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This paper describes the application of thermogravimetry including conventional thermobalance and standard
sample holders for the estimation of vapor pressure and related thermodynamic properties of a potent narcotic
analgesic, fentanyl (CAS No. 437-38-7). For this study, benzoic acid was used as a reference material to
calibrate the thermogravimetric analysis (TGA) instrument and experimental conditions used. The relationship
between the isothermal sublimation rates of benzoic acid determined at different temperatures and the
corresponding literature vapor pressure values was established, and the correlation equation thus obtained
was used for the estimation of vapor pressure of fentanyl. By adopting this procedure, the vapor pressure
of fentanyl was estimated at different temperatures from T ) (423.15 to 493.15) K. Extrapolation of the
measured data to T ) 298.15 K gave the vapor pressure of subcooled fentanyl and estimated it to be (4.6
( 2.7) ·10-6 Pa. The corresponding solid phase vapor pressure of fentanyl was calculated to be (5.9 (
4.7) ·10-7 Pa after taking the enthalpy of fusion into consideration. Related thermodynamic properties, viz.,
enthaply of vaporization and normal boiling points, were also estimated from the vapor pressure-temperature
curve.

Introduction

Fentanyl, N-(1-phenethyl-4-piperidinyl)propionanilide (1) (CAS
No. 437-38-7), is a schedule II controlled substance, classified
as a narcotic analgesic. It is the representative compound of
the 4-anilidopiperidine class of narcotic analgesics and is
characterized by very high analgesic potency, relatively short
duration of action, and good overall safety margin during
surgical anesthesia. It is chemically related to meperidine and
is 50 to 100 times more potent than morphine.1 It was introduced
in clinical practice in the 1960s as an analgesic, and its
application as an anesthetic agent represented a major increase
in its potency in comparison with other contemporary opiate
agonists.2

Fentanyl can be delivered to the human body through a variety
of ways including oral intake in the form of a lollipop (Actiq),
a transdermal patch (Duragesic), and inhalation. When admin-
istered through the inhalation route, an immediate anesthetic
effect has been observed because of the fast absorption from
the nasal mucosa and lung capillaries.3 Owing to this effect,
substantial efforts have been devoted to developing technologies
that enable systemic delivery of fentanyl via inhalation.4 These
techniques were mostly based on a liquid aerosol approach, a
dry powder approach, and generation of aerosols via thermal

means.3 Various physiochemical properties play a critical role
in deciding its inhalation potential, and knowledge of these
parameters is very crucial for the development of drug delivery
technologies. Vapor pressure is one of the most important factors
among them.

There are several techniques for the measurement of vapor
pressure of low volatility chemicals which include the isoteni-
scope5 Knudsen effusion6,7 and gas saturation8 methods. These
methods, however, are time-consuming, are labor intensive, and
sometimes involve hazardous materials such as radioactive
compounds to achieve high accuracy. Moreover, these methods
require great care to obtain accurate and reproducible results.
There also exist various predictive schemes for the calculation
of vapor pressure based on the group contribution approach.9

These predictive schemes have been implemented in computer
modeling software.10,11 The vapor pressures obtained from
predicative methods, however, can show significant deviations
from experimental values and are often not reliable.12

Thermogravimetry has been known for the estimation of
vapor pressure of compounds having low volatility. With this
technique, vapor pressures as low as 10-8 Pa can be determined
over a wide temperature range from room temperature to as
high as 1000 K.13 Thermogravimetry analysis (TGA) is used
to measure the accelerated vaporization rates at elevated
temperatures. It has been shown that the evaporation process
follows zero-order kinetics, and the rate of mass loss of a
substance under isothermal conditions due to vaporization
remains constant provided the free surface area does not
change.14 Price and Hawkins suggested that it is possible to
use thermogravimetry to determine the vapor pressures using
the Langmuir equation for free evaporation.12 Guckel et al. have
measured the rate of volatilization of pesticides at ambient
pressure by isothermal thermogravimetry.15 Elder has used this
technique for the determination of vapor pressure of pharma-
ceutical compounds with moderate accuracy.16 Both Guckel15

and Elder16 have correlated the rate of mass loss with vapor
pressure using the same behavior of a substance of known vapor
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pressure as a standard. Thus, the thermogravimetric method of
vapor pressure determination has provided an alternative to
traditional techniques that is easy to use, is rapid, and requires
only a small amount of substance.

