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Abstract

Angle dispersive X-ray diffraction (ADXRD) and Fourier trans-

form infrared (FTIR) spectroscopy have been employed to study the

phase diagram of urea crystal beyond 15 GPa and at temperatures

in excess of 400 K. Previously reported Bridgman phase II was struc-

turally characterized for the first time, and it is discovered that it

coincides with room temperature phase IV. Large metastability P-

T regions were identified for all phases in the sequence I–III–IV–V,

ascribed to the difficulty to disrupt the H-bonding network, a prereq-

uisite to accomplish the molecular rearrangement necessary for the

structural transformation. High-temperature studies and use of a hy-

drostatic compression medium allows the thermodynamic boundaries

of phase III, and partly of phase IV, to be identified so making a

considerable step forward in the knowledge of the phase diagram of

urea.
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1 Introduction

Urea—also known as carbamide, the amide of carbamic acid—is at ambient

conditions a colorless solid highly soluble in water. Urea is one of the most

studied molecules because of its biological and chemical importance. It is

the final metabolic product of aminic nitrogen in ureotelic organisms, and in

fact was the first organic molecule synthesized from “inorganic” compounds

(ammonia and cyanic acid); industrially it is an important fertilizer and the

starting chemical in the production of drugs and plastics. From a chemico-

physical point of view, urea is an archetypal hydrogen-bonded molecular

crystal.1 Rich polymorphism is exhibited by this crystal with increasing pres-

sure,2 evidencing the strong interplay between solid-state phase transitions

and hydrogen-bond topology. The hydrogen-bonding strength and geometry

can indeed be significantly modified by the application of an external pres-

sure and, besides structural changes, this could have important effects on

physico-chemical properties,3,4 as well as on the chemical reactivity.5,6

At ambient pressure the crystal structure of urea is tetragonal, space

group P 4̄21m (D3
2d; Z = 2) (phase I), with the carbonyl group of each

molecule forming four H-bonds with three different neighbouring molecules

realizing square tunnels with a side of 3.94 Å directed approximately along

the c axis.7 Compressing phase I at ambient temperature a transition to

phase III (Bridgman notation, ref. 8) is observed at 0.48 GPa, and both sin-

gle crystal X-ray diffraction2 and neutron powder diffraction9,10 agree on an

orthorhombic structure, space group P212121 (D4
2; Z = 4). Consistency of

the X-ray diffraction data with the space group Pna21 (C9
2v; Z = 4) was also

proposed in a combined Raman and X-ray scattering study.11 With further
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compression two additional phase transitions were observed. The first, at

2.8 GPa to phase IV (orthorhombic P21212; D3
2; Z = 2), was reported both

in single crystal X-ray diffraction2 and neutron powder diffraction10,12,13 ex-

periments. The second, at 7.2 GPa to phase V (orthorhombic Pmcn; D16
2h;

Z = 4), has been so far reported in neutron diffraction12,13 and Raman11 ex-

periments. In the Raman study the transition pressures were slightly higher

in pressure, 5.0 and 8.0 GPa for the III–IV and IV–V transitions, respec-

tively, and crystal domains with significantly different spectral features were

detected in the two phases.11

As extensively discussed by Olejniczak et al.,2 the molecular arrangement

in all these phases is driven by NH· · ·O hydrogen bonds. The H bond coor-

dination of phase I reduces in phase III where the carbonyl group interacts

with two neighbouring molecules through three O· · ·H bonds. This is as-

cribed to a collapse of the channel voids which also characterizes the higher

pressure phase IV. On going from phase III to IV the molecules rearrange so

recovering the fourfold coordination of the O-atom, the twofold axis crystal

site symmetry, and the alignment along [001] proper of phase I. All these

characteristics make phase IV the collapsed version of phase I.2

In contrast to the several high-pressure studies at room temperature,

there are few structural or spectroscopic studies at high-pressure and high-

temperature. The only exception are the compressibility measurements per-

formed by Bridgman exactly one century ago.8 In this study Bridgman re-

ports that urea transforms to a new phase (II) above 373 K and 0.60 GPa, but

that the transition line between phases II and III could not be determined

because of the small volume change. The high-temperature high-pressure be-
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haviour of urea is also an unexplored field from computational point of view.

