clear differences. The peak temperatures
of the melting peaks differ by about 8 K.

This means that Sample A (mass about
50 ng) consists of crystallites that are
more stable and larger that melt at higher
temperatures than Sample B (mass about
80 ng). The two melting peaks have dif-
ferent shapes but the degree of crystallin-
ity is about the same.

Conclusions

Two samples of polypropylene produced
by different processes were investigated
by DSC and Flash DSC. The final prod-
ucts exhibited different mechanical prop-
erties. No significant differences were de-
tected in the crystallization and melting
behavior using conventional DSC.

In contrast, Flash DSC measurements
allowed the two materials to be clearly

Determination of vapor pressure
and the enthalpy of vaporization by TGA

Samuele Giani

distinguished. Differences were observed
in the crystallization behavior in cooling
measurements and in the first heating
runs of the original samples.
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The vapor pressure of a chemical compound is a measure of its volatility : the higher the vapor pressure at
a given temperature, the greater the probability that the substance is in the gaseous state rather than the
condensed phase (liquid or solid). The vapor pressure of a substance increases with increasing tempera-
ture. The boiling point is reached when the vapor pressure is equal to the total pressure of the surroundings.

Introduction

Knowledge of this thermophysical proper-
ty and the enthalpy of the corresponding
phase transition are of fundamental im-
portance for areas such as process control,
storage of materials and stability.

The data is used for establishing environ-
mental guidelines and to define the maxi-
mum allowable limiting values and is also
needed for preparing safety data sheets.

There is a need for a simple method to
determine the vapor pressure of sub-
stances for industrial applications as well
as for basic research. The method should
be routinely applicable, reliable, rapid
and straightforward to perform. In this
article, we will show that thermogravi-

metric analysis (TGA) using a reference
substance is a suitable technique.

Theoretical background

Several methods are available for deter-
mining the vapor pressure of substances.
Some are based on techniques such as
ebulliometry or gas saturation methods,
others on static methods using a ma-
nometer (e.g. HPDSC). Another group of
methods makes use of the so-called effu-
sion technique.

The effusion technique is based on the
determination of mass loss. Devices such
as the Knudsen cell and techniques de-
rived from this have become of special
interest. This is because their theoreti-
cal description takes into account effects

that depend on a particular experimen-
tal setup. These can be due to different
geometrical factors or result from the
necessity of not having to work in high

Figure 1.
Schematic view of
an effusion cell.
The gas phase and
condensed phase
(liquid or solid) of
a substance are in
equilibrium.
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Figure 2.

Typical temperature
program (Ts) and
the corresponding
mass |0ss curve
(TGA) of benzoic
acid. The curves
on the right show
the rate of mass
loss (DTG) in the
different tempera-
ture segments.

vacuum in contrast to the original Knud-
sen method. An effusion cell is shown
schematically in Figure 1.

The design is an open system in which
molecules leave the cell by passing
through an effusion hole. In thermal
equilibrium, mass loss occurs at a con-
stant rate.

An experimental setup like this can be
realized with practically any conven-
tional TGA. Thermogravimetric analysis
(TGA) is based on the continuous mea-
surement of the mass differences of a
sample as a function of temperature and
time. The method is therefore ideal for
investigating processes such as vaporiza-
tion or sublimation (1, 2].

In contrast to the method based on
a Knudsen cell in high vacuum [3],
the experimental setup can be param-
eterized at ambient conditions. This
is done using a known reference sub-
stance and is based on the generalization
of the Langmuir equation for free vapor-
ization [4].

1

log(p) =5+ 1og

%—ﬂ ) o

In this equation:

is the area of
the effusion hole

TGA Vapor Pressure Method

dm s the rate of loss of mass
“dt : (DTG, derivative TGA cur-
ve) at a given temperature

i is the vapor pressure at the

given temperature

The parameters s (slope) and b (y-axis
intercept) can be determined after lin-
earization of equation (1) by measuring
a chemical substance with a known va-
por pressure curve.

The two parameters s and b are then
known and the vapor pressure of an un-
known substance can be determined un-
der identical experimental conditions. In
the work described here, benzoic acid was
chosen as the reference substance.

The Clausius-Clapeyron equation of state
(2) describes the relationship between
the vapor pressure of a pure substance
and the absolute temperature.

In(p) =L— 2% 2
n(p) 2 T

In this equation: AH is the change in en-
thalpy of the phase transition (vaporiza-
tion or sublimation), L is a substance-de-
pendent constant, and R is the universal
gas constant.

