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Abstract

Heat capacities (C,m) of solid anhydrous 1,10-phenanthroline (phen) and 2,9-dimethyl-1,10-phenanthroline (dmphen) were determined by
differential scanning calorimetry using the three step method over the temperature range from 298 K to about 5 K (for phen) and 40 K (for dmphen)
below their melting temperatures. No further solid—solid phase transition occurs in the temperature range examined. In addition, the average melting
temperature, molar enthalpy and molar entropy of fusion for phen and dmphen were also determined to be (391.1+0.1K, 11.8 £ 0.1 kI mol~1, and
30.0+£0.3JKtmol!) and (435.9+0.3K, 17.6 +0.3kJmol~*, and 40.3 4 0.6 J K-t mol~1), respectively. The experimental heat capacity data
were obtained and the respective second-order polynomial fitting equations were derived:

C,m(phen, cr)/(JK=*mol™) = (—3905 + 16) + (22.0 & 1.0) (7/K) — (0.0289 + 0.0015) (7/K)? from 298.2t0360.2 K, R?> = 0.9935;
C,m(dmphen, cr)/(JK™* mol™) = (—2808 £ 14) + (17.1 £ 1.0) (7/K) — (0.0229 £ 0.0014) (7/K)? from 298.2t0 393.2K, R? = 0.9953.

In particular the C,m values at 7=298.15K for phen and dmphen were found to be (115 + 18 and 253 £ 30) JK~! mol~2, respectively, where
the associated uncertainties are twice the standard deviations of the mean.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decades, differential scanning calorimetry (DSC)
was extensively used to determine some important thermo-
dynamic properties of pure organic substances [1-4]. Many
thermodynamic studies in the field of thermochemistry, solution
chemistry, biochemistry and biophysics use heat capacity data of
pure compounds to obtain enthalpies of vaporization and subli-
mation at 298.15 K from measurements at different temperatures
higher than 298.15 K. For the sake of example, some authors
used the enthalpies of vaporization and sublimation corrected
at 298.15 K using capacity data obtained in suitable tempera-
ture ranges, to derive the standard enthalpies of solvation [5] or
the enthalpies of formation [6] using the enthalpies of solution
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at infinite dilution or the enthalpies of combustion at 298.15 K,
respectively. However, the accuracy of the heat capacity data
obtained by DSC measurements usually varies from about 5
to 1% or less, depending on the apparatus, the experimental
method, and the data processing procedure used [7].

In this study, some thermophysical properties of two
nitrogen-coordinating compounds, which are able to form a
series of mono- to tris-ligand complexes with transition metals
[8-10] have been examined: 1,10-phenanthroline (CAS: 66-71-
7, phen) and 2,9-dimethyl-1,10-phenanthroline (CAS: 484-11-7,
dmphen), often denoted as neocuproine. They are widely used
in metallocene industry for coordination of organometallic-
complexes and in connection with DNA—-protein interactions
[9,10], as well as in catalysis for the oxidation of alcohols in
solution [11]. Inaddition, phen is used as an oxidation—reduction
indicator due to its characteristic colour change (it turns to faint
blue when oxidized) and as an indicator for iron as it forms a
complex compound with ferrous ions (ferroin) [12]; dmphen is
used as a clinical reagent in blood glucose assay and in the spec-
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trophotometric determination of copper [13]. Their molecular
structures are reported in supplementary Fig. 1.

The melting temperatures of anhydrous phen and dmphen
taken from the literatures [14,15] are 390.2 and 432.7 K, respec-
tively. However, to the best of our knowledge little is known
about thermodynamic data of these compounds. Therefore, in
order to fill this gap in view of requirements for theoretical
research studies and practical applications concerning the com-
pound examined, their melting temperatures, the molar heat
capacities (C,m), the molar enthalpies and entropies as well
as their chemical purities (using the DSC peak profile method
[16]) were determined.

