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Saturated vapor pressure of 5,10,15,20-tetraphenylporphyrin (TPP) was 

determined by Knudsen effusion mass spectrometry technique. The 

temperature dependence of the vapor pressure is described by the 

equation ln p/Pa = – (23.45 ± 0.26)103/T + 37.32 ± 0.47 in the 

temperature range 490 – 615 K. The specific heat capacity measurements 

of TPP were performed in the temperature range 169 – 568 K. Quantum-

chemical calculations of the structure and force field of the TPP molecule 

were carried out. These data were used to calculate thermodynamic 

functions of TPP in the solid and gas states. The enthalpy of sublimation 

of triclinic form of TPP was determined by the second and third laws of 

thermodynamics. The value ΔsHº(298.15 K) = 220±12 kJmol–1 was 

recommended. The reaction based Feller-Peterson-Dixon approach 

predicts the gas phase TPP formation enthalpy ΔfHº(298.15 K) = 

1004±10 kJmol–1. A combination of the two last values results in the 

formation enthalpy of the TPP triclinic form ΔfHº(298.15 K) = 784±15 

kJmol–1. 

 

 

Keywords: tetraphenylporphyrin, Knudsen effusion mass spectrometry, vapor 
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I. INTRODUCTION 

 

Porphyrins are macrocycles formed by four pyrrole rings connected in the α-

positions by four methine groups. A specific function of each porphyrin is 

determined by the variety of their substituents and by their capacity for coordination 

with many metallic ions or atoms. Porphyrins play an exceptional role in the natural 

biochemical and biophysical processes1,2. Many important biological, 

photochemical, and enzymatic processes occur with their participation, including 

but not limited to photosynthesis, oxygen transfer, electron transfer etc. Currently, 

various functional materials based on porphyrins, such as photosensitizers and 

optical materials, information storage elements, oxygen and toxic gas sensors, 

molecular switches, liquid crystals, organic semiconductors, catalysts, and drugs, are 

widely used in chemistry, molecular electronics, pharmacology, and medicine.  

 

Despite the widespread use of porphyrins, knowledge of their thermochemical 

properties is neither complete nor reliable. For instance, the sublimation enthalpy of 

5,10,15,20-tetraphenylporphin (TPP), one of the main precursors of porphyrins and 

their substituted derivatives, obtained by various authors, is highly contradictory. 

The first value of the TPP sublimation enthalpy ΔsHº(633 K) = 111±5 kJmol–1 was 

determined in 1970 by Bonderman et al.3 using the Knudsen effusion technique from 

the temperature dependence of saturated vapor pressure. About that time, Edwards 

et al.4 studied the gas-phase absorption spectrum of TPP and calculated the TPP 

enthalpy of sublimation ΔsHº(668 K) = 146.4 kJmol–1. Much later, the saturated 

vapor pressure of TPP was measured by Golubchikov et al.5 using the inert gas flow 

method. These authors reported four different sublimation enthalpy values: 

ΔsHº(598 K) = 267±9 kJmol–1 and ΔsHº(653 K) = 185±10 kJmol–1 for sublimed 

TPP and ΔsHº(558 K) = 370±40kJmol–1 and ΔsHº(628 K) = 170±5 kJmol–1 for TPP 

recrystallized from benzene. In later publications6,7 the same authors have 

reconsidered their initial interpretation, giving the value ΔsHº(588 K) = 

240±7kJmol–1 for TPP in tetragonal modification obtained by vacuum sublimation, 

and the value ΔsHº(578 K) = 207±10kJmol–1 for triclinic TPP, grown from benzene 

solution. In 2002 Torres et al.8 determined the TPP sublimation enthalpy ΔsHº(550 

K) = 171±2 kJ mol–1 by the Knudsen effusion method using a quartz crystal 

microbalance. In 2004 Stefanov et al.9, studying fluorescence on molecular diluted 

beams, determined the enthalpy of sublimation of TPP, ΔsHº(667 K) = 142±3 kJ 

mol–1. Finally, in 2007 Deachapunya et al.10 using Knudsen effusion mass 

spectrometry (KEMS) measured the temperature dependence of the ion current 

C44H30N4+, formed by electron-impact ionization of the effusive molecular beam, 

and obtained the TPP sublimation enthalpy as ΔsHº (642 K) = 160 ± 3 kJmol–1.  