This equation can be used to determine
the enthalpy of the phase transition or to
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check the vapor pressure measurement
for a known value of AH.

Experimental details

The crucible was the effusion cell. The
mass loss was measured at different iso-
thermal temperatures using the TGA.

Equilibrium conditions were reached by
precisely controlling the temperature and
purging the system with a gas. The gas
flow ensured that the concentration of
the sample vapor outside the crucible was
as low as possible.

The measurements were performed using
a METTLER TOLEDO TGA/DSC 1 with a
large furnace and the following configu-
ration and conditions:

e Sample robot

* DTA sensor

e Ultramicro balance

e Standard 40-pL aluminum crucible

* Nitrogen at 60 mL/min as purge gas

e Sample mass between 10 and 20 mg

The sample robot was equipped with the
lid-piercing accessory, which automati-
cally pierces the lid of the hermetically
sealed crucibles immediately before mea-
surement. The diameter of the needle
was 100 pm.

The lid-piercing accessory offers several

important advantages:

e the sample crucible remains
sealed until the actual measurement

o the needle hole always has the
same diameter, leading to high
reproducibility

¢ long measurements are automated
and can be performed in unattended
operation

e automation allows the reproducibility
of measurements to be checked

The sample crucible was automatically
pierced immediately before each mea-
surement.

This ruled out any change in mass of the
sample occurring before the start of the
experiment and also prevented the loss
or uptake of moisture and protected oxy-
gen-sensitive materials.



The temperature program consisted of
a series of isothermal segments in steps
of 10 K with equilibration at the begin-
ning of each segment and a 10-minute
isothermal measurement time.

For convenience, the «Relative Loop»
software option was used to program the
numerous temperature segments. The
substances investigated were benzoic
acid, benzophenone, salicylic acid and
ferrocene.

Benzoic acid was used as calibration sub-
stance while the other three substances
were treated as unknowns. At the same
time of course, their vapor pressure was
known in order to verify the measure-
ment methods.

The experimental results were compared
with literature data to check and assess
their reliability. The Antoine coefficients
A, B, C are stored in the NIST database
[5]. These coefficients were used to deter-
mine the vapor pressure of the substanc-
es using the Antoine equation (3):
B

log(p) =A- m (3)

Method

The determination of the vapor pressure

of unknown materials using the method

described consists of the following steps:

1. Selection of a suitable reference
substance with a vapor pressure simi-
lar to that of the substance
under investigation.

2. Measurement of the reference
substance and checking the equilib-
rium conditions as shown in Figure 2.

3. Repeatability check (Figure 3).

4. Calculation of the experimental
parameters s and b.

5. Measurement of the samples and
plausibility check (Figure 4).

6. Calculation of the vapor pressure of
the samples under investigation
(Figures 5 and 6).

7. Determination of the enthalpy
of the phase transition.

Figure 2 shows a typical measurement
curve of a TGA experiment to determine

the vapor pressure (left). The sample
temperature Ts is displayed in red. The
DTG curves (first derivative of the TGA
curve) calculated from the TGA segments
are displayed on the right.

The curves of the derivatives with respect
to time are constant at the end of each
measurement segment, which indicates
equilibrium conditions for the mass loss.
The values at 500 seconds were entered
in equation 1 to calculate the vapor pres-
sure. It can be clearly seen that the va-
porization rate of the test substance in-
creases with increasing temperature.

Reference substance

Benzoic acid was chosen as reference
substance. The measured values were
correlated with literature values of the
vapor pressure of benzoic acid so that va-
por pressures and mass loss rates could
be displayed as a linear relationship ac-
cording to equation 1. The results of this
step are shown in Figure 3.

The repeatability was tested using sev-
eral measurements. The parameter s =
0.3987 and b = 5.2246 were determined
with the aid of a linear interpolation of
the measurement points.

The correlation coefficient R* is close to 1
and indicates that the points are in good
agreement. The error bars in Figure 3 were
determined using five measurements.

Test substances

It is assumed that the parameters s and
b are characteristic for the experimental
setup through the calibration measure-
ment with the reference substance but
are independent of the substance.

For this reason, they were used to cal-
culate vapor pressure curves of several
«unknown» substances, the test sub-
stances. The rate of mass loss as function
of temperature was measured for four
different substances in the same way as
for the reference substance.

