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A B S T R A C T

Differential Scanning Calorimetry (DSC) is a widely accessible and versatile method for the determination of the
heat capacities of organic materials as a function of temperature. In routine use, it is typically possible to obtain
results with an accuracy better than 3 %. However, to achieve this level of accuracy, careful optimization of the
experimental procedure for a specific apparatus must be performed. Using benzoic acid as a test substance, this
work highlights some practical aspects of heat capacity measurements by DSC, such as crucible material and its
geometry, heating rate, thermal lag, the selection of a suitable pre-stabilization stage before the measurement
and the duration of the experiment, that can have a strong influence on the quality of the obtained results.

1. Introduction

Heat capacity is a basic thermodynamic property, which is often
needed for both fundamental science and technological applications
[1,2]. It can, for example, play an important role in the development of
pharmaceutical and polymeric materials [3–6], in the validation of
molecular simulation methods [7], in the discussion of theories of the
crystalline state [8], and in the characterization of biological systems
[9]. In general, heat capacity is most accurately determined by adia-
batic calorimetry, typically from close to 0 K to ∼400 K, when solid
organic compounds are studied [1,10–12]. The obtained results can
subsequently be used to derive entropy, enthalpy and Gibbs energy
functions, as highlighted in several of Professor Gavrichev’s works
[13–15].

Differential Scanning Calorimetry (DSC) is a widely popularized
method to study liquids and solids, which has experienced significant
developments in the last 60 years [16–25]. Although not as accurate as
adiabatic calorimetry [26,27], it is a versatile and relatively fast
method to obtain heat capacities, that requires only a small amount of
sample (a few milligrams) [25,26,28]. Techniques for very low (down
to ca. 1 K [29]) and high temperatures (e.g. up to 1500 K [29,30]) have
been developed, but most measurements are conducted within the
range 100 K–700 K [25,26,28].

The determination of heat capacities by DSC is usually carried out in
the continuous mode, where a given temperature range is scanned in a
single heating step [26,27]. The measurement, involves three

independent experiments, performed sequentially [26,27] (Fig. 1): (i)
run 1 (blank run), using empty crucibles with a mass as similar as
possible in both the sample and reference cells; (ii) run 2 (calibrant
run), with a calibrant material (typically synthetic sapphire), placed in
the sample crucible; and (iii) run 3 (sample run), where the calibrant is
replaced by a similar weight of the sample under study. In each of these
experiments, the same temperature program is employed. It comprises
an initial isothermal step (fore period) with duration tb – ta, at the initial
temperature, Ti, followed by a non-isothermal ramp (main period), at a
constant rate, to the final temperature, Tf. Finally, a new isothermal
step (after period) with duration td – tc is executed at Tf. The lengths of
the fore and after periods should be adjusted to ensure that stable heat
flow rates are achieved before and after the temperature scan, so that
reliable initial and final baselines can be defined [27]. Most often, the
extent of the two isothermal steps is set as equal (i.e. tb – ta = td – tc). To
improve the reliability of the results, if possible, the three runs (blank,
calibrant, and sample) should be performed with a single pair of sample
and reference crucibles and on the same day [27]. While the reference
pan can be left untouched, the sample pan is necessarily manipulated
between the blank, calibrant, and sample experiments. Its position
should, therefore, be kept, as much as possible, constant in all runs, to
ensure reproducibility in the pan-calorimeter thermal contacts.

From the obtained curves, Fig. 1, heat capacities,C T( )p,m , at a given
temperature, T, can be calculated from [26,31]:

=C T k T M
m

T( ) ( ) ( )p,m (1)
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where m and M are the mass and molar mass of the compound, re-
spectively; β is the heating rate; T( ) is the difference in heat flow rate
between the sample and blank runs at a given temperature; and k(T) is a
temperature-dependent correction factor, obtained from:

=k T
C T
C T

( )
( -Al O , )
( -Al O , )

p

p

,m 2 3 Ref

,m 2 3 Obs (2)

Here, C T( -Al O , )p,m 2 3 Ref represents the recommended heat capacity of
sapphire at temperature T and C T( -Al O , )p,m 2 3 Obs is the corresponding
experimental value calculated from Eq. (1) with k=1.