The ability to reproduce experimental crystal phases of urea has been found

to be rather limited.[REF] Density functional theory (DFT) calculations were

used to monitor structural changes of the urea molecule up to 10 GPa un-

der the assumption that no phase transitions occur in this pressure range,

therefore maintaining the molecular arrangement characterizing phase I.14

Another study based on a crystal potential accounting for van der Waals and

long-range Coulomb interactions among the molecules did provide a sequence

of phase transitions involving the correct structures of phases III and IV, but

in the reverse order.15 Finally, new crystal structures were also predicted for

pressures in excess of 500 GPa resulting from the pressure induced chemical

transformation of ammonium cyanate.16

In this study we have performed a combined X-ray diffraction and FTIR

absorption spectroscopic study aimed to improve our knowledge of the high-

pressure and high-temperature behaviour of urea. In particular, we have

investigated the structure and the stability range of the high-temperature

high-pressure phase II, revealing that this phase coincides with phase IV

and that the pressure induced transformation at ambient temperature is

kinetically controlled. A new phase diagram and the ambient temperature

equation of state (EOS) for phase IV have been obtained.

2 Experimental

Crystalline urea was obtained from Aldrich in high purity (≥99%) and was

prepared for high-pressure experiments in the following ways. For FTIR
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experiments, the as-received sample was finely ground and loaded in a mem-

brane diamond anvil cell (MDAC), equipped with IIa type diamonds and

rhenium gaskets, without any compression medium. For synchrotron X-ray

diffraction experiments neon was used as the pressure transmitting medium

(PTM) within the MDAC in all cases. Small single crystals (large face about

20 × 20µm2 and thickness < 10µm) were selected for single crystal X-ray

diffraction experiments. A couple of small ruby chips were also loaded with

the sample for pressure calibration by the ruby fluorescence method.17 High-

temperature experiments were performed using resistively heated MDAC

cells. In these experiments temperature was measured with a precision of

±0.1 K using a K-type thermocouple placed close to the diamonds.

Infrared absorption measurements were performed with a Bruker-IFS 120

HR spectrometer suitably modified for high pressure experiments18,19 with

an instrumental resolution better than 1 cm−1. ADXRD experiments were

performed at the ESRF high-pressure beamline ID27 using monochromatic

synchrotron radiation of wavelength λ = 0.3738 Å. Data were collected as a

function of temperature and pressure using a MARCCD 165 detector posi-

tioned approximately 223 mm from the sample, as calibrated with a CeO2

standard. The focal spot (FWHM) of the beam was better than 5 µm. For

high temperature ADXRD experiments a vacuum chamber equipped with

Mylar windows was used. The 2D diffraction patterns were integrated us-

ing DIOPTAS;20 manual background subtraction (including the contribution

from the diffraction of Mylar windows) was done in Fityk.21 Rietveld refine-

ments and LeBail fits were done using the program JANA2006.22 While

Rietveld refinements accounted for observed ADXRD patterns within an ac-
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ceptable accuracy in most cases, robust refinement was not possible for all

data due to (i) the weakly scattering sample, (ii) diamond Compton and (iii)

Mylar scattering contributions to the integrated diffraction pattern. We have

therefore opted to use LeBail analysis for several data sets.