 

Thus, the TPP sublimation enthalpies determined by different authors using different 

techniques are inconsistent forming a wide range of individual values from 111 to 

370 kJmol–1. To rationalize the available experimental data, new measurements of 

saturated vapor pressure of TPP were performed by KEMS. Unlike previous studies, 
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in which the processing of experimental data was carried out exclusively according 

to the second law of thermodynamics, the third law method was also applied in this 

work. 

 

II. EXPERIMENTAL 

 

A. Sample  

 

5,10,15,20-tetraphenylporphyrin (Fig. 1) was synthesized by condensation of 

pyrrole with benzaldehyde according to the improved method of Semeykin et al.11. 

The MALDI spectrum of the synthesized sample showed that the peak with m/z = 

614, corresponding to the molecular ion TPP, is dominant. The purity of TPP 

according to high performance liquid chromatographic analysis was rated no worse 

than 98%. X-ray analysis of the obtained TPP powder (Fig. 2) shows that the 

crystalline system has a triclinic structure (space group P1) with the following unit 

cell parameters: a = 6.4309(4) Å, b = 10.4711(6) Å, c = 12.4165(8) Å, α = 

95.865(4)°, β = 99.296(3)°, γ = 101.162(3)°, which agree well with the literature 

data12. The 1H NMR TPP spectrum (Fig. 3) is completely consistent with the 

reference data13 and does not show any related impurity compounds in measurable 

amounts. The electron absorption spectra of the initial sample and its residue after 

mass spectrometric experiment, given in Fig. 4, did not reveal any differences and 

corresponds to the literature data14,15. Fig. 3 and 4 point out that TPP does not 

decompose during evaporation in the studied temperature range. 

 

 

 
 

FIG. 1. 5,10,15,20-tetraphenylporphyrin (TPP) structure 
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FIG. 2. X-ray diffraction pattern of TPP 

 

 

 

 

 

 
FIG. 3. 1H NMR spectrum of TPP: (a) – initial sample,  

(b) – residue after mass spectrometric experiment 
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FIG. 4. Electron absorption spectrum of initial sample (1) and its residue after mass 

spectrometric experiment (2) 

 

 

B. Mass spectrometric analysis 

 

A magnetic sector type mass spectrometer MI201 (90º, 200 mm curvature radius) 

reconstructed for high-temperature studies was used. The sample of TPP was placed 

into a molybdenum Knudsen cell; the diameter and the channel length of the effusion 

orifice were 0,7 mm and 0,4 mm correspondingly; the vaporization-to-effusion area 

ratio was about 400. A resistance furnace was utilized for heating of the cell. The 

temperature of the cell was measured by a tungsten-rhenium thermocouple 

calibrated by silver to ±5 K accuracy in the separate experiment. Molecular beam 

formed by effusing species reached ionization chamber and intersected electron 

beam of specified energy. Electrons with an energy of 40 eV was used. The cathode 

current was adjusted to provide a constant emission current of 0.25 mA between the 

cathode and ionization chamber. The special software “HTMSLab” was used to 

control experimental parameters, collect and process the data, and export the results 

into the database. Detailed description of the apparatus is given elsewhere16,17-19. 

 

C. Thermal analysis and heat capacity measurements  

 

Thermal analysis of TPP samples was carried out on a Netzsch STA 449 F3 

Jupiter thermal analyzer. Measurements of mass loss and heat flow were performed 
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in the temperature range 300–1023 K with rates of 5 and 10 K min–1 in an argon 

atmosphere. The sample was placed in a platinum pan.  

 

The standard specific heat capacity Cp of TPP in solid state was measured by 

differential scanning calorimetry (DSC) in the temperature range 169 – 568 K. The 

DSC 204 F1 Phoenix (169 – 302 K) and DSC 404C Pegasus (328 – 568 K) heat 

calorimeters (NETZSCH, Germany) with the highly sensitive sensors were used in 

combination with the Proteus software for Windows.20 High purity (>99.999%) 

materials C6H12 (melting temperature 280 K), Hg (234 K), Pb (327 K), C12H10 (342 

K), In (430 K), Bi (545 K), C6H5COOH (396 K), RbNO3 (583 K), KClO4 (683 K), 

Ag2SO4 (933 K) and CsCl (919 K) were used to calibrate the temperature when 

operating the DSC experiments in the studied temperature range. Sample was heated 

with a rate of 10 K min–1 in argon atmosphere. The cooling system is provided with 

liquid nitrogen. The pre-dried sample (3-5 mg) was placed in an aluminum pan and 

heat flow was measured by comparison with that for an empty control aluminum 

pallet depending on temperature. The specific heat capacity Cp of TPP samples was 

determined relative to sapphire. The precision of the specific heat capacity 

determination was estimated to be less than 5 % within the studied temperature 

ranges. 