Programs for the determination of heat capacities by DSC according
to the above-mentioned methodology have been implemented in most
software accompanying commercial instruments. They can essentially
be used as black boxes, but this normally leads to considerable accuracy
loss if the experiments are not carefully designed. Here we discuss some
of the pitfalls that can be encountered in the routine determination of
heat capacities of organic solids by DSC. Also highlighted are a few
details that need to be taken into account to improve the quality of the
obtained results. The selected test compound was benzoic acid, which
has been recommended as reference material for assessing the accuracy
of heat capacity measurements in the temperature range from 10 K to
350 K [32,33]. The following factors were considered in this work: (i)
system pre-equilibration, (ii) crucible type, (iii) heating rate, (iv)
thermal lag, and (v) temperature interval continuously scanned in a
single run.

2. Experimental

Table 1 summarizes the information on the provenance, mass
fraction purity, and other relevant characteristics of the materials used
in this work.

The heat capacity measurements on benzoic acid in the temperature
range 213 K–343 K, were performed with a Netzsch DSC 204 F1
Phoenix apparatus, equipped with a τ-sensor. The apparatus was
equipped with a closed-loop intra-cooler system (188 K–873 K) and the
whole system was kept at 294 ± 1K in an air-conditioned room.
Nitrogen (Linde N2 5.0) was used as a purge and protective gas, at flow
rates of 30 cm3·min−1 and 50 cm3·min−1, respectively.

Before use, benzoic acid was reduced to a powder by gentle grinding
with pestle mortar. This allowed better packing of the compound inside
the pan, thus promoting improved heat transfer between sample, pan
and calorimetric system. Note that this operation should not be per-
formed if the material under study can undergo polymorphic transitions

induced by grinding. Sieving, using a mini-sieve micro sieve set
(Scienceware, USA), indicated that the grinded sample essentially
consisted of particles with size< 250 μm. A Sapphire disk of 0.25mm
diameter (Netzsch, ref. 6.239.2-91.5.00; m=12.69mg) was used as
reference in the heat capacity determination.

The temperature and heat flow scales of the instrument were cali-
brated at the same heating rates of the heat capacity measurements,
using a calibration kit from Netzsch (ref. 6.239.2–91.3.00), consisting
of adamantane, indium, tin, bismuth, zinc, and cesium chloride
(Table 1). The calibration procedure was previously described [35].
After calibration, the indium fusion temperature onset and enthalpy
were Ton= 429.60 ± 0.10 K and Δfushm=28.90 ± 0.2 J·g−1, respec-
tively (average of 3 measurements; the errors correspond to twice mean
absolute deviations). These results agree with the reference values
provided by Netzsch for this calibrant: Ton= 429.75 K and
Δfushm=28.6 ± 0.2 J·g−1. The instrument control and data treatment
were performed with the Netzsch Proteus V. 6.1.0 software. The ben-
zoic acid samples with masses in the range 5mg–14mg were contained
in either aluminum (40 μL, Perkin Elmer, reference 02190041) or
platinum/rhodium (85 μL, Netzsch, references GB399205 and
GB399860) crucibles, covered (not sealed) by the companion lids. The
mass difference between the empty sample and reference crucibles was
smaller than 0.01mg. All weighings were performed with a precision
of± 0.1 μg on a Mettler XP2U ultra-micro balance.