3 Results

3.1 Diffraction data

Synchrotron X-ray diffraction experiments were performed both on single

crystals and powdered samples with Ne used as the pressure transmitting

medium. Powdered samples were compressed at ambient temperature up

to 4.1 GPa, observing a modification of the diffraction patterns fully consis-

tent with the transitions sequence I–III, III–IV and the crystal structures re-

ported in ref. 2. However, despite the hydrostaticity of neon up to 15–16 GPa

(refs. 17,23), we observed in both cases large pressure intervals with coexis-

tence of phases, especially for the III-IV phase transition. The coexistence

of the diffraction peaks of phase III well within the pressure domain of phase

IV, according to the transition pressure reported in the literature,2,10,12,13 is

shown in trace (a) of Figure 1. This coexistence is further emphasized by

the behaviour observed on heating the sample. In fact, on increasing the

temperature at 4.1 GPa, the diffraction pattern is still characterized by the

presence of the peaks of both phase III and IV up to 422 K (see trace (b)

of Figure 1). This temperature is much higher, by about 50 K, than the

temperature required to obtain Bridgman phase II close to the I–II–III triple

point.8 Therefore, we released the pressure at this temperature to probe
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the transition to Bridgman phase II. The pattern suddenly and appreciably

changed around 2.3 GPa (see trace (c) of Figure 1) and the peaks could be

successfully and completely assigned using the orthorhombic P21212 crystal

structure of phase IV. The temperature was slowly lowered, not fully com-

pensating for the resulting small pressure drop, which lead the sample at

ambient temperature at 1.4 GPa. No changes were observed in the diffrac-

tion pattern during this recovery to ambient temperature (see trace (d) of

Figure 1), thus indicating that Bridgman phase II is the thermodynamic sta-

ble phase at ambient temperature. Bridgman phase II was then compressed

at ambient temperature but no changes in the diffraction pattern were ob-

served to around 3 GPa where the III–IV transition is reported.2,10,12,13 On

the contrary, a clear change was observed to start around 6 GPa and com-

plete around 8 GPa where a pattern consistent with that expected for phase V

was obtained. The powder quality and the employment of a hydrostatic com-

pression medium rule out any possible metastability, implying that Bridgman

phase II coincides with phase IV. This conclusion was also advanced by Ole-

jniczak et al.2 who speculated that phase IV and phase II are the same phase

on the basis of the close relationship between phases I and IV.

The lattice parameters and the volume evolution with pressure of phase

IV are reported in Figure 2 with the volume data fitted by a Vinet equation

of state:25

P = 3B0
(1 − fν)

f 2
ν

exp
[
3

2
(C0 − 1)(1 − fν)

]
, (1)

where fν = (V/V0)
1/3, being V0 the cell volume at ambient pressure, B0 and

C0 are the isothermal bulk modulus and its derivative against pressure at
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p = 0, respectively.

The coincidence of phases II and IV was further investigated by single

crystal experiments. The P-T region indicated by Bridgman as pertaining

to phase II was reached by two different P-T paths. In a first experiment we

started heating phase I at 0.3 GPa and we approached Bridgman phase II at

396 K by slowly increasing pressure and temperature to avoid phase III. The

transition was observed above 0.7 GPa by eye with the sudden powdering

of the crystal. The second experiment was performed by compressing first

phase I at room temperature. The single crystal overcame the transition

to phase III unaltered in quality, then it was isobarically heated at 1.4–

1.5 GPa. The first reflections relative to phase IV appeared at 378 K but

the complete transformation of the pattern was achieved only at 408 K. The

sample was then cooled measuring diffraction pattern every 4–5 K and taking

care of avoiding any pressure increase in order to explore the IV-III phase

transition. The transformation to phase III occurred around 310 K at 1.3 GPa

as revealed by the patterns shown in Figure 3. This experiment therefore

provides conclusive information about the P-T range where phases III and

IV are thermodynamically stable and of the coincidence between phase IV

and Bridgman phase II, which hereafter we will indicate as IV.

3.2 Spectroscopic data

The transition from phase I to phase III, reported to occur at 293 K above

0.48 GPa,2,8 is observed by IR absorption spectra at 0.45 GPa where the

coexistence of the two phases can be observed, as shown in Figure 4. From

a spectral point of view, phase III is characterized, among other more subtle
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differences, by the appearance of a strong band in the N-H stretching region

at lower frequency with respect to phase I. The same occurrence was also

reported in the Raman spectrum,11 and we see this band is indicative of

this phase. This band likely derives from the non chelate N–H· · ·O hydrogen

bond, which is shorter in phase III than in both phases I and IV (ref. 2),

thus causing a sudden red shift of the corresponding N–H stretching band.

