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a b s t r a c t

In this work, 2-[(4-nitro-benzoyl)-hydrazone]-propionic acid (C10H9O5N3), a Schiff base compound was
synthesized and structurally characterized. The low-temperature heat capacities of C10H9O5N3 were
measured with a small sample precision automated adiabatic calorimeter from 78 to 400 K. The curve of
experimental heat capacity versus reduced temperature of C10H9O5N3 has been fitted with a polynomial
equation by the least-squares method, the fitting result showes that the structure of C10H9O5N3 is stable
in the whole temperature region. The smoothed heat capacities and thermodynamic functions of the title
compound were calculated by the polynomial equations with an interval of 5 K. The constant-volume
combustion energy for C10H9O5N3 was determined by an RBC-II precision rotating bomb combustion
calorimeter. According to one designed thermochemical cycle, and combined with some other auxiliary
thermodynamic data, the standard molar enthalpy of formation of the C10H9O5N3 was calculated, and
DfHm

�
(C10H9O5N3, s)¼ -(667.31± 11.02) kJ$mol�1. In addition, optimized structure, frontier molecular

orbitals, and molecular electrostatic potential of C10H9O5N3 were analyzed by using B3LYP calculation
with 6-31G (d,p) basis set.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

As a branch of Schiff base, acylhydrazones have received
extensive attention because of their biological and therapeutic
properties, such as antimicrobial activity [1e3], anticancer activity
[4e6], insecticidal activity [7e9], antitubercular activity [10e12]
and antioxidant activity [13e15]. So they have been extensively
investigated and used in drug exploitation in the past few decades.
Moreover, acylhydrazones behave as chelating ligands due to their
N and O atoms. So various acylhydrazone complexes with stronger
biological activities have been synthesized [16e21].

As we know, the thermodynamic properties play very important
roles in chemistry, chemical simulation, chemical engineering, in-
dustrial applications [22e25]. The heat capacity and enthalpy are
the most important thermodynamic properties, not only because
they can be used to calculate enthalpy changes, entropy and Gibbs
free energy, equilibrium constant and so on, but also in calculating
thermodynamic parameters of the certain compounds [26]. For
example, the Ttrans, DHtrans and DStrans for (n-C18H37NH3)2CdCl4
have been derived based on heat-capacity measurements [27]. The
DrHm

�
and DfHm

�
of Ba(C7H5O2)2(s) have been measured from the

dissolution enthalpies of the reactants combined with some
auxiliary thermodynamic data [28]. In addition, with the
improvement of quantum chemistry and the increasing develop-
ment of computing method, the density functional theory (DFT) is
becoming more and more important in the field of organic chem-
istry. It has been a valuable tool in predicting and analyzing the
kinetic stability and the chemically active sites of the molecule [29].
To the best of our knowledge, frontier molecular orbitals (HOMO
and LUMO) can be used for analyzing electronic structure, charge
transfer and reaction mechanism of molecular [30,31]. Molecular
electrostatic potential (MEP) analysis is used as a theoretical
method to predict reaction sites, intermolecular binding patterns
and thermodynamic properties of molecular, etc [32,33]. However,
as yet extensive literature survey reveals that the thermodynamic
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properties and theoretical analysises of acylhydrazones are rarely,
which provide a chance for us to carry on this research. The ex-
pected results of the study can provide theoretical basis for the
pharmacological research and industrial application of the
acylhydrazones.

In this study, the 2-[(4-nitro-benzoyl)-hydrazone]-propionic
acid (C10H9O5N3, Scheme 1) was synthesized, and the structurewas
characterized by X-ray diffractometer (XRD), IR, and elemental
analysis. The low-temperature heat capacities and the standard
molar enthalpy of formation of the C10H9O5N3 were measured by
adiabatic calorimetry and combustion calorimetry, respectively.
The optimized molecular structure, frontier molecular orbitals
(HOMO and LUMO), and molecular electrostatic potential (MEP)
analysis of the title compound were investigated by using the DFT
method at the B3LYP/6-31G(d,p) level.

2. Experimental section

2.1. Preparation of C10H9O5N3

4-nitro-benzoylhydrazide and pyruvic acid were commercially
available and used as received. C10H9O5N3 was synthesized by
literature method with minor modifications [34]. 4-nitro-ben-
zoylhydrazide (2.325 g, 10mmol) was dissolved in absolute ethyl
alcohol (30mL), and stirred until entirely dissolved. Then, pyruvic
acid (1.232 g, 14mmol) was slowly added to the above transparent
solution via a dropping funnel. The mixture solution was heated
under reflux for 2 h. Finally, the precipitate was filtered in vacuo to
give a pale yellow powder. The powder was recrystallized from
ethanol, and the yellow product was obtained. Yield: 71.62%. Anal.
calcd for C10H9N3O5: C, 47.81; H, 3.61; N, 16.73. Found: C, 47.92; H,
3.67; N, 16.64. IR (KBr, cm�1): 1690, 1570, 1530, 1490, 1270, 1030,
854, 791, 715.