The general procedures for heat capacity determination followed
the manufacturer recommendations which, in turn, are in accordance
with the ASTM E 1269, DIN 51 007, and ISO 11357-4 standards. The
temperature program used in the experiments, consisted of an iso-
thermal step at the initial temperature, followed by a temperature ramp
at 2 K⋅min–1 or 10 K⋅min–1, and a second isothermal step at the final
temperature. The duration of the isothermal steps was 20min for β= 2
K⋅min–1 and 25min for β=10 K⋅min–1

3. Results and discussion

3.1. General

The molar heat capacities, Cp,m, of benzoic acid were obtained with
the Netzsch Proteus V. 6.1.0 software, following the calculation scheme
described in the Introduction. They are based on the molar mass M
(C7H6O2)= 122.123 g⋅mol–1, calculated from the atomic weights re-
commended by the IUPAC Commission in 2016 [36]. The sapphire (α-
Al2O3 disks) heat capacity data used as reference was supplied by
Netzsch. Unless otherwise stated, three independent runs using benzoic
acid masses between 5mg and 14mg, were performed for each in-
vestigated experimental condition. No correlation between the sample
mass and the obtained values was observed. Therefore, the Cp,m values
here reported correspond to mean results of three runs and the un-
certainties quoted are expanded uncertainties calculated as twice mean
absolute deviations.

The relative deviation of the molar heat capacities of benzoic acid
obtained in this work, Cp,m, from the reference data, Cp,m

ref , was obtained
as:

=s
C C

C
/% 100 p p

p

,m ,m
ref

,m
ref (3)

with

= ± + ±C T K/J·K ·mol (0.45785 0.00082) ( / ) (10.369 0.233)p,m
ref 1 1 (4)

Eq. (4) was derived from a least-squares fitt to the benzoic acid heat
capacity data reported by Furukawa, Mccoskey and King in the range
215−345 K [37]. The corresponding regression coefficient for 95 %
probability was R2= 0.99991.

The effects of pre-equilibration, crucible type, heating rate, thermal
lag, and temperature range scanned in the obtained results are

Fig. 1. Schematic representation of the temperature program and heat flow
profiles typical of a heat capacity determination by DSC, using the continuous
mode of operation.
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addressed in the following sections.

3.2. Pre-equilibration

As mentioned above, each heat capacity measurement involves
three runs: blank, calibrant (sapphire in the present work) and sample.
It is widely recommended that these experiments are carried out in
sequence, on the same day, using the same temperature program, and
the same set of crucibles [27]. Less often mentioned is, however, the
need to ensure a very stable heat flow rate difference between the
sample and reference cells before starting the baseline acquisition. At-
tention to this detail should be paid, even if the initial temperature of
the experiment has been reached and seems to be constant.

Fig. 2 compares the heat capacity results obtained for benzoic acid
in the range 220 K–271 K, at a heating rate β=2K·min−1, in a series of

experiments where short (c.a. 5 min after reaching Ti) and adequate
(until a stable heat flow rate is observed) delays were selected before
starting the baseline acquisition. Also shown are the reference values
from Furukawa et al. [37] computed from Eq. (4). It can be concluded
from Fig. 2 that an insufficient pre-equilibration time leads to: (i) a
considerable loss of precision expressed by error bars of up to ∼43
J⋅ K–1⋅mol–1, representing ∼32 % of the measured value; (ii) deviations
from the reference data as large as ∼16 %. In contrast, if a constant
heat flow rate is ensured before starting the baseline acquisition, very
large improvements in precision (the error bars decrease to 9
J⋅ K–1⋅mol–1) and accuracy (the discrepancy to the reference results is
reduced to<3%) are observed. Particularly important to achieve an
initial constant heat flow in sub-ambient temperature measurements, is
to ensure that the cooler is working at optimal conditions. In the case of
the Netzsch DSC 204 F1 Phoenix apparatus used in this work it was
found that Ti = 213 K could be reached and was apparently stable
∼20min after turning on the system. The proper stabilization of the
intercooler to achieve a steady heat flow signal required, however, at
least 60min.

3.3. Crucible type

The selection of a convenient crucible for the experiments is also an
important factor in heat capacity measurements by DSC. For T<870 K
(a range suitable for most organic compounds), aluminum crucibles are
usually employed. Other materials may, however, be needed if, for
example, the sample reacts with aluminum or if higher temperatures
need to be reached. A possible alternative is to use crucibles made of Pt/
Rh alloy. These have a much better chemical inertness and allow ex-
periments up to 2000 K. However, they suffer from the disadvantage of
a thermal conductivity almost eight times smaller than aluminum [38].