 

III. RESULTS AND DISCUSSION 

 

A. Thermal analysis 

 

The results of thermal analysis of TPP (Fig. 5) indicate the absence of any 

structural changes in the studied temperature range. Fig. 5 suggests a noticeable mass 

loss of the sample starting at a temperature of about 700 K. The decomposition 

temperature was determined to be 760±30 K. The peak on the heat flow curve 

corresponds to the melting temperature of 720 ± 6 K and the melting enthalpy ΔmH° 

= 17 ± 5 kJ mol–1. 

 

B. Mass spectra 

 

Scanning of masses in the range of 2–1300 Da showed that the main peaks in the 

electron ionization mass-spectrum in the temperature range 490-615 K are ions with 

m/z = 614 (100) and m/z = 307 (13). The relative intensities of ion currents at T = 

523 K are given in parentheses. It should be noted that no trace of ions with m/z > 

614 was observed in the mass spectrum. The appearance energies (AE) of the 

registered ions, determined by the method of linear extrapolation of near-threshold 

portions of ionization efficiency curves (Fig. 6), are 8.2±0.5 eV and 20.8±0.5 eV, 

respectively. The energy scale was calibrated using the background signal of HI+ 

(IE(HI) = 10.38 eV21). The low value of the appearance energy of the ion with m/z 

= 614 indicates that it is the molecular ion C44N4H30+. High appearance energy of 

ion with m/z = 307 and its mass, which is two times less than that of C44N4H30+, 
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allow to attribute it to double charged molecular ion. This interpretation is confirmed 

by similarity of slopes of the temperature dependencies of the registered ion currents 

shown in Fig. 7. These dependencies were reproducible in heating and cooling cycles 

pointing out that TPP sublimate congruently in the studied temperature range. This 

conclusion is consistent with the results of thermal analysis described above.  

 

 
 

FIG. 5. Thermal analysis of TPP with a heat rate 10 K/min 

 

 

C. Vapor pressure 

 

The measured ion currents were converted into the vapor pressures (p) (Table I) 

using the standard KEMS equation  

 

𝑝 =  𝑘𝐼𝑇,          (1) 

 

where k is the mass spectrometer sensitivity constant, I is the total ion current of all 

ions formed from the TPP molecule, T is the temperature of the Knudsen cell. 
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The sensitivity constant k was calculated as k = p/(IT), based on the TPP vapor 

pressure found in isothermal mass loss experiment according to the Hertz-Knudsen 

equation 

           𝑝 =
∆𝑚

∆𝑡
∙

1

𝑐𝐴
√

2π𝑅𝑇

𝑀
,                                                                                            (2) 

 

where Δm/Δt is the mass-loss rate, c is the Clausing factor, A is the area of effusion 

orifice, M is the molecular weight of TPP, R is the ideal gas constant. The total mass-

loss rate Δm/Δt was found by weighing the cell with the sample before and after 

vaporization. The effective area of the effusion orifice cA was determined by 

formula (2) in a separate experiment carried out for the same cell using Zn as a 

reference substance. 

 

The determined vapor pressure (p) of TPP was approximated by the linear 

equation  

 

ln p/Pa = – (23.45 ± 0.26)103/T + (37.32 ± 0.47),   (ΔT = 490-615 K). (3) 

 

In Fig. 8 the available literature data on TPP vapor pressure are compared. One can 

see that the values of TPP pressure of different authors agree well to each other at 

temperatures about 610-620 K. At the same time, the slopes of their temperature 

trends disagree significantly. Moreover, the temperature dependences in6,7 have an 

evidently expressed non-linear character. Note that our data were obtained in the 

wider low-temperature range.  

 

 
FIG. 6. Ionization efficiency curves 
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FIG. 7. Temperature dependencies of ion currents: 

1 – lnI(C44N4H30+)T = (–23.54±0.29)103/T + 32.71±0.53 

2 – lnI(C44N4H30++)T = (–23.24±0.33)103/T + 30.14±0.61 

 

 

TABLE I. Saturated vapor pressures1 of TPP 

Т / K p / Pa Т / K р / Pa 

595 1.34·10‒1     537 1.62·10‒3 

594 1.10·10‒1     544 2.86·10‒3 

550 6,04·10‒3   557 7.63·10‒3 

551 5.60·10‒3 560 9.08·10‒3 

539 2.56·10‒3 577 3.48·10‒2 

536 1.64·10‒3 588 7.00·10‒2 

498 6.59·10‒5 615 4.85·10‒1 

490 2.26·10‒5     612 3.33·10‒1 

523 4.77·10‒4       

1The overall uncertainty is estimated by a factor of 2. 
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D. Sublimation enthalpy  

 

The vapor pressures allow to calculate the sublimation enthalpy of TPP using 

approaches of the second and third laws of thermodynamics. 