2.2. Preparation of the compound [C10H9O5N3·H2O]n

The C10H9O5N3 (0.10 g, 0.40mmol) was dissolved in mixed so-
lution of C2H5OH and H2O (Vethanol:Vwater¼ 1:1, 20mL). Then the
solution was filtered, and the filtrate was naturally evaporated at
room temperature. After three days, the yellow columnar crystals
were collected, and dried in the air (Yield: 52.21%). The crystal
structure of above crystal was determined by the single crystal X-
ray diffraction. Crystal data: [C10H9O5N3$H2O]n, Monoclinic, P 21,
a¼ 6.5892(17) Å, b¼ 11.781(3) Å, c¼ 7.590(2) Å, V¼ 587.8(3) Å3,
Z¼ 2. The asymmetric unit of compound contains one C10H9O5N3
molecule and one lattice H2O molecule (Fig. S1). The detailed
crystallographic data were summarized in Table S1. Selected bond
lengths and angles were listed in Tables S2-S3, Supporting Infor-
mation. CCDC number is 1578867 for compound
[C10H9O5N3$H2O]n.

3. Results and discussion

3.1. Low-temperature heat capacities

The experimental results of low-temperature heat capacities of
the sample are listed in Table 1 and plotted in Fig. 1. As can be seen
Scheme 1. Structure of C10H9O5N3.
from Fig. 1, the whole heat capacity curve increases with the in-
crease of temperature from 78 to 400 K, and no anomaly, which
indicates that the structure of the substance is stable in the whole
temperature region. All points of experimental molar heat capac-
ities (Cp, m) versus reduced temperatures (X) were fitted with a
polynomial equation by means of the least-squares method. The
correlation coefficient for the fitting R2 equals 0.99998, the fitting
equation as follows:

Cp;m
.�

J,K�1,mol�1
�
¼ 252:947þ 198:770X � 71:519X2

� 15:513X3 þ 22:146X4 (1)

In which X ¼ (T-239)/161 is the reduced temperature, X¼ [T -
(Tmax þ Tmin)/2]/[(Tmax - Tmin)/2], T is the experimental tempera-
ture; Tmax and Tmin are the upper and lower limits of the temper-
ature region, respectively.

Smoothed values of the molar heat capacities were obtained
based on the fitted polynomial equation (1). The relative deviations
between the experimental values and the smoothed values are
±0.4% except for few points. The other fundamental thermody-
namic functions of the sample relative to the standard reference
temperature 298.15 K can been calculated according to the ther-
modynamic equations (2)e(4). The results are tabulated in Table 2
at the intervals of 5 K.

ðHT � H298:15Þ ¼
ðT

298:15

Cp;mdT (2)

ðST � S298:15Þ ¼
ðT

298:15

Cp;m,T�1dT (3)

ðGT � G298:15Þ ¼
ðT

298:15

Cp;mdT � T,
ðT

298:15

Cp;m,T�1dT (4)

3.2. Standard molar enthalpy of formation

The constant-volume energy of combustion of C10H9O5N3 was
determined using an RBC-II precision rotating bomb combustion
calorimeter. The DcU of the C10H9O5N3 can be calculated from Eq
(5). The experimental results are listed in Table 3.

�DcU=J,g�1 ¼ ðεcalor,DT � QNi � QHNO3Þ=W (5)

where DcU/(J$g�1) is the constant-volume energy of combustion of
the sample; εcalor/(J$K�1) is the energy equivalent of the oxygen-
bomb calorimeter; DT/K is the corrected temperature rise; W/g is
the mass of the sample.sa ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðx� xÞ=nðn� 1Þ

q
, in which n is

the experimental number; xi is a single value obtained from a series
of measurements; xis the mean value of the results.

At T¼ 298.15 K, the pressure quotient of the constant-volume
energy of combustion: (vu/vp)T¼�0.2 J$g�1$MPa�1 [35]. Consid-
ering that the pressure was corrected from 2.50 to 0.1MPa,
DP¼�2.49MPa, the change of the constant-volume energy of
combustion of the sample D(DcU) was calculated to 0.50 J$g�1.
Therefore, the standard (p

� ¼ 0.1MPa) constant-volume energy of
combustion for C10H9O5N3 was corrected to be DcU

� ¼ -
(18161.35± 49.79) J$g�1 þ 0.50 J$g�1¼ -(18160.85± 49.79) J$g�1,
and DcUm

� ¼ - (4558.37± 12.50) kJ$mol�1.
The standard molar enthalpy of combustion,DcHm

�
, of C10H9O5N3



Table 1
Experimental molar heat capacities of C10H9O5N3.