Further compression of the sample determines appreciable changes of the

spectrum occurring mainly between 2.0 and 8.0 GPa. This behavior can be

appreciated in Figure 5. Some features, such as the two broad bands at

658 and 3171 cm−1, first intensify to then successively disappear at pressures

exceeding 7–8 GPa, some new bands intensify to become characteristic of

the high pressure spectrum (for example the one at 1150 cm−1), whereas yet

other bands progressively weaken (1453 cm−1) until, in some cases (such as

the doublet at 1090 cm−1), disappear completely.

Better information can be derived by the pressure evolution of the peak

frequencies that have been obtained by fitting the absorption bands with

pseudo-Voigt profiles. The most relevant information concerns the pressure

evolution of the frequencies of the collapsed doublets relative to the symmet-

ric CN stretching mode at about 1000 cm−1, and the NH2 asymmetric and

symmetric bending modes at about 1080 and 1150 cm−1, respectively, all re-

ported in Figure 6 (assignment from ref. 24). The frequency of the Davydov

components of the symmetric CN stretching mode show a non linear evo-

lution below 8 GPa with a marked slope change around 3 GPa. At 8 GPa

both frequencies exhibit a clear discontinuity (about 5 cm−1). At nearly the

same pressures we can observe an abrupt slope sign inversion for the the
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components of the NH2 symmetric bending mode. In particular, the high

frequency component red shifts of about 25 cm−1 between 3 and 8 GPa sug-

gesting a dramatic change of the hydrogen bonds arrangement. A red shift

of a Raman component of the N–H stretching mode was also reported by

Lamelas et al. in the same pressure range.11 A new component at 1060 cm−1

is instead observed above 3 GPa in the NH2 asymmetric bending mode re-

gion. The pressures where these changes occur agree nicely with the III to

IV (2.8 GPa) and the IV to V (7.2 GPa) transitions reported in room tem-

perature compression experiments monitored by both X-ray2 and neutron

diffraction.10,12,13 On the contrary, we do not have any indication of a tran-

sition occurring at 5 GPa as indicated by Raman studies.11 A clear disconti-

nuity of the frequency evolution of both components of the NH2 symmetric

bending mode is also observed just above 15 GPa possibly indicating another

phase transition; however this is not supported by any other vibrational mode

frequency evolution with pressure.

In order to verify the X-ray diffraction results obtained by heating the

sample above 400 K, we performed an isobaric heating experiment at 1.9 GPa

measuring IR absorption spectra every 5–10 K. Some of these spectra are re-

ported in the upper panels of Figure 7. Sudden spectral changes are observed

above 370 K thus suggesting that they could be related to the transition to

phase IV, since this temperature is almost the same where the transition

was observed in the single crystal diffraction experiment. The coexistence of

phases III and IV can be appreciated in the spectrum measured at 376.0 K,

whereas the spectrum measured 5 K higher in temperature shows the com-

plete formation of phase IV. Besides the spectral changes occurring in the
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fingerprint region, it should be remarked the strong band at 3170 cm−1 disap-

pears, anticipated to characterize phase III. Fitting with pseudo-Voigt pro-

files of selected spectral regions gives clear evidence—from the frequency

evolution with temperature reported in Figure 8—of the first order nature of

the III–II transition. This result does not fully agree with the single crystal

X-ray diffraction experiment where the transition completion was observed

only 30 K higher in temperature. These FTIR absorption experiments were

carried out on the sample powder loaded without any compression medium,

such that non hydrostatic conditions could effectively contribute to alter

transformation kinetics.