  

The second law calculation is based on the Clausius-Clapeyron equation 

 

ln𝑝/𝑝° = − 
Δ𝑠𝐻°(𝑇)

𝑅𝑇
+

Δ𝑠𝑆°(𝑇)

𝑅
,                                                               (4) 

 

where p° = 0.1 MPa is a standard pressure, ΔsH°(T) and ΔsS° are the enthalpy and 

entropy of sublimation. It is important to emphasize that in this method the 

sublimation enthalpy for the average temperature range can be determined from the 

slope of temperature dependence not only for absolute vapor pressure but also for 

any experimentally measured quantity, proportional to pressure.  

 

 

 

 
FIG. 8. Temperature dependence of TPP vapor pressure (polymorphic modification 

is given in parentheses): 1 – triclinic (our data); 2 – tetragonal7; 3 –  not specified3; 

4 – triclinic6; 5 – presumably tetragonal4  
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The calculations according to the third law are performed using absolute vapor 

pressures in accordance with the equation  

 

ΔsH(298.15 K) = T(ΔsФ′(T) – Rlnp/p°),      (5) 

 

where Ф′ = – (G(T) – H(298.15 K)) / T is a reduced Gibbs energy.    

The thermodynamic functions of TPP in the gas and crystalline phases, necessary 

for these calculations, were obtained from quantum chemical computations and 

experimental measurements of heat capacity (see below). 

  

The results of processing of all the experimental data are given in Table II. As can 

be seen, the ΔsH° and ΔsS° values obtained by the different authors are largely 

scattered. The observed deviations are far beyond of the limits of the evaluated 

errors. Let us try to analyze the possible causes of such strong discrepancies. As for 

the second law values, there are many different factors such as: a sample purity, type 

of crystal lattice, magnitude of temperature range studied, thermal stability of crystal 

phase, etc., which turn out a noticeable effect on the value of sublimation enthalpy. 

According to the authors of22,23, recrystallization of TPPs from a solution leads, 

depending on the solvent, to the formation of porphyrin sponges (clathrate lattices) 

of various polymorphic modifications. Therefore, it is important to conduct a 

preliminary control of the crystalline phase of the studied samples, which was not 

done, with exception of this work, by the authors of the works discussed here. The 

enthalpy of sublimation obtained by Golubchikov et al.6 for triclinic (∆sH(578 K) 

= 207±10 kJ mol–1) and Perlovich et al.7 for tetragonal (∆sH(588 K) = 240±7 kJ 

mol) modifications should be considered as rough estimates due to the mentioned 

above nonlinearity of temperature dependences. The enthalpy of sublimation 

∆sH(550 K) = 171±2 kJ mol–1, determined by Torres et al.8, cannot be considered 

to be reliable due to too narrow temperature range (12 K). In the work4 the 

temperature range in which the measurements were performed is missing, and the 

absolute vapor pressure is given only at one temperature (T = 668 K). The 

sublimation enthalpies obtained in3,9,10 do not have a definite meaning since it is 

unclear which TPP modification they relate to. At the same time it should be noted, 

that for the results with known or suggested TPP modification (this work and the 

data4,6,7,8), no relation between the sublimation enthalpy and modification is 

observed.  

 

Processing according to the third law, based on absolute vapor pressure, was 

performed for the data from3,4,6,7 and this work. Since the vapor pressures for 

different authors agree with each other within one order of magnitude, the third law 

enthalpies are also close and lie in the range of 212–220 kJ mol–1. At the same time, 

comparison of ∆sH(298.15 K) and ∆sS(T) calculated according to the third and 

second laws shows a good agreement only for our data, in contrast to literature data, 

where they either disagree3,4 or their concordance much worse6,7. Moreover, as can 

be seen from Fig. 9, a weak temperature trend of the third law value ∆sH(298.15 K) 
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is observed in the case of our data unlike the data from3,6,7. This indicates a high 

reliability of the values obtained in this work. Thus, all of the above allows us to 

recommend the value ∆sH(298.15 K) = 220 ± 12 kJ mol–1 for the trigonal form of 

TPP. The overall error given with a "±" sign includes statistical (standard deviation) 

and systematic uncertainties (5 % from ∆sH value).  

