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Abstract

Thermal analysis, IR spectroscopy and X-ray diffraction, at low and high temperatures, studies were carried out in order to study the
degradation of lisinopril. TGA analyses indicating weight losses were observed when this powder was heated up to the fusion temper-
atures. To corroborate these data Differential Scanning Calorimetry (DSC) was applied, endothermic transitions were found at 88.8,
110.4 and 179.4 �C; the absorbed energies were DH = 256 J/g (first + second transitions) and DH = 91.63 J/g (third transition). X-ray
powder diffraction (XRPD) was used to characterize lisinopril crystalline powder at 25, 125 and 190 �C. The analysis of the X-ray dif-
fraction pattern obtained at room temperature showed that the unit cell of the lisinopril crystal corresponds to monoclinic system (space
group, P1211), with cell parameters a = 94.912 Å, b = 121.223 Å, c = 94.74 Å and b = 99.39�; whereas the diffraction pattern obtained at
125 �C indicated that the unit cell of the lisinopril crystal corresponds to the monoclinic system with identical parameters as before, but
different b angle (b = 105.16�). No crystallinity was found in the diffraction pattern obtained at 190 �C. In order to determine the possible
cyclic process to a further heterocycle within the lisinopril structure, IR-spectra and theoretical studies were carried out.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lisinopril is a chemical compound with molecular for-
mula C21H31N3O5Æ2H2O and molecular weight 441.53. It
is chemically described as [N2-[(S)-1-carboxy-3-phenylpro-
pil]-L-lysyl]-L-proline dihydrate. Its structural formula is
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This synthetic peptide derivative finds wide application
as pharmaceutical, since it is an oral long-acting angioten-
sin enzyme inhibitor [1–3]. The either beneficial or toxic
effects of this compound are related to the details of its
crystalline structure as well as its chemical composition,
since these effects depend on the chemically active parts
of that structure. It was found that, by heating crystals of
lisinopril, three transitions appear: (a) a molecular trans-
formation (loss of a water molecule); (b) one second molec-
ular transformation (loss of the remaining water molecule)
accompanied by a transformation of the crystalline struc-
ture; (c) fusion of the resulting crystalline structure. To dis-
tinguish the different forms of the lisinopril it is named as
‘‘lisinopril Form 1’’ (LPRF1) for that at room temperature
and as ‘‘lisinopril Form 2’’ (LPRF2) for the crystalline
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molecular conformation between 110.4 and 171 �C (from
the DSC curve). Though LPRF2 appears only when the lis-
inopril crystal is heated up to the temperature range
described above, it is possible that this high temperature
structure could be made metastable at room temperature
by some thermal, mechanical process or by cyclic
formation on the nitrogen close to the benzene ring and
the carboxyl on the heterocycle by loss of water, known
as intra-molecular condensation [4]. With respect to
solubility, LPRF1 is soluble in water, slightly soluble in
methanol and practically insoluble in ethanol [5–7]. LPRF2
solubility is still unknown.

Accordingly, this work is aimed to add to the knowledge
of the structural changes of this important pharmaceutical
drug, especially when subjected to heating, due to the fact
that in the modified compound if intermolecular condensa-
tion is carried out its bioequivalence and the therapeutic
effects are greatly modified. The main objective of the pres-
ent work was to justify the experimental thermal studies
and theoretical calculations, in order to have a clear view
of the chemical stability of the compound under study.
Shun-Li Wang et al. [8] have reported different transition
temperatures and they fail to report X-ray and IR data.
Therefore, the added value of the present work is to show
the lack of the cycling process of lisinopril with further
experimental and theoretical calculations data.
2. Materials and methods

2.1. Materials

The lisinopril was supplied by ‘‘RETECMA S.A. DE
C.V.’’ and used without further purification as a crystalline
powder. The sample crystal size was below 0.2 lm and
employed as received in the X-ray diffraction, IR-spectra
and thermal studies.
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2.2. Thermo gravimetric analysis

