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Abstract

A new device, based on the inert gas flow method, for measuring the vapour pressure and the
determination of the enthalpy of sublimation in a wide range of temperatures (up to 573 K) is de-
scribed in this paper. The limits of the flow rate as important experimental parameter were deter-
mined for the given instrument. The results of calibration showed a good precision and reproduci-
bility of the measurements of the enthalpy of sublimation. The results of the determination of
some derivatives of pyrimidine were presented.
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Introduction

We were interested in the determination of thermodynamic properties of deriva-
tives and analogues of nucleic acid bases and some pharmaceutics. The compounds
studied are mostly characterised by low vapour pressure and are individually synthe-
sised in small amounts (complex to synthesise, not commercially available). The
necessary condition to perform a cycle of thermodynamic determination is the sub-
stance recovery after the measurements. In the Knudsen effusion method used by up-
to-day [1−4] the substance recovery was difficult, whereas the amount of substance
required for single measurement is quite large, making in some cases the accom-
plishment of the series of investigations impossible. A stability control of a studied
compound in the course of the sublimation process is also difficult or impossible.

In the present paper we give a description of a new device for measurements of
vapour pressure and sublimation enthalpy of the low volatile compounds by flow in-
ert gas method. Although the principle of the method is well known [5−8], the pro-
posed new construction seems to be interesting due to its practical usefulness and
obtained precision of measurements of the enthalpy of sublimation. The constructed
device was applied for the determination of the vapour pressure and the enthalpy of
sublimation of some methyl-, methoxy- and hydroxy-derivatives of cytosine.
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Experimental

Method

The inert gas flow method consists in the passing a stream of an inert gas over the
sample at a known rate and at a constant temperature, slowly enough to achieve prac-
tically saturation of the carrier gas with a vapour of the substance studied. Marti et
al. [7] made careful studies on the ideal interval of the inert gas flow, which is reveal-
ing at high rates a decrease of the vapour pressure measured. At rather low values of
the gas flow a marked increase of the vapour pressure is observed by the diffusion of
the substances transported in addition to the flow. The vapour is then condensed at
some point downstream; in order to determine the mass of the sublimated compound
and its purity. The vapour pressure for the given inert gas temperature in the saturation
area is next calculated from this amount and with the given volume of the inert gas.

Apparatus

The constructed device is presented on Fig. 1. The inert gas (nitrogen) from tank
flows through a column packed with silica to adsorb a humidity from the gas. In a
water thermostat where a temperature is controlled to ±0.01 K, the stabilisation of
the gas temperature occurs. The stability of the gas flow with precision better than
0.01% is realised by use of mass flow controller MKS type 1259CC-00050SU. The
inert gas of constant temperature and velocity passes then to the glass tube
(L=1000 mm long, with a diameter d=30 mm, L/d=33.3), which is placed in the air
thermostat. Three zones of the glass tube can be distinguished to perform: zone (A)
for stabilising of the inert gas; zone (B) in which sublimation process occurs; ensur-
ing slow sublimation of the investigated substance; zone (C) in which the inert gas
together with the sublimated substance is overheated by 4−5 K, controlled by plati-
num resistance thermometer. The determined temperature of the air thermostat is
kept constant with a precision of 0.01 K by means of the temperature controller PID

Fig. 1 The scheme of device based on the flow inert gas method
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type 650 H UNIPAN equipped with a resistance thermometer. The zone (C) is cou-
pled with the condenser built from glass helix, placed (outside the thermostat) lo-
cated in a Dewar vessel filled with a liquid nitrogen. To avoid a penetration of hu-
midity from the air, a condenser is connected to a vessel filled with CaCl2.