 

E. Thermodynamic functions 

 

1. The thermodynamic functions of TPP in the solid state 

 

The thermodynamic functions of TPP in the solid state (Table III) were calculated 

based on measurements of specific heat capacity (Fig. 10, Table SI in Supplementary 

Material). In our opinion, a small peak in the range from 270 to 280 K can be caused 

by the presence of water, sorbed by the sample when loaded into the effusion cell 

under atmospheric conditions. The experimental data Cp in the temperature range 

300–700 K, used in calculations of thermodynamic functions, were approximated 

by the equation 

 

𝐶𝑝/(J ∙ mol−1 ∙ K−1) = −90.32 + 2.830 ∗ 𝑇 − 7.161 ∗ 10−4 ∗ 𝑇2                  (6) 

 

The standard absolute entropy S°(298.15 K) = 679 J mol-1 K-1) was estimated using 

the correlation equation from24 and The standard absolute entropy S°(298.15 K) = 

679 J∙mol–1∙K–1) estimated by the correlation equation24 

 

𝑆𝑜(298.15 K)𝑠𝑜𝑙𝑖𝑑/(J ∙ mol−1 ∙ K−1 ) =  1.285 [
𝑀

𝜌
/(cm3 ∙ mol−1)] + 57      (7)  

 

2. The thermodynamic functions of TPP in an ideal gas state 

 

The thermodynamic functions of TPP in an ideal gas state were obtained from 

density functional theory (DFT) simulations. All spatial molecular structures were 

exposed to geometry optimization with the hybrid generalized gradient 

approximation (GGA) functional of Perdew and co-workers PBE025,26,27 using the 

Gaussian 09 software28. The choice of the PBE0 is attributed to low errors obtained 

for this particular DFT model in reproducing of experimental molecular geometries 

free from collective interactions29,30,31. The def2- tzvp32 sets of nuclear-centered 

Gaussian functions developed in the Karlsruhe group were employed for all the 

elements. Built-in Gaussian 09 criteria were applied for the convergence of the self-

consistent-field (SCF) scheme. The “tight” internal Gaussian 09 geometry 

optimization stopping criteria were utilized: maximum gradient = 1.510–5 a.u., RMS 

gradient = 1.010–5 a.u., maximum displacement = 6.010–5 Å, and RMS 

displacement = 4.010–5 Å. The exchange-correlation potential was integrated 

numerically using the “ultrafine” pruned grid (99 radial shells and 590 angular points 

per shell) to get rid of any numerical noise. All optimized spatial structures were 
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indicated as stable potential energy surface (PES) minima by the eigenvalues of the 

electronic energy second derivatives matrix computed analytically. 

 

On basis of calculated molecular parameters (Table S2, S3 in Supplementary 

Material) the thermodynamic functions of TPP in the state of ideal gas were 

computed in the “Rigid Rotator - Harmonic Oscillator” (RRHO) approximation by 

the StatThermo software33. The calculations were performed for the ground 

electronic state of TPP. A preliminary estimate of the contribution of the low-lying 

excited electronic states as has been shown to be negligible. The molecule of TPP 

refers to a point group of symmetry C2v. However, because of NH tautomerism5,34, 

the two central hydrogen atoms are distributed between the four nitrogen atoms so 

quickly that it cannot be detected in NMR experiments. Thus, from this point of 

view, the TPP molecule can be formally attributed to the symmetry group C4v. For 

this reason, the symmetry number σ = 4 was used in the calculations. The 

thermodynamic functions of the TPP molecule were computed in the range of 298–

700 K and are shown in Table III. 

 
 

 
FIG. 9. Dependence of the third law sublimation enthalpy of TPP versus the 

temperature: 1 – our data; 2; 3; 4 – the works7,3,6 respectively  
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FIG. 10. Temperature dependence of the heat capacity of TPP 
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Table II. Enthalpies ∆sH (kJmol–1) and entropies ∆sS (Jmol–1 K–1) of TPP sublimation 

ΔT / K <T>/K 
II lawa III lawb 

Modification Methodc Ref. 
ΔsH°(T) ΔsS°(T) ΔsH°(298.15)d ΔsH°(298.15) ΔsS°(T) 