In the present paper, we describe the use of thermogravimetry
for the estimation of vapor pressure, enthalpy of vaporization,
and normal boiling point of fentanyl. To the best of our
knowledge, no systematic studies have been carried out for the
determination of vapor pressure and related thermodynamic
properties of fentanyl. An extensive literature survey revealed
that only two reports are available on the vapor pressure of
fentanyl.17,18 One of them17 is based on the gas chromatographic
determination of the vapor pressure of fentanyl which reported
the vapor pressure value at T ) 298.15 K only. The second
report18 calculated the vapor pressure of fentanyl at T ) 298.15
K using the fragment constant method. However, the values
determined by this method have shown deviations from
experimental values.12 Moreover, the temperature dependence
of vapor pressure and related thermodynamic properties have
not been reported.

Theory

According to the Langmuir equation (eq 1) for free evapora-
tion in vacuo, the relationship between the rate of mass loss of
a substance and its vapor pressure at a particular temperature
is19

dm
dt

) pR� M
2πRT

(1)

where dm/dt is the rate of mass loss of the substance per unit
area; p is the vapor pressure at absolute temperature T; M is
the molecular weight of the effusing vapor; and R is the gas
constant. The vaporization coefficient R is equated to 1 for
evaporation in vacuo, but for a material volatilizing into a
flowing gas stream at one atmosphere, it is not assumed to be
unity. On rearrangement, eq 1 can be written as

p ) dm
dt
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and the calibration constant k ) 1 / R√2πR and the vaporiza-
tion rate V ) (dm⁄dt)√T⁄M .

Equations 2 and 3 imply that the rate of evaporation of a
compound at a specific temperature follows zero-order kinetics
and is directly proportional to its corresponding vapor pressure.
The calibration constant k is independent of the material used
and the temperature range in which the experiments are carried
out but is dependent on the specific instrumental system and
experimental configuration. A plot of ln p against ln V follows
the same trend for a series of compounds with known vapor
pressure, regardless of the chemical structure, provided that the
sample does not associate in the solid, liquid, or gas phase. It
allows the calibration constant k to be calculated from the graph,
and by knowing the value of k, the vapor pressures of unknown
materials can be found using eq 3.

The temperature dependence of the vapor pressure can be
described by the Classius-Clapeyron equation (eq 4)

d(ln p)
dT

)
∆R

�H

RT2
(4)

where ∆R
�H is the molar enthalpy of vaporization/sublimation

for liquids/solids, respectively. Over the limited temperature
range, ∆R

�Hcan be assumed to be constant, and the integrated

form of the Clausius-Clapeyron equation can be written as
eq 5

ln p ) B -
∆R

�H

RT
(5)

Putting eq 5 in eq 3 gives

ln V ) B′ -
∆R

�H

RT
(6)

Thus, according to eq 5, the enthalpy of vaporization/
sublimation can be obtained from the graph plotted between ln
p (estimated from the experimental rate of vaporizations, eq 3)
and reciprocal temperature (1/T). It is, however, often difficult
to obtain good quality vapor pressure data over a wide
temperature range to evaluate the temperature dependence of
∆R

�H. After studying a large number of materials, Chikos et al.20

recommended the following equations for conversion of en-
thalpy of vaporization/sublimation to a standard state (T )
298.15 K)

∆subH(298.15 K) ⁄ kJ ·mol-1 ) ∆subH(T ⁄ K) +
0.0320(T ⁄ K - 298.15) (7)

∆vapH(298.15 K) ⁄ kJ ·mol-1 ) ∆vapH(T ⁄ K) +
0.0540(T ⁄ K - 298.15) (8)

Practically useful vapor pressure of the substance at T )
298.15 K can be obtained by extrapolating the measured data
to this temperature. However, the vapor pressure at T ) 298.15
K actually represents the vapor pressure of a subcooled liquid
rather than the solid phase vapor pressure. The latter can be
determined after taking the entropy of fusion into consideration
by the following equation21

ln p ) ln p + (∆fusS

R )(1 -
Tm ⁄ K

T ⁄ K ) (9)

where pS and pL are the solid and the liquid phase vapor
pressures, respectively; ∆fusS is the entropy of fusion at the
melting temperature Tm; R is the ideal gas constant (8.314
J ·K-1 ·mol-1); and T is the temperature of interest (here 298.15
K). The factor ∆fusS/R has been empirically equated to 6.79
for the calculation of solid phase vapor pressure.13,21,22 However,
a more realistic value of ∆fusS/R could be obtained by
differential scanning calorimetry (DSC).

