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Standard enthalpies of formation of 3-hydroxyphthalic anhydride
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In this investigation thermochemical properties of 3-hydroxyphthalic anhydride were determined. Fusion enthalpy, fusion temperature and
molar heat capacity in solid phase were obtained by differential scanning calorimetry. By the Knudsen effusion method, the molar enthalpy
of sublimation at 298.15 K was obtained. By thermogravimetric data, it was possible to determine the molar enthalpy of sublimation and the
molar enthalpy of vaporization. On the other hand, the molar enthalpy of formation in solid phase at 298.15 K was determined by combustion
calorimetry. The molar enthalpy of formation in gas phase at 298.15 K was calculated from molar enthalpy of sublimation at 298.15 K and
molar enthalpy of formation in solid phase at 298.15 K. This experimental value was compared both theoretical enthalpy of formation in gas
phase by using Gaussian methods at the G3 and G4 levels and with an estimated value in relation to phthalic anhydride.
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1. Introduction

Phthalic anhydride derivatives have been applied in the chem-
ical industry as plasticizers and heat resistant polymers such
as polyesters, polyimides, and poly(ether imide)s [1]. One of
its derivatives is the 3-hydroxyphthalic anhydride (3-HPA),
which exhibits a hydroxyl group substituent in position 3,
Fig. 1.

In recent publications it has been shown that 3-HPA can
serve as a raw material to obtain drugs with potential applica-
tions, such as, anticancer [2,3], antimicrobial and in the treat-
ment of diabetes [4,5], herpes [6-8], HIV [9,10]. For the de-
sign and production of new drugs, it is necessary to have ex-
act and precise values of various properties of the compounds
involved in the manufacturing processes [11]. Among these,
the thermochemical properties, have an important role. For
example, the knowledge of the standard molar enthalpies of
formation of all reactants, it allows the determination of re-

FIGURE 1. Chemical composition of 3-hydroxyphthalic anhydride
(3-HPA).

action heat. The standard molar enthalpy of formation in the
solid and gas phase, allows the calculation of enthalpic incre-
ments related to the contribution of functional groups con-
cerning a base chemical structure. Therefore, it was decided
to determine the main thermochemical properties of 3-HPA,
whose results are reported in the present work. The temper-
ature and enthalpy of fusion and molar heat capacity in solid
phase, were obtained by differential scanning calorimetry
(DSC). The molar enthalpy of sublimation atT = 298.15 K
was determined by Knudsen effusion method and by thermo-
gravimetric analysis (TGA). In this last method, as 3-HPA,
sublimates and vaporizes, it was possible to obtain the molar
enthalpy of sublimation and vaporization at 298.15 K, using
data of process of sublimation (from 400.15 K to 470.15 K)
and using data of process of vaporization (from 476.15 K to
486.15 K). The values of molar enthalpy of sublimation at
298.15 K calculated by different ways, were compared. The
standard molar enthalpy of formation in the solid phase was
determined from standard molar enthalpy of combustion ob-
tained by combustion calorimetry. The standard molar en-
thalpy of formation in gas phase at 298.15 K,∆fHm(g),
obtained from the standard molar enthalpy of sublimation
and formation in the solid phase at 298.15 K was compared
to the theoretical enthalpy of formation in gas phase deter-
mined from Gaussian methods at the G3 and G4 levels. Fi-
nally, ∆fHm(g), standard molar enthalpy of formation in
gas phase of 3-HPA was estimated from the contribution of
the OH functional group related to phthalic anhydride (base
chemical structure). Similar works have been done in other
research [11-13], allowing their use in the prediction of data
for related structures.
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2. Experimental

2.1. Materials and purity control

Compound 3-HPA was acquired from Sigma-Aldrich, the pu-
rity of the indicated molar fraction was> 0.98, so it was
recrystallized with ethyl acetate. Once recrystallized and pu-
rified, fusion temperature and enthalpy of fusion were deter-
mined by DSC in a Perkin Elmer DSC7 device at a heating
rate of 1.0 Kmin−1 and a nitrogen flow of 30.0 cm3min−1.
The DSC device was calibrated for both temperature and
heat flow using an Indium sample with enthalpy of 28.6 Jg−1

and temperature of 429.75 K [14]. The 3-HPA purity was
calculated using the fractional fusion technique, methodol-
ogy described in other works [15,16]. High purity nitrogen
(x = 0.99997) was supplied by Infra Co. The heat capac-
ity was obtained at a heating rate of 10.0 K min−1 and ni-
trogen flow of 30.0 cm3min−1 in a temperature range from
293.15 to 412.15 K. The calibration was performed with alu-
minum oxide as a reference, using the two steps method
[17]. The device shown aCp for the aluminum oxide of
78.58 Jmol−1K−1 at 300 K, 88.71 Jmol−1K−1 at 350 K, and
95.54 Jmol−1K−1 at 400 K, these values were as reported in
the literature (79.43 Jmol−1K−1 at 300 K, 88.87 Jmol−1K−1

at 350 K and 96.10 Jmol−1K−1 at 400 K) [14]. Table I
shows the commercial sources, initial and final purities of
compounds used in this work.