490-615 557 195±2 214±4 220±2 217±60 207±60 triclinic KEMS This work 

573–673 578 207±10 243±15 245±10 212±60 195±60 triclinic IGF [6] 

543–555 550 171±2  197±2   
presumably 

triclinic 
KE [8] 

543–633 588 240±7 278±10 275±7 220±60 191±60 tetragonal IGF [7] 

 668 146  196 212±60  
presumably 

tetragonal 
VPAS [4] 

588–678 633 111±5 87±3 152±5 219±60 180±60 not specified KE [3] 

626–707 667 142±3  191±3   not specified FMDB [9] 

618–665 642 160±3  203±3   not specified IGF [10] 

a A standard deviation is given with the “±” sign. 

b Evaluation of the systematic error is given with the "±" sign. The latter is mainly determined by the uncertainty of thermodynamic functions. 

c Methods: KE is the Knudsen effusion, VPAS vapor phase absorption spectroscopy, IGF inert gas flow, FMDB fluorescence on molecular diluted 

beams, KEMS Knudsen effusion mass spectrometry. 

d The literature data of ΔsH°(T) were recalculated onto ΔsH°(298.15) using thermodynamic function from this work (see Table III).  
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Table III. Thermodynamic functions of TPP  

T/ K 
S° Φ°′ H°(T)−H°(298.15) S° Φ°′ H°(T)−H°(298.15) 

Jmol–1K–1  kJmol–1 Jmol–1K–1 kJmol–1 

 gas crystal 

298.15 946.8 946.5 0.0 679.0 679.0 0.0 

400 1160.7 973.8 75.4 915. 7 709.1 82.5 

500 1369.3 1032.3 167.9 1145.8 773.4 186.2 

600 1567.2 1105.0 276.2 1373.0 854. 5 311.1 

700 1753.4 1184.4 398.3 1595.4 944.5 455.7 

      The uncertainties in the thermodynamic functions were estimated as 5% in accordance with the procedure discussed in Ref.35. 
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F. TPP gas phase formation enthalpy  

 

The TPP heat of formation in an ideal gas state was derived via the reaction-

based methodology36,37. In this approach, the TPP heat of formation is expressed 

through the difference between accurate reference heats of formation and enthalpy 

change of ad hoc composed chemical reactions. The next reference ΔfH°(298.15) 

data in kJmol–1 retrieved from the Active Thermochemical Tables at Argonne 

national laboratory web-page38 were utilized in our research: 228.26±0.13 (C2H2), 

52.36±0.12 (C2H4), -45.56±0.03 (NH3), 88.34±0.62 (CH3N), 129.27±0.09 (HCN), 

83.11±0.23 (C6H6), 50.01±0.34 (C7H8). For pyrrole the experimental gas phase heat 

of formation of 108.3±0.5 kJ mol–1 39 was adopted as it reasonably matches the 

theoretically predicted value of 109.2±2.3 kJ mol–1 40.  

 

Total theoretical reaction enthalpies (ΔrH°) at 298.15 K were calculated from the 

following modified Feller-Peterson-Dixon (FPD) method41,42,43,44,45,46 presented in 

equation (7) with Δ referring to the difference between the reactants and products 

for each enthalpy component: 

 

∆𝑟𝐻0(298.15 K) = Δ𝐸𝐶𝐵𝑆 + Δ𝐻𝐶𝑂𝑅𝑅 +  Δ𝐸𝐴𝑈𝐺 + Δ𝐸𝐶𝑉 + Δ𝐸𝐼𝑇 + Δ𝐸𝑃𝑁𝑂         (8) 

 

The Δ𝐸𝐶𝐵𝑆 term was evaluated as a difference between the single-point (SP) 

energies of the reactants and the products. All SP energies were obtained with the 

domain based local pair natural orbital (DLPNO) coupled cluster CCSD(T) 

approach,47,48,49 as a part of the ORCA software.50 The DLPNO-CCSD(T) approach 

yielded more accurate enthalpies of reactions comparing to popular DFT 

models.51,52 The default “NormalPNO” DLPNO settings were adopted. Triple and 

quadruple-ζ correlation consistent Gaussian nuclear centered basis sets were 

employed. Hydrogen, carbon and nitrogen atoms were described with the 

Gaussian-type cc-pVnZ basis sets of Dunning53. Only valence electrons of H, C, N 

were correlated following the “frozen core” ORCA defaults. The extrapolation to 

an infinite basis set was performed separately for the HF and the CCSD(T) 

correlation energies using the two-point (TZ/QZ) scheme proposed by Helgaker 

and co-authors.54,55,56  

 