It is also possible to estimate the boiling temperature (Tb) of
the compound at normal atmospheric pressure by extrapolating
the vapor pressure-temperature curve to 101325 Pa. However,
use of this estimated boiling point for practical applications
should be done carefully because the compound may undergo
decomposition at this temperature.

Experimental Section

Resublimed benzoic acid and 99 % bis(2-ethylhexyl)phthalate
(CAS No. 117-81-7) were obtained from Acros and used as
received. Fentanyl (CAS No. 437-38-7) was synthesized as
reported previously,23 and its purity (> 98 %) was determined
by chromatographic and spectroscopic analysis. The melting
point of fentanyl was measured using DSC analysis which also
confirmed the purity of the compound.

Thermogravimetric analysis was performed using a TA
Instruments model TGA 2950 with a water-cooled furnace. The
thermobalance was calibrated for temperature according
to the method of Stewart, using indium, tin, bismuth, and lead.24

The magnitude and linearity of the balance response was
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checked with standard milligram masses. Samples were placed
in tared aluminum cups (internal diameter 12.5 mm, depth 3
mm) of the type used for DSC measurements. For solid samples,
the cup was filled completely with material which was then
melted so that a known sample surface area was obtained while
liquid samples were measured directly. The sample thermo-
couple was kept as close as possible to the surface of the
specimen to accurately record its temperature without interfering
with the operation of the balance. The furnace was purged with
dry, oxygen-free nitrogen (flow rate: 90 mL ·min-1 through the
furnace and 10 mL ·min-1 through the balance). The experi-
ments were triplicated to ensure reproducibility.

Differential scanning calorimetry was performed using a TA
instruments 2920 DSC under nitrogen (Flow rate: 10 mL ·min-1)
to determine the melting point and enthalpy of fusion. The
compound was encapsulated in hermetically sealed aluminum
pans to prevent the loss of the material. The temperature of the
furnace was increased from T ) (323.15 to 423.15) K with rate
of 10 K per minute. The instrument was calibrated for
temperature and heat flow response according to the melting
points and enthalpies of pure indium under the same conditions
used to study the material under investigation.

Results

For this study, benzoic acid was used as a reference
compound to calibrate the TGA instrument and experimental
conditions used. It has been recommended as a calibration and
test material and used extensively as a standard for combustion
and adiabatic calorimetry.25 It has also been used a reference
standard for vapor pressure estimation of various compounds
by TGA.12,16,26,27 During the present course, isothermal rates

of sublimation for benzoic acid were determined at T ) (333.15
to 383.15) K. The fact that the sublimation of benzoic acid
followed the zero-order kinetics was confirmed by plotting a
semilogarithmic graph between sublimation rate (ln V) and 1/T.
The experimental enthalpy of sublimation of benzoic acid (88.8
( 2.0) kJ ·mol-1 was obtained from the slope of the graph and
found in good agreement with literature values of (89.7 ( 1.0)
kJ ·mol-1.28 A calibration curve (Figure 1) was obtained by
plotting a double logarithmic graph between ln V at a particular
temperature and corresponding literature vapor pressure ln plit.