To detect decomposition of the lisinopril crystal with
temperature, thermo gravimetric analysis (TGA) was car-
ried out in a TA-Instruments model 2960-Simultaneous
DSC–TGA. Though several TGA curves were obtained,
a representative curve is reported. The quantity of lisinopril
crystalline powder used was approximately 3 mg and a
heating rate of 2 �C/min was established. The TGA curve
was recorded from 24 �C up to 198 �C under a dry nitrogen
atmosphere with a flux of 20 ml/min.
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Fig. 1. Thermo gravimetric curve obtained from the lisinopril crystalline
powder.
2.3. Differential Scanning Calorimetry

A TA-Instruments-DSC-2010-Differential-Scanning-
Calorimeter was employed with Indium (In) as reference
for calibration. As in the previous section, a representative
curve is also reported here. The quantity of lisinopril crys-
talline powder used was approximately 4 mg and a heating
rate of 2 �C/min was established under a dry nitrogen
atmosphere with a flux of 20 ml/min.
2.4. X-ray powder diffraction

Lisinopril crystalline powder was analyzed by using two
different diffractometers. A diffractometer made by SIE-
MENS model D-5000 Kristalloflex with a scanning rate
of 1�/min and 2h ranging from 9� to 39� was used for room
temperature (25 �C). A diffractometer model D-5000 made
by SIEMENS with a scanning rate of 1� /min and 2h with
the same values as before was used for diffraction from
125 �C ± 2 �C and up to 190 �C ± 2 �C. In the second case,
the diffractometer slide containing lisinopril crystalline
powder was heated at a rate of 14.5 �C/min (by using a
heater manufactured with platinum wire) up to the men-
tioned temperatures. In both cases, Cu Ka radiation with
nickel filter was employed.
2.5. Infra-red spectra

Absorption bands in the region of Infra-red radiation
were obtained by using a Nicolet FTIR with a wavelength
from 400 to 4000 cm�1 and used for comparing the spectra
for lisinopril with and without heating up to 160 �C.
3. Results and discussion

3.1. Thermo gravimetric analysis

By observing the TGA curve, Fig. 1, it is clear that a
gradual decomposition of the lisinopril crystal prior to
the melting point occurred. By analyzing the curve it is pos-
sible to be seen that the decomposition process is carried
out in steps. In the beginning, 44 �C, the percentage of
weight loss is low with a rate of 0.025%/�C, this rate pre-
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vails up to around 68 �C. Beyond the temperature of 68 �C
the weight loss rate increases until reaching a rate of
0.228%/�C, that value remains constant until around
87 �C, after this point at 89 �C there is a weight loss of
4%, which corresponds to a dihydrate-monohydrate transi-
tion. Immediately, after 87 �C the process of weight loss is
reduced slightly during a brief interval and increases again
until reaching a rate of 0.465%/�C, this value remains con-
stant until around 108 �C , from 87 to 111 �C the monohy-
drate-dehydrated transition is very clear since at the
temperature of 111 �C the whole weight loss was 8.757%,
corresponding to the two water molecules’ loss. Later on,
within the interval 111–177 �C, no weight loss is observed,
indicating that the crystal of dehydrated lisinopril remains
without alteration during this stage. Finally, beyond
177 �C the crystal is melted at Tm = 178 �C–179 �C; which
is similar to that determined by the Fisher–Johns method
and evaporates with a rate approximately constant of
0.158%/�C.
3.2. Differential Scanning Calorimetry

The DSC curve is shown in Fig. 2. Three endothermic
peaks at 88.8, 110.4 and 179.4 �C can be observed. After
the cooling to room temperature the first two peaks do
not appear, this is the evidence of the loss of the two water
molecules. By considering the scale in the plot, the whole
energy absorbed by the crystal in the first and second tran-
sitions was DH = 256 J/g and the transition temperatures
are 88.8 �C, 110.4 �C, and, the whole energy absorbed by
the crystal in the third transition was DH = 91.63 J/g and
the transition temperature is 179.4 �C. This allows us to
conclude that LPRF2 will conserve its structural confor-
Fig. 2. Differential Scanning Calorimetry curve ob
mation from 110.4 �C up to 171 �C. In addition, there
exists a temperature range where two phases of lisinopril
are coexisting in equilibrium (the time of coexistence will
depend on the quantity of utilized mass and the transfor-
mation rate). In the interval from 171 to 179.4 �C, LPRF2
and the liquid are coexisting. Moreover, it is important to
mention that this process is irreversible, that is to say, the
dehydrated crystal cannot return to the hydrated state by
means of cooling even though the maximum temperature
reached is lower than 171 �C, since there is no water
available.
3.3. X-ray powder diffraction