Additional corrections to the DLPNO-CCSD(T)/CBS reaction energy Δ𝐸𝐶𝐵𝑆 are 

requested to attain higher accuracy. The PBE0/def2-tzvp molecular spatial 

structures and unscaled harmonic vibrational frequencies were exerted to compute 

the enthalpic correction (𝐻𝐶𝑂𝑅𝑅) for all individual compounds. The impact of 

diffuse functions on reaction energies, Δ𝐸𝐴𝑈𝐺 , was estimated via the difference in 

DLPNO-CCSD(T) reaction energies obtained with aug-cc-pVTZ and cc-pVTZ 

basis sets. The core-valence energy correction on reaction energies, Δ𝐸𝐶𝑉, was 

approximated by the difference in DLPNO-CCSD(T) reaction energies obtained 

with cc-pwCVTZ basis sets (cc-pVTZ on H) and all electrons (AE) correlated, and  
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cc-pVTZ basis sets and the default “frozen core” framework. The effect of 

iterative triples correction on reaction energies, Δ𝐸𝐼𝑇, was estimated via the 

difference in DLPNO-CCSD(T1) reaction energies obtained with iterative (T1) and 

the default DLPNO-CCSD(T) with semi-canonical (T) and cc-pVTZ basis sets. 

Finally, the impact of tighter PNO settings, Δ𝐸𝑃𝑁𝑂, was estimated via comparison 

DLPNO-CCSD(T)/cc-pVTZ reaction energies obtained with TightPNO 

(TCutPairs = 10−5, TCutPNO = 10−7, and TCutMKN =10−3) and default 

NormalPNO settings. For all but the AE simulations, the correlation fitting basis 

sets ((aug-)cc-pVnZ/C) worked out by Hättig et al.57 mandatory for the resolution 

of identity (RI) approximation which is at root of the DLPNO approach were 

utilized. The AutoAux58 option was employed for automatic initiation of 

correlation fitting Gaussian basis sets requested for for the AE computations. 

The ideal gas TPP formation enthalpies are collected in Table IV.  

 

An analysis of Table IV reveals that the largest impact on reaction energies were 

obtained from inclusion of diffuse Gaussian functions (Δ𝐸𝐴𝑈𝐺) and using of 

iterative (T1) triples instead their semi-canonical counterparts, Δ𝐸𝐼𝑇. The 

significance of core-valence correction (Δ𝐸𝐶𝑉) and tightening of PNO frameworks 

(Δ𝐸𝑃𝑁𝑂) were both noticed to be less important. The resulting heats of formation 

were detected to vary considerably on chemical reaction applied. The averaged 

over 10 reactions ΔHf° (298.15 K) amounts 1004±10 kJ mol–1 (a doubled standard 

deviation is accepted as an error).  

 

G. Enthalpy of formation of TPP in crystal state  

 

The standard values of formation enthalpy of crystalline TPP were 

experimentally determined in works59,60,61. The first of these ΔfHº(298.15 K) = 

621.3±8.5 kJmol–1 was obtained by Wu et al.59 in 1989 using static bomb 

calorimeter. Then in 1999 Patino et al.60 using combustion calorimeter measured 

the standard molar energy of combustion and calculated the formation enthalpy 

ΔfHº(298.15 K) = 655±9 kJmol–1. The last value ΔfHº(298.15 K) = 1174.8±33.7 

kJmol–1 from work61 was calculated from the enthalpy of combustion found by the 

liquid calorimetry with isothermal shell. It is obvious that all the above results 

contradict to each other.  

 

In this work, the formation enthalpy of crystalline TPP was obtained as the 

difference between the gas phase formation enthalpy and the enthalpy of 

sublimation. Our value ΔfHº(298.15 K) = 784±15 kJmol–1 is within the range of 

the above literature values59,60,61. 
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TABLE IV. Enthalpies of formation of TPP in the gaseous state as well as corresponding reaction enthalpies along with 

individual contributions in kJ mol–1. 