29

The correlation equation (eq 10) was then obtained by the linear
regression analysis of the graph (r2 ) 0.99, SD ) 0.105)

ln p ⁄ Pa )
(1.1 ( 0.0) ln(V ⁄ 10-6g0.5 ·mol0.5 ·K0.5 ·min-1) -

(1.1 ( 0.1) (10)

Equation 10 was a general equation which could be used for
the estimation of vapor pressure of any compound at different
temperatures provided its rates of vaporizations/sublimations
have been determined from TGA analysis. However, before
applying this method for fentanyl, the authenticity of eq 10 was
checked by determining the vapor pressure of bis(2-ethylhexyl)-
phthalate and comparing the results with the published values.30

Bis(2-ethylhexyl)phthalate has been used as a reference com-
pound for the measurement of vapor pressure,31 and its vapor
pressure has been determined accurately by different methods.30,32

The vaporization rates of bis(2-ethylhexyl)phthalate were
determined at different temperatures, and corresponding vapor
pressure was determined using eq 10 (Table 1). Good agreement
between estimated and literature values of vapor pressure of
bis(2-ethylhexyl)phthalate proved the correctness of the method.

The vapor pressure of the fentanyl was calculated using a
similar procedure adopted for bis(2-ethylhexyl)phthalate. The
rates of vaporization of fentanyl were determined by monitoring
the rate of weight loss by TGA using an identical procedure
and under similar experimental configurations as used earlier.
Figure 2 shows a set of representative experimental time courses

Figure 1. Correlation observed between ln V determined at T ) (333.15 to
383.15) K and ln plit. The literature vapor pressures of benzoic acid (plit) at
different temperatures were calculated using the parameters obtained from
ref 29. The equation of the line was obtained by linear regression analysis
of the graph and is given by ln p/Pa ) (1.1 ( 0.1) ln V - (1.1 ( 0.1).

Table 1. Vapor Pressure of Bis(2-ethylhexyl)phthalate at T )
(423.15 to 473.15) K Calculated from Experimental Rates of
Vaporization (W) Determined at T ) (423.15 to 473.15) K and
Comparison of Calculated Values with Literature Values

T V pa plit
b

K 10-6g0.5 ·mol0.5 ·K0.5 ·min-1 Pa Pa

423.15 19.2 8.0 ( 1.0 8.5
433.15 38.6 17.0 ( 1.0 17.1
443.15 70.4 32.6 ( 1.0 33.3
448.15 88.8 41.9 ( 1.0 44.7
453.15 134.1 65.5 ( 1.0 60.0
463.15 226.3 115.4 ( 1.0 108.0
473.15 354.1 187.4 ( 1.0 185.3

a Calculated using eq 10. b Ref 30.

Figure 2. Isothermal TGA thermograms obtained by monitoring the mass
loss of fentanyl with respect to time at different temperatures ranging from
T ) (423.15 to 493.15) K. The corresponding rates of vaporization of
fentanyl at these temperatures were obtained from the slope of each
thermogram which were used to calculate the vapor pressures of fentanyl
using eq 10. -, 423.15 K; - - -, 433.15 K; · · · · , 443.15 K; - ·- · ,
453.15 K; - · · - · · -, 63.15 K; ---, 473.15 K; · · · · , 483.15 K; - · - · , 493.15 K.
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(TGA thermograms) depicting weight loss at T ) (423.15 to
493.15) K at 10 K increments. In this temperature range, the
thermograms (a plot of weight loss vs time) were linear which
indicated that the vaporization followed zero-order kinetics. No
reliable measurements on sublimation rates of fentanyl (solid
phase vaporizations) could be made because of very small
weight loss. The zero-order rates of evaporation at different
temperatures were obtained from the slope of isothermal TGA
thermograms. The vapor pressure of fentanyl at each specific
experimental temperature was then calculated from measured
evaporation rates using eq 10 (Table 2). The calculated vapor
pressure values of fentanyl were plotted against 1/T to get a
linear curve (Figure 3, r2 ) 0.99, SD ) 0.156). The correlation
equation corresponding to the linear least-squares curve fit of
these data was

ln p ⁄ Pa ) (31.0 ( 1.1) - (12898.1 ( 502.8)T-1 ⁄ K-1

(11)

The coefficients of the equation could be used to estimate
the vapor pressures of fentanyl at different temperatures.
Generally, the vapor pressure of a compound is reported at T
) 298.15 K. For fentanyl, it could be calculated by extrapolating
the experimental vapor pressure data outside of the measured
region and was found to be (4.6 ( 2.7) ·10-6 Pa. However,
this estimated vapor pressure is actually the vapor pressure of
a subcooled liquid. The corrected solid phase vapor pressure
of fentanyl at T ) 298.15 K could be obtained using eq 9. The
entropy of fusion (∆fusS) for fentanyl was determined by DSC
analysis (Figure 4) and found to be (84.0 ( 8.4) J ·K-1 ·mol-1

at its melting temperature (Tm ) 358.30 K). Hence ∆fusS/R was
calculated to be 10.1 ( 1.0, and from eq 9, the solid phase
vapor pressure of fentanyl at T ) 298.15 K was calculated to
be (5.9 ( 4.7) ·10-7 Pa.