Once phase IV has been produced, the temperature was slowly lowered

to ambient conditions (lower panels of Figure 7) but no spectral changes

were observed during the cooling process that might be expected based on

our diffraction experiment results. Phase IV is therefore confirmed as the

thermodynamic stable phase at ambient temperature also at pressures much

lower than those reported in the literature.2,10 The III–IV transition appears

therefore to be kinetically controlled and evidence of that is provided by the

comparison between the spectra measured compressing at ambient temper-

ature phase III and phase IV, the latter after its attainment at 380 K and

1.9 GPa. The spectra measured at ambient temperature at 2.1 GPa in these

two different experiments are compared in the lower panel of Figure 9. The

spectral differences before (phase III) and after the heating cycle (phase IV)

are evident. Remarkably, once the quenched phase IV is compressed at ambi-

ent temperature, the spectrum does not show any of the changes previously

described occurring at 3 GPa and invoked to be characteristics of the for-

12



mation of phase IV. For example, the new bands appearing in the spectrum

(1060 and 1150 cm−1) of phase III and taken as evidence of the III–IV phase

transition (see upper panel of Figure 9), are already dominating the spec-

trum when the quenched phase IV is compressed. The coexistence of the two

phases at a pressure where only phase IV should be present is therefore an

indication of the large metastability range of phase III. It should be remarked

that this behavior cannot be ascribed to non hydrostatic compression as the

same pressure range was also reached in XRD experiments with the powder

compressed with Ne.

Finally, the fit of the crystal components of the NH2 symmetric bending

mode gives very reproducible results, as the frequencies are concerned, of

those compressing phase III. This is a clear evidence that the crystal compo-

nents under consideration are relative to phase IV and that the phase coex-

istence is not relevant as the frequency evolution is concerned. These results

are compared in the lower panel of Figure 10 showing that the softening

observed below 7 GPa is perfectly reproducible being related to the struc-

tural changes occurring during the compression of phase IV. The transition

to phase V—besides from the abrupt slope inversion particularly evident for

the high frequency component—is also revealed by the sudden intensity ex-

change between the two components as shown in the upper panel of Figure

10.
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4 Discussion

By combining IR absorption spectroscopy, powder and single crystal X-ray

diffraction we have characterized the phase diagram of urea in a large pres-

sure and temperature range. The most important novelty of this study is the

employment of temperatures in excess of 400 K to study the close relation

between hydrogen bonding and structural transformation kinetics. Hydro-

gen bonds govern many transformation processes, selecting specific paths for

crystal structure changes, self assembly, and chemical reactions. Due to their

relative weakness and flexibility they are extremely sensitive to the applica-

tion of external pressure. In H-bonded systems significant metastability of

the crystal structure is reasonably expected because of the necessity to over-

come kinetic barriers related to the H-bond (re)arrangement. In this context

nice examples are represented by pyridine and nitromethane. In pyridine the

compression of the fluid at room temperature does not bring to the formation

of the thermodynamically stable phase I, but the supercompressed fluid can

crystallize either in the higher pressure phase II or give rise to a glass.6 In

nitromethane, a continuous molecular rearrangement, which does not mod-

ify the crystal structure, extends along several GPa.5 Urea appears from this

point of view as an important benchmark to identify and accurately charac-

terize the P-T domains of the different crystal phases. As already mentioned,

temperature is the key tool to overcome kinetic barriers and a precise infor-

mation on the kinetics role can be gained by comparing room temperature

compression experiments in annealed and not annealed samples.

The main results of this study are summarized in the phase diagram

reported in Figure 11. First of all, Bridgman phase II and room temperature
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phase IV coincide. As already stated, here we refer to it as phase IV only. The

formation of phase IV is kinetically controlled, and in fact the coexistence

of phases III and IV extends to a large pressure range (about 2 GPa), as

determined by X-ray diffraction on powder hydrostatically compressed in Ne

in room temperature compression experiments. Once phase IV is produced

by heating the sample at pressures exceeding 1 GPa, the crystal transforms

back to phase III only around 1.3 GPa, close to ambient temperature, thus

reducing considerably the thermodynamic stability range of phase III.