To gain some insight into the influence of the crucible type in heat
capacity measurements, aluminum and Pt/Rh crucibles of different
models (Fig. 3) were used to study benzoic acid in the ranges
213 K–273 K and 298 K–343 K. The heating rate was β=2K·min−1.
The obtained results are shown in Fig. 4. This illustration clearly in-
dicates that the best overall performance is achieved with aluminum
crucibles, for which deviations s<3% relative to the reference data
given by Eq. (4) were observed. Measurements with the Pt/Rh pans led
to considerably larger deviations (5 % to 13 %). The poorer perfor-
mance of the Pt/Rh crucibles may, at least in part, be attributed to the
lower thermal conductivity mentioned above. But perhaps the most
essential factor is the less efficient crucible-sample contact. As shown in
Fig. 3, in the case of the aluminum crucible the pan and lid are both in
contact with the sample. This is not true, however, for the Pt/Rh cru-
cibles. It is therefore expected that the sample-crucible thermal equi-
libration and the development of temperature gradients throughout the
sample along the heating ramp, will be most notable in the case of Pt/
Rh crucibles. The primary importance of this aspect is further supported

Table 1
Provenance, temperatures and specific enthalpies of fusion or solid-solid phase transition, and mass fraction purity of the materials used in this work.

Compound CAS Nr. Supplier Reference Tfus/K Δfush/J⋅g−1 Mass fraction purity

Benzoic acid 65-85-0 Chem-Lab CL00.0212.0250 395.50a 147.2a > 0.999b

Sapphire (α-Al2O3 disks) 1344-28-1 Netzsch 6.239.2-91.5.00 0.9999b

Adamantane 281-23-2 Netzsch 1380-K01 208.65b,c 22.0b,c ≥0.99b

Indium d 7440-74-6 Netzsch MKBJ7540V 429.75b 28.6 ± 0.2b 0.99999b

Tind 7440-31-5 Netzsch 121213 505.05b 60.5b 0.99999b

Bismuth 7440-69-9 Netzsch 230112 544.55b 53.1b 0.99999b

Zinc d 7440-66-6 Netzsch 05928JN 692.65b 107.5b 0.99999b

Cesium chloride 7647-17-8 Netzsch 160709 749.15b 17.2b 0.99999b

Nitrogen 7727-37-9 Linde 5.0 ≥0.99999b

a Ref. [34].
b Given by the supplier.
c Solid-solid phase transition.
d According to German standard DIN 51,007.

Fig. 2. Comparison of the molar heat capacity, Cp,m, of benzoic acid in the
range 220 K to 271 K, obtained in this work using two different pre-equilibra-
tion periods, with reference data given by Eq. (4): (i) closed blue squares: 5min
pre-equilibration; (ii) closed red dots: pre-equilibration until a stable heat flow
was observed; (iii) closed black triangles: reference values. The error bars cor-
respond to twice the mean absolute deviation of three independent runs. The
open symbols give the deviation (s) of the obtained values relative to the re-
ference data, calculated from Eq. (3). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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by the observation of 5% deviations in heat capacity measurements on
benzoic acid carried out on a Perkin Elmer DSC 7, using 20 μL her-
metically sealed aluminum pans for volatile compounds (Perkin Elmer,
reference 02190062), where a large empty volume exists over the
sample [39].

3.4. Heating rate

The heating rate is another key factor to consider in the determi-
nation of heat capacity by DSC. Fast heating rates can lead to fast ex-
periments. But it must be ensured that an efficient heat transfer from
the calorimeter to the sample is maintained in order to minimize
thermal lag effects and temperature gradients within the sample.

Fig. 5a shows a comparison of the heat capacities of benzoic acid
obtained at 2 K⋅min−1 and 10 K⋅min−1, in the temperature ranges
213 K–273 K and 298 K–343 K, using the aluminum crucibles in Fig. 3a.