Fig. 3 contains the set of diffraction patterns obtained
from lisinopril crystalline powder, where the diffraction
patterns obtained at 25 ± 2 �C (corresponds to LPRF1)
and at 125 ± 2 �C (corresponds to LPRF2) reveal crystal-
line structure at those temperatures; on the contrary, the
diffraction pattern obtained at 190 ± 2 �C, higher than
the melting temperature.

The analysis of the Bragg’s reflections (2h) in the diffrac-
tion patterns revealed that the unit cell of the LPRF1 crys-
tal correspond to the monoclinic system (space group,
P1211), with cell parameters a = 94.912 Å, b = 121.223 Å,
c = 94.74 Å and b = 99.39�. Then, for this crystal, the more
intense reflections are located at 7.22�, 12.3�, 19.7�, 21.98�,
24.42�, 26.38� corresponding to (391), (10010Þ, (10020Þ,
(0300), (20 2010), (22220) planes, respectively (Fig. 4).
For the LPRF2 crystal, diffractometry revealed that unit
cell of this crystal corresponds to the monoclinic system
also, having the same cell parameters as LPRF1 but with
a different b angle (b = 105.16�). For the LPRF2 crystal,
tained from the lisinopril crystalline powder.
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Fig. 3. Set of X-ray powder diffraction patterns obtained from the
lisinopril crystalline powder at 25, 125 and 190 �C.

5 10 15 20 25 30 35 40 45

0

200

400

600

800

1000

1200

d 
3.

37
5 

(2
2 

22
 0

)
d 

3.
64

2 
(2

0 
20

 1
0)

d 
4.

04
0 

(0
 3

0 
0)

d 
4.

50
2 

(1
0 

0 
20

)

d 
7.

19
0 

(1
0 

0 
10

)

d 
12

.2
33

 (
39

1)

Lisinopril
25ºC
Monoclinic system

C
ou

nt
s 

pe
r s

ec
on

d 
(C

ps
)

2θ Angle (degree)

Fig. 4. X-ray powder diffraction pattern obtained from the lisinopril
crystalline powder at 25 �C.
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Fig. 5. X-ray powder diffraction pattern obtained from the lisinopril
crystalline powder at 125 �C.
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the strongest reflections situated at 12.1�, 14.1�, 17.5�,
20.5�, 23.1� corresponds to (10100), (949), (10200),
(121212), (19190) planes, respectively (Fig. 5). Since each
one of the atoms in the unit cell scatters with an amplitude
proportional to its atomic scattering factor and with a
phase depending on the atomic position in the unit cell
[9], the formation of new well-defined reflections in the lis-
inopril crystal heated at 125 �C (LPRF2) is evidence that
the atoms have slightly changed its positions within the
unit cell, possibly due to the loss of the crystallization
water.

These results indicate that there is not any transforma-
tion of the lattice cell shape, but rather the formation of
new planes and the increase of the b angle is a consequence
of dehydration, since the space released by water molecules
allows the rest of the molecules to rearrange themselves
within the unit cell. In addition to the structural relevance
of these findings, it is also important to notice that the
absence of a water molecule or the intra-molecular conden-
sation within the crystal modifies the intermolecular inter-
actions, so as to minimize the free energy of the crystal at
that particular temperature.
3.4. Infra-red spectra

In order to corroborate these facts, IR-spectra of the lis-
inopril before and after the heating were carried out, as
there are not significant differences in both spectra. Fig. 6
shows the only one pattern found. Differences in the OH
absorption band due to the loss of water molecules were
found as expected, in the IR spectrum before and after
the heating process. However, no conclusive evidence was
found indicating that a cyclization process occurred by
heating the lisinopril molecule, this fact and the data
obtained by TGA where no weight loss after heating up
to 150 �C was detected are opposite to the report [8] where
a cyclization process was detected by FTIR studies. It is
worth mentioning that the TGA experiments were carried
out by a heating rate of 10 �C/min and the loss of only
two water molecules was precisely detected. In order to
complement the experimental study, theoretical calcula-
tions were carried out in order to search the possibility of
the intra-molecular cyclization.
4. Theoretical calculations