As discussed by Olejniczak et al.,2 the structures of phases I, III, and

IV are closely related with the molecules hydrogen-bonded into a 3D net-

work with chelate bonds arranged along the [001] direction. In phase I this

arrangement gives rise to channel voids along the [001] direction which col-

lapse at the I–III phase transition because of the molecules tilt with respect

to this direction. Asymmetry in the H-bonds network is introduced by the

tilt which makes the two N–H· · ·O chelate bonds inequivalent, and results in

the breakage of one of the two-center H-bonds reducing to three the number

of O· · ·H bonds. The fourfold coordination of the O atom is recovered in

phase IV but with a strong reduction of the a axis which makes this phase a

collapsed version of phase I. Remarkably, in phase IV at 3.1 GPa the H· · ·O

distances are almost the same than in phase I (0.5 GPa) and approximately

5% longer than in phase III (1.5 GPa).2 The molecular tilt proper to phase

III determines a reduction in the structural compactness but, on the other

hand, there is a strengthening of the three H-bonds across the I–III tran-

sition. These changes in H-bonding may be probed most accurately with

spectroscopic techniques as exact hydrogen positions cannot be refined from
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X-ray crystallographic data. So, this strengthening is likely the cause of the

abrupt red shift of the N–H stretching component shown in Figures 4 and 7.

The large metastability P-T region of phase III, which extends, according to

the present study at least up to 420 K at 4 GPa, is likely due to the energy

necessary to destabilize these H-bonds and recover the more symmetric local

arrangement. The remarkable temperature increase necessary to overcome

this barrier could suggest the participation of vibrational lattice modes or

low-frequency internal modes to the reconstruction of the H-bond network

of phase IV.

The lowest frequency internal modes are out-of-plane deformations of the

NH2 groups around 500 cm−1 (ref. 26). The energy of these modes is rather

high to allow a substantial modification of the population by a temperature

around 400 K. More reasonable is instead the active participation of high

frequency external modes which around 3 GPa extend up to 250 cm−1 (ref.

11), and have been assigned in phase I to librational modes.27 A large coexis-

tence is revealed by X-ray diffraction also for the IV and V phases, for which

a sluggish transition starting around 6 GPa and extending for about 3 GPa

is measured by the simultaneous observation of the diffraction patterns of

phases IV and V. The structural information obtained on phase V is not of

the quality required to solve atomic positions and it is therefore not possible

to quantitatively discuss the transition in terms of relative molecular orien-

tation, but it is obvious that such metastability could be again ascribed to

the H-bonding arrangement.

Lamelas and coworkers (ref. 11) reported the presence of crystal domains

exhibiting different Raman spectra both in phases III and IV. They ex-
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plained this occurrence on the basis of different orientations of the same

crystal structure. Coexistence of different phases was ruled out because of

the large pressure ranges (several GPa) where the Raman bands assigned to

different crystal orientations were observed. This was judged rather unlikely

even more for the fact that such situation occurs in two different phases (IV

and V). On the contrary, our results clearly show that large metastability

ranges occur for all the three phases studied here. In addition, the very re-

producible results obtained with both hydrostatic compression media (neon

in this study; methanol/ethanol/water mixture in ref. 2; and deuterium in

ref. 10), and no compression medium, clearly indicates that the coexistence

is not due to non hydrostatic conditions.

5 Conclusions

High-pressure high-temperature synchrotron ADXRD and FTIR absorption

experiments on powders and single crystals of urea revealed the decisive

role of H-bond in governing structural transformations. The structures ob-

served are in fact strictly related to the H-bonding arrangement, especially

of N–H· · ·O that determines the relative molecular orientation. As different

phases are characterized by the different number, strength and orientation

of H-bonds, large energetic barriers must be overcome to accomplish the

transitions which appear therefore kinetically controlled. The large energetic

barrier separating phases III and IV is highlighted by the huge metastability

P-T region of phase III. The thermodynamic boundary of this phase at ambi-

ent temperature is close to 1.3 GPa, but phase III persists above 4 GPa if the
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sample is not annealed above 400 K. This occurrence may be the reason that