The derivative dm/dt was normalized by
division with the area of the effusion hole
a (0.1 mm diameter). A direct plot of the

rate of mass loss versus the inverse tem-
perature allows us to assess the portabil-
ity of the two parameters s and b.

In this diagram (see Figure 4), it can be
seen that the behavior of the different
substances is similar. The use of benzoic
acid as reference substance is therefore
justified.

Results of the vapor
pressure determinations

Benzophenone and salicylic acid
The literature values for the vapor pres-
sure of benzoic acid were calculated us-

5.0

benzoic acid =
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Figure 3.

Literature values of
the vapor pressure
of benzoic acid as a
function of the rate
of mass loss nor-
malized to areaq.
a=0.00785mm2

Figure 4.

Rate of mass loss
as function of the
inverse femperature.

Figure 5.

Diagram showing
p versus T for the
vapor pressure of
benzophenone and
salicylic acid.

Figure 6.
Diagram showing
In(p) versus T
for the calculated
and theoretical
vapor pressure of
ferrocene.
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Table 1.

Antoine coefficients
[5] for the calcula-
fion of the literature
values of vapor
pressure (in bar).

Table 2.

Table showing AH
values obtained
from the Clausius-
Clapeyron equation.
The deviations were
determined using

a linear regression
procedure.

* \laporization,

** Sublimation.

ing the Antoine coefficients from equa-
tion 3. The vapor pressure of the other
compounds was obtained in the same
way for the other substances.

In the measured temperature window,
the two compounds are mainly in the
liquid state (above the melting point).
Comparison of the calculated and lit-
erature values for the vapor pressure of
the two substances showed a deviation of
5%. The measurement uncertainty was
estimated as +0.3% using the method of
error propagation.

Ferrocene

The experimental curve in Figure 6 given
by the red points covers both the liquid
and the solid states. The literature melt-
ing point of ferrocene, Tm, is 448 K. The
intercept of the interpolated data of the
two regions is close to this temperature.

The measurements clearly show the re-
gions of sublimation and vaporization.
Comparison of the experimental and lit-
erature data showed a systematic devia-

tion of 4% to lower values compared with
the literature values of the vapor pressure
of solid ferrocene.

On the whole, the results presented here
agree well with the literature values. This
shows that the indirect method using a
reference substance can be used. When
considering errors, it should not be for-
gotten that the Antoine coefficients are
only a best possible approximation of
data obtained using different experimen-
tal techniques to determine the vapor
pressure.

Calculation of the

phase transition enthalpy

Based on the Clausius-Clapeyron equa-
tion (2) it is possible to determine the
enthalpy associated with a phase transi-
tion [6] using a linear approximation.

Table 2 summarizes the data obtained in
this study. The literature values are based
on the Antoine coefficients. Besides this,
datasets are listed for two other com-
pounds.

Substance Temperature A B C Melting
interval in K point in K

Benzoic acid | 369.0-522.4 | 4.47834 | 1771.357 | -127.484 395
Benzophenone | 473.7-579.3 | 4.36238 | 2116.372 | -93.43 321
Salicylic acid | 386.8-529.0 | 3.57377 | 1126.012 | -212.625 432

Phase transition enthalpy Difference
Substance Experiment Antoine equation in %

in kJ/mol (Literature) in kJ/mol

Benzophenone 69914 65.0 0.7 +7.5
Salicylic acid * 764 + 15 797 £ 16 4.1
Ferrocene ** 654 +19 735+ 15 -11.0
Anthracene 653+ 1.3 60.0 + 0.6 +8.8
Phenanthrene 629 £ 06 60.5+0.6 +4.5
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The enthalpy differences in Table 2 are
relatively small and indicate that there
is good agreement between the measured
vapor pressures and the literature values.
It should be remembered that the Antoine
equation is already an approximation of
experimental data. The p versus T dia-
gram of anthracene and phenanthrene
and their deviations correspond to those
in Figure 5.

Conclusions

The vapor pressure of a compound was
determined by performing TGA measure-
ments at normal pressure conditions. It
was shown that vapor pressure data can
be obtained using a rapid reliable and
sensitive method.

The deviation of the experimental values
from literature data was within 5%. The
substances studied in this work cover a
vapor pressure range of several decades
above 10 Pa. Beside this, quite accurate
values of the sublimation or vaporiza-
tion enthalpy were calculated based on
the Clausius-Clapeyron equation. This
makes TGA a convenient and simple
method to determine both thermody-
namic quantities.
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