4.1. Computational details

The calculations were carried out by using the Gaussian
03 program package [10]; inside the DFT (Density Func-
tional Theory) method, the B3LYP potential was selected;
this potential is a combination of a Becke functional for the
interchange part and Lee–Yang–Parr functional for the



Fig. 6. Infra-red spectra from lisinopril at 25 �C.
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corresponding part [11]. In the theoretical calculations this
potential was joined with a polarized double zeta 6-31G*
basis set.

The full optimizations of the lisinopril molecule and
other possible cyclic form were made; for these optimiza-
tions, a stationary point was found; this fact was tested
because in the vibrational analysis imaginary frequencies
were not observed [12].
Fig. 7. Lisinopril geometry with element symbols.
4.2. Optimized geometries and energies

The lisinopril molecule was modelled; Fig. 7 presents the
geometry with the chemical symbols of the elements and
Fig. 8 the serial numbers of the atoms. In order to evaluate
the possibility of cyclization of lisinopril, two possible cyc-
lic forms corresponding to a cyclic of 6 and 10 members
Fig. 8. Lisinopril geometry with serial numbers labels, before cycling.



Table 1
Total energies, stabilization and relative energies

E/h Estab/kcal mol�1 Relative energy/kcal mol�1

Open form �1359.3132769 �6 260.26 0
Cyclic form �1282.8842159 �6 029.40 230.86

Table 2
Mulliken population of open and cyclic forms of lisinopril

Charges Open form Cyclic form

N3 �0.57 �0.46
C4 �0.04 �0.06
C6 +0.61 +0.58
N7 �0.44 �0.46
C17 �0.10 �0.04
C21 +0.62 +0.63
O23 �0.60 –
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were calculated. The cyclic form of six members was opti-
mized but, for the cyclic form of 10 members the optimized
geometry cannot be obtained. In Table 1 the total energies,
the stabilization and relative energies for the lisinopril
(open form) and the cyclic form of six members are shown.
The results indicate that the open form is the most stable;
the stability of the cyclic form is lesser than that of the open
form by 230.86 kcal mol�1.

The HOMO frontier orbital for the open form is shown
in Fig. 9. This form reflects a strong contribution of the
total structure, indicating the possibility of a total degrada-
tion more than a cyclization process.

4.3. Mulliken populations

Mulliken populations of the atoms involved in the pos-
sible cyclization process explained above are presented in
Table 2. It can be observed that the high negative charge
of the N3 of the NH group could justify (i) the formation
of intermolecular hydrogen bond or (ii) the exit of hydro-
gen in the possible cyclization process by interaction with
O23 (also with a very large negative charge) which belongs
to the OH group from one of the carboxylic groups; this
interaction would yield a water molecule. However, two
elements allow to suggest the option (i):

- The experimental results have showed, the loss of only
two water molecules due to the dihydrate lisinopril
structure;

- The analysis of the optimized geometry of lisinopril in
Fig. 10 allows us to suggest a possible intra-molecular
hydrogen bond involving the O23AH51 with the car-
bonyl group C6@O16.
Fig. 9. Probability region of the HOMO-orbital.
4.4. IR frequency calculation

Table 3 presents the experimental and theoretical IR
data, and the corresponding assignments to the bands for
the lisinopril IR-spectra are shown in Fig. 6. The assign-
ments of the experimental data were made by using the cal-
culated displacements of the atoms, corresponding to
vibration normal modes. These modes have been related
with the frequencies of the absorption bands in the IR-
spectra and the geometry parameters obtained from the
optimized structure and IR values [12].