Calculation

The amount of sublimated substance is determined by following procedure. The
condensed substance is dissolved in a defined volume of solvent Vsol. The determi-
nation of the mass of the substance is based on the measuring of absorbance A of its
solution by means of CARY 1E UV-Visible Spectrophotometer, Varian. Knowing a
value of the extinction coefficient ε (dm3 mol−1 cm−1) of the studied compound dis-
solved in the solvent one can express the concentration of the solution c(mol dm−3)
according to the Lambert-Beer law, by the following relation (1):

A = εcl (1)

whereas the mass of sublimated substance is calculated from:

m = cVsolM (2)

where l is an absorbing path length; M is a molar mass of studied substance. Consid-
ering that the vapour pressure of the substance is very low, the ideal gas rule can be
applied:

pVx = nRT (3)

where Vx is a total inert gas volume at temperature T, of the measurement corrected
with the thermal expansivity coefficient; R is a gas constant; n=m/M − number of
moles of sublimated substance. The Vx value is calculated from Eq. (4):

Vx

Vgas
 = 

T
Tr

(4)

where Tr is a temperature of the water thermostat, Vgas(dm3) is a gas volume at tem-
perature Tr, calculated by Eq. (5):

Vgas = νt (5)

where ν(dm3/h) is a gas flow velocity; t(h) is a sublimation period. Taking into ac-
count (2)−(5) we then obtain:

P = c
Vsol

Vgas
RTr

(6)

The experimentally determined vapour pressure data are usually presented with
the use of co-ordinates (lnP; 1/T):

lnP = A + 
B
T

(7)
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The value of the enthalpy of sublimation is calculated by use Clausius-Clapeyron
equation:

∆sub
g Hm = −R

∂(lnP)
∂(1/T)

(8)

Whereas the entropy of sublimation at given temperature T was calculated from
relation:

∆sub
g Sm = 

∆subHm
g  − ∆sub

g G

T
(9)

where

∆sub
g G = −RTln

P
Po

where Po=1.013⋅105 Pa.
However, the correction related to the changes of value ∆sub

g Hm with temperature
was omitted.

Results and discussion

The flow inert gas method is a dynamic method. Therefore, from ‘principle’ there
is no thermodynamic equilibrium between solid and vapour of the substance studied.

The velocity of a carrier gas flow through the sublimation chamber should be
chosen very carefully, in order to establish and maintain the conditions of thermody-
namic equilibrium for the substance present in solid and vapour phases. It was al-
ready shown in a paper [12], when the gas flow velocity is too low ν=0.024(dm3/h),
the error of the determination of the P value increases, when the gas flow velocity is
too high, the conditions of solid vapour equilibrium cannot be achieved and the
measured vapour pressure values express some temporary states of a system. Efforts
were made to maintain the conditions close to the thermodynamic equilibrium be-
tween gas and solid phase through securing the adequate velocity of inert gas flow-
ing over the expansive surface of the medium on which the sublimating substance
was put. The laminar gas flow was secured. The Reynolds number Re corresponds to
200 with the packing coefficient assumed to 0.45, the mass of sublimated substance
per hour was 0.5−2 mg which corresponds to 6⋅10−3−2⋅10−2 milligrams in hour per
unit of surface (cm2) from which sublimation occurs. The dimension of the surface
is about 600 cm2.

The device was tested before starting the exact measurements by determining the
relation between P and ν and choosing the gas flow velocity value adequate to the
appearance of a plateau on P=f(ν) curve.

The benzoic acid, as a standard substance obtained from Polish Committee of
Quality and Standards was used for the calibration. Its enthalpy of combustion
∆cH=−3228.1 kJ mol−1 and heat of melting corresponds to ∆fusH=18.0 kJ mol−1,
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which are in good agreement with literature data [19]: ∆cH=−3226.9 kJ mol−1,
∆fusH=18.06 kJ mol−1.

The vapour pressure measurements were performed in the range of temperature
307−355 K. For each temperature value the experiments were repeated at 9 different
gas flow rates: ν=0.2; 0.5; 1; 1.5; 2; 2.5; 3; 3.5 and 4 dm3/h. At the conditions where
the gas flow rate and temperature were kept constant, every experiment was repeated
at least three times. The results of the determinations are presented numerically (Ta-
ble 1) and graphically (Fig. 2). It is quite obvious, that there is no significant differ-
ence between the saturated vapour pressure data determined in constant temperature
at different gas flow rates. The existing differences are within the experimental error
limits. It proves, that is described above experiments, the thermodynamic phase-equilib-
rium is very good approximated between vapour and solid forms of substance.