T/K Cp, m/(J,K�1,mol�1) T/K Cp, m/(J,K�1,mol�1) T/K Cp, m/(J,K�1,mol�1)

78.112 20.258 177.83 168.51 290.95 308.55
81.065 23.481 181.85 173.58 293.92 311.76
83.911 27.395 185.85 179.79 296.88 314.49
86.661 32.459 188.80 183.94 299.84 316.61
89.325 35.682 191.76 188.08 302.78 319.44
91.908 38.905 194.68 192.91 305.76 321.57
94.422 42.358 197.62 197.52 308.78 323.45
96.867 45.581 200.56 200.74 311.78 327.50
99.252 49.955 203.51 205.58 314.77 329.83
101.58 53.178 206.47 209.72 317.75 332.40
103.86 56.401 209.40 214.55 320.71 334.89
106.08 59.624 212.34 218.24 323.66 336.86
108.26 62.847 215.28 222.38 326.60 338.99
110.40 65.839 218.24 226.75 329.57 341.64
112.50 69.062 221.21 230.67 332.59 344.05
114.56 71.364 224.16 234.35 335.58 346.05
116.59 74.127 227.11 238.27 338.57 347.98
118.58 77.350 230.07 242.64 341.55 350.35
121.67 81.724 233.03 246.78 344.52 352.80
125.21 87.249 236.01 250.01 347.47 354.56
128.08 91.853 238.98 253.19 350.42 356.05
130.97 95.766 242.73 257.66 353.40 358.02
133.86 100.83 246.48 261.43 356.42 360.55
136.77 105.44 249.44 265.11 359.43 362.51
139.69 110.27 252.37 268.68 362.42 364.36
142.62 114.64 255.33 272.34 365.41 366.29
145.56 119.48 258.33 276.03 368.39 367.93
148.50 124.08 261.31 279.64 371.36 370.14
151.43 128.00 264.26 282.78 374.32 371.95
154.34 132.60 267.20 285.99 377.27 373.23
157.26 136.97 270.17 288.88 380.21 374.92
160.19 141.58 273.17 291.97 383.19 376.65
163.14 146.41 276.16 295.79 386.21 378.53
166.09 151.25 279.13 298.52 389.22 380.38
169.03 154.70 282.08 300.80 392.21 381.75
171.95 159.53 285.00 303.09 395.20 383.35
174.88 164.14 287.96 306.71 398.19 385.15

Fig. 1. The curve of experimental molar heat capacities of C10H9O5N3.
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could be derived from the DcUm
�
at T¼ 298.15 K bymeans of Eq (6) -

Eq (8):

C10H9O5N3ðsÞ þ 39=4O2ðgÞ/10CO2ðgÞ þ 3=2N2ðgÞ
þ 9=2H2OðlÞ (6)
DcH
�
m ¼ DcU

�
m þ DnRT (7)

Dn ¼
X
ni

ðproducts; gÞ �
X
nj

ðreactants; gÞ (8)

where
P

ni and
P

nj are the sum of the stoichiometric coefficients of
the gaseous products and gaseous reactants, respectively.

DcH
�
m ¼ �ð4554:03±12:50ÞkJ,mol�1

In accordance with Hess' law, Eq (11) can be derived by the
following formula: Eq (11) ¼ 10Eq (9) þ 9/2Eq (10) - Eq (6)

CðsÞ þ O2ðgÞ/CO2ðgÞ (9)

H2(s) þ 1/2O2(g) / H2O(l) (10)

10C(s) þ 9/2H2(s) þ 3/2N2(g) þ 5/2O2(g) / C10H9O5N3(s) (11)

The standard molar enthalpy of formation, DfH
�
m, of C10H9O5N3

could be derived to be:

DfH
�
mðC10H9O5N3; sÞ ¼ 10DfH

�
mðCO2; gÞ þ 9=2DfH

�
mðH2O; lÞ

� DcH
�
mðC10H9O5N3; sÞ



Table 2
Smoothed molar heat capacities and thermodynamic functions of C10H9O5N3.

T (K) Cp/(J,K�1,mol�1) HT -H298.15/(kJ$mol�1) ST - S298.15/(J,K�1,mol�1) GT -G298.15/(kJ$mol�1)

80 22.901 �39.104 �192.558 �23.700
85 29.499 �38.973 �190.973 �22.741
90 36.279 �38.809 �189.095 �21.790
95 43.224 �38.610 �186.949 �20.850
100 50.316 �38.376 �184.552 �19.921
105 57.539 �38.107 �181.922 �19.005
110 64.877 �37.801 �179.077 �18.102
115 72.313 �37.458 �176.029 �17.215
120 79.832 �37.078 �172.793 �16.342
125 87.420 �36.659 �169.380 �15.487
130 95.061 �36.203 �165.803 �14.649
135 102.744 �35.709 �162.071 �13.829
140 110.453 �35.176 �158.196 �13.028
145 118.176 �34.604 �154.185 �12.247
150 125.902 �33.994 �150.048 �11.487
155 133.617 �33.345 �145.794 �10.747
160 141.311 �32.658 �141.431 �10.029
165 148.973 �31.932 �136.965 �9.333
170 156.592 �31.168 �132.404 �8.660
175 164.159 �30.366 �127.756 �8.009
180 171.664 �29.527 �123.026 �7.382
185 179.099 �28.650 �118.221 �6.779
190 186.454 �27.736 �113.347 �6.200
195 193.723 �26.785 �108.409 �5.646
200 200.898 �25.799 �103.414 �5.116
205 207.971 �24.777 �98.366 �4.612
210 214.937 �23.719 �93.271 �4.132
215 221.790 �22.627 �88.133 �3.679
220 228.523 �21.502 �82.957 �3.251
225 235.133 �20.342 �77.747 �2.849
230 241.615 �19.150 �72.508 �2.474
235 247.965 �17.926 �67.243 �2.124
240 254.179 �16.671 �61.957 �1.801
245 260.254 �15.385 �56.653 �1.505
250 266.189 �14.069 �51.336 �1.235
255 271.981 �12.723 �46.007 �0.991
260 277.629 �11.349 �40.671 �0.775
265 283.131 �9.947 �35.330 �0.585
270 288.488 �8.518 �29.988 �0.421
275 293.699 �7.063 �24.646 �0.285
280 298.764 �5.581 �19.308 �0.175
285 303.686 �4.075 �13.977 �0.092
290 308.465 �2.545 �8.654 �0.035
295 313.103 �0.991 �3.341 �0.005
300 317.603 0.586 1.960 �0.002
305 321.968 2.185 7.245 �0.025
310 326.202 3.806 12.515 �0.074
315 330.308 5.447 17.768 �0.150
320 334.290 7.108 23.001 �0.252
325 338.154 8.790 28.214 �0.380
330 341.906 10.490 33.405 �0.534
335 345.551 12.208 38.574 �0.714
340 349.096 13.945 43.720 �0.920
345 352.547 15.699 48.842 �1.151
350 355.912 17.470 53.938 �1.408
355 359.199 19.258 59.010 �1.690
360 362.417 21.062 64.057 �1.998
365 365.574 22.882 69.077 �2.331
370 368.680 24.718 74.072 �2.689
375 371.745 26.569 79.042 �3.072
380 374.779 28.435 83.986 �3.479
385 377.793 30.317 88.904 �3.911
390 380.798 32.213 93.799 �4.368
395 383.807 34.125 98.669 �4.849
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DfH
�
mðC10H9O5N3; sÞ ¼ �ð667:31±11:02ÞkJ,mol�1

The DfH
�
m (CO2, g)¼�393.51± 0.13 kJ$mol�1 and DfH

�
m (H2O,

l)¼�285.83± 0.04 /kJ$mol�1 were obtained from Refs. [36,37]
3.3. Optimized molecular geometry

Optimized geometrical parameters for C10H9O5N3 were calcu-
lated by using DFT method with B3LYP/6-31G (d,p) basis set, and
calculated bond lengths/bond angles were listed in Table S2-S3.



Table 3
The constant-volume energy of combustion for C10H9O5N3 at 298.15 K and 0.1MPa.

No Sample mass, W/g heat value of nickel wire, QNi/J heat value of nitric acid, QHNO3/J Corrected temperature rise, DcT/K Combustion energies, � DcU
�
i =J,g

�1

1 0.70028 38.0744 52.411956 0.903339 18064.30636
2 0.67954 35.1456 46.66818 0.877103 18083.87525
3 0.67577 36.02424 43.07832 0.877647 18200.14699
4 0.6921 35.73136 46.66818 0.905151 18326.42836
5 0.67534 39.5388 44.87325 0.869067 18024.67405
6 0.7685 38.0744 49.540068 1.001648 18268.68411

Average.� DcU
� ¼ x±sa

Fig. 2. The 3D plots of the frontier molecular orbital for C10H9O5N3.