The results suggest that a smaller overall deviation from the reference
values given by Eq. (4) is achieved if the slower heating rate is selected,
particularly in the sub-ambient temperature range. The gain is, how-
ever, not very significant, since both heating rates lead to s<3.1 %,
which is well within the typical uncertainties found for this type of
experiment [26,27]. It should, nevertheless, be mentioned that fast
heating rates must be used with caution. When the heating ramp starts
the instrument changes from an isothermal to a non-isothermal regime
and comes back to the isothermal condition when the ramp stops. At
these transition periods an initial temperature undershoot and a final
temperature overshoot are observed, both of which are considerably
larger for 10 K⋅min−1 than for 2 K·min−1. In addition, at least with the
equipment used in this work, the final overshoot is always more notable
than the initial undershoot. A comparison of the final overshoots ob-
served in experiments carried out at 10 K⋅min−1 and 2 K·min−1 is
shown in Fig. 5b.

The presence of these undershoot/overshoot effects has three im-
plications: (i) Firstly a longer final isothermal period may be needed at
10 K⋅min−1 than at 2 K·min−1, to ensure a sufficiently large final
baseline, corresponding to a constant and linear heat flow trace (Fig. 6b
and section 3.5). It follows that (ii) running an experiment at a higher
heating rate does not necessarily translate into a significant time-
saving. Finally (iii) a higher heating rate may also require a wider
temperature ramp, so that a sufficiently long portion of the main period
where the heat flow trace is proportional to the heat capacity of the
sample is observed. At 10 K⋅min−1, a 30 K range is covered in only
3min. It must be ensured that within this time frame the observed heat
flow rate is not contaminated by transient effects resulting from tem-
perature undershoots or overshoots and is effectively proportional to
the heat capacity of the sample. If not, the computed data may not be
meaningful or will exhibit very large errors. The use of smaller heating
rates makes the measurements less susceptible to these transient effects.

In conclusion, at least with the instrument used in this work, reliable
heat capacity measurements (s<3.1 %) may be obtained at
10 K⋅min−1, without significant loss in accuracy compared to
2 K⋅min−1, provided that a suitable methodology is followed.

3.5. Thermal lag

The magnitude of the thermal lag, δT, for different heating rates, β,
was estimated from the return of the DSC signal to the baseline after the
scanning process, using [40]:

=T A
m cp (5)

Here δA is the “enthalpy lag” calculated from the area defined by
the points A, B, and C in Fig. 1, m is the mass and cp is the specific heat
capacity of the sample at Tc (this is normally a good approximation
since cp does not considerably change with temperature in the range
from Tc - δT to Tc [40]). The obtained results for benzoic acid and the

Fig. 3. The (a) aluminum and (b) platinum/rhodium crucibles used in this work, with schemes of the assembled systems with the sample inside.

Fig. 4. Comparison of the molar heat capacities, Cp,m, of benzoic acid in the
ranges 213 K to 273 K and 298 K to 343 K, obtained in this work using alu-
minum (closed red dots) and platinum/rhodium (closed green diamonds) cru-
cibles (see Fig. 3) with the reference data given by Eq. (4) (closed black tri-
angles). The error bars correspond to twice the mean absolute deviation of three
independent runs. The open symbols give the mean deviations (s) of the ob-
tained values relative to the reference data, calculated according to Eq. (3). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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sapphire disk samples with comparable masses are illustrated in Fig. 6a.
This figure shows that the thermal lag linearly increases with β and is
very similar for both compounds. This suggests that, no significant
thermal conductivity differences between the calibrant and sample runs
are likely to occur. Moreover, because the thermal lag increases with
the heating rate (e.g. δT ≈ 2K for β=2K·min–1 and δT ≈ 14 K for
β=10 K·min–1) the temperature range covered in the experiments
should also proportionally increase with β.

From Fig. 6a it was also possible to obtain δ(δT)/δβ≈ 1.4min. If an
exponential heat transfer behavior is assumed, then the DSC heat flow
signal should return to the baseline after approximately 5 × δ(δT)/δβ
=7min. This was in fact observed in most experiments carried out with
the instrument used in this work. In a few cases, however, without an
apparent reason, larger equilibration times were needed, particularly at
the higher heating rate. This is illustrated in Fig. 6b for a particular case
corresponding to β =10 K·min−1, where an equilibration time of
∼15min was found to be necessary to reach the baseline. For this
reason, to ensure that (i) the baseline could be reached and (ii) collected
for a sufficiently long period of time, the duration of the fore and after
periods were set to 20min, when β =2K·min−1, and 25min, when
β =10 K·min−1. This stresses the importance of a careful evaluation of
the DSC apparatus thermal behavior before starting the heat capacity
measurements.