In Table 2 the obtained dependence of P=f(T):

lnP = (34.18±0.14) − 
10888±45

T
;

σ = 1.98⋅10−2; R = 0.9998; n = 10;

and value of sublimation enthalpy ∆sub
g Hm=90.5±0.3 kJ mol−1 are reported and com-

pared with a data taken from literature [5−17]. There is a good agreement between our
determined value of the enthalpy of sublimation and this recommended by IUPAC
∆sub

g Hm=89.7±0.5 kJ mol−1 [16]. 
However, obtained lnP=f(T) values implicates the existence of two sets of data.

The P=f(T) data determined in this work is consistent with the results of Davies [5]
and Colomina [15] within the limits of experimental error, but differ somewhat from
the results obtained by Klosky [9], Malaspina [10] and Wiedemann [11].

To verify the usefulness of constructed device in the investigations on the deriva-
tives of nucleic acids bases, the measurements of ∆sub

g Hm for 1-methyl-4N-methoxy-
cytosine were performed.

Fig. 2 The relation of the partial pressure of benzoic acid as a function of temperature and 
inert gas flow rate
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The saturated vapour pressures were measured at different temperatures (Ta-
ble 3) using two methods: Knudsen-effusion method, described in previous investi-
gations [1−4] and the method of an inert gas flow with the use of the new constructed
apparatus. The calculated dependencies lnP=f(T) and ∆sub

g Hm are as follows:

Effusion method:

∆sub
g Hm = 107.6±0.3 kJ mol−1, ∆sub

g Sm = 222.15 J mol−1 K−1

lnP = (38.24±0.11) − 
12943±35

T

σ = 2.76⋅10−3; R = 0.999; n = 6

Flow method:

∆sub
g Hm = 106.9±0.4 kJ mol−1; ∆sub

g Sm = 227.12 J mol−1K−1

lnP = (38.84±0.14) − 
12857±48

T

σ = 1.39⋅10−2; R = 0.999; n = 8

It can be noticed a good agreement between ∆sub
g Hm data obtained by two men-

tioned methods. The P=f(T) data determined by means of the inert gas flow method
are slightly higher than those determined by use of the effusion method.

Probably it results from the different preparation procedures applied to the sam-
ples of substance, used in each experiment. In the inert gas flow method, the sub-
stance was preliminary dissolved in water and then evenly deposited by a slow
evaporation of water on the surfaces of the glass spheres. In the next step, the sub-
stance was carefully dried in the stream of an inert gas. It is possible, that in the

Table 3 The relation P=f(T) for 1-methyl-4N-methoxycytosine determined by Knudsen-effusion
and inert gas flow method

Effusion method Flow method

T/K P/Pa T/K P/Pa

315.68 0.0636 320.31 0.273

317.27 0.0779 325.73 0.527

319.36 0.1014 330.25 0.913

321.68 0.1361 335.46 1.72 

323.42 0.1686 340.72 3.06 

325.15 0.2097 345.18 4.95 

350.14 8.41 

357.40 17.37  

232 ZIELENKIEWICZ et al.: ENTHALPY OF SUBLIMATION

J. Therm. Anal. Cal., 57, 1999



course of this procedure the certain modification change of 1-methyl-4N-methoxy-
cytosine or also a certain content of the amorphous form might be produced in the
flow method. Such differences in the crystal form could be an explanation for the ob-
served differences. It could affect the value of free energy of sublimation, but would
not have any influence on the value of standard enthalpy of sublimation. It should be
pointed out, that in the effusion-studies the coefficients of absorption of the sub-
stance, were determined before and after each measurement, as well as for the sub-
stance remaining on the base. The comparison of those two quantities revealed, that
in the sublimation process no decomposition of substance investigated occurred.

The presented device was used for the determination of the enthalpy of sublima-
tion of some methyl-, methoxy- and hydrocytosines published previously [18] as
well as for 2,4-diamino-6-hydroxypyrimidine and 2,4,6-trihydroxypyrimidine for
which the experimental results were presented in Table 4.

The results of calibration as well as of the determination of the vapour pressure
and the enthalpy of sublimation of cytosine derivatives shown on the good repro-
ducibility and accuracy obtained in the described device.

*   *   *
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