2.2. Combustion calorimetry

The combustion energy was determined by combustion
calorimetry, in an isoperibolic calorimeter equipped with a
semi-micro combustion bomb. This technique has been de-
scribed elsewhere [18]. The calorimeter device was cali-
brated with benzoic acid as calorimetric standard (NIST Stan-
dard Material Reference 39j), its certified massic energy of
combustion of∆c u = −(26434.0 ± 3.0) Jg−1 (where the

uncertainty is the standard deviation of the mean) was cor-
rected using the equation provided by Coops [19]. The en-
ergy equivalent was obtained from its complete oxidation,
ε(calor) = (1281.2 ± 0.8) JK−1, the uncertainty is twice
to the standard deviation of the mean of six calibration runs,
data of calibration experiments was shown in previous work
[20]. The combustion of 3-HPA was carried out under the
same experimental conditions as those mentioned above for
the calibration procedure, with a sample weight of 40 mg
and a high purity oxygen inlet pressure of 3.04 MPa (x =
0.99999, supplied by Airgas Co). The combustion chamber
was purged with oxygen for five minutes to ensure an oxi-
dizing atmosphere; no nitric acid corrections were made. In
each experiment 0.1 mL of water was added to the bomb,
whose volume is 0.022 L. Cotton thread fuse was used, with
a composition C1.000H1.742O0.921 and a combustion energy
of ∆cu = −(16945.2 ± 4.2) Jg−1 (the uncertainty is the
same as standard deviation of the mean) [21]. In each experi-
ment an ignition unit (Parr 2901) was used with an energy of
4.184 J.

The temperature measurement was carried out using a
thermistor (5610 Hard Scientific), the resistance was regis-
tered with a digital multimeter HP 34420 A. Table II shows
the physical properties of the materials used in the combus-
tion experiment for this work.

The standard mass energy of combustion of 3-HPA was
determined by Eq. (1):

∆cu(3−HPA)=
(

∆UIBP+∆Ucorr−m∆cu(cotton)
m(3−HPA)

)
,

(1)

where∆UIBP is the energy of the isothermal bomb process,
included the ignition energy∆Uign, ∆Ucorr is the correction
to standard state (atp = 0.1 MPa of the pure species),
m∆cu(cotton) is the combustion energy of the fuse and
m(3−HPA) is the compound’ mass.
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2.3. Thermogravimetry using the Langmuir method

The enthalpy of sublimation was determined from Langmuir
equation, according to the procedure described by Price [24]:

(
dm

dt

)(
1
A

)
= pα(M/2πRT )1/2, (2)

where(dm/dt)(1/A) is the rate of mass loss per area of va-
porizationA, p is the vapor pressure at absolute temperature
T , M is the molar mass,R is the gas constant, andα is the
vaporization coefficient (assumed to be 1 under vacuum con-
ditions or macromolecules). To simplify the equation, it can
be expressed as:

p = kυ, (3)

wherek = (2πR)1/2α andυ = (dm/dt)(1/A)(T/M)1/2.
According to the Clausius-Clapeyron’s equation, it is possi-
ble to determine the enthalpy of phase change from the vapor
pressure. Combining the Clausius-Clapeyron and Langmuir
equations, it is possible to write Eq. (4):

ln υ = C −
(

∆β
αHm

R

)(
1
T

)
, (4)

whereC groups the involved constants and∆β
αHm is the en-

thalpy of phase change at average temperature. In the TGA, if
the mass loss is carried out at lower than melting temperature,
this allows the enthalpy of sublimation to be evaluated. Oth-
erwise, if the loss of mass occurs at higher than melting tem-
perature, this allows the enthalpy of vaporization to be eval-
uated. In this work it was possible to calculate both the va-
porization enthalpy and sublimation enthalpy from the same
TGA thermogram of compound 3-HPA, at average tempera-
tureTm and to 298.15 K. The TGA was carried out in a simul-
taneous TGA/DSC TA Instruments SDT Q600, the device’s
features have been described elsewhere [25]. The calibration
procedure was performed in mass with a standard provided
and certified by the National Institute of Standards and Tech-
nology (NIST) as (315.162± 0.0048) mg. In addition, it was