2. Experimental

High-pure indium (supplied by Perkin-Elmer), synthetic sap-
phire (a-Al,03) and copper (reference material supplied by
Rheometric Scientific), naphthalene and benzoic acid (supplied
by Fluka) have mass fraction > 0.994. Phen and dmphen sam-
ples were supplied by Riedel-de Haén and Fluka, respectively.
Purities (expressed as mole fractions), determined from the frac-
tional melting DSC experiments using the Van’t Hoff equation,
were 0.9961 and 0.9930, respectively. Consequently, phen and
dmphen were not further purified. In order to eliminate hydration
and crystallization water and avoid re-hydration of both organic
bases, sapphire, benzoic acid, phen and dmphen were dried in an
oven at 378 K for 24 h and kept in a dessicator until the moment
of their use.

DSC measurements were carried out with a Perkin-Elmer
Pyris | calorimeter equipped with an intracooler unit from 298.15
to 368.15 K under a stream of nitrogen of 0.67 cm®s~1 using
hermetically sealed Al pans. For the heat capacity determina-
tions, four DSC experiments were carried out with masses in
the range 4-6 mg and fresh samples were used for each run. The
change of pressure in the sealed crucibles is usually small and
the heat capacity measured is nearly the same as that under room
normal pressure (p° ~ 0.1 MPa). The temperature sensors were
chromel-alumel for the sample thermocouples and platinel 11
for the control of temperature of the sample and reference. The
temperature scale, whose uncertainty is +0.1 K, was calibrated
using recommended high purity reference materials: benzoic
acid and indium [17,18]. The heat flux scale was calibrated by
measuring the enthalpy of fusion of benzoic acid and indium
determined by means of the above-mentioned DSC experiments.
The experimental melting temperatures as well as the enthalpies
of fusion of benzoic acid and indium (whose associated uncer-
tainties are twice the standard deviations of the respective means)
were found to be in a good agreement with the recommended
literature values [18]: within 0.2% for the former and about 2%
for the latter (supplementary Table 1).

The heat capacities were determined as a function of temper-
ature using synthetic sapphire (a-aluminium oxide) as reference
material [17-19] by means of the following equation:

Cpm( K tmol™t)

[ ¢(sam) — ¢(blk) m(ref)
B ( p(ref) — ¢(blk) > (m(sam)

) Cpumlref). )

where @(sam) — @(blk) is the blank corrected net heat flow into
the sample, @(ref) — @(blk) the blank corrected net heat flow of
the reference, m(ref) and m(sam) the masses of the sapphire and
the sample, respectively, and C,, m(ref) is the heat capacity of sap-
phire in J K~1 mol~1, whose temperature dependence was taken
from the literature [18]. The adopted procedure requests firstly
the determination of the heat flow rate of the blank using empty
Al pans of practically equal masses in the sample and reference
sides. This zero line reflects the asymmetry of the instrument.
Subsequently, a weighed amount of sapphire is placed in the
sample side and the DSC experiment is repeated under identi-
cal conditions. After putting the sample and reference at their
respective places in the DSC assembly the selected protocol
performs the following steps: (i) isothermal run at room tem-
perature for at least 1800s, (ii) heating to 373K at a heating
rate of 33mK s~1 and (iii) isothermal run at 373K for 1800s.
Three to five DSC experiments were carried out for reference
and tested compounds and the reported values are the average of
the results obtained. In order to check the accuracy of the experi-
mental heat capacity measurements under the selected operating
conditions identical experiments were carried out using high
purity fresh samples of benzoic acid, copper and naphthalene,
which are recommended as heat flow calibrants [18,20]. Percent-
ages of deviation of experimental from literature C,m values
for benzoic acid are reported in supplementary Fig. 2 up to
373 K, while those of copper and naphthalene listed are given in
supplementary Table 2 at the selected temperatures. The agree-
ment between experimental and recommended literature values
is very good in all the cases, thus demonstrating that the accuracy
of the procedure applied is good. The thermodynamic enthalpies
and entropies of solid phen and dmphen relative to the reference
temperature of 298.15 K were calculated from the heat capacity
data according to Egs. (2) and (3), respectively:

T
Hr — Hass 15 (Jmol™) = / Cpm(©)dT. @)
298.15

T
1~ Swo1sOKmoI ) = [ (Cpm(@)/T) ©)
298.15
where Cp, m (s) is the heat capacity of the solid sample.
3. Results and discussion

The DSC curves of phen and dmphen (supplementary Fig.
3A and B, respectively) show a single sharp endothermic peak
ascribable to melting and no solid—solid phase transition pro-
cesses was observed for both compounds in the investigated
temperature ranges. Mean values of temperature, molar enthalpy
and molar entropy of fusion obtained from these measure-
ments and the associated errors estimated as standard deviations
for phen and dmphen are 391.1+0.1K, 11.8+0.1kJmol~1,
30.04+0.3JK "t mol~tand 4359+ 0.3K, 17.6 +0.3kImol 1,
40.3+0.6JK I mol~1, respectively. By comparing all the
fusion characteristic values it is evident that values for dmphen
are rather higher than those of phen. Furthermore, from the DSC-
peak profile method [16] the purity of the samples investigated
was evaluated in order to establish if a purification treatment



M.G. Bonicelli et al. / Thermochimica Acta 466 (2007) 69-71 71

should be considered before the heat capacity measurements.
To this purpose, the sample temperatures during the occurrence
of melting for phen and dmphen were reported as a function of
the reciprocal of the melting fractions (1/F) in supplementary
Fig. 4A and B, respectively. From the extrapolation of the corre-
sponding straight line to 1/F=0 and 1/F =1 the corresponding
melting temperatures of the theoretically absolute pure phen and
dmphen samples, To, (391.4 and 436.5 K, respectively) as well
as those of the impure real phen and dmphen samples, 71, (390.9
and 435.9 K, respectively) were determined. From these exper-
iments a final purity of phen and dmphen, expressed in terms of
mole fraction, was found to be 0.9961 and 0.9930, respectively.
As a consequence of the high purity values of the samples inves-
tigated, no further purification treatment was adopted before the
heat capacity measurements.

The mean values of the different sets of experimental heat
capacity measurements for phen (in the temperature range from
298 to 360K at 2K intervals) and dmphen (in the tempera-
ture range from 298 to 393K at 5K intervals) are given in
supplementary Tables 3 and 4, respectively. The experimental
C,m values for phen and dmphen (32 and 20 data points, respec-
tively) were fitted to the following second-order polynomial
equations:

Cp.m (phen, cr)/(I Kt mol~1)
= (~3905.1 + 16) + (22.0 + 1.0) (T/K)
—(0.0289 + 0.0015) (T/K)? from 298.2 0 360.2 K,
R? = 0.9935;
Cp.m (dmphen, cr)/( K~ mol™)
— (~2808 + 14) + (17.1 £ 1.0) (T/K)
—(0.0229 + 0.0014) (T/K)? from 298.2t0393.2 K,
R? = 0.9953,

where the associated errors are standard deviations. Since to
the best of our knowledge no experimental heat capacity data
are published concerning phen and dmphen the only compari-
son possible was between the experimental and predicted values
obtained using the selected fitted equations. In supplementary
Fig. 5 the percentage of the relative deviation of the experimen-
tal values from the predicted ones for phen and dmphen was
reported as a function of temperature in the respective experi-
mental temperature range. From these plots it is evident that the
deviation of experimental data from the predicted values does
not exceed the 8% for phen and 3% for dmphen.

The values of the thermodynamic functions Hy — Hagg 15 and
S7— S298.15 for phen and dmphen are listed in supplementary

Tables 5 and 6, respectively as a function of the tempera-
ture in the same temperature range considered for the C,m
measurements.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.tca.2007.10.001.
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