Fig. 3. The contour map of Molecular electrostatic potential surface for C10H9O5N3.
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From the structural data given in the Tables, it is observed that all
carbon-carbon bond lengths of the phenyl ring fall in the range of
1.390e1.403 Å for calculation and are observed in the range of
1.352e1.401 Å for single crystal XRD data. The selected some bond
lengths, C(7)-N(2), N(2)-N(3), C(4)-C(7), C(8)-N(3) and C(1)-N(1),
are observed as 1.374 Å, 1.378 Å, 1.480 Å, 1.273 Å and 1.472 Å, and
calculated as 1.396 Å, 1.351 Å, 1.503Å, 1.287 Å and 1.476 Å, respec-
tively. The selected some bond angles, C(6)-C(1)-C(2), C(3)-C(4)-
C(5), N(2)-C(7)-C(4), C(7)-N(2)-N(3), C(8)-N(3)-N(2) and N(3)-C(8)-
C(10), are observed as 122.8�, 119.3�, 116.2�, 117.8�, 117.4� and
113.8�, whereas these values are calculated as 122.3�, 119.7�, 114.5�,
119.5�, 119.7� and 114.1�, respectively. The calculated values are in
good agreement with the experimental data. The torsion angle,
C(5)-C(4)-C(7)-N(2), is observed as 27.2� for theoretically, and
calculated as 14.4� for experimentally, the deviation may be
attributed to the intermolecular interactions and the interaction of
hydrogen bonds between O(3) and O(6) in the crystal structure. The
optimized molecular structure of the title compound is shown in
Fig. S2.

3.4. Frontier molecular orbital (FMO) analysis

The energies of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) were inves-
tigated by using the DFT method at B3LYP/6-31G(d,p) level. The 3D
plot of FMO of C10H9O5N3 has been drawn in Fig. 2. As shown in
Fig. 2, the positive phase is presented in red and the negative one is
in green. The HOMO is located over the acyl group and the LUMO is
located over the benzene ring, which show that charges transfer
occurs in the molecule. The computed energy values of HOMO and
LUMO are �7.622 eV and �3.169 eV, respectively. The energy gap
value of C10H9O5N3 molecule is 4.453 eV in gas phase. The HOMO
energy describes the ability of giving electron, LUMO energy
characterizes the ability of accepting electron, and the energy gap
value is correlated with difficulty of electrons are excited from the
ground state to excited state.

3.5. Molecular electrostatic potential (MEP) analysis

The MEP is a useful property to study the attacking sites for
electrophilic and nucleophilic substitution reactions [38,39]. The
different values of the electrostatic potential at the surface are
represented by different colors. Red color represents regions of
most negative electrostatic potential, and blue color signifies region
of the most positive electrostatic potential. In order to predict
reactive sites for electrophilic and nucleophilic attack for the title
molecule. TheMEP contourmap of C10H9O5N3 is illustrated in Fig. 3.
Fig. 3 shows that the oxygen atoms possess large negative potential,
and the hydrogen atom bonding with nitrogen atom possesses
large positive potential, of which due to the strong electron-
withdrawing property of nitro, carbonyl, and carboxy group.
Thus, it would be predicted that an electrophile would preferen-
tially attack the oxygen atoms and nucleophilic preferentially
attack the hydrogen atom attached to nitrogen atom.

4. Conclusion

In summary, we have synthesized a Schiff base compound
C10H9O5N3. The Low-temperature heat capacity curve increases
with increasing temperature from 78 K to 400 K, which showes that
the structure of the C10H9O5N3 molecule is stable in the whole
temperature region. The smoothed molar heat capacities and the
thermodynamic functions of the C10H9O5N3 are derived from the
thermodynamic equations. The standard molar enthalpy of for-
mation of C10H9O5N3 is DfH

�
m (C10H9N3O5, s)¼ -(667.31± 11.02)

kJ$mol�1. Additionally, the geometry of the title compound is
optimized with the DFT method and the theoretical structural pa-
rameters are in good agreement with the single crystal XRD data.
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Frontier molecular orbital analysis shows that EHOMO¼�7.622 eV,
ELUMO¼�3.169 eV and D(ELUMO-EHOMO)¼ 4.453 eV. HOMO and
LUMO occupy different locations of molecular structure of
C10H9O5N3, which indicate that the charges transfer take place
within the molecule. MEP analysis results reveal that electrophile
would preferentially attack the O position, and nucleophilic pref-
erentially attack the NeH position. The expected results are ach-
ieved by this research, as similar studies have beenwidely reported
in the literature [40e43].
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