calibrated in temperature and heat flow with high purity In-
dium, NIST certified temperature of (429.7485±0.00034) K
and enthalpy of fusion of (28.51± 0.19) Jg−1. The calibrat-
ing constant was 1.0050, determined from the enthalpy of fu-
sion. The experimental heating rate in TGA/DSC was 10.0 K
min−1 and the nitrogen flow of 100.0 cm3min−1. The heat-
ing rate was determined from different tests of heating rates
and nitrogen flow. These tests were performed with pyrene
and phenanthrene calculating vaporization enthalpy, whose
experimental values were∆g

l Hm(298.15K) = (89.5± 1.4)
kJmol−1 and ∆g

l Hm(298.15K) = (79.5 ± 1.4) kJmol−1,
they agreed with the results available in the literature [26-34].

2.4. Knudsen effusion method

According to the Knudsen effusion equation it is possible to
evaluate the vapor pressure from rate of mass loss:

p =

(
∆m
∆t

w0A0

)(
2πRT

M

)1/2

, (5)

where∆m/∆t is the rate of mass loss at temperatureT in the
aluminum cell,w0 is the Clausing probability factor,A0 is the
effusion area,R is the ideal gas constant,T is the tempera-
ture at which the loss of mass takes place andM is the molar
mass. Using the above equation and the Clausius-Clapeyron
equation it is possible to evaluate the enthalpy of sublimation:

ln υ = ln B −
(

∆g
crHm

R

)(
1
T

)
, (6)

whereυ is (∆m/∆t)T 1/2, ln B includes the integration con-
stant and the(1/A0w0)(2πR/M), ∆g

crHm is the enthalpy of
sublimation at average temperature, the details of experimen-
tal method has been described elsewhere [11]. The enthalpy
of sublimation was determined from the mass loss(∆m) as
a function of time(∆t) at constant temperature, in a range
temperature from 332.60 K to 342.28 K with 2.0 K steps and
10−6 Torr vacuum pressure. The experiments were carried
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out in pierced aluminum cells, with a silver disk. The di-
mensions of disk and effusion hole are: Cell A (diameter:
1.345 mm,A0: 1.42 mm2, thickness: 0.150 mm,w0 fac-
tor: 0.9228), Cell B (diameter: 1.031 mm,A0: 0.835 mm2,
thickness: 0.135 mm,w0 factor: 0.9106) and Cell C (di-
ameter: 0.842 mm,A0: 0.557 mm2, thickness: 0.135 mm,
w0 factor: 0.8927). The pumping system consists of two
VARIAN vacuum pumps (model DS 102 and model V70D).
The temperature was registered by a thermistor Hart Scien-
tific model A1143-01, connected to a multimeter (Agilent
model 34420A). The validation of the method was carried
out by determining the sublimation enthalpy of two stan-
dards, ferrocene and anthracene, whose experimental val-
ues were∆g

crHm(298.15K) = (73.4 ± 2.2) kJmol−1 and
∆g

crHm(298.15K) = (104.2 ± 3.2) kJmol−1, they agreed
with the results available in the literature [26,35-44].

2.5. Computational details

The Gaussian−3 and−4 theories were occupied to deter-
mine the energies at 0 K and the enthalpies at 298.15 K of the
compounds studied from ab initio molecular orbital calcula-
tions and from Gaussian 09 [45-48]. In turn, the enthalpies
of formation in gas phase at 298.15 K were calculated from
these energies using the G3 and G4 methods and applying
the considerations made by Nicolaides [49]. The method-
ology has already been used and validated by our research
group [11].

3. Results and discussion

The molar fraction after purification of 3-HPA by recrystal-
lization increased to a value greater than 0.99 in DSC. Her-
metic aluminum cells were utilized for the enthalpy and melt-
ing temperature due to the loss of mass at lower temperatures
of melting temperature. It is worth nothing that only the melt-
ing temperature of 3-HPA is reported in the literature, but not
the other thermochemical properties. Table III resumes the
melting temperatures, ranging around 471.15 K, the data re-
ported in this work agrees with the values reported by other
authors.

The heat capacity as a function of the temperature was
determined in the range from 293.15 K to 412.15 K from
DSC data. The numerical coefficients of Eq. (7) were ob-
tained from a polynomial regression applied to a set of
Cp,m(cr,Jmol−1K−1) vs T (K) data. The experiments were
carried out in duplicate. Table IV shows three of six values of
specific energies of combustion at 298.15 K, experimentally
obtained.