The calculated data were adjusted by a scale factor of
0.9613 which has been recommended for the combination
B3LYP/6-31G(d) [13].
4.4.1. Region from 4000 to 2500 cm�1

In this region, we can observe seven important bands
which correspond to the m(OH), m(NH2) (bands I and II),
m(NH), m(Csp2H) due to the aromatic ring, and the
m(Csp3H2) and m(Csp3H). In the analysis of the geometry
of this molecule can be identified two carboxylic groups.
One of them is placed in a c position with respect to the
aromatic ring and at two bonds from a nitrogen N3; this
Fig. 10. Intra-molecular hydrogen bond C6@O6. . .H51AO23AC21.



Table 3
Experimental and calculated IR vibration frequencies and the corre-
sponding force constant

N� m(exp)/
cm�1

m(calcd)/
cm�1

k/(m
Dynes/
Å2)

Assignments

1 3553.5 3525.4 (50) 8.43 m(OH c-aromatic ring)
2 3520.0 3404.4 (1) 8.07 m(NH2) (band 1)
3 3397.3 3369.9 (10) 7.76 m(NH)
4 3266.7 3323.23 (3) 7.39 m(NH2) (band 2)
5 3093.3 3162.7 (533) 6.83 m(OH pentacyclic-ring)

Intra-molecular bond
6 3053.3 3073.13 (34) 6.58 m(Csp2AH)
7 2962.7 2986.47 (38) 6.27 m(CH2 pentacyclic-ring),

m(CH2 aliphatic), m(CH
aliphatic)

2933.3 2937.23 (37) 5.85 m(CH2) aliphatic, m(CH
aliphatic), m(CH2 pentacyclic-
ring)

2866.67 2834.7 (71) 5.59 m(CH2 aliphatic)
8 2346.0 1785.60 (294) 17.74 m(N@C@O) carbonyl group,

m(O@C@O) pentacyclic-ring,
d(OH) pentacyclic-ring, d(CH)
pentacyclic-ring

9 1656.5 1776.27 (220) 19.14 m(C@O) c-aromatic ring, d(OH)
c-aromatic ring, d(CH)
c-aromatic ring

10 1620.0 1632.62 (25) 1.84 d(NH2)
11 1576.0 1608.65 (191) 14.42 m(CAN), d(CH) aliphatic,

d(CH2) aliphatic, d(NH),
c(OH) pentacyclic-ring

12 1546.2 1600.04 (7) 9.10 m(Csp2@Csp2), d(Csp2AH)
13 1513.3 1488.17 (12) 3.12 m(Csp2@Csp2), d(Csp2AH)
14 1452.5 1467.74 (33) 1.75 d(NH), d(CH) aliphatic
17 1391.1 1417.12 (319) 2.13 m(CAN), c(NH),

c(OH) pentacyclic-ring
15 1343.0 1377.24 (105) 2.62 m(CAO), c(OH) c-aromatic ring,

c(CH) aliphatic, c(CH2)
aliphatic

16 1302.1 1341.85 (13) 1.65 c(CH) aliphatic, c(CH2)
aliphatic, c(CH2 pentacyclic-
ring)

17 1226.6 1200.6 (28) 2.15
1200.0 1158.07 (75) 1.48

18 1046.7 1076.41 (26) 1.47 m(NAC), c(NH), c(CH)
aliphatic, c(CH2) aliphatic1006.6 1053.69 (11) 1.84

19 747.8 756.68 (113) 0.69 q(CH2) aliphatic, c(NH), c(OH)
20 701.3 718.01 (89) 0.5 c(CH) aromatic-ring, c(OH),

q(CH2) aliphatic, c(NH)
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chemical environment does not affect the position of the
OH frequency which is observed at 3553.5 cm�1. However,
as it was discussed in the carboxylic group, which is substi-
tuted at the pentacyclic ring and at two bonds of distance
from a nitrogen N7, the OH group (O23AH51) is very
close to a carbonyl group (C6@O16), bonded to the same
nitrogen N7, being the optimized distance between the oxy-
gen of the carbonyl group and the hydrogen H51 of the OH
group about 1.725 Å; you can observe in Fig. 10 that this
interaction has yielded the formation of a cycle; therefore
in this way, the low frequency observed for the stretching
vibration of OH group (3093.3 cm�1) belonging to the car-
boxylic group substituted at the pentacyclic ring can be
explained, considering the existence of an intra-molecular
hydrogen bond.