3.6. Temperature range scanned

In the sections above, it became apparent that the acquisition of
suitable initial and final baselines could lead to the necessity of longer
experiments at 10 K·min–1 than at 2 K·min–1. It follows that the use of
fast heating rates only becomes significantly advantageous, in terms of
saving time, if large enough temperature ranges are covered.

To evaluate the reliability of scanning a large temperature interval
in a single run, covering sub-ambient and above ambient conditions,
the heat capacity of benzoic acid was also determined at 10 K⋅min−1,
from 219 K to 341 K (122 K segment), using the aluminum crucibles in
Fig. 3a. The obtained results are compared in Fig. 7 with the reference
values computed from Eq. (4). It can be concluded from Fig. 7 that by
using an optimized procedure a deviation smaller than 3% can still be
achieved for a long main period.

4. Final remarks

Although all tests reported in this work refer to benzoic acid and
were performed with a Netzsch DSC 204 F1 Phoenix apparatus, the
following main conclusions are expected to be transferable for other
organic solids and instruments:

(i) The quality of the heat capacity results obtained by DSC strongly

Fig. 5. (a) Comparison of the molar heat ca-
pacities, Cp,m, of benzoic acid in the ranges
213 K to 273 K and 298 K to 343 K, obtained in
this work, using aluminum crucibles (see
Fig. 3a) at 2 K·min−1 (closed red dots) and
10 K·min−1 (blue crosses in yellow back-
ground), with the reference data given by Eq.
(4) (closed black triangles). The error bars
correspond to twice the mean absolute devia-
tion of three independent runs. The open
symbols give the mean deviations (s) of the
obtained values relative to the reference data,
calculated from Eq. (3). (b) Variation of the
sample temperature during the experiments at
2 K·min−1 (red line) and 10 K·min−1 (blue
line). (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 6. (a) Thermal lag, δT, at 323 K for the
sapphire disk (◊) and benzoic acid (○) samples
(m≈ 13mg) used in this work, as a function of
the heating rate, β. The dotted lines represent
the least-squares fitting of the data with inter-
ception at the origin. (b) Heat flow profiles
obtained after heating a sapphire sample at 2
and 10 K·min−1. The origin of the time scale
corresponds to the end of the heating period.
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depends on the selection of a sufficiently long pre-stabilization
stage that ensures a suitable baseline where the heat flow signal is
as constant as possible. Observing a constant initial temperature is
not a reliable criterion to start the baseline acquisition.

(ii) The use of crucibles made of materials with high thermal con-
ductivity (e.g. aluminum, gold, or copper) should be preferred, if
they do not react with the sample and the temperature range to be
covered in the experiments is compatible with the use of these
materials.

(iii) The crucible shape may also be critical to ensure an efficient heat
transfer between the sample and the calorimetric cell. Better re-
sults are obtained if the sample has an efficient contact with both
the crucible pan and lid (top and bottom), so that thermal lag
problems and temperature gradients within the sample are mini-
mized. In the case of volatile solids, the use of crucibles where the
lid is not in intimate contact with the sample and a significant
headspace exists, may also lead to accuracy loss, as the thermal
contribution from sublimation will be superimposed with the heat
capacity measurement.

(iv) The selection of the heating rate should be compatible with the
range of temperatures covered in the experiment, i.e. higher
heating rates may not necessarily correspond to a considerable
time saving if the temperature interval scanned is small and reli-
able results are aimed.

(v) Last but not the least, before initiating measurements with a spe-
cific compound, the temperature program and experimental pro-
tocol should always be optimized for the available instrument,
using a reference compound such a benzoic acid.
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