Following eq 5, the enthalpy of vaporization (∆vapH) of
fentanyl, obtained from the slope of the plot of ln p vs 1/T
(Figure 3), was found to be (107.2 ( 4.2) kJ ·mol-1 at the mean
temperature of T ) 458.15 K. On the other hand, the DSC
analysis of fentanyl revealed its enthalpy of fusion to be (30.1
( 3.0) kJ ·mol-1. The sublimation enthalpy of fentanyl,
calculated from these data, was corrected to T ) 298.15 K using
eq 7 and was found to be (144.6 ( 7.2) kJ ·mol-1.

It is also possible to estimate the boiling point at normal
atmospheric pressure (Tb) of fentanyl by extrapolating the
vapor pressure vs temperature curve until the pressure is
101325 Pa (atmospheric pressure). For fentanyl, it was found
to be (663.7 ( 49.5) K. All the thermodynamic data are
presented in Table 3.

Conclusions

This work reports the vapor pressures and related thermo-
dynamic properties, viz., enthalpy of sublimation and normal
boiling point of fentanyl. These parameters were estimated from
its isothermal rates of vaporization by making use of the
Langmuir equation. Although this approach of vapor pressure
determination does not take the effect of heat transfer and mass
transfer phenomenon into consideration, it still provides a
simplified and fast method for a preliminary screening of the
vapor pressure of narcotic analgesics like fentanyl. Because these
type of compounds are widely used as drugs of abuse,
understanding the vapor pressure properties of these drugs is
significant when attempting to develop the air monitoring
equipment for their vapor detection. Moreover, fentanyl is also
being used in medical practice as a potent analgesic and
anesthetic, and knowledge of these thermodynamic data is
critical for understanding and modeling the thermal aerosol
formation of fentanyl which in turn is required for the develop-
ment of its aerosol delivery system.
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Table 2. Vapor Pressure of Fentanyl at T ) (423.15 to 493.15) K
Calculated from Experimental Rates of Vaporization (W) Determined
at T ) (423.15 to 493.15) K

T V pa

K 10-6g0.5 ·mol0.5 ·K0.5 ·min-1 Pa

423.15 3.5 1.3 ( 0.9
433.15 9.3 3.6 ( 0.9
443.15 16.7 6.9 ( 0.9
453.15 34.2 14.9 ( 1.0
463.15 49.0 22.0 ( 1.0
473.15 89.3 42.2 ( 1.0
483.15 149.2 73.5 ( 1.0
493.15 204.4 103.3 ( 1.0

a Calculated using eq 10.

Figure 3. Correlation obtained between the vapor pressure of fentanyl
calculated using eq 10 at T ) (423.15 to 493.15) K and 1/T. The equation
of the line obtained by linear regression analysis is given by ln p/Pa )
(31.0 ( 1.1) – (12898.1 ( 502.8) T-1/K-1.

Figure 4. Differential scanning calorimetric (DSC) graph of fentanyl
obtained by measuring heat flow between T ) (323.15 to 423.15) K. It
revealed the enthalpy of fusion to be (30.10 ( 3.00) kJ ·mol-1.

Table 3. Liquid Phase Vapor Pressure (pL), Solid Phase Vapor
Pressures (pS), and Enthalpy of Sublimation (∆subH) at T ) 298.15
K and Normal Boiling Point (Tb) of Fentanyl

pL pS ∆subH Tb

Pa Pa kJ ·mol-1 K

(4.6 ( 2.7) ·10-6 (5.9 ( 4.7) ·10-7 (144.6 ( 7.2) kJ ·mol-1 (663.7 ( 49.5) K
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