The three bands corresponding to the asymmetrical and
symmetrical vibrations in NH2 and the unique stretching
vibration of NH are observed in a correct range; notice in
the spectra that the bands I and II of the NH2, which are
of moderate intensity, cannot be seen practically in the spec-
tra because they are overlapped with the bands of the m(OH
c-aromatic ring) and the m(NH), respectively. The broad
band observed for the stretching vibration of NH could indi-
cate a kind of association involving this group, for example,
an intermolecular hydrogen bond in the supramolecular
crystal structure. This fact is supported by the high value
of the calculated Mulliken negative charge for the nitrogen.

Finally the two bands at 2962.7, 2933.3 and 2866.67 cm�1

have been assigned to the asymmetrical and symmetrical
stretching of both the CH2, that is, the aliphatic chain and
the pentacyclic ring. It is worth mentioning that the bands
in this region are frequently unresolved.

4.4.2. Region from 2500 to 1650 cm�1

Considering the functional groups present in the mole-
cule, we could expect the presence of the bands correspond-
ing to the stretching frequencies of the three carbonyl
groups in this region and the weak combination or over-
tone bands characteristic of the substitution pattern of
the aromatic ring which should appear below 2000 cm�1

and some bands due to the C@C ring stretch mode about
1600 cm�1. However, the inspection of the IR-spectra
shows two bands at 2346.0 cm�1, the overtones between
1860–1700 and the other important band at 1656.5 cm�1.

The optimized distance value for the C21AO23 in the
O22@C21AO23AH carboxylic group substituted at the pen-
tacyclic ring is 1.34 Å; in the same way, the optimized distance
value for the C6AN7 in the O16@C6AN7 group is 1.36 Å. In
both groups, there is a strong evidence of a double bond in the
C21@O23 and C6AN7 bonds. These observations suggest
that the carbonyl group in both groups does not have an inde-
pendent stretching vibration frequency but it shows a cumu-
lated double bond pattern with the form – Y@C@X for X,
Y = N or O with a stretch mode between 2273 and
2000 cm�1; if we also consider that these two groups are placed
in a cycle defined by the intra-molecular hydrogen bond we
could expect a slightly lower frequency (1785.6 cm�1) of this
band with respect to the expected 2273–2000 cm�1 range.
Finally, the carbonyl group which belongs to the carboxylic
group in c to the aromatic ring is also near the NH group;
therefore, this group could receive the conjugation effect from
both parts and this effect would explain its low frequency
(1656.5 cm�1) for stretching vibration mode.

The assignments of the region below 1650 cm�1 are
detailed in Table 3, but these bands have not been discussed
due their of minor importance. However, we can bring out
the bands corresponding to rocking of CH2 of the aliphatic
chain and the out of plane vibration of CH in the monosub-
stituted aromatic ring at 747.8 and 701.3 cm�1, respectively.
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5. Conclusions

The thermal analysis of lisinopril showed that this drug
exhibits a dihydrate-monohydrate transition at 88.8 �C, a
monohydrate-dehydrated transition at 110.4 �C and fusion
at 179.4 �C.

The X-ray powder diffraction patterns obtained at
25 ± 2 �C and 125 ± 2 �C showed that the solid possesses
a different crystalline structure at those temperatures, due
to the loss of a second water molecule, whereas at
190 ± 2 �C the solid is not crystalline. In terms of the unit
cell parameters, the transition at 110.4 �C was accompa-
nied by an increase of the b angle (b1 = 99.39� at 25 �C;
b2 = 105.16� for temperatures within the interval 110.4–
178 �C). The TGA data show only the loss of two water
molecules, initially forming the stable lisinopril molecule.

From the theoretical calculations and by observing the
relative energy parameters of the open and cyclic forms,
the Mulliken charges, the feature of HOMO orbital, the
optimized geometry and the assigned values of the IR-spec-
tra, it is possible to conclude that more than cyclization
process, it is possible that the heating of lisinopril yields
its degradation due to the possible presence of intra-molec-
ular and intermolecular hydrogen bonds. Therefore, our
experimental results and the theoretical calculations show
no evidence that cyclization process occurs, contrary to
the report of Shun-Li Wang et al. [8].
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