N Reaction ΔECBS a ΔEAUG b ΔECV c ΔEIT d ΔEPNO e 
ΔHCORR f 

(298.15) 

ΔHr° 

(298.15) 

ΔHf° 

(298.15) 

1 4C6H6 + 10C2H4+2N2 = C44H30N4 +17H2 484.6 -51.8 -5.1 -20.5 -1.8 -282.8 122.5 978.6 

2 7C6H6+C2H2+4NH3 = C44H30N4 +13H2 677.3 -9.6 -1.9 -15.9 0.9 -247.9 402.9 1030.7 

3 6C6H6+2C2H4+4HCN = C44H30N4 +9H2 52.6 -46.0 1.8 -14.2 0.7 -125.6 -130.7 989.8 

4 4C6H6+4C4NH5+2C2H4 = C44H30N4 +11H2 391.5 -24.4 -0.4 -16.7 3.5 -211.6 141.8 1012.2 

5 4C6H6+4C4NH5+2C2H2 = C44H30N4 +9H2 -21.9 -24.7 2.3 -15.6 3.0 -154.1 -211.0 1011.2 

6 4C7H8+4C4NH5 = C44H30N4 +11H2 641.0 -17.2 -0.8 -16.8 5.4 -228.5 383.0 1016.3 

7 4C7H8+4CH2NH+6C2H4 = C44H30N4 +19H2 545.1 -27.9 -11.0 -21.2 0.5 -354.3 131.2 998.8 

8 4C7H8+4CH2NH+6C2H2 = C44H30N4 +13H2 -695.0 -28.7 -3.1 -17.8 -0.7 -181.8 -927.1 995.9 

9 6C6H6+2C2H4+4CH3N = C44H30N4 +13H2 336.1 -31.8 -6.5 -16.5 1.2 -236.8 45.7 1002.4 

10 6C6H6+2C2H2+4CH3N = C44H30N4 +11H2 -77.3 -32.0 -3.8 -15.4 0.7 -179.3 -307.1 1001.5 

       Average 1004±5 g 

a ΔE DLPNO-CCSD(T) reaction energy obtained from cc-pVTZ/cc-pVQZ CBS extrapolation; b the effect of diffuse functions obtained as a difference 

between DLPNO-CCSD(T)/aug-cc-pVTZ and DLPNO-CCSD(T)/cc-pVTZ reaction energies; c the effect of core-valence correlation obtained as a 

difference between AE DLPNO-CCSD(T)/cc-pwCVTZ (cc-pVTZ on H) and FC DLPNO-CCSD(T)/cc-pVTZ reaction energies; d the effect of iterative 

triples obtained as a difference between DLPNO-CCSD(T1)/cc-pVTZ and the default DLPNO-CCSD(T)/cc-pVTZ reaction energies; the effect of 

tightening of PNO settings obtained as a difference between Tight PNO DLPNO-CCSD(T)/cc-pVTZ and Normal PNO DLPNO-CCSD(T)/cc-pVTZ 

reaction energies; f the effect of enthalpic correction on reaction energies to arrive at reaction enthalpies; g a standard deviation is given with the “±” 

sign. 
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IV. CONCLUSION 

 

In the course of a comprehensive investigation of the evaporation of 5,10,15,20-

tetraphenylporphyrin (TPP), the following new results were obtained:  

 

(1) TPP evaporates congruently in the molecular form C44N4H30 in the temperature 

range 490–615 K. 

  

(2) TPP begins to decompose at a temperature of about 700 K. The melting 

temperature and the enthalpy of melting are 720 ± 6 K and 17 ± 5 kJmol–1, 

respectively.  

 

(3) The saturated vapor pressure was measured and the sublimation enthalpy 

ΔsH°(298.15 K) = 220±12 kJ mol–1 for the triclinic form of TPP was 

recommended.  

 

(4) The formation enthalpy ΔfH°(298.15 K) = 1004±10 kJ mol–1 of gaseous TPP 

molecules was determined using a high quality reaction-based Feller-Peterson-

Dixon DLPNO-CCSD(T) approach. 

 

(5) The formation enthalpy of crystalline TPP ΔfHº(298.15 K) = 784±15 kJ 

was obtained based on the gas phase formation enthalpy and the enthalpy of 

sublimation. 

 

(6) The specific heat capacity of TPP in the solid state was measured and quantum-

chemical calculations of the structure and force field of TPP molecules were 

performed. The results obtained made it possible to calculate the 

thermodynamic functions of TPP in the solid and gaseous states.  

 

 

SUPPLEMENTARY MATERIAL 

The atomic coordinates, vibrational frequencies and IR-intensities of the TPP 

molecule obtained as a result of quantum-chemical calculations are summarized in 

Tables S1, S2 and S3 in Supplementary Material. 
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