the high temperature Bridgman phase II was considered as a different phase

from the ones existing at room temperature. Here we verify that the Bridg-

man phase II in fact coincides with phase IV. A large metastability range is

also observed at the IV–V transition, suggesting that a further rearrangement

of the H-bonding network also occurs in this case. Further investigations di-

rected to characterize the structure and boundaries of phase V would be of

interest. The knowledge of this phase diagram—and more specifically of the

structural properties—is a prerequisite in view of a characterization of the

high-temperature pressure induced chemistry in crystalline urea.
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Figure 1: X-ray diffraction patterns (λ = 0.3738 Å) of urea powder in Ne col-

lected during (a) room temperature compression, followed by (b) an isobaric

heating, (c) an isothermal decompression, and (d) a quasi-isobaric cooling

cycle. Black dots are experimental data, red line is the Le Bail fit, and the

black line is the difference between the two. The Le Bail fit has been per-

formed following the assignment shown as tick marks: blue for the reflections

of phase III (P212121) and red for phase IV (P21212).
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Figure 2: Pressure evolution of the lattice parameters and the volume of

orthorhombic P21212 phase IV. The volume data have been fitted by a Vinet

equation of state (eq. 1) with the fitting parameters reported in the figure.
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Figure 3: Integrated single crystal panoramic X-ray diffraction patterns (λ =

0.3738 Å) measured on cooling phase IV (Bridgman phase II) through the

IV–III transition. The reflections expected for the two phases are shown as

blue (phase III) and red (phase IV) tick marks.
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Figure 4: FTIR absorption spectra through the I–III phase transition. The

spectra at 0.45 and 1.05 GPa exhibit spectral features of both crystal phases

indicating their coexistence.

26



Figure 5: Pressure evolution of the FTIR absorption spectrum during room

temperature compression experiment.
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Figure 6: Pressure shift of the Davydov components relative to the CN

stretching (dots), the NH2 asymmetric bending (squares) and NH2 symmetric

bending (stars) modes.
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Figure 7: Temperature evolution of selected IR absorption spectra regions

during the isobaric heating (upper panels) and cooling (lower panels) cycles

performed at 1.9 GPa.
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Figure 8: Temperature evolution of the peak frequencies relative to the Davy-

dov components of the NH2 asymmetric bending (full dots) and NH2 sym-

metric bending (full squares) modes along the isobaric (1.9 GPa) heating

experiment.
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Figure 9: Lower panel: comparison of the spectra measured at ambient tem-

perature and 2.1 GPa in two different experiments. The blue trace has been

measured during an ambient temperature compression experiment, the black

and red traces have been measured in another experiment before and after,

respectively, the isobaric heating cycle at 1.9 GPa up to the attainment of

phase IV. Upper panel: comparison of the spectra measured at ambient tem-

perature and 4.7 GPa in two different experiments. The blue trace has been

measured during an ambient temperature compression experiment, the red

trace has been measured in another experiment after performing an isobaric

heating cycle at 1.9 GPa up to the attainment of phase IV. Dotted lines

indicate the peaks at 1060 and 1150 cm−1 discussed in the text.
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Figure 10: Lower panel: pressure shift of the NH2 symmetric bending Davy-

dov components measured in two different ambient temperature experiments:

compressing phase III without thermal annealing(full dots), compressing

phase IV obtained at 1.9 GPa and 380 K (empty dots). Upper panel: pressure

evolution of the two components in the experiment performed compressing

at ambient temperature phase IV obtained at 1.9 GPa and 380 K, ν+ and ν−

indicate the high and low frequency component, respectively.
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Figure 11: Phase diagram of urea after the present study and comparison

with the portion studied by Bridgman,8 which is reported as an inset. The

symbols indicate the transitions as reported in the literature and as deduced

by the IR data. Blue full lines indicate the coexistence, observed in X-ray

powder diffraction experiments compressed with Ne, of phases III and IV

(room temperature compression) and of phases IV and V (after phase IV

was completely transformed at high temperature). Bridgman phase II is not

reported as it is shown to coincide with phase IV in this work. The dotted line

reported below 3 GPa between 370 and 430 K indicates the kinetic boundary

above which metastable phase III must be heated to observe the formation

of phase IV.
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