Cp,m(cr) = 3.3677× 10−7T 4 − 4.5504× 10−4T 3

+ 2.2903× 10−1T 2 − 5.0404× 101T

+ 4.2541× 103(r2 = 0.9999). (7)

Table V resumes the energy and enthalpy of combustion
and the enthalpy of formation in solid phase of 3-HPA. The
enthalpy of combustion∆cHm at T = 298.15 K was calcu-
lated from the energy of combustion∆cUm at the same con-
ditions. The enthalpy of formation in solid phase of 3-HPA,
∆fHm(cr), was determined from∆cHm at T = 298.15
K and from enthalpies of formation of the products of the
idealized reaction, Eq. (8). The utilized values of the en-
thalpies of formation in standard state atT = 298.15 K were
−(285.83±0.04) kJmol−1 for H2O (l) and−(393.51±0.13)
kJmol−1 for CO2 (g) [54].

C8H4 O4(cr) + 7O2(g) = 8CO2(g) + 2H2O(l). (8)

The rate of mass loss as a function of temperature
(dm/dt) was determined by using TGA. Two thermal pro-
cesses, from 400.15 K to 470.15 K and from 476.15 K to
486.15 K, corresponding to the sublimation and vaporization
processes, were observed. In the first temperature range (sub-
limation process), the enthalpy of sublimation was calculated
at average temperature ofTm = 435.15 K, Table VI. This
latter value was corrected to 298.15 K according to Eq. (9).

∆g
crHm(298.15 K)/kJmol−1 = ∆g

crHm(Tm/K)

+ ∆g
crCp,m (Tm/K − 298.15 K) , (9)

Rev. Mex. Fis.68061701
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where ∆g
crCp,m(kJmol−1K−1) = 0.75 + 0.15[Cp,m

(cr, 298.15K)/Jmol−1K−1]/1000. The heat capacity for
solid phase is shown in Table III.

In turn, this sublimation enthalpy was compared with that
obtained via Knudsen effusion, where solid-gas equilibrium
can be guaranteed. The effusion process was performed in
a range temperature from 332.60 K to 342.28 K, Table VI.
The enthalpy of sublimation atTm = 336.42 K was cor-
rected to 298.15 K through the Eq. (9). The values of the
sublimation enthalpies calculated by using both methods, are
shown in Tables VI and VII. On the other hand, the en-
thalpy of vaporization at average temperature of 481.15 K,
∆g

l Hm(481.15K), was determined in the second tempera-
ture range of TGA thermogram from 476.15 K to 486.15 K
(vaporization process). The vaporization enthalpy at average
temperature was corrected at 298.15 K, according to Eq. (10).
This value is shown in the Table VI.

∆g
l Hm(298.15K)/kJmol−1 = ∆g

l Hm(481.15K)

+ ∆g
l Cp,m(481.15K − 298.15K), (10)

where

∆g
l Cp,m(kJmol−1K−1)

= 10.58 + 0.26[Cp,m(l, 298.15K)/Jmol−1K−1]/1000

Cp,m(l, 298.15K) = (Cp,m(g, 298.15K) + 10.58)/0.74

The heat capacity for gas phase at Jmol−1K−1 was eval-
uated taking into the vibrational frequencies determined from
B3LYP /6-311G++** theory level, Eq. (11).

Cp,m(g) = 1.7233× 10−9(T )4 − 2.6011× 10−6(T )3

+ 1.0857× 10−3(T )2 + 2.9765× 10−1(T )

+ 2.2131× 101(r2 = 0.9999). (11)

From Table VIII, comparing the enthalpy of sublimation
at 298.15 K obtained by Knudsen effusion and thermogravi-
metric data, at lower temperatures of the melting temperature,
it can be observed that there is a difference between both of
2.7 kJmol−1. Likewise, it is observed that by adding the va-
porization enthalpy with the fusion enthalpy at 298.15 K, the

Rev. Mex. Fis.68061701
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estimated value of the sublimation enthalpy presents a differ-
ence of 0.6 relative to the value obtained by Knudsen effusion
technique. This procedure was validated with pyrene (with a
difference of 0.3 kJmol−1) and phenanthrene (with a differ-
ence of 0.7 kJmol−1).

The enthalpy of formation in gas phase was determined
from Eq. (12) and was summarized in Table VIII.

