivalent of the

bomb contents; DUign, ignition energy; DUIBP, energy of the isothermal bomb process; DUP, state standard

correction; Dcu
o, standard massic energy of combustion

aUncertainty corresponds the standard deviation of the mean for six experiments
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The values of standard molar energy of combustion

DcU
o
m, standard molar enthalpy of combustion DcH

o
m and

the standard molar enthalpy of formation DfH
o
m of the

compounds are shown in Table 6. The correction energetic

of - 59.7 kJ mol-1 for the formation of 0.1 mol dm-3

HNO3(aq) solution from O2(g), N2(g), and H2O(l) was

considered for the calculation of the standard mass energy

of combustion [44]. The values for the standard molar

enthalpies of formation of CO2(g), -(393.51 ± 0.13)

kJ mol-1 and H2O(l), -(285.830 ± 0.042) kJ mol-1 at

T = 298.15 K were taken from CODATA [45].

Comparing the values of the formation enthalpy in solid

phase obtained in this work for the TPB and BCB shows

that the difference between these values is 163.7 kJ mol-1.

Based on this difference, it is considered that the TPB is

more stable than the BCB. Therefore, the enthalpy value

for hydrogenation of a C–C bond of a five-member BCB

ring is 81.8 kJ mol-1.

Enthalpy of vaporization and sublimation

In the previous TGA experiments of the compounds, it was

observed that there was no mass loss before achieving the

melting temperature of each compound. Thus, the enthal-

pies of vaporization of TPB and BCB were calculated from

the slope of the straight line ln ðdm=dtÞT1=2
� �

versus 1/

T derived from Eq. (4) at the mean temperature for each

experimental series, this graph is shown in Fig. 2. The

uncertainty associated with each enthalpy of vaporization

value is the standard deviation of the fit [46].

The enthalpies of vaporization of TPB and BCB were

determined from four independent series of experiments,

and each series of experiments includes 16 experimental

points. Table 7 shows representative thermogravimetric

data for each experimental series of each compounds

studied. Detailed results of all the experiments evaporation

are presented in tables C and D (in supplementary Material

file).

Experimental molar enthalpies of vaporization were

adjusted to the melting temperature using Eq. (6); subse-

quently, the enthalpy of sublimation was reduced to the

temperature of 298.15 K, from of Eqs. (7) and (8) sug-

gested by Chickos et al. [47].

Table 5 Results of the

combustion experiments for

BCB at T = 298.15 K and

p8 = 0.1 MPa

m0(BCB)/g 0.01105 0.01431 0.01243 0.01186 0.01150 0.00999

m0 0(paraffin)/g 0.00378 0.00294 0.00371 0.00408 0.00362 0.00448

m0 0 0(cotton)/g 0.00065 0.00045 0.00054 0.00058 0.00050 0.00054

m(Pt)/g 0.20354 0.20297 0.20297 0.20342 0.20258 0.20268

Ti/K 296.1944 296.5846 296.1928 296.6802 296.1773 296.2417

Tf/K 296.5013 296.9263 296.5189 297.0024 296.4821 296.5374

DTc/K 0.2952 0.3342 0.3179 0.3161 0.2987 0.2905

ei(cont.)/J K
-1 1.1175 1.1187 1.1186 1.1188 1.1171 1.1174

ef(cont.)/J K
-1 1.1214 1.1237 1.1238 1.1245 1.1210 1.1221

-DU IBP/J 599.0309 678.7981 645.3831 641.8507 606.1703 589.3511

DU(HNO3)/J 0.0906 0.0906 0.1105 0.0950 0.0906 0.0795

(DUign)/J 4.1840 4.1840 4.1840 4.1840 4.1840 4.1840

DUP/J 0.2742 0.3401 0.3061 0.2950 0.2805 0.2543

-m0 0(Dcu�) (paraffin)/J 174.7685 135.9317 171.5329 188.6390 167.3709 207.1330

-m0 0 0(Dcu�) (cotton)/J 11.0067 7.6200 9.1440 9.8213 8.4667 9.1440

(-Dcu�) (BCB)/J g-1 37,349.7 37,365.2 37,352.1 37,350.8 37,385.3 37,329.1

h-Dcu�i/J g-1 = (37,355.4 ± 7.6)a

The symbols have the same meaning as in Table 4. m0 (BCB), mass of 4,40-Bis(N-carbazolyl)-1,10-biphenyl
aUncertainty corresponds the standard deviation of the mean for six experiments

Table 6 Standard molar enthalpy of combustion and of formation in

solid phase of TPB and BCB at T = 298.15 K

Compound �DcU
o
m=kJmol�1 �DcH

o
m=kJmol�1 DfH

o
m=kJmol�1

TPB 18,507.5 ± 12.1a 18,522.4 ± 12.1a 354.4 ± 12.9b

BCB 18,102.0 ± 12.5a 18,114.4 ± 12.5a 518.1 ± 13.4b

aThe uncertainty corresponds to the expanded uncertainty determined

from the combined standard uncertainty (which include the contri-

bution of the calibration with benzoic acid and the auxiliary com-

pound used) and the coverage factor k = 1.96 (0.95 level of

confidence)
bThe uncertainty corresponds to the expanded uncertainty determined

from the combined standard uncertainty (which include the contri-

bution of the species involved in the combustion reaction) and the

coverage factor k = 1.96 (0.95 level of confidence)
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DvapHm Tfusð Þ ¼ DvapHm Tvap
� �

� �0:0642 Tvap � Tfus
� �� �

ð6Þ
DsubH Tfusð Þ ¼ DfusHm Tfusð Þ þ DvapHm Tfusð Þ ð7Þ

DsubHm 298:15Kð Þ ¼ DsubHm Tfusð Þ
� �0:032 Tfus � 298:15Kð Þ½ � ð8Þ

Table 8 shows the molar enthalpies of vaporization of

TPB and BCB at the experimental temperature, the molar

enthalpies of vaporization and sublimation of the com-

pounds at temperature of melting and the molar enthalpies

of sublimation of both substances at T = 298.15 K.

In the work reported by Costa and Santos, they found

that the sublimation enthalpy of the TPB is

DsubHm 298:15Kð Þ ¼ 198:5� 2:0ð Þ kJ mol-1 in the range

NN

–15.5 

–15.0 

–14.5 

–14.0 

–13.5 

–13.0 

1.55 1.60 1.65 1.70 1.75 1.80

ln
((

dm
/d
t)T

1/
2 )

 

(1/T ) × 103/K–1

N N

Fig. 2 Linear dependence of equation ln ðdm=dtÞT1=2
� �

¼
C0 � DvapHm=RT for the four experimental series of vaporization of

the compounds. From the slope DvapHm=R, where R = 8.314/

J mol-1 K-1, the DvapHm is derived for the TPB and BCB to the

hTexpi

Table 7 Experimental values

for determination of the

enthalpy of vaporization using

the TA Instruments TGA Q500

device

T

K
m
mg

ðdm=dtÞ109
kgs�1

T
K

m
mg

ðdm=dtÞ109
kgs�1

TPB BCB

560.0 9.5204 0.456 610.0 15.2654 0.5407

562.0 9.5149 0.477 612.0 15.2581 0.5909

564.0 9.5085 0.544 614.0 15.2506 0.6901

566.0 9.5017 0.589 616.0 15.2418 0.7321

568.0 9.4944 0.651 618.0 15.2325 0.8172

570.0 9.4861 0.725 620.0 15.2225 0.8977

572.0 9.4772 0.770 622.0 15.2113 0.9577

574.0 9.4673 0.889 624.0 15.1991 1.0467

576.0 9.4561 0.959 626.0 15.1860 1.1477

578.0 9.4440 1.072 628.0 15.1715 1.2478

580.0 9.4307 1.182 630.0 15.1558 1.3743

582.0 9.4161 1.225 632.0 15.1387 1.4812

584.0 9.4004 1.370 634.0 15.1201 1.6040

586.0 9.3828 1.524 636.0 15.1000 1.7806

588.0 9.3640 1.630 638.0 15.0778 1.8957

590.0 9.3431 1.824 640.0 15.0541 2.0764

DvapH (575 K) = (131.0 ± 1.4) kJ mol-1

r2 = 0.9984

DvapH (625 K) = (145.9 ± 1.5) kJ mol-1

r2 = 0.9985

Standard uncertainties (su) are u(T) = 0.1 K, su(m) = 0.1 lg, and the combined expanded uncertainties (Uc)

are Uc (dm/dt) = 0.066 9 10-9 kg 9 s-1, Uc (1/T) = 0.001 9 10-3 K-1, Uc (ln(dm/dt 9 T1/2) = 0.020

(level of confidence 0.95). Uncertainty for each sublimation enthalpy value is the standard deviation of the fit

and is computed as rb 9 R 9 10-3

Table 8 Values of the vaporization enthalpies obtained at the exper-

imental temperature; 575 K for TPB and 625 K for BCB, vaporization

and sublimation enthalpies to the melting temperature; 505.5 K for

TPB and 553.1 K for BCB, and sublimation enthalpies at

T = 298.15 K

Compound DvapH
a Texpð Þ

kJmol�1

DvapH
b Tfusð Þ

kJmol�1

DsubH
b Tfusð Þ

kJmol�1

DsubH
b 298:15Kð Þ

kJmol�1

TPB 131.7 ± 2.1 136.2 ± 3.9 183.6 ± 3.9 190.2 ± 3.9

BCB 145.9 ± 1.0 144.1 ± 2.1 192.2 ± 2.1 200.3 ± 2.1

aThe weighted average value (d) and its standard deviation (r) were
calculated as d ¼

P
xi=r2i
� �

=
P

1=r2i
� �

and r2 ¼ 1=
P

1=r2i
� �

where

xi is each of the N sublimation enthalpy data and its respective stan-

dard deviation r2i . The uncertainty associated with each weighted

average value of phase change enthalpy is the standard uncertainty
bThe uncertainties are the expanded uncertainty for a confidence level

of 0.95 with coverage factor k = 1.96
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of 460–510 K using the combined Knudsen/quartz crystal

effusion apparatus. Considering associated uncertainties to

the values of the sublimation enthalpy of the TPB obtained

by Costa and Santos [10] with those obtained in this work,

the values are very close.

Enthalpy of formation in gas phase

The combination of the standard molar enthalpy of for-

mation in the solid phase, presented in Table 6, with the

molar enthalpy of sublimation, presented in Table 8, yields

to the standard molar enthalpy of formation in gaseous

phase at T = 298.15 K. For TPB value is DfH
o
m ¼

(544.6 ± 13.4) kJ mol-1, and DfH
o
m ¼ (718.4 ± 16.2)

kJ mol-1 for BCB. The uncertainty in both cases is cal-

culated through the root sum square method.

From these results it is concluded that the molar stabi-

lization energy of TPB relative to BCB in gaseous phase

increases to approximately 173.8 kJ mol-1, about

10 kJ mol-1 more than in the solid phase. Consequently,

the hydrogenation enthalpy of the C–C bond of a five-

membered ring of the BCB in the gaseous phase is

86.9 kJ mol-1.

Finally, Table 9 shows resume of all the results deter-

mined experimentally and the ones calculated from them.

Conclusions

Through experimental techniques such as differential

scanning calorimetry, combustion calorimetry and ther-

mogravimetry, the thermochemical properties of Tetra-N-

phenylbenzidine and 4,40-Bis(N-carbazolyl)-1,10-biphenyl
were determined.

It was verified that the formation of Tetra-N-phenyl-

benzidine from the hydrogenation of the C–C bonds of the

five-membered rings of 4,40-Bis(N-carbazolyl)-1,10-biphe-
nyl is enthalpically favored because the molar enthalpy of

formation in the gaseous phase of the TPB is less positive.

Based on the results obtained by DSC, it is found that

the BCB has a higher melting temperature than the TPB,

this suggests that the BCB has better thermal stability.

Additionally, the heat capacity of the BCB is lower than

that of the TPB, which demonstrates that the formation of

the BCB from the TPB decreases the vibration, rotation

and translation movements of the molecule. By conse-

quence, the BCB has a better capacity in the transport of

holes in devices OLEDs and OPVs. Therefore, we are sure

that the information reported in this paper will be of great

help for future work in the application of these compounds

in the form of thin films in the devices.
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