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Vibrational and structural evidence of
phase transitions in some amides
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Abstract

This article describes the vibrational evidence of reversible and irreversible phase transitions, observed in some simple
amides RHNCOCONHR (R= alkyl or hydroxyethyl) and RHNCOCOOH (R= cyclopropyl).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The concept of hydrogen bonding used to explain
physical properties of some organic compounds and
the formation of molecular aggregates[1,2] of small
molecules has been extensively used as a model in
some specific intermolecular interactions in bigger
chemical systems[3].

Oxamides provide simple model substances to
study the secondary amide function and the competi-
tion between the intermolecular versus intramolecular
hydrogen bonding in these linear chain networks, that
can form important supramolecular structures[4–6].

Oxamides form an important group of molecules
in the vibrational characterisation of the amide bands
[7–12] and for the symmetrical planar derivatives
(RHNCOCONHR, R= H or alkyl group) theνCC is
only Raman active and consequently not involved in
the typical infrared fundamentals of the primary and
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secondary amide group. Oxamides are also interest-
ing as ligands in coordination chemistry[13–18] and
biologically applied systems[19–23].

For several years, our group has been engaged in
the design of suitable oxamides, their complexes and
their spectroscopic properties.

More recently we have published the thermal
behaviour and the influence of hydrogen bonding on
some physical constants in oxamides and thiooxam-
ides[24,25]. In this article we describe the vibrational
changes in the spectra observed by some reversible
and irreversible phase transitions at high temperatures
in some oxamide-like molecules.

2. Experimental

The synthesis of the investigated compounds has
already been published in some previous articles
[12,26,27].

Thermal analysis was performed on TA Instru-
ments SDT 2960, TGA 2950 and DSC 2920. The
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instruments were calibrated with standard methods:
mass with two class A reference weights (100 mg and
1 g); temperatures with the melting point of indium,
tin, lead and zinc; heat flow with the melting heat of
indium. All experiments were performed under dry ni-
trogen (50 ml min−1) and a heating rate of 5 K min−1,
except when stated otherwise in the text. All�H
values are the average of three measurements.

The infrared spectra were recorded on a Bruker IFS
113v spectrometer using a liquid nitrogen cooled MCT
detector with a resolution of 1 cm−1. For each spec-
trum 100 scans were recorded and averaged.

The solid state Fourier Raman spectra were recor-
ded on a Bruker IFS 66v interferometer equipped
with a FT Raman FRA 106 module. The molecules
were excited by the 1064 nm line of a Nd:YAG laser
operating at 200 mW. For each spectrum 1000 scans
were recorded and averaged. The variable tempera-
ture Raman spectra were recorded on a SPEX 1403
0.85-nm double-beam spectrometer. The molecules

Fig. 1. DSC curve forNN′di-isobutyloxamide.

were excited by a Spectra Physics Model 2000
Ar+-ion laser. A Miller–Harney cell was used to
change the temperature. The spectra were recorded
with a spectral slit of 4 cm−1. For each spectrum three
scans were recorded and averaged.

3. Results and discussion

3.1. Phase transitions

3.1.1. Phase transitions in NN′di-isobutyloxamide
The DSC curve for NN′di-isobutyloxamide is

given in Fig. 1 (�Hvap = 113 kJ mol−1). By heat-
ing the compound we observe two phase transitions
in the solid state at respectively 72.5 and 88.0◦C.
The reversibility of these transitions is given inFig. 2.

The total energy of the two phase transitions has
been calculated to be 2.76 kJ mol−1 in the heating and
2.95 kJ mol−1 in the cooling mode. The temperatures
of the maxima in these phase transitions are 72.6 and

Fig. 2. Reversible phase transitions forNN′di-isobutyloxamide.
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Fig. 3. Solid state Raman spectra ofNN′di-isobutyloxamide at different temperatures: (A) 30◦C, (B) 75◦C, (C) 95◦C.

88.8◦C in the heating process and at 87.6 and 70.6◦C,
respectively, in the cooling process. The difference in
energy between the�H values in the heating and the
cooling modes are within the error of the measure-
ments. The slightly lower temperatures observed in
the maxima the cooling mode is due to undercooling
which is typical for a very pure compound.

Fig. 3 gives the Raman spectra of the compound at
respectively 30◦C (A) (i.e. before the first transition),
75◦C (B) (between the two transitions) and at 95◦C
(C) (after the second transition).

From this figure we can see that theνNH (3314
cm−1) and the amide I (1699 cm−1) and amide II
modes (1555 cm−1) are practically not changed in-
dicating the same solid state structure for the amide
part of the molecule (seeFig. 4). The small decrease
of the νNH (3314–3312 cm−1 at 95◦C) and increase
of νCO (1682–1684 cm−1 at 95◦C) may be ascribed
to the very small change in the intermolecular dis-
tances, resulting in weaker intermolecular hydrogen
bonding at higher temperatures[22]. The main differ-
ences in these spectra are observed in theνCH region

(3000–2850 cm−1) indicating a change in the geom-
etry of the isobutyl groups in these phase transitions.

3.1.2. Phase transitions in
NN′di-hydroxypropyloxamide

In a previous article[26] we reported on the vi-
brational analysis of some hydroxyalkyl substituted
oxamides. The vibrational spectra indicated amide–
amide hydrogen bonding comparable with the hydro-

Fig. 4. Configuration of the “amide part” of the oxamides.
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Fig. 5. DSC curve forNN′di-hydroxypropyloxamide.

gen bond pattern in the alkyloxamides and hydrogen
bonding between the hydroxyl groups, dependent on
the length of the alkyl substituent.

Fig. 5gives the DSC curve ofNN′di-hydroxypropyl-
oxamide. By heating this compound we measure over-
lapping reversible phase transitions at 106 and 110◦C
(16.7 kJ mol−1) the melting at 160◦C (30.27 kJ mol−1)
and the boiling and partial decomposition process at
294◦C (135 kJ mol−1).

Fig. 6shows the Raman spectra of the compound in
the 3500–2650 cm−1 region at 25◦C (A) and 115◦C
(B) after the phase transitions and before the melting.

In the spectrum at 25◦C we can observe the
νOH as a shoulder on the high frequency side of
the intenseνNH at 3315 cm−1 and theνCH region
3000–2850 cm−1. However, after the transitions, the
spectrum at 115◦C shows broad unprofiled bands
even in theνOH andνNH region. These new broad
profiles could very well be ascribed not only to the
change in the alkyl group but also in the amide and

Fig. 6. Solid state Raman spectra ofNN′di-hydroxypropyloxamide
at different temperatures.

OH part of the molecule as can be observed from the
bands in the 3300 cm−1 region.

The high energy (16.7 kJ mol−1) involved in the
transitions compared with the transition in the isobutyl
compound (2.76 kJ mol−1) indicates a greater change
in the solid structure. The change in the alkyl group
also changes the intermolecular –O–H· · · O hydrogen
bonds, resulting in a different energy and according
to the vibrational spectra a change in the solid com-
pound.

The reversibility of the process, after the melting
is shown inFig. 7. The energy involved in the phase
transition and the melting in the heating process (16.7
and 30.3 kJ mol−1) and the cooling process (15.7 and
30.3 kJ mol−1) are very well comparable. In the cool-
ing process we measured an undercooling on solidifi-
cation of about 7◦C, which is normal for a very pure
compound. The temperature difference of the phase
transition is about 30◦C.

This temperature difference of the transitions in the
heating and the cooling processes, the energy involved
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Fig. 7. Reversible phase transition forNN′di-hydroxypropylox-
amide.

in these phase transitions and the great differences in
the spectra all indicate that the change in the solid
state involves much more than a re-organisation of the
alkyl chain as observed for the isobutyl compound.

3.1.3. Phase transitions in
NN′di-hydroxypentyloxamide

Fig. 8 shows the DSC curve ofNN′di-hydroxypen-
tyloxamide crystallised from CH2Cl2. Four different
endothermal processes occur in this 25–400◦C range.
Transition A is a reversible phase transition, very well
comparable with the first phase transition described
for the isobutyl compound, transition B is the melt-
ing of the compound, comparable in temperature and
energy with the hydroxypropyl compound. However,
after the melting a third endothermal process (pro-
cess C, indicated inFig. 8) occurs at about 208◦C
(5.4 kJ mol−1) also without loss of weight, this is con-
sequently a phase transition in the liquid state. The
last endothermal process (75 kJ mol−1) is the boiling

Fig. 8. DSC curve forNN′di-hydroxypentyloxamide.

and partial decomposition of the compound (residual
mass 8%).

Fig. 9 shows two infrared spectra of the compound
at 25◦C. Spectrum A gives the spectrum of the orig-
inal compound at 25◦C. After heating the compound
to 120◦C (i.e. behind the first transition in the solid)
and cooling to 25◦C a spectrum identical to spectrum
A has been obtained, indicating a reversible transi-
tion at 113◦C. After heating the compound to 175◦C
(i.e. behind the melting process) and cooling to 25◦C,
again a spectrum identical to spectrum A has been ob-
tained, indicating that the compound crystallises from
the liquid, in the same structure as obtained on crys-
tallisation from a solvent (CH2Cl2). However, after
heating to 220◦C (i.e. after the endothermal process
C) and cooling to 25◦C we obtained a spectrum B as
given inFig. 9. The DSC curve of this compound ex-
hibits two reversible phase transitions at respectively
75.7 and 85.0◦C, the melting process at 155◦C and
no phase transition in the liquid state.
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Fig. 9. Infrared spectra ofNN′di-hydroxypentyloxamide at different temperatures.

The fact that for both compounds A and B the
melting points practically coincide can be explained
by the fact that the melting process is mainly a
change in the amide part of the crystal structure and
from the infrared spectra we clearly can conclude
that these amide parts are identical in their inter- and
intramolecular structure.

We re-crystallised the compound with spectrum B
from CH2Cl2 and obtained again spectrum A, indi-
cating that the molecular structure after transition C
was not changed, but that process C involves an irre-
versible phase transition in the liquid phase.

So the difference in the spectra A and B must be
due to the irreversible phase transition C.

From these spectra we clearly see that theνNH
(3301 cm−1) and the amide I (1646 cm−1), amide
II (1516 cm−1), amide III (1245 cm−1), amide IV
(787 cm−1), amide V (broad band at 732 cm−1) and
amide VI (537 cm−1), indicated inFig. 9 as νNH
and I–VI, respectively, are identical in profile and
frequency for A and B. This indicates an identical

structure in the amide part for the two compounds
(seeFig. 10).

The main difference is the position in theνOH
mode, which appears as a split band (3434 and 3381
cm−1) on the high frequency side of the intenseνNH
band for compound A and as a shoulder on the low
frequency side (3223 cm−1) of the νNH mode in com-
pound B (X inFig. 9).

The frequency shift of thisνOH mode to lower
frequency indicates a stronger O–H· · · O bonding in
compound B. This stronger hydrogen bonding is fur-
ther proved by the change of theπOH, located as a
separate broad band at 592 cm−1 (band Y inFig. 9) for
compound A and appearing as a shoulder (680 cm−1)
on the low frequency side of the amide V mode in
compound B. The change in the O–H bond strength
should also be reflected in theνC–O(H) appearing
in the 1050 cm−1 region. ThisνC–O(H) fundamental
appears for compound A at 1038 cm−1 (Z in Fig. 9)
and at 1077 cm−1 for compound B. The stronger O–H
bond results in a weaker C–O(H) bond in compound
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Fig. 10. Configuration of the “amide part” and “hydroxyalkyl part” of the oxamides.

Fig. 11. The�- and �-modifications of oxamic acids.
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A compared with B. The spectroscopic prove of this
change in hydrogen bonding (i.e. the assignments) is
further confirmed by the spectra of the OD-deuteriated
compounds.

As a conclusion we can state that the third en-
dothermal reaction at about 208◦C consists of a
change in the O–H· · · O intermolecular hydrogen
bonding resulting in a much stronger interaction. This
stronger hydrogen bonding also remains on cooling
and condensation and results in a different spectrum
B with the same structure in the amide group (indi-
cated as I inFig. 10), and a different interaction in
the hydroxyalkyl region (indicated as II inFig. 10).

By dissolving this compound in CH2Cl2 the strong
O–H· · · O bonding is relieved and crystallisation of
the product again results in the formation of the orig-
inal compound A exhibiting less strong O–H· · · O
hydrogen bonding.

3.1.4. Phase transitions in N-cyclopropyloxamic acid
In the vibrational analysis ofN-alkyloxamic acids

[27] we reported two different types of hydrogen
bonded systems, depending on the alkyl substituent.
In the �-modification we observed an acid–acid
catamer and the typical amide–amide hydrogen
bonded systems. In the�-modification a heteroge-
neous acid–amide catamer configuration has been
proposed from the vibrational analysis (Fig. 11). The
cyclopropyl derivative crystallises at room tempera-
ture from CH2Cl2 mainly in the�-modification.

The DSC curve given inFig. 12 shows five en-
dothermal reactions. A, B and C are phase transitions
in the solid state, D is the melting process and E is the
boiling and partial decomposition of the compound.

Fig. 13 gives the infrared and Raman spectra in
the 3400–3150 cm−1 region (νNH andνOH region) at
different temperatures covering the three phase tran-
sitions A, B and C.

At room temperature we observe theνOH as a
well-separated and intense band in the Raman spec-
trum at 3357 and at 3353 cm−1 in the infrared. A broad
band at 3189 cm−1 in infrared and at 3197 cm−1 in
Raman indicates theνNH mode in the�-modification.

At 3290 cm−1 a broad and slightly weaker band
is observed in the infrared spectrum, which can be
ascribed to the presence of some�-modification at
this low temperature. A cooling of the compound to
−196◦C only results in a splitting of this band indicat-

Fig. 12. DSC curve forN-cyclopropyloxamic acid.

ing also the presence of the acid and amide overtones
and combination bands in this region. However, this
broad band is also observed in the Raman spectrum
and can consequently not be described to overtones
or combinations of the amide and acid fundamentals.

Both in infrared and Raman we observe a gradual
disappearance of theseνOH andνNH modes and an
increased intensity of the 3290 cm−1 band at 139◦C.
The�-modification has been completely formed where
the νNH and theνOH modes in the acid–amide hy-
drogen bonded system coincide in the same region.

The decrease in the OH bond strength and the
increase in the NH bond strength in the� →
�-modification is also reflected in the increase (1757
→ 1763 (cm−1)) of the νCO (acid) mode and the
decrease (1682→ 1679 (cm−1)) of the amidicνCO
mode by increasing temperature (seeFig. 14).

The total energy involved in these irreversible solid
state phase transitions is about 3 kJ mol−1 and is a
good measure for the difference in the hydrogen bond-
ing strength between the�- and�-modifications.



Fig. 13. Infrared (A) and Raman (B) spectra in the 3400–3150 cm−1 region of N-cyclopropyl oxamic acid at different temperatures.

Fig. 14. Infrared spectra ofN-cyclopropyloxamic acid in the 1800–1600 cm−1 region at different temperatures.
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