∆fH◦
m(g, 298.15K) = ∆fH◦

m(cr, 298.15K)

+ ∆g
crHm(298.15K). (12)

The theoretical enthalpy of formation in gas phase of 3-

HPA at 298.15 K was determined using the energies obtained
by G3 and G4 methods [47,55-57]. These energies were ap-
plied in atomization and isodesmic reactions and are shown
in Tables IX and X.

The atomization reaction (i) and the isodesmic reactions
(from ii to v) for 3-HPA (C8H4O4) occupied in the present
research are expressed below:

(i) C8H4O4= 8 C(g)+4H(g)+4O(g)

(ii) 3-HPA + ethene + methane = benzene + maleic anhy-
dride + methanol

Rev. Mex. Fis.68061701
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FIGURE 2. Increments enthalpics,∆∆fHm(g), related to the al-
cohol functional group.

(iii) 3-HPA + methane = methanol + phthalic anhydride

(iv) 3-HPA + ethane + methane = benzene + succinic anhy-
dride + methanol

(v) 3-HPA + 8 methane = ethene + ethanol + dimethyl
ether + acetone

Table XI shows theoretical enthalpies of formation in gas
phase of 3-HPA at 298.15 K, evaluated from both atomization
reaction and isodesmic reactions [57], more approximate to
the experimental value determined at the G3 level, the values
in parentheses are the differences between experimental and
theoretical results, all values are in kJmol−1.

Finally, another option to estimate the molar enthalpy of
formation in gas phase of 3-HPA was from the replacement
of a proton with an OH group relative to phthalic anhydride.
To this end it was necessary to calculate the contribution of
this group taking into the enthalpic change from benzoic acid
[58] to 2-hydroxy benzoic acid [59] and from methyl ben-
zoate [60] to methyl 2-hydroxybenzoate [61], Figure 2. As
can be seen, the average value of the contribution of the OH
group of these two routes was−(202.2±3.9) kJmol−1. Tak-
ing this value and the enthalpy of formation in gas phase at
298.15 K of phthalic anhydride [62], the estimate enthalpy of
formation in gas phase at 298.15 K of 3-HPA was calculated,
giving a value of∆fH◦

mm(g) = −(573.2±6.3) kJmol−1. It
can be observed that there is a difference between the molar
enthalpy in gas phase at 298.15 K, estimated and experimen-
tal, of 4.3 kJmol−1.

4. Conclusions

To conclude, thermochemical properties of 3-
hydroxyphthalic anhydride, were obtained from differential
scanning calorimetry, thermogravimetric analysis, and Knud-
sen effusion. The melting temperature was within the range
reported by other authors. The enthalpy of sublimation de-
termined by thermogravimetric data and Knudsen effusion
were compared, getting a difference of 2.7 kJmol−1 and 0.6
kJmol−1, in sublimation and vaporization process. The the-
orical and estimate standard molar enthalpy of formation
in gas phase of the 3-HPA showed excellent concordance
regarding to the experimental value.
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11. M. A. Garćıa-Castro, P. Amador, J. M. Hernández-Ṕerez, A. E.
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(1993) 1378,https://doi.org/10.1139/v93-178

60. W. V. Steele, R. D. Chirico, A. B. Cowell, S. E. Knip-
meyer, and A. Nguyen, Thermodynamic Properties and Ideal-
Gas Enthalpies of Formation for Methyl Benzoate, Ethyl

Benzoate, (R)-(+)-Limonene, tert-Amyl Methyl Ether, trans-
Crotonaldehyde, and Diethylene Glycol,J. Chem. Eng. Data47
(2002) 667 ,https://doi.org/10.1021/je0100847

61. J. M. Ledo, Experimental and theoretical study of methyl
n-hydroxybenzoates,J. Chem. Thermodyn.124 (2018) 1,
https://doi.org/10.1016/j.jct.2018.04.011

62. V. L. S. Freitas, C. P. F. Santos, M. D. M. C. Ribeiro da Silva,
and M. A. V. Ribeiro da Silva, The effect of ketone groups
on the energetic properties of phthalan derivatives,J. Chem.
Thermodyn.96 (2016) 74,https://doi.org/10.1016/
j.jct.2015.12.018

Rev. Mex. Fis.68061701

https://doi.org/10.1063/1.473659�
https://doi.org/10.1139/v93-178�
https://doi.org/10.1021/je0100847�
https://doi.org/10.1016/j.jct.2018.04.011�
https://doi.org/10.1016/j.jct.2015.12.018�
https://doi.org/10.1016/j.jct.2015.12.018�

